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Abstract

Contribution of viral morphology to influenza virus fitness
By Jill Seladi-Schulman

Influenza viruses come in two shapes — spheres and filaments. Laboratory strains that
have been grown extensively in embryonated chicken eggs or in MDCK cells are made
up of predominantly spherical and ovoid virions. Filament-producing strains are
generally found in low-passage or clinical isolates. Previous work has shown that the
filamentous morphology can be gradually lost upon continued passage in embryonated
chicken eggs in favor of a predominantly spherical morphology. The fact that filaments
are maintained in nature but not in the laboratory suggests the hypothesis that filament-
producing viruses have a selective advantage within the infected host that is not
necessary for growth in the laboratory. Through serial passage of two filament-
producing viruses — A/Netherlands/602/2009 (HIN1) [NL602] and
A/Georgia/M5081/2012 (HIN1) [M5081] — in embryonated chicken eggs and MDCK
cells, we found that a conversion to a predominantly spherical morphology is not
necessary for improved growth in laboratory substrates. However, we did identify two
individual point mutations in the M1 matrix protein within the egg-passaged NL602 virus
that conferred a spherical morphology as well as a growth advantage in eggs.
Additionally, we observed that a filamentous morphology was selected for through
passaging of a spherical laboratory strain — A/Puerto Rico/8/1934 (H1N1) [PR8] — in
guinea pigs. Through sequencing of the guinea pig passage twelve virus pool, we
identified several point mutations within the M1 matrix protein that conferred a filament-
producing morphology when introduced individually. The selection for filament
production through passaging in an animal host indicated that filament formation in vivo
is in some way advantageous to the virus. Using a panel of in vitro assays, we compared
the functional properties of PR8wt and two of the filament-producing M1 single mutants
identified through guinea pig passage. Results indicated that filament-producing viruses
have a higher neuraminidase activity than their spherical counterparts. No differences
were observed in red blood cell binding avidity, hemagglutination inhibition, plaque
reduction, or thermostability. Taken together, we have demonstrated that while filament
formation can be lost upon passage in laboratory substrates, this trait is selected for
within an animal host, and the observed selective advantage may relate to the increased
neuraminidase activity of filament-producing viruses.
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Chapter 1: Introduction

Influenza Virus Classification and Organization

Influenza A virus (IAV) is a member of the viral family Orthomyxoviridae. The family
Orthomyxoviridae contains five genera: influenzavirus A, influenzavirus B, influenzavirus
C, Thogotovirus, and Isavirus. A sixth genus, influenzavirus D, has been proposed
following the discovery of a 7-segmented orthomyxovirus circulating in cattle (52). IAV
is enveloped and contains an eight-segmented negative-sense RNA genome that encodes
at least ten proteins (105). The major reservoir of IAV is wild aquatic birds. Recently,
bats have also been identified as a possible reservoir of IAV; however, strains isolated in
bats are highly divergent from those isolated in avian and other mammalian hosts (145,
146, 156).

Influenza A viruses are typed based on serological classification of their hemagglutinin
(HA) and neuraminidase (NA) surface glycoproteins. Influenza A virus binds to sialic
acid moieties located on the surface of the cells of the respiratory tract. The viral HA
protein is involved both in the receptor binding and membrane fusion events. To date,
eighteen HA subtypes have been identified (H1 — H18). The recently identified H17 and
H18 are unique to strains isolated from bats. (145, 146) Historically, viruses of only three
of these subtypes (H1, H2, and H3) have become established in the human population.
Recently, viruses containing the avian H5, H7, and H9 subtypes have also been
associated with zoonotic human infection. The NA protein aids in viral egress by
cleaving the sialic acids on the surface of the infected cell, thus preventing virus

clumping and reinfection of the same cell. Currently, eleven NA subtypes (N1 — N11)



have been identified. N10 and N11 have been identified recently in bats, however
characterization of N10 indicates a lack of neuraminidase activity. Two NA subtypes (N1
and N2) have been associated with human epidemic strains. In addition, viruses with N2,
N3, N7 and N9 subtype NAs have transmitted to humans from avian species (76, 105,
145, 146, 170).

Influenza A viruses are diverse. Due to the fact that the IAV polymerase lacks
proofreading ability, mutations can occur frequently over the course of viral replication.
In the laboratory, the rate at which random errors in replication occur has been
documented to be approximately 1 x 10™ errors per nucleotide. Selection of viruses
carrying point mutations that confer a fitness advantage (such as escape from host
antibodies) results in fixation of those mutations in the viral population (genetic drift).
The rate at which mutations become fixed in the viral genome has been calculated to be
higher than 1 x 10~ mutations per site per year for avian influenza A viruses (27). The
segmented nature of the IAV genome also enables the virus to undergo genetic
reassortment in the event that a cell is coinfected with two different strains. Reassortment
can produce progeny viruses that contain a novel constellation of gene segments (genetic
shift). Indeed, the pandemic viruses of 1957, 1968, and 2009 were generated through one

or more reassortment events (159).

IAV Disease and Pandemics
IAV can infect humans, causing acute respiratory illness. Once infected, incubation times
range from twenty-four hours to several days. Symptoms typically include headache,

high fever, cough, nasal congestion, body aches, and malaise (159). Additionally, IAV is



the causative agent of seasonal epidemics of respiratory illness as well as occasional
pandemics. Influenza A virus pandemics of the past century include those of 1918, 1957,
1968, and 2009.

Pandemics

The 1918 HINT influenza pandemic is estimated to have killed approximately 50 million
people worldwide and remains unprecedented in its severity (62). Most influenza
outbreaks exhibit a “U-shaped” pattern of mortality, with the majority of fatal cases
occurring in the very young and the elderly. The 1918 pandemic exhibited a “W-shaped”
pattern, with significant mortality occurring in otherwise healthy individuals aged 20-40,
likely mediated by an aberrant immune response or “cytokine storm” (8, 64, 68).
Secondary bacterial infections acquired over the course of illness played a dominant role
in mortality as well (17,92, 132). A recent study using a novel, host-specific molecular
clock approach has indicated that the 1918 virus likely emerged via a reassortment event
that brought together a human H1 and the remaining seven genome segments from an
avian virus (158).

The next pandemic occurred in 1957, and is thought to have originated in China. An
H2N?2 subtype strain, the pandemic virus had obtained its HA and NA segments from
reassortment with an avian virus (123). Additionally, the PB1 segment was also of avian
origin (65). The remaining five gene segments (PB2, PA, NP, M, and NS) were likely
preserved from strains circulating in humans prior to the 1957 pandemic.

In 1968, a new pandemic virus of the H3N2 subtype, thought to have originated in Hong
Kong, replaced the circulating H2N2 virus. In this case, the HA segment of the

circulating H2N?2 virus was replaced with that of an avian-derived H3 (123). Like the



1957 pandemic virus, it was also observed that the PB1 segment of the 1968 pandemic
virus was obtained from an avian virus (65).

Between late-2008 and early 2009 a novel HIN1 influenza virus emerged in Mexico and
began circulating in humans (102). The outbreak spread worldwide and was defined as a
pandemic in June 2009 by the WHO. The 2009 pandemic virus was of swine origin but
contained genes from five different lineages, including those of both North American and
Eurasian swine influenza viruses (44, 136). The six gene segments contributed from the
North American swine lineages were derived from a triple-reassortant virus that had been
circulating in swine since 1998 (15, 154). This triple-reassortant virus acquired its PB2
and PA segments from an avian virus, its PB1 segment from a human H3N2 subtype
influenza virus, and the remaining gene segments from the classical swine HIN1 lineage
(153). The remaining two gene segments (NA and M) of the 2009 pandemic strain were
derived from the Eurasian avian-like swine lineage (44, 136).

Seasonal epidemics

IAYV infection exhibits a seasonal pattern in temperate climates (140). The highest
infection rates are observed during the winter months, which is thought to be due to
improved transmission under conditions of lower temperature and humidity (78). On
average, 10-20% of the United States population is infected each year. The attack rate of
the virus is observed to be highest in children (90). The rate at which the virus spreads
has been shown to relate to the level of pre-existing immunity within the population and
the virulence of the virus (159). Influenza is estimated to cause between 50,000-100,000
hospitalizations each year, with the most hospitalizations occurring in young children and

the elderly. Additionally, seasonal IAV epidemics can have a significant economic



impact as a result of losses in overall productivity due to absenteeism from work or

school (159).

Overview of the Influenza Virus Life Cycle

The site of IAV infection in mammalian hosts is the epithelium of the upper respiratory
tract. The viral NA protein appears to play a role early in infection, most likely through
the cleavage of sialic acids present in the surrounding mucins, thus providing access to
the surface of the target cell (86). Following binding of the HA to sialic acids present on
the cell surface, the virus is endocytosed. IAV can enter the cell using both clatherin and
non-clatherin mediatiated pathways as well as macropinocytosis (35,37, 84, 119, 133).
Lowering of the pH mediated by acidification of the endosome promotes changes in the
structure of the HA protein leading to membrane fusion (reviewed in detail in (50)). The
M2 proton channel, a small IAV transmembrane protein, allows protons to pass through
to the interior of the virion, thus leading to the dissociation of the ribonucleoprotein
(RNP) complex from the M1 matrix protein (19, 107). Nuclear localization sequences on
the viral nucleoprotein (NP) and polymerase subunits (PB1, PB2, and PA) facilitate the
transport of the RNPs to the nucleus following uncoating of the virion (34, 66, 95, 98,
100, 103, 142, 155, 160). IAV transcription and replication occurs within the host cell
nucleus with the genomic RNA serving as a template for production of both the mRNA
and the complementary RNA (cCRNA) needed as a genome replication intermediate (54,
58,129). The proteins PB1, PB2, and PA comprise the viral polymerase and are
associated with the viral RNP complexes. The PB1 protein contains the RNA-dependent

RNA polymerase activity (109). IAV primes transcription by “snatching” caps from host



pre-mRNAs (108). The PB2 protein binds the pre-mRNA cap while the PA protein
contains the endonuclease activity needed to remove the cap from its pre-mRNA (36, 49,
165). Following transcription, IAV mRNAs are transported from the nucleus and
translated by the host cell machinery to produce viral proteins. In the later phases of
replication, M1 enters the nucleus and, along with NEP (NS2), and the cellular protein
CRM1, mediates the export of the newly-synthesized RNP complexes through nuclear
pore complexes (2, 18, 83, 151, 157, 162). The RNPs of AV are assembled on recycling
endosomes containing the Rab11 protein and are transported to the membrane via the
host cell microtubule network (4, 6,61, 91). Binding to the cytoplasmic tails of the HA
and NA proteins, which associate with lipid rafts rich in cholesterol and sphingolipids,
mediates recruitment of M1 to the cell membrane. M1 is also involved in drawing M2
closer to the lipid raft domains (3, 25, 40, 57,75, 87, 115, 120). The HA, NA, and M1
proteins have all been associated with initiation of budding; however the exact details
regarding the involvement of each protein remains unclear (26,47, 71). The M2 protein
promotes membrane scission of the budding virion (110, 116, 121). The viral NA surface
glycoprotein is the receptor-destroying enzyme, cleaving the sialic acids on the surface of
the virus and infected cells and thus aiding in release of the progeny virion. The NA
protein has been shown to cluster on the surface of the budding virion and it is thought

that this clustering increases the efficiency of release (22, 96, 101).

Influenza Virus Transmission
Influenza virus can be transmitted from person to person both by contact and aerosol.

Contact transmission can be mediated through direct interaction with an infected



individual or through indirect contact involving contaminated fomites. Aerosol
transmission occurs when an infected individual releases infectious respiratory droplets
through breathing, coughs or sneezes and an uninfected individual then inhales the
droplets. Respiratory droplets expelled by an infected individual can be suspended in the
surrounding air for variable lengths of time, depending on the size of the droplets.
Smaller droplets remain airborne for a longer period of time, which allows their spread
over greater distances and increases the opportunity for transmission to occur (reviewed
in (106, 143)). The size of respiratory droplets also impacts the site of initial infection in
recipient hosts: larger aerosol droplets tend to get stuck in the upper respiratory tract
while smaller aerosols, or droplet nuclei (<10 wm in diameter), can be deposited in both
the upper respiratory tract and the lower respiratory tract (reviewed in (14)). It is
important to note that environmental factors such as the ambient temperature and the
relative humidity have also been shown in affect the IAV transmission ((78) and
reviewed in (106)).

Viral Factors Affecting Transmission

The receptor binding specificity of the influenza virus HA protein has been shown to
affect transmission efficiency. The HA proteins of human IAVs canonically bind to a-2,6
linked sialic acids while avian HAs bind to a-2,3 linked sialic acids (33, 85, 113). Avian
HAs have poor binding avidity to the sialic acids found in the human upper respiratory
tract, as most of the sialic acids found at this location are of the a-2,6 linkage. This is
thought to be a major reason why avian influenza viruses do not transmit from human to
human. However, a-2,3 linked sialic acids can be found in the human lower respiratory

tract and this binding specificity has been associated with the severe viral pneumonia



observed in human infection with certain avian influenza strains. Many mutations in HA
that promote receptor binding to a.-2,6 linkages as opposed to a-2,3 linkages and vice
versa have been identified (9, 32,42, 45, 114, 139, 161). Specificity altering mutations
within or near the HA receptor binding site and within glycosylation sites in the globular
head domain that increase binding to a2,6-linked sialic acids also increase the efficiency
of influenza virus transmission in the ferret model (42, 53, 55, 137, 147).

The acid stability of the HA protein also has an impact on transmission, as the structural
changes that occur in HA at low pH are irreversible (82). Highly pathogenic avian
influenza (HPAI) viruses have a lower acid stability than avian strains of low
pathogenicity (82). Growth in the mammalian upper respiratory tract, which is an acidic
environment, requires a more stable HA (82). Stabilizing mutations in the HA of avian
TAYV strains lead to improved growth within the mammalian upper respiratory tract (69,
166, 167). Coupled with mutations that increase o-2,6 binding, stabilizing mutations have
been shown to promote transmission of avian strains in mammalian hosts (53, 55, 131).
Amino acid positions 627 and 701 in the viral polymerase protein PB2 have been shown
to affect transmission as well. Most human viruses contain a lysine residue at position
627 while avian strains predominantly have a glutamic acid. Encoding a lysine at position
627 has been shown to not only promote transmission in mammals, but also higher rates
of replication and better viral growth at 33°C (the temperature of the human upper
respiratory tract). Similar observations have been made for viruses encoding an
asparagine at position 701 as opposed to an aspartic acid (21,41, 81, 88, 138, 149).
Additionally, the viral NA has been shown to affect transmission (72, 80, 164). The

enzymatic activity of the NA affects transmission, as viruses that have acquired



mutations conferring resistance to NA inhibitors (which lower the NA activity) have been
shown to transmit more poorly via the aerosol route in the guinea pig model. This defect
was not found to be due to lower growth kinetics of the inhibitor-resistant viruses, as the
mutant viruses grew similarly to wild-type in eggs, cell culture, and guinea pigs; but is
likely due to inefficient release from the infected cell thus lowering the amount of virions
present in respiratory droplets (13, 63).

Lastly, several studies have also indicated that the M segment plays a role in IAV
transmission (23, 24, 30, 72, 80). The mechanism behind this observation and whether it
is directly linked to viral morphology has yet to be determined.

Animal Models for IAV Transmission

Mice are a convenient model for the study of many infectious diseases due to their small
size, low cost, ease of genetic manipulation, and the breadth immunologic reagents
available. For these reasons, mice are the most commonly used animal model for
influenza. IAV does not, however, transmit efficiently between mice and prior adaption
of primary IAV strains to mice is usually required to see virulence (79, 124, 125). As
such, other animal models have been developed to more effectively study transmission of
IAV. These models are the ferret model and the guinea pig model.

Ferrets have long been the gold standard for studying IAV transmission (reviewed in
(143)). When infected with IAV, the ferret displays clinical symptoms similar to those
observed in humans. Additionally, ferrets can be infected with and transmit primary
isolates of IAV without prior adaptation. However, the drawbacks to the ferret model
include the limited availability of reagents for studying the immune response to infection

as well greater cost and housing requirements relative to those of mice and guinea pigs.
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The guinea pig is a more recently developed animal model for the study of IAV
transmission. Like the ferret, the guinea pig can be infected with and transmit primary
isolates of IAV without prior adaptation. The guinea pig model also has some practical
advantages over the ferret model due to the guinea pig’s lower cost and smaller size.
Unlike the ferret model, there are no detectable signs of clinical disease in the guinea pig;
however histological analyses reveal pathology in the guinea pig upper and lower

respiratory tracts following influenza virus infection (7, 70,79, 141, 148).

Influenza Virus Morphology

IAV is a pleomorphic virus, producing virions of two different morphologies (28,29, 31,
93). The first of these two morphologies are spheres. Spherical virions are about 100 nm
in diameter. Most strains that have been grown extensively in laboratory substrates such
as embryonated chicken eggs (ECE’s) or Madin-Darby canine kidney (MDCK) cells
have been shown to form virions of almost exclusively spherical and ovoid morphology.
The second of the two morphologies are filaments. Filament-producing viruses are
generally found in low-passage or clinical isolates (46, 56,97, 127). IAV filaments are of
variable length and have been observed to be up to 30 um long (94). It is important to
note that filament-producing viruses always coexist with a population of spherical and

ovoid virions.
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The M1 Matrix Protein

M1 Protein Structure

The M1 matrix protein is the most abundant protein found in the IAV virion. M1 is a 252
amino acid protein encoded on segment 7 of the IAV genome along with the proton
channel protein M2, which is generated from an alternatively spliced mRNA (73). The
M1 protein is comprised of a-helices that are separated by linker sequences. The crystal
structure of the N-terminal domain (comprising amino acids 2 through 158) of M1 has
been solved at both acidic (pH = 4) and neutral pH and is composed of two bundles of
four a-helices separated by an a-helix-containing linker. The structure of the C-terminal
domain has not been solved, as it is particularly sensitive to protease degradation (5, 51,
128).

M1 Protein Function

The M1 matrix protein can oligomerize to form a helical structure under the surface of
the viral membrane, providing rigidity to the virion (22, 51, 126) and acting as a bridge
between the cytoplasmic tails of the viral membrane proteins and the viral RNP’s (73).
Early studies indicated that M1 also has an inhibitory effect on viral gene transcription
through association with the viral RNP’s (152, 171). The C-terminal domain of the M1
protein mediates this interaction (10). M1 also contains a nuclear localization sequence
(RKLKR) between amino acid residues 101 and 105 (77, 163). Upon entering the
nucleus, M1 is required for the movement of the viral RNP’s from the nucleus to the
cytoplasm (18, 83, 157). Additionally, NEP (also called NS2) has been shown to bind M1
at this localization sequence (2, 151, 162). NEP is required for export of viral RNP’s

from the nucleus, contains a nuclear export sequence, and interacts with the cellular
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protein Crm1 (a nuclear transport receptor) (99, 104). Masking of the M1 nuclear
localization sequence by NEP binding is thought to promote nuclear export of the
M1/RNP complex to the cytoplasm.

During virion assembly, M1 associates with the cell membrane (48, 118, 169), interacting
with the cytoplasmic tails of the viral proteins HA, NA, and M2 (3, 25, 40, 57, 87).
Deletions or mutations of the cytoplasmic tail regions of HA, NA, and M2 have been
shown to affect their association with M1 as well as budding, infectivity, and morphology
of the progeny virions (40, 43,59, 60, 89, 168). Despite the fact that expression of M1
alone has been shown to mediate virus-like particle (VLP) formation in both vaccinia and
baculovirus systems, this observation could not be replicated using a transfection model,
indicating that other viral proteins are necessary for budding initiation (26, 47, 74).
Expression of the HA and/or NA proteins in a transfection model is sufficient to generate
VLPs, suggesting that one or both of these proteins initiates budding (26, 71). The precise
role of M1 in viral budding initiation is still unclear, although it has been suggested that
the helical structure of the M1 protein could alter membrane curvature, thus increasing
the efficiency of budding initiation mediated by the viral glycoproteins (117).

M1 and IAV Morphology

The M1 matrix protein has been shown to be the major genetic determinant of IAV
morphology (12,39, 112). Early studies using reverse genetics indicated that spherical
viruses containing the M segment of the filament-producing strain A/Udorn/301/1972
(H3N2) [Udorn] produced filamentous virions (12, 39). Furthermore, spherical viruses
containing only the M1 coding region of segment 7 of the Udorn strain also produced

filaments (12, 39). Through comparison of the amino acid sequences of the M1 protein
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between the spherical strain A/WSN/1933 (HIN1) [WSN] and Udorn, several amino acid
differences were identified. Using reverse genetics to introduce single point mutations in
WSN M1 corresponding to those found in Udorn indicated that specific residues of M1
were important for filament-formation (12, 20, 39, 112). More recently, cryotomography
studies comparing the structure of filamentous and spherical virions showed that the pitch
of the helical turn in filamentous virions is different from that of spherical virions (22).
This observation supports the idea that the formation of the M1 matrix layer could affect

the production of spheres versus filaments.

Additional Factors that Influence Influenza Virus Morphology

Several other viral proteins have also been shown to affect IAV morphology. These
proteins include the HA and NA surface glycoproteins, the M2 proton channel, and NP.
Additionally, several host cell factors that affect the formation of filamentous virions
have also been identified.

Viral proteins

The cytoplasmic tails of HA and NA are highly conserved, containing 10-11 and 6 amino
acid residues, respectively. In studies using the spherical laboratory strain WSN, deletion
of the HA cytoplasmic tail region still yielded virions predominantly spherical in
morphology. However, deleting the cytoplasmic tail region of the NA protein yielded
progeny virions with a filamentous morphology (60, 89). Deletion of the cytoplasmic
tails of both HA and NA proteins produced progeny virions of a greatly exaggerated

filamentous morphology (60).
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The M2 proton channel contains a long (54 amino acid residues) cytoplasmic tail region
that has been shown to influence virion morphology as well. In a WSN virus containing
the M segment of the filament-producing Udorn strain, truncation of the M2 cytoplasmic
tail at amino acid position 70 was shown to lead to production of spherical virions (87).
Conversely, viruses containing a deletion of the WSN M2 cytoplasmic tail greater than
22 amino acid residues were found to be more filamentous than the wild-type (57). The
M2 cytoplasmic tail contains a membrane proximal amphipathic helix (amino acid
resdues 45-62), which is necessary for membrane association, efficient membrane
scission, and also viral filament formation (87, 110, 115, 122, 144). In the Udorn strain,
mutation of five hydrophobic residues of the M2 amphipathic helix to alanine has been
shown to ablate viral filament formation, resulting in the formation of predominantly
spherical and ovoid virions (110, 115).

Through electron microscopy imaging, both WSN and A/Aichi/2/1968 (H3N2) were
observed to be spherical despite the fact that the Aichi strain M1 encodes amino acid
residues associated with filament formation. When the Aichi M1 segment was placed into
the WSN background, filament formation was observed; indicating that another protein
besides M1 was influencing the morphology of Aichi. Through the generation of
chimeric WSN/Aichi NP proteins on a WSN background, it was observed that the N-
terminal region of Aichi NP inhibited the formation of filaments. Several amino acid
positions (specifically 214, 217, and 253) of Aichi NP were shown to affect virion
morphology. The mechanism behind this effect was suggested to be an altered interaction
between M1 and NP, resulting in a conformational change in the M1 matrix layer that in

turn affects virion morphology (11).
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Host cell factors

Several host factors are important for IAV filament formation. The host cell actin
network has been shown to be necessary for the formation of filamentous virions.
Treatment of infected MDCK cells with the actin polymerization inhibitor cytochalasin D
was shown to ablate filament formation (but not sphere formation) of the Udorn strain
(111). Additionally, treatment of infected MDCK cells with inhibitors of actin
depolymerization (specifically, jasplakinolide and latrunculin A) was shown to inhibit
filament formation but not sphere formation (134). It was proposed that a single lipid raft
domain was required for budding of the smaller spherical virions while the larger
filamentous virions required several lipid raft domains, perhaps coordinated together by
the host cell actin network. Thus, filament formation would be reduced by inhibited
action polymerization and/or depolymerization (134).

Recently, the Rab11 and FIP3 proteins (both involved in membrane trafficking and actin
regulation) have been shown to be important for IAV filament budding. Cells depleted

for Rab11 and FIP3 were shown to be deficient in filament formation (16).

Project Background

Early studies indicated that the filamentous morphology can be lost in favor of a spherical
morphology through repeated passages in ECE’s (29, 67). The observation that the
filamentous morphology is maintained in nature but is dispensable for growth in
laboratory substrates suggests that filaments confer a selective advantage to the virus

within the infected host that is not necessary for growth in the laboratory.
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Initially, in order to evaluate the hypothesis that filaments confer a fitness advantage in
vivo while spherical virions are more fit in laboratory substrates, we used reverse genetics
to generate paired spherical and filamentous viruses. We used two viruses for this effort —
the spherical laboratory strain, A/Puerto Rico/8/1934 (HINT1) [rPR&], and the filament-
producing 2009 pandemic strain, A/Netherlands/602/2009 (HINT) [fNL602]. The
mutation K102A was introduced into the M1 protein of rPR8wt to yield a filamentous
mutant [rPR8fil]. This mutation was previously shown to confer a filamentous
morphology to the spherical laboratory strain WSN (20). The mutations A41V, R95K,
and E204D were introduced into the M1 protein of INL602wt to yield a spherical mutant
[rNL602sph]. These three mutations were previously shown to individually confer a
spherical morphology to Udorn strain (12, 39, 112). (Figure 1)

Growth curves were performed in four different substrates — ECE’s, MDCK cells, human
tracheobronchial epithelial (HTBE) primary cells, and guinea pigs — under the
expectation that spherical viruses would have a fitness advantage over filament-
producing viruses in the common laboratory substrates (ECE’s, MDCK cells) while
filament-producing viruses would have a fitness advantage over spheres in the primary
cells and in the guinea pig. After performing the growth curves, we observed that both
mutant viruses (rPR8fil and INL602sph) were generally attenuated in all substrates.

As the mutations used to generate the paired spherical and filamentous viruses were
introduced artificially and were found to attenuate the resulting mutant viruses, we set up
a group of serial passage experiments in three different substrates — ECE’s, MDCK cells,
and an animal host (the guinea pig) — in order to identify naturally-occurring mutations

that affect virion morphology. We reasoned that mutations arising naturally over the
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course of serial passage are less likely to be attenuating than artificial mutations. The first
two substrates — ECE’s and MDCK cells — are common laboratory substrates believed to
select for spherical virions. We chose to passage two filament-producing viruses in these
substrates with the aim of selecting for a variant that produces predominantly spherical
and ovoid virions. The two viruses we chose were a recombinant 2009 pandemic strain
rNL602 and a clinical isolate, A/Georgia/M5081/2012 (HIN1) [M5081]. Conversely, we
passaged the spherical laboratory strain rPR8 in guinea pigs aiming to select for a variant
that produces filaments (Figure 2).

We found that a predominantly spherical morphology is not necessary for improved
growth in either laboratory substrate, as INL602 exhibited improved growth but
maintained its highly filamentous morphology after ten passages in ECE’s and in MDCK
cells. We did, however, identify two separate point mutations within the M1 protein of
rNL602 egg passage ten (EP10) lineages that, when introduced individually, conferred
both a spherical morphology and a growth advantage in ECE’s, indicating that a spherical
morphology can be advantageous in this substrate (127).

Through passaging of rPR8 twelve times in guinea pigs, we observed the emergence of
filamentous virions, indicating a selection for this morphology in vivo. Additionally, we
identified several point mutations within M1 through sequencing of the M segment of the
guinea pig passage twelve (P12) virus pool. When introduced individually using reverse
genetics, the resulting mutant viruses produced filaments very robustly when compared to
rPR8wt (127).

The fact that filament formation is selected for through passaging in an animal host

confirms that there is an advantage to the filamentous morphology in vivo, however the
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nature of this advantage remained unclear. In an effort to further investigate the nature of
this selective advantage, we compared rPR8wt to two of the previously described
filament-producing mutants — rPR8 M1 N87S [N87S] and rPR8 M1 R101G [R101G] —in
several in vitro assays. N87S is the most fit of the mutant viruses and produces very long
filaments observed by thin-section transmission electron microscopy (TEM). In terms of
the number of filaments produced rather than length, R101G is the most filamentous of
the mutant viruses compared to rPR8wt. These mutant viruses represent an ideal system
for the identification of functional differences between spherical and filamentous IAV in
that 1) they are highly similar to rPR8wt — differing only by a single point mutation in
M1, 11) they are naturally-occurring, and iii) they produce significantly more filaments in
comparison to rPR8wt (N87S — 16%, R101G — 41%).

Due to the differing surface area of filamentous and spherical particles, we focused on
assessing possible differences between them on the functions of the HA and NA surface
proteins. We found that the filament-producing mutants had a higher NA activity than
rPR8wt in two independent NA activity assays. No difference in HAU:PFU ratio, red
blood cell binding avidity, hemagglutination inhibition (HI), plaque reduction, or
thermostability were observed between the two morphologies. Taken together, it appears
that the selective advantage conferred by the filamentous morphology may lie with
increased NA activity. Through this work, we have shown that not only in the
filamentous morphology is selected for within an animal host, and that filament-
producing virions have a higher NA activity than spheres — a functional difference that
could be advantageous to the virus for penetration of respiratory mucus, release from host

cells and/or release from the host upon transmission.
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Figure Legends

Figure 1: Generation of paired spherical and filamentous viruses. A) Reverse
genetics was used to introduce the M1 K102A point mutation into the spherical A/Puerto
Rico/8/1934 (H1N1) strain, yielding a filament-producing mutant virus. B) Reverse
genetics was used to introduce the M1 A41V, M1 R95K, and M1 E204D mutations
together into the filament-producing A/Netherlands/602/2009 (H1NT1) strain, yielding a

spherical mutant virus.

Figure 2: Serial passage experiment set-up. Two filament producing viruses,
A/Netherlands/602/2009 (HIN1) and A/Georgia/M5081/2012 (HINT1), were passaged
blindly ten times in two common laboratory substrates, embryonated chicken eggs and
MDCXK cells. The spherical laboratory strain, A/Puerto Rico/8/1934 (HIN1), was

passaged twelve times in an animal host, the guinea pig.
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Abstract

Influenza viruses can take on two distinct morphologies: filamentous or spherical. While
the functional significance of each virion type is unclear, filaments are generally
observed in low-passage isolates while an exclusively spherical morphology is seen in
strains grown extensively in laboratory substrates. Previous studies have shown that
filamentous morphology is lost upon passage in eggs. The fact that the filamentous
morphology is maintained in nature but not in the laboratory suggests that filaments may
provide an advantage in the host that is not necessary for growth in laboratory substrates.
To test this hypothesis and identify naturally occurring mutations that alter morphology,
we examined the effect of serial adaptation in eggs, MDCK cells, and guinea pigs. Two
filamentous strains, A/Netherlands/602/2009 (H1N1) and A/Georgia/M5081/2012
(HINT), were passaged in eggs and MDCK cells. Conversely, the spherical laboratory
strain A/Puerto Rico/8/1934 (H1N1) was passaged in guinea pigs. We found that,
although passage in eggs and MDCK cells can lead to a loss of filaments, an exclusively
spherical morphology is not required for highly efficient growth in either substrate. We
did, however, identify two point mutations in the matrix of egg passage 10 isolates that
confer spherical morphology and increased growth in eggs. In contrast, serial passage in
guinea pigs resulted in the selection of filament-forming variants. Sequencing revealed
point mutations to the PR8 matrix that, when introduced individually, yielded filaments.
These findings suggest a functional role for filaments in the infected host and expand the

breadth of mutations known to affect influenza virus shape.
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Introduction

Influenza A virus is an enveloped, negative sense, RNA virus with an eight segmented
genome (1). In humans, these viruses cause widespread seasonal epidemics of respiratory
disease, as well as occasional pandemics, the most recent of which occurred in 2009 (2).
Early research found that influenza virus is pleomorphic, forming both filamentous and
spherical virions (3). Filaments are generally found in primary or low-passage isolates
and their formation by influenza viruses of both avian and human origin has been
reported (4-6). These filaments are of variable length, but can reach up to 30 mm in size
(7). While populations of spherical virions measuring about 100 nm in diameter are also
observed in primary isolates, laboratory adapted strains such as A/Puerto Rico/8/1934
(HINT1) [PR8] and A/WSN/1933 (HIN1) [WSN] are made up exclusively of spherical
and ovoid particles (7).

Early studies revealed that filamentous strains gradually become spherical following
repeated passage in embryonated chicken eggs (ECEs) (8, 9). Whether this conversion
also occurs upon passage in MDCK cells is unclear, as we were unable to find data on
this point reported in the literature. More recently, reverse genetics based mapping
studies demonstrated that the M1 protein is a major genetic determinant of virion
morphology (10, 11). Additionally, it has been shown that the cytoplasmic tails of the M2
proton channel, hemagglutinin (HA), and neuraminidase (NA) proteins influence the
morphology of influenza virus (12, 13).

The fact that filaments are maintained in nature, but lost upon passage in ECEs, implies
that filaments confer a selective advantage in the infected host that is not necessary for

growth in the laboratory. While several studies have identified amino acid changes that
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mediate the switch from a filamentous to spherical morphology and vice versa, these
mutations were identified via the artificial methods of alanine-scanning (14) and
substitution of differing amino acids from strains of the opposite morphology (10, 11). To
our knowledge, naturally arising mutations that impact virion morphology have not been
reported.

We aimed to evaluate the hypothesis that filamentous virion morphology confers a
selective advantage in vivo, while viruses with exclusively spherical morphology are
more fit in laboratory substrates. Since introduction of artificial mutations that are known
to change virion morphology (10, 11, 14) was found to lead to general attenuation (data
not shown), we undertook serial passage experiments aimed at identifying naturally
occurring mutations that alter morphology. The passage experiments themselves offered
insight into the interplay between virion morphology and viral fitness, by revealing which
morphologies are selected for in ECEs, MDCK cells, and guinea pigs. When two human
strains with mixed filamentous and spherical morphology were passaged in ECEs or
MDCK cells, we found that, while filaments were not always maintained, an exclusively
spherical morphology was not necessary for increased growth in laboratory substrates.
Conversely, serial passage of the spherical PR8 virus in guinea pigs led to the emergence
of filamentous virions, suggesting that filaments confer a selective advantage in the
infected animal host. Through sequencing of egg- and guinea pig-passaged viruses,
respectively, we identified point mutations in the M1 matrix protein that convert the
NL602 virus to a spherical morphology or cause the PR8 virus to form filaments. The

resultant mutant viruses were then characterized in ECEs, MDCK cells and guinea pigs.
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Material and Methods

Viruses:

rNL602wt, rPR8wt, INL602 M1 T1691, INL602 M1 Q198K, rPR8 M1 N87S, rPR8 M1
N92S,rPR8 M1 R101G, and rPR8 M1 S157C viruses were generated using reverse
genetics essentially as previously described (15, 16). In brief, INL602-based viruses were
recovered by 8 (pHW) plasmid transfection of 293T cells and subsequent co-culture with
MDCK cells. rPR8-based viruses were recovered by 8 (pDZ) plasmid transfection of
293T cells and subsequent injection of transfected cells and culture medium into 9-11 day
old embryonated chicken’s eggs. INL602 virus and mutants thereof were grown in
MDCXK cells and rPR8 virus and mutants were grown in 9-11 day old embryonated
chicken’s eggs. A/Georgia/M5081/2012 (HIN1) [M5081], A/Georgia/F32551/2012
(HIN1) [F32551] and A/Georgia/T51700/2012 (H1N1) [T51700] viruses were isolated
from distinct clinical specimens obtained from the microbiology laboratory of Children’s
Healthcare of Atlanta. F32551 and T51700 viruses were isolated through direct
inoculation of differentiated human tracheobronchial epithelial (HTBE) cells. In the case
of M5081 virus, a plaque assay in MDCK cells was performed with the nasal swab
material, a single plaque was isolated and this plaque material was amplified in HTBE

cells to generate a working stock.

Serial Passage:
Both rNL602wt and M5081wt viruses were passaged blindly ten times in embryonated

chicken eggs and in MDCK cells. For the egg passages, six replicate passages were run
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for each virus. The initial inoculum was 250 PFU/egg. In subsequent passages, eggs were
inoculated with 100 x1 undiluted allantoic fluid from the previous passage. Inoculated
eggs were incubated at 37°C for 48 hours and then 4°C overnight prior to collection of
allantoic fluid.

For the MDCK cell passage, three replicate passages were run for each virus. Initially,
cells were infected at a multiplicity of infection (MOI) of 0.05 PFU/cell. In subsequent
passages, cells were inoculated with a 1:10 dilution of cell culture supernatant from the
previous passage. Cells were incubated for 48 hours at 33°C, after which the cell culture
supernatant was collected. To test whether the use of undiluted allantoic fluid or culture
supernatant obscured the emergence of spherical variants at low levels, we performed an
additional three passages in each substrate, with each virus lineage, performing a 10~
dilution prior to passage. The resultant P13 populations of virus showed similar
morphology to their P10 counterparts (data not shown).

rPR8wt virus was passaged twelve times in guinea pigs. At each passage, a single guinea
pig was infected intranasally with 10* PFU of virus in 300 u1 of PBS. Nasal wash
samples were collected in PBS at four days post-infection, titered via plaque assay in
MDCK cells and then used as the inoculum for the next passage. If titer was too low to

permit inoculation with 10* PFU, undiluted nasal wash was used.

M segment sequencing
Viral RNA was extracted from rNL602 EP10 plaque clones or rPR8 guinea pig P12 nasal
wash fluid using the QIAamp Viral RNA Mini Kit (QIAGEN) according to the

manufacturer’s instructions. cDNA of the M segment was generated using Transcriptor
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reverse transcriptase (Roche) and a universal forward primer for the M segment (17). The
resulting product was then amplified using the Expand High Fidelity PCR system
(Roche) and universal forward and reverse primers for the M segment (17). PCR products
were then extracted from agarose gel slices using the QIAquick Gel Extraction Kit

(QIAGEN) and sequenced directly (Genewiz).

Transmission electron microscopy (TEM):

For imaging of virions, MDCK cells were infected at MOI = 5 PFU/cell. At 16 hours
post-infection, cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for
2-3 h at room temperature or overnight at 4°C. If, due to low stock titers, an MOI of 5
PFU/cell could not be achieved, cells were infected at the highest possible MOI and
incubated for 24 hours prior to fixing. Cells were then embedded in Eponate 12 resin, cut
into 80 nm sections, and stained with 5% uranyl acetate and 2% lead citrate at the Emory
Robert P. Apkarian Integrated Electron Microscopy Core. After sample preparation, grids

were imaged at 75 kV using a Hitachi H-7500 transmission electron microscope.

TEM particle counts:

Virions within TEM fields were counted at magnification = 40 KX. For each virus
between 47 and 207 virions were counted. Filaments were defined as being equal to or
greater than 300 nm in length. Virions shorter than 300 nm in length were defined as
spheres. Empty virions were additionally counted as spheres, although such particles
could represent a cross-section through a filamentous virion. From these counts, the

percentage of spherical and filamentous virions was calculated. The difference in
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proportions test was used to determine if the proportion of virions that were filamentous
was significantly different than that of the wild-type. Results were considered significant

if p <0.05.

Growth curves:

Growth curves in MDCK cells were performed in triplicate using an MOI of 0.001
PFU/cell. Tissue culture supernatant was collected at 1, 6, 12, 24, 48, and 72 hours post-
infection. Virus titer was determined via plaque assay in MDCK cells. Growth curves in
9-11 day old embryonated chicken eggs were performed using three eggs/virus/time
point. Each egg was infected with 250 PFU of virus. At each time point (1, 12, 24,48,
and 72 hours post-infection), eggs were placed at 4°C to halt virus growth. Allantoic fluid
was collected the next day from chilled eggs and virus titer was quantified via plaque

assay in MDCK cells.

Growth experiments in guinea pigs:

Female Hartley strain guinea pigs weighing 300-350 g were obtained from Charles River
Laboratories. Four animals were infected intranasally with 1000 PFU of each virus in 300
ul of PBS. Nasal washes were collected in PBS at days 2, 4, 6, and 8 post-infection and

virus titer was quantified via plaque assay in MDCK cells.

Transmission experiments in guinea pigs:
Four guinea pigs were infected intranasally with 1000 PFU of each virus in 300 ml of

PBS. Animals were then housed in environmental chambers (Caron model # 6040) kept
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at constant temperature (10°C) and relative humidity (20%). Twenty-four hours post-
infection, an uninfected guinea pig was co-housed with each infected guinea pig. Nasal
washes were collected in PBS at days 2,4, 6, and 8 post-infection and virus titer was

quantified via plaque assay in MDCK cells.

Results

Human clinical influenza virus isolates produce filamentous virions.

To confirm that low passage human influenza viruses, and particularly the strains that we
were working with, have a filamentous morphology, thin section transmission electron
microscopy (TEM) was performed. MDCK cells infected with each of the following five
strains were examined: 1) the A/Netherlands/602/2009 (HINT1) [NL602] virus biological
isolate, grown in MDCK cells (passage 3); ii) the recombinant A/Netherlands/602/2009
(HIN1) [rNL602] virus generated by reverse genetics and amplified in MDCK cells (18);
iii) A/Georgia/M5081/2012 (HINT) [M5081] virus, which was isolated from a nasal
swab specimen passaged once in MDCK cells and again in differentiated human
tracheobronchial epithelial (HTBE) cells; iv) A/Georgia/T51700/2012 (H1N1) [T51700]
virus, isolated through direct inoculation of HTBE cells; and v) A/Georgia/F32551/2012
(HIN1) [F32551] virus, also isolated in HTBE cells. Our results (Figure 1A-E) indicate
that each of these human viruses produced virions of filamentous morphology,
confirming that this property of clinical isolates is not unique to those strains previously

described by others (6, 19).
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Spherical morphology is not required for increased growth in embryonated chicken
eggs.

To investigate the effect of adaptation to ECEs on the morphology of low passage human
influenza isolates, we passaged rNL602wt virus blindly a total of ten times in this
substrate. Passage was performed in six parallel replicates, which will be referred to as
“lines” throughout the manuscript. Provided all six lines persisted after passage 10 (P10),
only three were picked for further analysis. For the purposes of this analysis, we defined
spheres as being virions less than 300 nm in length. Filaments were defined as being
equal to or greater than 300 nm in length.

In the case of rNL602, virus was recovered from all six lines after P10. Those with the
highest viral titers, lines 2, 5, and 6, were chosen for further analysis. Virion morphology
compared to the NL602wt virus was assessed using thin-section TEM of MDCK cells
infected at high MOI. We found that all three of the P10 lines were comparable in
morphology to the wild-type virus, showing both short and long filaments, with a small
population of spheres (Figure 2A-H, 2Q). This result was surprising, as previous studies
have reported conversion to a predominantly spherical morphology in some strains in ten
passages or fewer (9).

To investigate the possibility that the passage number required for morphology change is
strain-dependent, we also passaged a clinical strain, M5081, ten times in ECEs. Prior to
passage, M5081 virus was confirmed to be filamentous in nature by TEM, with many
short filaments and occasional long filaments (Figure 1C). Only 3/6 lines were recovered
after P10 — lines 2, 4, and 5. Upon thin-section TEM analysis, we found that, within all

three EP10 populations, most virions were spherical in morphology (Figure 2I-P, 2R).
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Thus, in the case of M5081 virus, serial passage in ECEs did appear to have an effect on
virion morphology, suggesting that the rate of morphology change in response to passage
may be strain-specific.

Next, we compared the growth of the wild-type and passaged strains of both rNL602 and
M35081 viruses in ECEs. We found that both rNL602 and M5081 passaged viruses had
marked growth advantages when compared to the corresponding wild-type viruses,
showing more rapid growth kinetics and higher viral titers (Figure 3). These results show
that conversion to a spherical morphology is not required for increased growth in ECEs
since, although the morphology of M5081 virus appeared to be affected by passage, the

rNL602 passaged lines still remained highly filamentous in morphology.

Spherical morphology is not required for increased growth in MDCK cells

We also wanted to assess the effect of virus passage in MDCK cells, another common
laboratory substrate for influenza virus. As with the ECEs, we passaged both INL602wt
and M5081wt viruses blindly ten times in MDCK cells. Passage was done in 6-well
plates with three parallel replicates (“lines”) for each virus.

Following ten passages, the morphology of each virus line was compared to that of the
wild-type using thin-section TEM of infected MDCK cells. We found that, in the case of
the rNL602 strains, 2/3 P10 lines remained highly filamentous in morphology, with
filaments of varying lengths present on the surface of infected cells (Figure 4A-H, 4Q). In
the case of M5081 virus, we found that Line 3 consisted of virions that were mostly
spheres or short filaments. No long filaments were observed. Lines 1 and 2, however,

retained a morphology that was very similar to the wild-type (Figure 41-P, 4R).
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Next, we compared the growth of the P10 lines versus the wild-type in MDCK cells for
both rNL602 and M5081 viruses. We found that, in the case of the rNL602 strain, the
P10 lines displayed a modest growth advantage compared to the wild-type, showing an
approximately 10-fold increase at 48 hours (Figure SA). The M5081 virus P10 lines
exhibited a larger growth advantage (~1000-fold increase at 48 hours) in comparison to
the M5081wt virus (Figure 5B). The differences between the rNL602 and the M5081
growth comparisons appear to be due to the more efficient growth in MDCK cells of the
rNL602wt virus compared to the M5081wt virus. The rINL602wt virus may exhibit some
adaptation to MDCK cells due to the fact that this stock was generated in MDCK cells,
while the M5081 virus was grown in HTBE cells. As passaging only appeared to have an
effect on the virion morphology of 2/6 P10 lines, the results show that, as was found in
ECEs, a conversion to a spherical morphology is not necessary for increased growth in

MDCK cells.

rNL602 M1 T1691 and Q198K confer a spherical morphology and a growth
advantage in ECEs

Partial genome sequencing of plaque clones isolated from rNL602 EP10 lines revealed
three mutations — two in the M1 matrix protein (T1691 and Q198K) and one in the M2
ion channel protein (E70K). The M segments of six plaque clones were sequenced per
line and each mutation was identified in a single clone. The M1 T169I and M1 Q198K
mutations were identified in separate clones of INL602 EP10 Line 2. The M2 E70K
mutation was identified in a clone of Line 6. Since the M segment gene products have

been implicated previously in determining morphology, we wished to test whether these
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three amino acid changes would alter virion morphology. We therefore introduced each
mutation into the M segment of rINL602wt virus using reverse genetics to generate three
mutant viruses. When we examined these viruses using thin-section TEM of infected
MDCK cells, we found that the M1 T169I virus produced spherical virions as well as
short filaments. The majority of virions produced by the M1 Q198K mutant were also
spherical, with very few filaments present. Lastly, the E70K mutant was found to be
highly filamentous in morphology, similar to the INL602wt virus, and was thus excluded
from further study (Figure 6).

Next, we compared the growth of the M1 T1691 and Q198K mutants to INL602wt virus
in ECEs, MDCK cells, and guinea pigs. We found that both mutant viruses had a growth
advantage in ECEs compared to rNL602wt virus. In addition to higher peak titers, the
mutant viruses displayed kinetics of growth similar to those of the EP10 lines (Figure
7A). However, when growth of the wild-type and mutant viruses were compared in
MDCK cells it was observed that both the M1 T1691 and Q198K mutant had a mild
growth defect in this substrate (Figure 7B). A growth defect was also observed when the
growth of the mutant viruses was compared to the wild-type in guinea pigs (Figure 7C).
These observations suggest that both mutations are egg-specific adaptations. Thus,
despite the finding that a spherical morphology is not necessary for increased growth in
laboratory substrates, mutations arising naturally over the course of passage were found
to both convert the virus to the spherical phenotype and lead to a growth advantage in
ECE:s.

Additionally, we wished to compare the transmission of the INL602 mutant viruses to

that of the wild-type using a guinea pig contact transmission model. We found that the
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wild-type virus showed transmission to 3/4 contacts by day 4 and all contacts by day 6. In
contrast, transmission of the mutant viruses was not detected until day 6. By day 8, all
three viruses had reached 100% transmission (Figure 8). The observed delay in
transmission of the mutant viruses correlated with their delayed growth in guinea pigs,
suggesting that the M1 T1691 and Q198K mutations altered growth kinetics and this

effect, in turn, influenced the rate of transmission.

Serial passage in guinea pigs leads to emergence of filamentous virions

In order to investigate the effects of serial passage in vivo on the morphology of a
laboratory-adapted strain, we passaged rPR8wt virus twelve times in guinea pigs. Briefly,
female Hartley guinea pigs were inoculated intranasally with 1x10* PFU of rPR8wt virus.
At 4 days post-infection, nasal washes were collected. Following titration, 1x10* PFU of
nasal wash was used for the next passage. In the event that this inoculum titer could not
be attained, undiluted nasal wash was used instead.

After twelve passages, we assessed the morphology of the passage 12 (P12) virus using
thin-section TEM of infected MDCK cells. While the rPR8wt-infected samples showed
uniformly spherical virions (Figure 9A), we observed the emergence of filamentous
virions in the P12-infected samples (Figure 9B-D). This emergence of filaments upon
serial passage in guinea pigs indicates that a filamentous morphology is selected within
an animal host, supporting our hypothesis that filaments play a functional role in vivo.
Next, we compared the growth of the P12 virus to that of the wild-type rPR8wt virus. We
inoculated four guinea pigs intranasally with 1000 PFU of either rPR8wt or P12 in 300

ml PBS. Nasal washes were taken at days 2, 4, 6, and 8 post-infection and viral titer was
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determined via plaque assay on MDCK cells. We found that the P12 virus had a mild, but
statistically significant, growth advantage at day 2 in guinea pigs when compared to
rPR8wt (Figure 9E). These results, coupled with the emergence of filamentous virions in

the P12 samples, suggest that filaments play a functional role within the infected host.

Mutations identified in the guinea pig P12 virus matrix protein result in robust
filament formation

Through sequencing of the M segment of the guinea pig P12 virus pool we identified
seven nucleotide positions with two overlapping peaks, suggesting heterogeneity within
the virus population at these sites. All seven were in the M1 matrix protein. We
introduced each mutation individually into the cDNA of the PR8 M segment and, using
reverse genetics, we were able to rescue mutant viruses from four of these plasmids.
Examination of the four mutant viruses using thin-section TEM revealed that, compared
to the wild-type, all showed robust filament formation, producing significantly more
filaments than rPR8wt (Figure 10).

Next, we compared the growth of the mutant viruses to the wild-type in embryonated
chicken eggs, MDCK cells, and guinea pigs. We found that in all three substrates rPR8wt
retained a growth advantage over most of the mutant viruses. The exception was the M1
N87S mutant, which grew comparably to rPR8wt in all three substrates (Figure 11). As
such, the N87S mutant was used in a contact transmission experiment in guinea pigs with
rPR8wt and the PR8 GP P12 virus to determine if increased filament formation had an
effect on virus transmission. Consistent with previously reported data, the rPR8wt virus

did not transmit between contact guinea pigs (20). In contrast, the PR8 P12 virus
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transmitted to two of four contact guinea pigs (Figure 12), indicating that mutations
accumulated over the course of serial passage that promote transmission. Introduction of
the N87S mutation alone, however, did not improve the transmissibility of the rPR8wt

virus.

Discussion

After the initial observation that serial passaging in ECEs had an effect on the
morphology of influenza virus, little work has been done to elucidate why this
phenomenon occurs or the mechanism behind it. Published observations showed the
conversion of several strains of influenza virus to a predominantly spherical morphology
by ten passages in ECEs (9). Likewise, our results showed a shift in morphology favoring
more spherical virions in all three EP10 lines of M5081. However, the INL602 EP10
lines maintained a predominantly filamentous phenotype; this difference may be due to
strain specific requirements or the precise conditions of passaging. The idea of strain
specificity is supported by the fact that some laboratory strains such as
A/Udorn/301/1972 (H3N2) and A/Victoria/3/1975 (H3N2) have retained their
filamentous morphology despite being grown extensively in laboratory substrates (10,
11). To our knowledge, the effect of serial passage in MDCK cells on virion morphology
has not been assessed. We found that 4 out of 6 of the CKP10 lines that were tested for
both rNL602 and M5081 strains retained a highly filamentous morphology. The fact that
all of the EP10 and CKP10 lines have a considerable growth advantage in comparison to
their corresponding wild-type viruses, regardless of changes in morphology, indicates

that a spherical morphology is not required for increased growth in laboratory substrates.
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The presence of mutations that mediate a conversion to a spherical morphology
within the populations of INL602 EP10 strains suggests that some morphology transition
took place, although the spherical variants were not readily detected by TEM. However,
the fact that these mutant viruses retained a growth advantage in ECEs while showing
attenuation in MDCK cells suggests that these mutations are adaptive specifically in eggs
and not more generally in laboratory substrates. This finding agrees with our data
indicating that ten passages in MDCK cells brought about only a marginal change in
morphology and only in one of the three INL602 virus lineages. It should be noted,
however, that although both the T1691 and Q198K mutations confer a spherical
morphology on the rNL602 virus and both improve growth in eggs, we have not
demonstrated that these two effects are causally linked.

In contrast to the conversion from filamentous to spherical morphology through
egg passage, we found that passage of a spherical, laboratory-adapted strain (rPR8) in an
animal host led to the emergence of filamentous virions. The selection of filamentous
variants in guinea pigs suggests that an elongated virion morphology confers a fitness
advantage in vivo. Nevertheless, when point mutations identified within the rPR8 GP P12
virus population and leading to filament formation were introduced individually into the
rPR8 virus, these mutations were found to attenuate the growth of the virus in guinea
pigs. This result suggests that, to be advantageous, the individual changes to the M1
protein that we identified need to be coupled with complimentary changes elsewhere in
the genome. Similarly, although the rPR8 P12 virus population was observed to transmit
to 2/4 contact guinea pigs, the filamentous mutant rPR8 M1 N87S did not transmit. This

lack of transmission indicates that a filamentous morphology is not sufficient to confer a
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transmissible phenotype on the rPR8 virus, a finding that is not unexpected based on the
multi-genic nature of influenza virus transmission determinants (16, 20-28).

The amino acids within M1 that we found to affect virion morphology differ, in most
cases, from those described previously by others. For example, both Roberts and
Compans as well as Elleman and Barclay found position 41 to be important; Bourmakina
and Garcia-Sastre found positions 95 and 204 to determine morphology; and Burleigh et
al. found position 102 to affect virion shape (10-12, 14). That the amino acids described
herein differ is most likely due to our approach: we have identified mutations arising
naturally during serial passage, whereas previous research focused on amino acids
differing between selected spherical (e.g. WSN and PR8) and filamentous (e.g.
A/Udorn/301/1972 and A/Victoria/3/75) strains. Taken together, it appears that a number
of different elements within the M1 protein can alter virion morphology, an observation
that will most likely not be explained until the mechanism by which M1 directs the
formation of filaments or spheres is revealed.

Overall, the mutations identified herein occur at highly conserved sites within the M1
protein; nevertheless, a small number of natural isolates carrying the same or similar
mutations were found in the NCBI database. Through M1 protein sequence alignment we
found that, amongst human H1NT strains isolated in the United States between 2008-
2013, two isolates contained the Q198K mutation (A/Boston/685/2009 and
A/Hawaii/07/2010). None of the mutations described herein were identified in pre-2008
human HINT isolates or in avian HIN1 isolates for which M1 protein sequence data is
available in the NCBI database. Interestingly, through alignment the M1 sequence of

swine HINT strains, we found some isolates containing the N87S
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(A/swine/lowa/46519_1/2007), R101G (A/swine/lowa/15/1930), S157C
(A/swine/lowa/H04YS2/2004, A/swine/lowa/H03G1/2003, and
A/swine/lowa/H03L.J10/2003), and T169I (A/swine/Ontario/53518/03) mutations.
Whether the mutations identified in the NCBI database affect morphology in the context
of the particular strains carrying them is, of course, unknown.

Through characterization of paired spherical and filamentous viruses differing at a
single amino acid (rPR8wt vs. rPR8 M1 N&87S and rNL602wt vs. INL602 M1 I169T or
Q198K) in a guinea pig transmission model, we hoped to test whether filamentous
morphology improves influenza virus transmission. While the spherical rNL602 viruses
showed delayed transmission relative to rNL602wt, the kinetics of transmission mirrored
the kinetics of shedding, suggesting that the M1 mutations affected viral growth rather
than transmission directly. Similarly, the rPR8 M1 N87S mutation, when introduced
individually, led to attenuated growth in vivo and no transmission was seen with this
filament-producing variant. Taken together, our data do not suggest a role for virion
morphology in determining transmission phenotype; our data do not, however, exclude
this possibility. The virus strains we are working with are highly transmissible (rNL602)
and completely non-transmissible (rPR8) in the guinea pig model; thus, while changes in
morphology are not sufficient to alter their respective transmission phenotypes, in the
appropriate context, morphology may contribute to transmission. Our finding that
filaments are selected in guinea pigs (even in the absence of transmission between hosts)
clearly suggests that filamentous virions are functionally significant in vivo. The precise
function(s) of filament production by influenza viruses will be pursued further in

subsequent work.
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Figure Legends

Figure 1. Low-passage human influenza virus isolates have filamentous morphology.
Transmission electron micrographs are shown at a magnification of 60KX. A) NL602wt
(biological isolate), B) INL602wt (recombinant), C) M5081wt, D) T51700wt, E)

F32551wt

Figure 2. Ten egg passages led to loss of filaments for M5081 but not rNL602 virus.
Transmission electron micrographs are shown of INL602wt and M5081wt viruses
compared to egg passage 10 (EP10) Lines. All images at magnification = 40KX. A-B)
rNL602wt, C-D) rNL602 EP10 Line 2, E-F) rNL602 EP10 Line 5, G-H) rNL602 EP10
Line 6, I-J) M5081wt, K-L) M5081 EP10 Line 2, M-N) M5081 EP10 Line 4, O-P)
M5081 EP10 Line 5, Q) Particle count of INL602wt compared to EP10 Lines, R) Particle

counts of M5081wt compared to EP10 Lines. * indicates that the proportion of
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filamentous virions was significantly different from that of the wt virus (p<0.05;

difference in proportions test).

Figure 3: EP10 Lines show improved growth in embryonated chickens eggs. Eggs
were infected with 250 PFU of the indicated viruses. A) rNL602wt versus rINL602 EP10

lines; B) M5081wt versus M5081 EP10 lines.

Figure 4: Ten serial passages in MDCK cells led to a loss of filaments for

two of six lineages. Transmission electron micrographs are shown of rINL602wt and
M5081wt viruses compared to MDCK passage 10 (CKP10) Lines. All images at
magnification = 40 KX. A-B) rNL602wt, C-D) rNL602 CKP10 Line 1, E-F) rNL602
CKP10 Line 2, G-H) tfNL602 CKP10 Line 3, I-J) M5081wt, K-L) M5081 CKP10 Line 1,
M-N) M5081 CKP10 Line 2, O-P) M5081 CKP10 Line 3, Q) Particle count of rINL602wt
compared to CKP10 Lines, R) Particle counts of M5081wt compared to CKP10 Lines. *
indicates that the proportion of filamentous virions was significantly different from that

of the wt virus (p<0.05; difference in proportions test).

Figure 5: CKP10 Lines show improved growth in MDCK cells. Cells were infected at

an MOI of 0.001 PFU/cell. A) rNL602wt versus rNL602 CKP10 Lines, B) M5081wt

versus M5081 CKP10 Lines.

Figure 6: T1691 and Q198K mutations in the rNL602 M1 protein result in a
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predominantly spherical morphology. Transmission electron micrographs are shown of
rNL602wt and mutant viruses. All images are at magnification = 60KX. A-B) rNL602wt,
C-D) rfNL602 M1 T1691, E-F) INL602 M1 Q198K, G-H) rNL602 M2 E70K, I) Particle
counts of INL602wt compared to mutant viruses. * indicates that the proportion of
filamentous virions was significantly different from that of the wt virus (p<0.05;

difference in proportions test).

Figure 7: Compared to the wild type virus, rNL602 M1 T1691 and M1 Q198K
mutant viruses show improved growth in eggs but inferior growth in MDCK cells
and guinea pigs. A) Growth in eggs. Eggs were infected with 250 PFU of the indicated
viruses. B) Growth in MDCK cells. Cells were infected at an MOI of 0.001 PFU/cell. C)
Shedding from guinea pig nasal passages. Guinea pigs were infected intranasally with
1000 PFU of the indicated viruses. Nasal washes were taken on days 2,4, 6, and 8 and

virus titer was quantified via plaque assay in MDCK cells.

Figure 8: Compared to the wild type virus, rNL602 M1 T169I and M1 Q198K
mutant viruses show delayed growth and transmission in guinea pigs. Contact
transmission of A) INL602wt, B) rNL602 M1 T169I, and C) rNL602 M1 Q198K. Guinea
pigs were infected intranasally with 1000 PFU of the indicated viruses. At 24 hours post-
infection, an uninfected guinea pig was housed with an infected guinea pig. Guinea pigs
were housed in environmental chambers at constant temperature (10°C) and relative

humidity (20%). Nasal washes were taken on days 2, 4, 6, and 8 and virus titer was
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quantified via plaque assay in MDCK cells. Dashed lines represent initially Infected

animals. Solid lines represent exposed animals.

Figure 9: Serial passage in guinea pigs led to the emergence of rPR8 virus variants
with filamentous morphology. Transmission electron micrographs and growth of
rPR8wt and rPR8 guinea pig passage 12 (P12) viruses. All TEM images are at
magnification = 60KX. A) rPR8wt virus, B-D) rPR8 GP P12 virus. E) Growth analysis in
vivo, guinea pigs were infected intranasally with 1000 PFU of each virus. Nasal washes
were taken on days 2, 4, 6, and 8 and virus titer was quantified via plaque assay in
MDCK cells. * T-tests indicated that titers of the P12 virus were significantly greater
than those of rPR8wt on day 2 (p = 0.022) while titers of rPR8wt were greater than those

of P12 on day 4 (p = 0.035).

Figure 10: Point mutations in the PR8 M1 protein result in robust filament
formation. Transmission electron micrographs are shown of rPR8wt and mutant viruses.
All images are at magnification = 60KX. A-B) rPR8wt, C-D) rPR8 M1 N87S, E-F) rPR8
M1 N92S, G-H) rPR8wt M1 R101G, I-J) rPR8wt M1 S157C, K) Particle counts of
rPR8wt compared to mutant viruses. * indicates that the proportion of filamentous virions
was significantly different from that of the wt virus (p<0.05; difference in proportions

test).

Figure 11: Compared to the wild type virus, rPR8 M1 mutant viruses show similar

or inferior growth in eggs, MDCK cells, and guinea pigs. A) Growth in eggs. Eggs
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were infected with 250 PFU of the indicated viruses. B) Growth in MDCK cells. Cells
were infected at an MOI of 0.001 PFU/cell. C) Shedding from guinea pig nasal passages.
Guinea pigs were infected intranasally with 1000 PFU of the indicated viruses. Nasal
washes were taken on days 2, 4, 6, and 8 and virus titer was quantified via plaque assay

in MDCK cells.

Figure 12: Compared to the rPR8wt virus, the rPR8 GP P12 virus transmits in
guinea pigs while the rPR8 M1 N87S virus does not. Contact transmission results are
shown for A) rPR8wt, B) rPR8 GP P12, and C) rPR8 M1 N87S. Guinea pigs were
infected intranasally with 1000 PFU of the indicated viruses. At 24 hours post-infection,
an uninfected guinea pig was housed with an infected guinea pig. Animals were housed
under controlled envirionmental conditions of 20% relative humidity and 10°C. Dashed
lines represent initially infected animals. Solid lines represent exposed animals.
Experiments shown in A and C were performed concurrently; the experiment shown in B

was performed separately.
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Figure 7
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Figure 11.
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Chapter 3: Filament-producing mutants of influenza A/Puerto Rico/8/1934 (HIN1)
virus have higher neuraminidase activities than the spherical wild-type
Jill Seladi-Schulman, Patricia Campbell, Suganthi Suppiah, John Steel, and Anice C.

Lowen

The work of this chapter has been submitted for publication in PLOS One.
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Abstract

Influenza virus exhibits two morphologies — spherical and filamentous. Strains that have
been grown extensively in laboratory substrates are comprised predominantly of spherical
virions while clinical or low passage isolates produce a mixture of spheres and
filamentous virions of varying lengths. The filamentous morphology can be lost upon
continued passage in embryonated chicken eggs, a common laboratory substrate for
influenza viruses. The fact that the filamentous morphology is maintained in nature but
lost in favor of a spherical morphology in ovo suggests that filaments confer a selective
advantage within the infected host that is not necessary for growth in laboratory
substrates. Indeed, we have recently shown that filament-producing variant viruses are
selected upon passage of the spherical laboratory strain A/Puerto Rico/8/1934 (HIN1)
[PR8] in guinea pigs. Toward determining the nature of the selective advantage conferred
by filaments, we sought to identify functional differences between spherical and
filamentous particles. We compared the wild-type PR8 virus to two previously
characterized recombinant PR8 viruses in which single point mutations within M1 confer
a filamentous morphology. Our results indicate that these filamentous PR8 mutants have
higher neuraminidase activities than the spherical PR8 virus. Conversely, no differences
were observed in HAU:PFU or HAU:RNA ratios, binding avidity, sensitivity to immune
serum in hemagglutination inhibition or plaque reduction assays, or virion stability at
elevated temperatures. Based on these results, we propose that the pleomorphic nature of
influenza virus particles is important for the optimization of neuraminidase functions in

Vivo.
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Introduction

Influenza A virus (IAV) is an enveloped virus containing eight negative-sense RNA gene
segments (1). It is the causative agent of seasonal epidemics of respiratory illness as well
as occasional pandemics, the most recent of which occurred in 2009 (2). IAV is
pleomorphic, producing virions of spherical and filamentous morphology (3). Strains that
produce predominantly spherical or ovoid virions have typically been passaged many
times within laboratory substrates, while filament-producing strains occur in primary or
low passage isolates (4, 5). Filaments are of variable length and can be up to 30 um long
(6). Herein, we define filaments as any virion 300 nm in length or longer (= 3x the
diameter of a typical spherical virion). Studies performed using reverse genetics systems
have identified the M1 matrix protein as the major genetic determinant of virion
morphology, however portions of the viral nucleoprotein (NP) as well as the cytoplasmic
tails of the M2 ion channel, hemagglutinin (HA) and neuraminidase (NA) proteins have
been shown to affect virion morphology as well (7-13).

Early observations showed that the filamentous morphology is gradually lost upon
continued passage in embryonated chicken eggs in favor of a more spherical morphology
(14, 15). The fact that filaments are maintained in nature while dispensable for growth in
laboratory substrates suggests that the filamentous morphology provides a selective
advantage within the infected host that is not necessary for growth in the laboratory.
Previously, we showed that passaging of the spherical laboratory strain A/Puerto
Rico/8/1934 (HIN1) [PR8] twelve times in guinea pigs led to the emergence of virions
that are filamentous in morphology (5). Through sequencing of the M1 matrix gene of the

passage 12 (P12) virus pool, we identified several coding mutations within MI.
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Individual introduction of four of these amino acid changes using reverse genetics
yielded mutant viruses that produced significantly more filaments than the wild-type
[p<0.05; difference in proportions test] (5).

While selection for a filamentous morphology through passaging in an animal
host confirms an advantage of filamentous virions in vivo, the nature of the selective
advantage remains unclear. In order to determine the advantage filament-producing
viruses have over their spherical counterparts, we used recombinant wild-type PR8
[rPR8wt] and two previously characterized filamentous M1 mutants — rPR8 M1 N87S
[N87S] and rPR8 M1 R101G [R101G] (5). These three viruses present an ideal system in
which to address the differences between exclusively spherical and filament-producing
IAV, for the following reasons: 1) the mutant strains are highly similar genetically to the
rPR8wt, simplifying the interpretation of results; ii) the mutations used arose naturally,
minimizing the likelihood of disrupting viral functions through their introduction; and iii)
the mutant viruses differ significantly from rPR8wt in terms of filament production.
Thus, rPR8wt, N87S, and R101G viruses were analyzed in a series of in vitro assays. We
hypothesized that functional differences between spherical and filamentous virions might
arise due to their differing surface areas, and therefore focused our efforts on the two
surface glycoproteins of IAV, HA and NA. We tested whether the HA avidity or NA
activity per virion differed between the spherical rPR8wt virus and filament producing
strains. In addition, the ratio of hemagglutination units (HAU) to plaque forming units
(PFU), the ratio of HAU to RNA copies, and virion stability at elevated temperatures
were investigated. Our findings suggest a role of the viral NA protein in the fitness

advantage conferred by filamentous virion morphology: by two independent measures,
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the two filamentous rPR8 mutants displayed a higher neuraminidase activity compared to
rPR8wt, but did not differ significantly in binding avidity, inhibition of binding or plaque

formation by antiserum, infectivity or thermostability.

Material and Methods

Ethics statement

This study was performed in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. Animal
husbandry and experimental procedures were approved by the Emory University

Institutional Animal Care and Use Committee (IACUC protocol #2000719).

Viruses and cells:

The rPR8wt, rPR8 M1 N87S, and rPR8 M1 R101G viruses were generated using reverse
genetics as previously described (16-18). Briefly, rPR8-based viruses were recovered
following eight (pDZ) plasmid transfection of 293T cells and subsequent inoculation of
transfected cells and culture medium into 9-11 day old embryonated chicken’s eggs.
Stocks of the rPR8 wild-type virus and mutants were generated in 9-11 day old
embryonated chicken’s eggs. Influenza A/Udorn/301/1972 (H3N2) virus was grown in
MDCK cells. Influenza A/Anhui/1/2013 (H7N9) virus was grown in eggs under
enhanced BSL3 containment and inactivated by addition of beta-propiolactone (BPL)

prior to removal from the BSL3 facility.
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Washed chicken red blood cells from Lampire Biological were used for all
hemagglutination-based assays. MDCK cells, a kind gift of Peter Palese, were maintained
in minimal essential medium supplemented with 10% fetal bovine serum and
penicillin/streptomycin. 293T cells (ATCC), used for virus rescue by reverse genetics,
were maintained in Dulbecco’s minimal essential medium supplemented with 10% fetal
bovine serum. Embryonated chickens’ eggs were obtained from Hy-Line International

and incubated at 37°C, with rocking, for 9-11 days prior to inoculation with IAV.

Red blood cell elution assay:

Each virus was standardized to a concentration of 128 hemagglutination units (HAU,
defined as the reciprocal of the highest dilution of virus still allowing agglutination of red
blood cells). Duplicate HA assays were then set up in parallel using serially diluted
viruses and allowed to develop at 4°C. One set of plates was then transferred to 37°C (t =
0 hours) to trigger neuraminidase activity, while the second set of plates was left at 4°C to
act as a negative control. Red blood cells were monitored for elution (visible as the
formation of a red blood cell pellet at the bottom of the well) at the following time points:

1,2, 3,4, 6, and 8 hours.

Infectious titer comparison:

Viruses were diluted to concentration of 128 HAU. After confirming the HA titer, viruses
were titrated in triplicate by plaque assay of 10-fold serial dilutions on MDCK cells. A
Student #-test was used to compare the infectious titers of each mutant virus to rPR8wt

virus.
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C, value comparison:

Viruses were diluted to concentration of 128 HAU. After confirming the HA titer, RNA
was extracted from 160 ul of each diluted virus sample using the QIAamp Viral RNA
Mini Kit (QIAGEN), according to the manufacturer’s instructions. cDNA was generated
using Maxima reverse transcriptase (Thermo Scientific) and a universal forward primer
(GGCCAGCAAAAGCAGG). Quantitative PCR was then performed on a Bio-Rad
CFX384 thermocycler using the cDNA as template, SsoFast EvaGreen Supermix (Bio-
Rad), and primers specific for the NP segment (F:
TATTCGTCTCAGGGAGCAAAAGCAGG (19) and R:
CTGATTTCAGTGGCATTCTGGC). Each ¢cDNA was analyzed in triplicate and the
resulting cycle threshold (C,) values were recorded. Average C, values shown in Table 1
were calculated by first converting each C, value to 20¢9_calculating the arithmetic mean,

and then taking the —log, of the arithmetic mean.

MUNANA neuraminidase activity assay:

Neuraminidase activity assays using the soluble substrate methylumbelliferyl N-
acetylneuraminic acid (MUNANA) were performed as previously described by Campbell
et al. (20). Virus was diluted to 5 x 10° PFU/ml and 80 ul was added to each well of a
black 96-well plate (CoStar). A sample of each diluted virus preparation was retained for
quantification of viral RNA therein by RT-qPCR. Concentrations of MUNANA substrate
ranging from 1.17 uM to 150 uM were used. When cleaved by the viral NA, MUNANA

produces a fluorescent product. Fluorescence was quantified using a Biotek Synergy H1
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plate reader every minute over the course of an hour. Fluorescence curves were then

fitted to the Michaelis-Menton equation to determine values of V,, (maximal enzyme

max

velocity) and K., (the Michaelis constant, the substrate concentration at which the

reaction rate is half of V). Each experiment included triplicate samples of each virus.

Virus concentration for Western blot analysis:

Each virus was purified from allantoic fluid collected from 9-11 day embryonated
chicken eggs infected with 250 PFU of virus. Allantoic fluid was spun at 3,000 rpm for
10 minutes at 4°C in a Sorvall tabletop centrifuge after which the supernatant was
transferred to ultracentrifuge tubes (Beckman Coulter). Samples were spun in an SW32
rotor at 10,000 rpm for 30 minutes at 4°C and supernatant was then transferred to a fresh
tube where a 5-ml 30% sucrose cushion was added. Samples were spun in an SW32 rotor
at 25,000 rpm for 2.5 hours at 4°C. All supernatant was removed and 100 ul of PBS was

added to the virus pellet and allowed to resuspend at 4°C overnight.

NP normalization and Western blot:

Concentrated virus samples were denatured by boiling for 10 minutes and treated with
PNGaseF (New England Biolabs) for 1 hour at 37°C to allow for deglycosylation. The
amount of NP in each virus sample was quantified by polyacrylamide gel electrophoresis
followed by Coomassie staining (GelCode Blue — Thermo Scientific) and analysis with
Image Lab software (Bio-Rad). The volume of each sample used for western blotting was
then normalized based on NP content. Samples were loaded on a 4-15% SDS gradient gel

(Bio-Rad Mini Protean) and electrophoresed at 130 V for 1 hour and 5 minutes. Protein
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was transferred (semi-dry) onto nitrocellulose membrane for 1 hour at 100 mA and
blocking was performed overnight. NA was detected using a goat anti-NA primary
antibody (BEI NR-9598) and a donkey anti-goat alexa 647-conjugated secondary
antibody. NP was detected using a rabbit anti-NP primary antibody (a kind gift of Peter
Palese) and a donkey anti-rabbit alexa 488-conjugated secondary antibody. Band

intensity was quantified using Image Lab software (Bio-Rad).

Red blood cell-based avidity assay:

The red blood cell-based avidity assay was performed similarly to those described in
(21). Briefly, a 1.3% solution of red blood cells in PBS was treated with a series of
dilutions of C. perfringens neuraminidase (Sigma) for 30 minutes at 37°C. Neuraminidase
concentrations incremented by 5 mU/ml for the PR8-based viruses and 10 mU/ml for the
H3 and H7 subtype viruses. Treated red blood cells were then added to virus at a
standardized concentration of 8 HAU in a v-bottom, 96-well plate. Hemagglutination was
assessed after 2 hours at 4°C. To rule out the activity of the viral NA in interpreting
results, virus was diluted in PBS containing oseltamivir carboxylate (GS4071) and the

assay was allowed to develop at 4°C.

Trypsin-heat-periodate treatment:

In order to remove nonspecific inhibitors of hemagglutination, serum treatment was
performed as outlined in (22). Briefly, serum was treated with L -1-Tosylamide-2-
phenylethyl chloromethyl ketone (TPCK) trypsin for 30 minutes at 56°C. After cooling to

room temperature, serum was then treated with 0.011 M metapotassium periodate (KI1O,)
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for 15 minutes at room temperature. After KIO, treatment, serum was treated with 1%
glycerol in PBS for 15 minutes at room temperature after which an 85% PBS solution

was added to reach a final serum dilution of 1:10.

Hemagglutination inhibition (HI) assay:

Trypsin-heat-periodate-treated anti-PR8 guinea pig serum was diluted in PBS either 1:2
or 1:1.5 across a v-bottom, 96-well plate. Each virus was standardized to a concentration
of 8 HAU and was then added to the diluted serum. Serum and virus were incubated
together at 4°C for 30 minutes after which 0.5% red blood cells in PBS were added to
each well. The assay was allowed to develop at 4°C. Naive guinea pig serum was used as
a negative control. The HI titers shown in Table 3 reflect HI activity above background

levels.

Plaque reduction assay:

Each virus was diluted to approximately 250 PFU. Trypsin-heat-periodate treated anti-
PR8 guinea pig serum was serially diluted 1:80, 1:160, 1:320, and 1:640 in PBS. Control
serum obtained from a naive guinea pig was also used. Virus was added to the diluted
serum and incubated for 30 minutes at 37°C. The infectious titer of each serum/virus
sample then quantified by plaque assay in MDCK cells. This assay was performed in

triplicate.
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Thermostability assay:

Each virus was diluted to approximately 1x10° PFU. Fifteen 120 ul aliquots of each virus
were incubated at 50°C and three aliquots of each virus were removed at 0, 15, 30, 60,
and 120 minutes. Titers for each sample were quantified via plaque assay on MDCK

cells.

Results

The rPR8 M1 N87S and rPR8 M1 R101G filamentous mutants have higher
neuraminidase activity than rPR8wt virus.

The NA activity of the spherical and filament-producing viruses was first assessed by
comparing rPR8wt, N87S, and R101G viruses in a red blood cell elution assay. To test
our hypothesis that filamentous and spherical virions differ at the level of the whole virus
particle, due to differing surface areas, we aimed to evaluate NA activity per virion rather
than per NA protein. We therefore normalized virus input by hemagglutination titer
rather than protein levels. Briefly, HA assays were set up in parallel using a standardized
amount of virus (128 HAU) and allowed to develop at 4°C. At that point, one set of plates
was transferred to 37°C. At this temperature, the viral NA is active and begins cleaving
the sialic acids on the surface of the red blood cells, causing them to drop to the bottom
of the well (elution). We monitored the plates for elution over the course of 8 hours.
Progressive elution was observed at 37°C, while no elution was seen over the same time
period at 4°C. We found that, when incubated with the R101G mutant virus, red blood

cells eluted at a faster rate compared to those incubated with rPR8wt (Figure 1A). The
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N87S mutant had a less marked phenotype than the R101G mutant, but also eluted red
blood cells at a faster rate than the rPR8wt — particularly at the later time points (Figure

1B).

Equivalent HAU of the rPR8wt, rPR8 M1 N87S, and rPR8 M1 R101G viruses do
not differ in infectivity or RNA copy number

To verify that differences in the amount of virus used for each assay did not account for
the observed differences in elution, we evaluated both the PFU titer and RNA content of
128 HAU samples of rPR8wt, N87S, and R101G viruses. Each virus was diluted to 128
HAU and HA titers were confirmed. Diluted virus samples were then titrated in triplicate
by plaque assay. The mutant viruses showed lower PFU titers compared to rPR8wt, but
the differences were not statistically significant (Table 1). RNA was extracted from 160
ul of each diluted virus and quantified by reverse transcription followed by quantitative
PCR. C, values obtained were consistent across all three viruses (Table 1). Thus, for all
three viruses, the HAU to PFU and HAU to RNA copy number ratios were comparable.
To assess the precision and consistency of the hemagglutination assay, we furthermore
evaluated the PFU titers and relative RNA copy numbers of three 128 HAU samples of
rPR8wt virus that had been obtained through independent dilution series. The average
PFU titers obtained ranged from 1.66 to 1.78 x10®* PFU/ml (n=3 per 128 HAU sample).
The average C, values were also very similar, ranging from 18.64 to 18.85. Taken
together, these results indicate that the more rapid elution exhibited by the N87S and

R101G viruses are unlikely to be due to greater input of these viruses relative to rPR8wt.
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Table 1: 128 HAU of rPR8wt, rPR8 M1 N87S and rPR8 M1 R101G viruses

comprise comparable infectious titers and genome copies

. . Average
Virus Infectious tlater infectious{g titer C, value” Average C,

(PFU/ml) (PEU/ml) value
6.00 x 10’ 19.06

rPR8wt 1.55x 10° 1.15x 10° 19.37 19.16
130 x 10* 19.08
5.00 x 10’ 19.23

rPR8 M1 N87S 5.00 x 10’ 7.60 x 10’ 19.42 19.32
130 x 10* 19.32
4.00 x 10’ 18.86

rPR8 M1 R101G 6.50 x 10’ 7.80 x 10’ 18.92 18.94
130 x 10* 19.04

* TPR8wt to rPR8 M1 N87S comparison (p = 0.38), rPR8wt to rPR8 M1 R101G
comparison (p = 0.40). A two-tailed Student #-test was used to assess significance.

® rPR8wt to rPR8 M1 N87S comparison (p = 0.23), rPR8wt to rPR8 M1 R101G
comparison (p = 0.10). To assess significance, a two-tailed Student #-test was applied to

values of 209,

The rPR8 M1 N87S and rPR8 M1 R101G filamentous mutants have higher
neuraminidase activity in the MUNANA assay than rPR8wt virus.

To further confirm that the differing elution phenotypes observed were due to differing
NA activities, we compared the spherical and filamentous rPR8 viruses using a
MUNANA-based assay. MUNANA (methylumbelliferyl N-acetylneuraminic acid) is a
soluble substrate that produces a fluorescent product when cleaved by the viral NA. For

this assay, viruses were standardized to equivalent PFU and RNA titers and
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concentrations of MUNANA substrate ranging from 1.17 uM to 150 uM were used.
Levels of fluorescence were measured every minute over a sixty-minute period. The
resulting fluorescence curves were then fitted to the Michaelis-Menton equation for
calculation of K, and V_,, values associated with each virus. It is important to note that,
in line with our aim of evaluating NA enzyme kinetics per virion, NA protein levels
contained within each virus sample were not normalized for this assay.

The results obtained correlated well with those observed from the red blood cell

elution assay (Figure 2). The R101G mutant virus displayed the highest V., followed by

max?

the N87S mutant. rPR8wt had the lowest V. (Table 2). The K, for all three viruses was

found to be consistent, as expected considering the NA protein is the same for all three
viruses (Table 2). Based on the results of both the elution assay and the MUNANA assay,

we concluded that the filament-producing M1 mutant viruses had a higher neuraminidase

activity per virion than the spherical wild-type virus.

Table 2: rPR8 M1 N87S and rPR8 M1 R101G viruses have a higher neuraminidase

activity than rPR8 wt virus in a MUNANA-based assay

Virus \% .Vm"”‘ 95.% K . Ko 95%
max confidence interval m confidence interval
rPR8wt 1040 978-1101 13.02 10.41-15.63
rPR8 M1 N87S 1434 1370-1497 13.15 11.17-15.14
rPR8 M1 R101G 1785 1669-1901 15.52 10.60-20.44

When standardized to NP protein levels, NA and M1 protein incorporation among

rPR8wt, rPR8 M1 N87S, and rPR8 M1 R101G is similar.
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Because filamentous virions can be much greater in size than spherical virions, a
logical explanation for our NA activity results is that filamentous virions have more NA
adorning their surface. Indeed, the consistent K, values across all three viruses obtained
from the MUNANA assay suggest that the intrinsic NA activity is unaffected. To test this
hypothesis, we performed Western blots on concentrated virus preparations of rPR8wt,
N87S, and R101G, and probed for NP, NA, and M1 proteins. The fluorescence intensity
of bands was quantified using a Bio-Rad Chemidoc imager. NP and M1 were included as
controls: due to its association with the viral genome, NP levels would be expected to be
constant among viruses of differing morphology, while M1 levels would be expected to
increase with surface area. For a given amount of NP, the filamentous mutant viruses did
not show increased quantities of NA or M1 proteins in virions (Figure 3A and 3B).
Similar results were obtained when inputs were normalized by viral RNA content, rather
than normalization to NP (data not shown). Based on our inability to detect increases in
MI:NP ratios for the filament-producing viruses relative to rPR8wt, we concluded that
the Western blot assay used was not sufficiently sensitive to detect differences (or lack
thereof) in NA or M1 incorporation. The preponderance of spherical viruses present in
the N87S and R101G virus stocks most likely obscures any differences in protein content

between spherical and filamentous particles.

No difference in binding avidity is observed between rPR8wt, rPR8 M1 N87S, and
rPR8 M1 R101G.
After assessing the NA activity between spherical and filamentous viruses, we compared

the function of the viral HA in a red blood cell-based avidity assay. We treated chicken
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red blood cells with a series of dilutions of C. perfringens neuraminidase. This treatment
removes 02,3-, 02,6- and a2,8-linked sialic acids. Thus, red blood cells treated with
higher concentrations of neuraminidase had fewer sialic acids on their surface than those
treated with lower concentrations of neuraminidase. We then added a standardized
amount of virus (8 HAU) to the treated red blood cells and allowed agglutination to
occur. We found that the neuraminidase concentration that prevented agglutination was
the same for the rPR8wt, N87S, and R101G viruses, indicating that red blood cell binding
avidity is not affected by the changes in morphology seen with these viruses (Figure 4).
Additionally, to validate that the assay was sufficiently sensitive to detect differences in
red blood cell binding avidity, we compared avidity of the rPR8-based viruses to those of
viruses with differing HA types (specifically, H3 and H7). We found that
A/Udorn/301/1972 (H3N2) and BPL-inactivated A/Anhui/1/2013 (H7N9) virus had
higher red blood cell binding avidities than the PR8-based viruses. From these results, we
concluded that the changes in virion morphology mediated by the N87S and R101G

mutations do not affect the binding avidity of rPR8 virus.

No difference in hemagglutination inhibition or plaque reduction was observed
among rPR8wt, rPR8 M1 N87S, and rPR8 M1 R101G.

Next, we compared hemagglutination inhibition (HI) between rPR8wt, N87S, and R101G
viruses, reasoning that, due to their increased size, filaments may be more difficult to
neutralize than spheres. Using 1:2 dilutions of trypsin-heat-periodate treated anti-PR8
guinea pig immune serum and virus standardized to 8 HAU, we found no difference in HI

between rPR8wt, N87S, and R101G (Table 3). Since we were working with populations
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of mixed morphology, which may make differences between filaments and spheres
difficult to detect, we sought to improve the sensitivity of the assay by using a series of
1:1.5 serum dilutions. Similar to the assays utilizing 1:2 dilutions, we observed little

difference in HI between the spherical wild-type and filamentous mutants (Table 3).

Table 3: There are no differences in hemagglutination inhibition among rPR8wt,

rPR8 M1 N87S, rPR8 M1 R101G viruses

1:2 serum dilutions 1:1.5 serum dilutions
Virus HI titer® HI titer®
A B C A B C
rPR8wt 160 160 320 256 256 384

rPR8 M1 N87S 160 160 160 256 256 384
rPR8 M1 R101G 160 160 320 171 256 384

* The reciprocal of the highest dilution of serum that prevented hemagglutination is

shown for three replicates (A, B and C).

To further substantiate the observation that particle morphology did not affect the
sensitivity of virus to immune serum, we also performed a plaque reduction assay.
Briefly, trypsin-heat-periodate treated anti-PR8 guinea pig serum was diluted to 1:80,
1:160, 1:320, or 1:640 in PBS. The same dilutions of a naive guinea pig serum were used
as controls. Virus was diluted to approximately 250 PFU and incubated with the diluted
serum for 30 minutes at 37°C. Following the incubation period, virus titer was determined
in triplicate for each serum/virus sample by plaque assay in MDCK cells. Plaque numbers
were compared to those obtained when virus was incubated with the control serum.
While no significant reduction in plaque number was observed with 1:320 or higher

dilutions of serum, all three viruses showed significant reductions with serum diluted
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1:160 and 1:80 (Figure 5). Thus, the results from the HI assays and the plaque reduction
assay agree and suggest that the selection of filamentous variants in vivo is not related to

changes in HA avidity.

No difference in virion stability is observed between rPR8wt, rPR8 M1 N87S, and
rPR8 M1 R101G.

Due to potential differences in the structure of the matrix layer (23), we hypothesized that
filamentous and spherical viruses might differ in their sensitivity to environmental
stresses, such as fluctuations in temperature. To test this hypothesis, we evaluated virion
stability at high temperatures. Each virus was diluted to a concentration of 1x10° PFU
and incubated at 50°C for one of the following lengths of time: 0, 15, 30, 60, or 120
minutes. Following heat exposure, the titer of each sample was quantified in triplicate via
plaque assay in MDCK cells. All three viruses had similar infectious titers remaining at
each time point, indicating that the observed changes in virion morphology do not affect

virion stability at elevated temperatures (Figure 6).

Discussion

The fact that the filamentous morphology of IAV is maintained in nature but not in the
laboratory suggests that filaments have a functional significance within the infected host.
Due to the greater surface area of filaments relative to spheres, we hypothesized that
functional differences between the two morphologies may lie with the HA and NA
surface glycoproteins. We therefore focused our study on the HA and NA functions of

strains with differing morphological phenotypes. We took advantage of two M1 point
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mutants selected during serial adaptation of rPR8 virus to an animal host (5). By
measuring particles in electron micrographs, the R101G mutant was previously shown to
comprise 41% filamentous particles, while the N87S had 16% filaments and the rPR8wt
virus had 6% filaments (5).

Our approach, focused on the surface of the virion, assumes that the internal
components of spherical and filamentous particles are similar. Our results indicating
comparable infectivity and RNA content per HAU for spherical and filament-producing
strains supports this assumption. Similar results were also reported by Roberts et al. for
the A/Udorn/301/1972 (H3N2) strain (10). Nevertheless, the literature contains
conflicting reports on the genomic content of filaments versus spheres. Early studies
suggested that filamentous virions could be polyploid (containing more than one copy of
the genome) or contain more RNA than their spherical counterparts (24, 25). In contrast,
a recent cryo-electron tomography study has shown that many longer filaments produced
by A/Udorn/301/1972 (H3N2) virus lack RNPs (26). Lastly, sectioning TEM and cryo-
electron tomography studies have shown that filamentous virions contain a single copy of
the viral genome located at the apical tip of the budding virion (23, 27). These apparently
contradictory results can be partially reconciled by noting that the absence of genomes
from filamentous particles appears to apply mainly to very long filaments (26). In some
cases, IAV strain specific differences in the properties of filaments may also play a role.

Our observations through two independent functional assays show that the two
filament-producing rPR8 mutants have higher NA activities than the spherical rPR8wt
virus. Replacement of the PR8 M segment with that of the filamentous 2009 pandemic

strain A/Netherlands/602/2009 (HIN1) was also shown to increase both filament
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production and NA activity compared to the rPR8wt virus (20). Now we show that
significant increases in NA activity can be conferred through a single point mutation that
changes virion morphology, thereby strengthening the causal link between morphology
and NA activity. We predict that the increased NA activities associated with filament-
containing virus preparations are due to greater numbers of NA proteins adorning the
surface of filaments compared to spheres. We were not able to test this prediction
robustly, however, due to limitations in the sensitivity of our Western blot assay. An
alternative mechanism by which morphology could impact NA activity relates to the
distribution of NA molecules on the virion surface. If filaments and spheres differ in
terms of the positioning of NA on the particle, increased neuraminidase activity could be
due to a cooperative effect mediated by greater NA protein clustering on filamentous
virions. Consistent with this idea, clustering of NA at the tip of the virus particle
proximal to the cell membrane has been reported (23, 28, 29). Such an arrangement was
suggested to promote destruction of host cell receptors as the virus is budding.

Contrary to what was observed for NA activity, we found no difference in binding
avidity to red blood cells between the spherical and filamentous rPR8 viruses. Similarly,
we did not observe an appreciable difference in HI titer or in plaque reduction between
spherical and filamentous viruses. These results suggest that the mechanism by which
NA activity is increased for filament-producing viruses does not apply to HA. For
example, if incorporation of both glycoproteins increases with filament size, then our data
would suggest that avidity does not increase linearly with the valency of the virus
particle. Lastly, we did not observe a difference in thermostability between spherical and

filamentous viruses. Thus our data suggest that, at least in the PR8 background and in a
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guinea pig host, the selective advantage of a filamentous morphology lies with increased
NA activity.

Enhanced NA activity could be advantageous to the virus by promoting release
from infected cells and/or spread within the respiratory tract to new target cells (30).
Indeed, Roberts et al. suggested that increased amounts of NA protein per virion could
aid movement through the mucus lining the airway (31). Additionally, increased NA
activity was shown to improve transmission in guinea pigs (20, 32). Importantly, the M
segment has been shown to affect virus transmission as well (20, 33). Whether this effect
on transmission is directly mediated by viral morphology has not yet been established.
However, the fact that a single point mutation in the M1 matrix protein can both
significantly alter virion morphology and confer increased NA activity suggests a
mechanism by which the M segment may affect transmission. We know from previous
work that the rPR8 M1 N87S mutant virus, which has both a significantly more
filamentous morphology as well as a higher NA activity than rPR8wt, is not transmissible
by a contact route in the guinea pig transmission model (5). It is likely that N87S and the
other individual point mutations identified through passaging need to be coupled with
additional permissive mutations on the M segment and/or elsewhere in the genome to
promote transmission (34).

In summary, we have shown that filament-producing viruses have a higher
neuraminidase activity than their spherical counterparts. Other properties such as HA
binding avidity, HI titer, and thermostability were unaffected by changes in virion
morphology. The viruses used herein were single M1 point mutants generated on a PR8

background and produced significantly more filaments than rPR8wt. The fact that these
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point mutations, when introduced individually, confer both a filamentous morphology
and increased NA activity further strengthens the idea that the selective advantage

conferred by filamentous virions lies in their increased NA activity over spherical virions.
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Figure Legends

Figure 1: rPR8 M1 R101G and rPR8 M1 N87S viruses elute red blood cells at a
faster rate than rPR8wt virus. HA assays were set up using virus diluted to a
concentration of 128 HAU. After the assays had developed, plates were transferred to
37°C to allow for red blood cell elution by the viral neuraminidase. A second set of plates
remained at 4°C where no elution occurred (not shown). The results of three independent
experiments are shown, with each experiment represented by a separate bar. Within each
experiment, viruses were analyzed in triplicate (standard deviation for each virus = 0).
“Units of elution” is defined as the reciprocal of the highest virus dilution showing
elution. A) Elution of rPR8 M1 R101G virus is compared to that of rPR8wt virus. B)

Elution of rPR8 M1 N&7S virus is compared to that of rPR8wt virus.

Figure 2: rPR8 M1 R101G and rPR8 M1 N87S viruses have higher neuraminidase
activity than rPR8wt virus. A) Neuraminidase enzyme Kkinetics. Virus input was

standardized to 5 x 10° PFU and concentrations of MUNANA substrate ranging from
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1.17 uM to 150 uM were used. Fluorescence generated at each time point (every minute
over the course of 1 hour) was detected using a Biotek Synergy H1 plate reader. The
resulting fluorescence curves were then fitted to the Michaelis-Menton equation. B) That
equivalent amounts of each virus were used in the MUNANA assay was confirmed by
RT-qPCR for the viral NP segment. The arithmetic mean (n=3) and standard deviation of

2¢€9 values were calculated and then converted back to a C, scale by taking the log,.

Figure 3: NA and M1 protein levels between rPR8wt, rPR8 M1 N87S, and rPR8 M1
R101G are similar when normalized to NP protein levels. Virus samples were
concentrated via ultracentrifugation through a 30% sucrose cushion and resuspended in
PBS. Samples were then deglycosylated and denatured, after which NP protein levels
were standardized via Coomassie. For the Western blot, protein was detected using
primary antibodies specific for NA, M1, and NP and fluorophore-conjugated secondary

antibodies. All bands were quantified using Image Lab software (Bio-Rad).

Figure 4: rPR8wt, rPR8 M1 N87S, and rPR8 M1 R101G viruses have the same red
blood cell binding avidity. Chicken red blood cells were treated with a series of
dilutions of C. perfringens neuraminidase. Treated red blood cells were then added to a
standardized amount of each virus (8 HAU) and allowed to develop at 4°C. The assay
was run in triplicate (standard deviation for each virus = 0). The highest concentration of

neuraminidase that still allowed agglutination by each virus is plotted.



91

Figure 5: There is no difference in plaque reduction among rPR8wt, rPR8 M1
N87S, and rPR8 M1 R101G viruses. Each virus was diluted to approximately 250 PFU.
Trypsin-heat-periodate treated serum was diluted 1:80, 1:160, 1:320, and 1:640 in PBS.
Virus was added to serum dilutions and incubated for 30 minutes at 37°C. Virus titer for
each serum/virus sample was then quantified by plaque assay in MDCK cells. A) Titers
of virus samples incubated with anti-PR8 guinea pig immune serum. B) Titers of virus
incubated with naive guinea pig serum or PBS alone, as indicated. The mean of three
replicates is plotted, and error bars indicate standard deviation. * p < 0.05 compared to

virus incubated with naive serum. Dashed lines indicate limit of detection (5 PFU/ml).

Figure 6: No difference in virion stability at an elevated temperature was observed
between rPR8wt, rPR8 M1 N87S, and rPR8 M1 R101G viruses. Each virus was
diluted to 1x10° PFU and incubated in triplicate at 50°C for one of the following lengths
of time: 0, 15, 30, 60, and 120 min. Results shown are the average of four separate assays

performed in triplicate. The dotted line indicates the limit of detection.
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Chapter 4: Supplementary Data — Paired Spherical and Filamentous Viruses

Introduction

In order to test the hypothesis that spherical viruses have a selective advantage in
laboratory substrates while filament-producing strains have an advantage in vivo, we used
reverse genetics to generate paired spherical and filamentous viruses. The mutations
introduced were identified from published literature reporting molecular determinants of
virion morphology (12,20, 112). The amino acid changes employed were originally
identified through alanine scanning mutagenesis or the introduction of reciprocal changes
into spherical and filamentous virus backgrounds, at sites where these strains were found
to differ. For our work, the M1 K102A mutation was introduced into the spherical rPR8
strain to generate a filament-producing mutant virus (rPR8fil). Three point mutations
(A41V,R95K, and E204D) were introduced into the M1 protein of the filament-
producing strain rINL602, producing a mutant virus that formed predominantly spherical
virions. The growth of these paired spherical and filamentous viruses were then

compared in eggs, MDCK cells, HTBE cells, and guinea pigs.

Materials and Methods

Viruses and cells:
The rPRS, rPR8fil, INL602, and rNL60sph viruses were generated using reverse genetics
as previously described. In brief, INL602-based viruses were recovered by 8 (pHW)

plasmid transfection of 293T cells and subsequent co-culture with MDCK cells. rPR8-
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based viruses were recovered by 8 (pDZ) plasmid transfection of 293T cells and
subsequent injection of transfected cells and culture medium into 9-11 day old
embryonated chicken’s eggs. The rPR8 and rPR8fil viruses were grown in 9-11 day old
embryonated chicken eggs while the INL602 and rNL602sph viruses were grown in
MDCK cells. Embryonated chicken eggs were incubated at 37°C for 9-11 days prior to
inoculation. MDCK cells were maintained in minimal essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin. 293T cells
(used for virus rescue) were maintained in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% FBS. Human tracheo-bronchial (HTBE) cells obtained
from Lonza were thawed and seeded into two T75 flasks containing bronchial epithelial
cell growth medium (BEGM). Upon reaching 70-80% confluency, cells were trypsinized,
counted, and seeded onto collagen-coated transwell filters. Gray’s medium, composed of
BEGM media plus Lonza Single Quots and DMEM media plus Lonza Single Quots
combined in equal volumes, was added to both the top and bottom chambers. At 100%
confluency, an air-liquid interface was created by removing the medium from the top
chamber. Gray’s medium supplemented with retinoic acid was then added to the bottom
chamber to allow for differentiation. Upon differentiation cells were maintained by

adding fresh Gray’s medium plus retinoic acid every 2-3 days.

Virus concentration and visualization via transmission electron microscopy
Embryonated chicken eggs were infected with 250 PFU/egg for rPR8-based viruses and
2500 PFU/egg for INL602-based viruses. Eggs were incubated at 37°C for 48 hours

before being placed at 4°C to kill the embryos. Allantoic fluid was harvested the



100

following day. Following collection, blood cells and debris were pelleted by
centrifugation of allantoic fluid in a Sorval tabletop centrifuge at 3,000 rpm for 10
minutes at 4°C. To further clarify the sample, supernatant was transferred to a centrifuge
tube (Beckman Coulter) and spun in a SW32 rotor at 10,000 rpm for 30 minutes at 4°C.
Supernatant was then transferred to a fresh centrifuge tube and a 5-ml 30% sucrose
cushion was added to the bottom. Sample was then spun in an SW32 rotor at 25,000 rpm
for 2.5 hours at 4°C. Supernatant was then carefully aspirated and 100 ul of PBS was
added to the virus pellet and incubated overnight to allow gentle resuspension of the
virus.

Following resuspension, samples were dialyzed in PBS for six hours using the Slide-A-
Lyzer Dialysis Kit (10 MWCO membrane — Thermo Scientific). Buffer was changed
once after the first hour and again after the second hour. Dialyzed samples were then
taken to the Emory Robert P. Apkarian Integrated Electron Microscopy Core where they
were added to grids and stained with methylamine tungstate. After sample preparation,

grids were imaged at 75 kV using a Hitachi H-7500 transmission electron microscope.

Growth curves:

Growth curves in embryonated chicken eggs were performed using three eggs/virus/time
point. Each egg was infected with 250 PFU of virus for rPR8-based viruses and 2500
PFU of virus for INL602-based viruses. At each time point (12, 24,48, and 72 hours
post-infection), eggs were placed at 4°C to halt virus growth and allantoic fluid was
collected from chilled eggs the following day. Growth curves in MDCK cells were

performed in triplicate using an MOI of 0.001 PFU/cell. Tissue culture supernatant was
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collected at the following time points: 1, 6, 12,24, 48, and 72 hours post-infection.
Growth curves in HTBE cells were performed in triplicate using an MOI of 0.05
PFU/cell for rPR8-based viruses and an MOI of 0.001 PFU/cell for INL602-based
viruses. At each time point (1,6, 12,24, 48,72, and 96 hours post-infection) 200 ul of
PBS was added to the apical surface of the cells and collected after an incubation period
of 30 minutes. Following growth analyses in all three substrates, virus titers were

quantified by plaque assay on MDCK cells.

Growth experiments in guinea pigs:

Female Hartley strain guinea pigs were obtained from Charles River Laboratories. For
each virus, four animals were infected intranasally with 1000 PFU in 300 u1 of PBS.
Nasal washes were collected in 1 ml PBS at days 2, 4, 6, and 8 post-infection and virus

titer was determined via plaque assay in MDCK cells.

Results

rPRS8fil produces filaments but is generally attenuated in all substrates tested
Reverse genetics was used to introduce the K102A mutation into the rPR8 M1 protein.
The K102A mutation was previously identified via alanine-scanning mutagenesis and
was shown to confer robust filament formation (20). Visualization of purified rPR8wt
and rPRS&fil virions by transmission electron microscopy revealed that while rPR8wt
produces predominantly spherical virions, rPR8fil produces filamentous virions of

varying lengths (Figure 1). In order to investigate the idea that the filament-producing
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morphology provides a selective advantage in vivo while a spherical morphology
provides a selective advantage in laboratory substrates, we performed growth curves with
rPR8 and rPR&fil in four different substrates. The first two substrates were embryonated
chicken eggs, the substrates believed to select for spherical virions. The second two
substrates were HTBE primary cells and the guinea pig animal model. We predicted that
the filament-producing rPR8fil mutant would have an advantage in these two substrates.
We found that the rPR8wt had a growth advantage over the rPR8fil mutant in
embryonated chicken eggs and MDCK cells (Figure 2). Given the fact that passage in
laboratory substrates had been shown to select for predominantly spherical virions, this
was what we had expected. When we performed growth curves in the HTBE primary cell
line and in the guinea pig, however, we found that not only was the rPR8fil mutant
attenuated in the HTBE cells, but did not initiate a productive infection in guinea pigs
from the 1000 PFU dose used (Figure 3). As such, we concluded that the mutation
introduced (M1 K102A) to confer a filament-producing morphology to rPR8wt was

generally attenuating.

rNL602sph produces predominantly spherical virions but is attenuated in all
substrates tested

Reverse genetics was used to introduce three point mutations (A41V, R95K, and E204D)
into the M1 protein of rNL602. A41V was identified as an antibody escape mutant of the
filament-producing Udorn strain, and was found to confer a spherical morphology in that
background (112). Both R95K and E204D were found to impact morphology through

introducing amino acids found in the spherical WSN strain into the Udorn M1 (12).
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Imaging of purified samples of INL602wt and rNL602sph revealed fewer virions per grid
than the rPR8-based viruses, due to poorer growth of the INL602-based viruses in
laboratory substrates. Nevertheless, filamentous virions were detected in the INL602wt
samples while predominantly spherical virions were observed in the INL602sph samples
(Figure 4).

Next we compared the growth of INL602wt and rNL602sph in embryonated chicken
eggs, MDCK cells, and HTBE primary cells. We found that the NL602sph mutant grew
comparably to the filament-producing rNL602wt virus in embryonated chicken eggs and
was attenuated in MDCK cells (Figure SA and 5B). Additionally, in HTBE cells, the
rNL602sph mutant showed a delayed growth phenotype when compared to INL602wt
(Figure 3C). Based on the results of these experiments, the growth of the two viruses was

not compared in the guinea pig model.

Conclusions

Taken together, it was concluded that the mutations introduced to generate the paired
spherical and filamentous viruses could be attenuating in ways unrelated to morphology.
To identify mutations that affect morphology of both rPR8 and rNL602 viruses, while
minimizing the probability of those mutations interfering with viral functions, we
performed serial passaging experiments aimed at the selection of morphology altering

mutations (127).
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Figure Legends

Figure 1: rPR8wt is predominantly spherical in morphology while rPR8fil produces
filamentous virions. TEM of egg grown virus. Eggs were infected with 250 PFU/egg for

each virus. Magnification = 40KX

Figure 2. rPRS8fil is attenuated in laboratory substrates. A) Growth in eggs. Eggs
were infected with 250 PFU of the indicated viruses. B) Growth in MDCK cells. Cells
were infected at an MOI of 0.001 PFU/cell. Growth curve was performed in triplicate and
viral titer was determined by plaque assay in MDCK cells. The dotted line indicates the

limit of detection.

Figure 3. rPRS8fil is attenuated in a primary cells and in guinea pigs. A) Growth in
HTBE cells. Cells were infected at an MOI of 0.05 PFU/ml. B) Shedding from guinea pig
nasal passages. Guinea pigs were infected intranasally with 1000 PFU of the indicated
viruses. Nasal washes were taken at days 2,4, 6, and 8 post-infection. Growth curve was
performed in triplicate and viral titer was determined by plaque assay in MDCK cells.

The dotted line indicates the limit of detection.

Figure 4: rNL602wt produces filamentous virions while the rNL602sph mutant
produces spherical virions. TEM of egg grown virus. Eggs were infected with 2500

PFU/egg for each virus. Magnification = 200KX
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Figure 5. rNL602sph is attenuated in all substrates. A) Growth in eggs. Eggs were
infected with 2500 PFU of the indicated viruses. B) Growth in MDCK cells. Cells were
infected at an MOI of 0.001 PFU/cell. C) Growth in HTBE cells. Cells were infected at
an MOI of 0.001 PFU/ml. Growth curve was performed in triplicate and viral titer was
determined by plaque assay in MDCK cells. The dotted line indicates the limit of

detection.
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Figure 4.
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Chapter 5: Discussion and Future Directions

Introduction of artificial mutations previously shown to affect viral morphology
results in general attenuation

Despite early observations that IAV produces virions of both spherical and filamentous
morphologies, with the filament-forming morphology lost upon passage in laboratory
substrates, little progress has been made in defining the functional roles that virions of
each morphology play. That filaments are maintained in nature but not in the laboratory
suggested that they provide an advantage within the infected host that is not necessary for
growth within laboratory substrates such as embryonated chicken eggs or cell culture.
Several different groups have previously identified various amino acid residues within
the M1 matrix protein to be important in determining IAV morphology. Through
studying escape mutants to an anti-M2 antibody, Roberts et al. found position 41 in M1
to be important in morphology determination (112). In a later study using mutant viruses
generated via reverse genetics, Bourmakina and Garcia-Sastre found positions 95 and 204
to affect morphology (12). Position 41, however, was not found to affect particle shape in
this study. In a second reverse genetics study, Elleman and Barclay found position 41 to
affect morphology while position 95 did not (39). Lastly, through alanine-scanning
mutagenesis Burleigh et al. found mutations at position 102 to affect virion shape (20).
However, we found that introducing these previously characterized mutations into our
own viruses (rPR8 and rNL602) resulted in general attenuation in all substrates tested.
Indeed, many of these mutations were identified through artificial means such as alanine-

scanning mutagenesis or through introduction of amino acid residues found in viruses of
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the opposite morphology. It should also be noted that the K102A mutation lies within the
nuclear localization sequence of the M1 matrix protein. Mutation of the lysine residue at
position 102 in the M1 protein was previously found to drastically affect viral growth
while mutation of some of the surrounding residues (such as R101) had a lesser effect on
viral fitness (77). We concluded that interpretation of our results obtained with spherical
and filamentous viruses carrying these artificial mutations was complicated by the
potential for these mutations to disrupt the viral life cycle in ways unrelated to
morphology. We reasoned that a better method to identify naturally occurring mutations
that affect IAV morphology was to undertake serial passage experiments in laboratory

substrates and in vivo.

An exclusively spherical morphology is not necessary for growth in laboratory
substrates, while filament formation is selected through passaging in vivo

While we observed that passaging of the clinical strain M5081 in embryonated chicken
eggs led to the emergence of a significantly more spherical morphology, we found that
the 2009 pandemic strain NL602 both retained a filament-forming morphology and had
a growth advantage in eggs. Taken together, it appears that conversion to a
predominantly spherical morphology is not necessary for improved growth in eggs,
although in some cases (i.e. M5081) changes in morphology will occur. This could be
due to strain-specific requirements for morphology change. Indeed, the laboratory strains
Udorn and A/Victoria/3/1975 (H3N2) [Victoria] have retained their filament-forming
phenotype despite being grown extensively in laboratory substrates. Despite the

maintenance of filaments by egg passaged rNL602 virus, sequencing of plaque clones
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isolated from the EP10 rNL602 lines revealed two point mutations in the M1 matrix
protein that confer a predominantly spherical morphology to this virus. The fact that these
mutations were detected indicates that some morphology transition took place, despite
limited detection of spherical virions by thin-section TEM. It should be noted that both
mutations identified, M1 T1691 and M1 Q198K, occur at highly conserved positions in
the M1 matrix protein and have not been previously characterized as having an effect on
IAV morphology. However, a GenBank search indicates the presence of T1691 in a pre-
2009 swine strain (A/swine/Ontario/53518/03 [H1N1]) and Q198K in two post-2009
human strains (A/Boston/685/2009 [HIN1] and A/Hawaii/07/2010 [HIN1]). Whether
these mutations affect morphology in their respective strains is unknown.

Through sequencing of the guinea pig P12 virus pool, we were able to identify several
point mutations in M1 that conferred robust filament formation to rPR8. As with the
mutations identified through egg passaging, the mutations identified through passaging in
the guinea pig occur at highly conserved residues in M1, although we did find the
presence of N87S (A/swine/lowa/46519_1/2007 [HIN1]), R101G
(A/swine/lowa/15/1930 [HIN1]), and S157C (A/swine/lowa/H04YS2/2004 [HIN1],
A/swine/Iowa/H03G1/2003 [H1N1], and A/swine/Iowa/H031L.J10/2003 [HIN1]) in
several pre-2009 swine strains. Again, the morphology of the strains is unknown. The
fact that a filamentous morphology was selected for through passaging of a spherical
laboratory strain (rPR8) in an animal host indicates that filaments confer a selective
advantage within the infected host that is not necessary for growth in laboratory

substrates.
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Filament-forming rPR8 M1 mutant viruses have a higher neuraminidase activity
compared to rPR8wt virus

The next goal of the project was to assess the functional nature of the selective advantage
conferred by filamentous virions. Due to the large surface area of filaments relative to
spheres, we hypothesized that the differences between the two morphologies would lie in
the activity of the viral NA or in HA binding. As such, we performed a series of
functional assays aimed at assessing the NA activity, HA binding avidity, sensitivity to
hemagglutination inhibition and neutralization with PR8 antiserum, and thermostability
between spherical and filament-producing strains. The viruses we chose to compare were
rPR8 and two filament-producing mutants, M1 N87S and M1 R101G. This is an ideal
system in which to assess the functional differences between spherical and filament-
producing IAV strains, as the viruses are nearly identical to each other genetically, the
mutant viruses produce significantly more filaments than rPR8wt, and the mutations
arose naturally through passaging. Implicit in our approach of focusing on the outer
surface of the virion is an assumption that the internal components of spherical and
filamentous virions are similar. The fact that both the infectious titer per HAU and RNA
count per HAU is similar among the spherical wild-type and two filamentous mutants
lends support to this assumption. It should also be noted that in a study comparing the
filament-producing Udorn strain to spherical Udorn variants, Roberts et al made similar
observations as to the infectivity of filaments versus spheres (112).

The results obtained through two separate functional assays (red blood cell elution assay
and MUNANA assay) indicate that both N87S and R101G have a higher NA activity

than the spherical rPR8wt virus. In contrast to our observations regarding NA activity, we
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found no difference in binding avidity to red blood cells, HI titer, plaque reduction, or
thermostability. Thus, our data suggest that, at least in the PR8 background, the selective
advantage of filamentous virions may lie with increased NA activity as compared to

spherical virions.

Possible mechanisms promoting increased neuraminidase activity observed in
filament-forming strains

The most likely explanation for the higher NA activity of filament-producing viruses is
that filamentous virions have increased amounts of NA adorning the surface of the virion.
Certainly, the fact that the K, of rPR8wt, N87S, and R101G was found to be consistent
indicates that there is no overall change in NA enzyme activity. In order to determine the
level of NA incorporation among the three viruses, we performed Western blots and
standardized input to NP levels. This method of standardization operates under the
assumption that each virion should contain a single copy of the viral genome and thus
should have similar NP levels regardless of particle size. However, we found that when
input was standardized to NP content, NA incorporation appeared to be consistent among
the three viruses (Chapter 3, Figure 3). This observation could be due to several factors,
the first and most simple of which could be that filaments do not in fact incorporate more
NA than spheres. Indeed, cryoelectron tomography studies have indicated that NA
clusters on the proximal end of the budding filament (22). Close proximity to the surface
of the cell would indeed promote more efficient particle release. Thus, the increase in NA
activity could be due to a cooperative effect mediated by the close clustering of the NA

molecules rather than an overall increase in incorporation. Alternative explanations for
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our Western blot results are also possible. Perhaps using NP incorporation as a method of
standardization may not be optimal. Reports as to the nature of the organization of viral
RNPs within filamentous virions have been conflicting. Early studies suggested that
filamentous virions could be polyploid (containing more than one copy of the genome) or
contain more RNA than their spherical counterparts (1, 135). In contrast, a recent
cryotomography study has shown that many very long filaments produced by Udorn lack
RNPs (150). Further, sectioning TEM and cryoelectron tomography studies have shown
that, despite their length, filamentous virions contain a single copy of the viral genome
located at the apical tip of the budding virion (22, 101). Going forward, perhaps
standardization by HAU would be more ideal for evaluating protein incorporation, as we
have shown that both infectious titer and RNA count are similar across all three viruses.
Another important point to consider is that filaments always coexist with a large
population of spherical virions — typically greater than 50% of the population. In
addition, those particles that are classified as filaments can be of variable length — from
300 nm to 30 um long (94). It could be that our assay is not sensitive enough to detect
differences in protein incorporation if 50% or more of the population consists of spherical
virions.

As such, a method to efficiently separate spherical and filamentous virions would be
advantageous in further analyzing the functional differences between the two
morphologies. Initially, we attempted to achieve this through sucrose gradient
centrifugation, aiming to separate the spherical and filamentous populations of rPR8wt
and R101G, with the intention of analyzing each population separately in functional

assays. We found that, not only was virion integrity greatly compromised through
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repeated centrifugation steps, but that separation of spheres and filaments was not
efficient, as large clumps of spherical virions were present in the same fractions as
filamentous virions.

A more promising method was aimed at analysis of rPR8wt, R101G, and N87S in the
absence of filaments and involved running virus that had been amplified in eggs through
a 0.22 um filter. Because we define filaments as any virion greater than 300 nm in length,
most if not all of the filaments present in the allantoic fluid would be absent from the
filtered sample. We found that, when we compared filtered and non-filtered samples of
R101G to rPR8wt in the red blood cell elution assay, the filtered R101G sample eluted
red blood cells at a rate identical to rPR8wt. Non-filtered R101G eluted red blood cells at
a higher rate than both rPR8wt and filtered R101G. (Figure 1A) Thus, it appeared that
removing filaments from the R101G mutant virus reduced the red blood cell elution rate
to the levels observed with rPR8wt, implying that the enhanced elution rate observed in
the case of R101G was due to the presence of significantly more filamentous virions
relative to wild-type. It should be noted, however, that when filtered N87S was compared
to non-filtered N87S and rPR8wt, that the filtered N87S exhibited elution activity below
levels of rPR8wt (Figure 1B). Due to the semi-quantitative nature of the red blood cell
elution assay, we wished to confirm the observed results using the MUNANA
neuraminidase activity assay. We found that all filtered viruses (including a control
filtered rPR8wt) had much lower NA activity than the non-filtered viruses (Figure 2).
The results obtained from comparing the filtered and non-filtered viruses in the elution
assay appeared promising, however the MUNANA assay results using the same viruses

suggested that the filtration process damaged the surface glycoproteins. Indeed, perhaps
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the size of the filter (0.22 um) is too small for even spherical virions to move through
undamaged. In future experiments, we will test filters with a larger pore size, such as 0.45
um and filters made up of different material. Confirmation that filtered filament-
producing viruses have NA activity similar to that of predominantly spherical viruses
would lend additional weight to the hypothesis that the presence of filaments confers an

advantage through increased NA activity.

Possible benefits of increased neuraminidase activity to viral fitness

An increase in NA activity could increase viral fitness through a number of different
mechanisms. First, an increase in NA activity would promote a more efficient release
from the infected cell. Second, the mucins of the airway contain sialic acid residues to
which influenza viruses bind (130), limiting the productivity of the infection. It has been
proposed that an increase in NA activity would enable the virus to move more efficiently
through this mucus in order to infect new cells (112).

The hypothesis that increased NA activity reduces sensitivity to inhibition by mucus
could be tested using a method similar to a neutralization assay (Figure 3). Once fully
differentiated, human tracheo-bronchial epithelial (HTBE) cells produce large amounts of
mucus. This mucus would be collected and serially diluted in PBS, after which virus
would be added. Following incubation with virus, MDCK cells would be infected and
samples taken at 24, 48, and 72 hours post-infection. If increased NA activity prevents
mucus inhibition, then viruses with a higher NA activity (such as N87S and R101G)
would grow in the presence of more concentrated mucus, compared to viruses with lower

NA activity.
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A third means by which NA activity could increase viral fitness is through improved
transmission. This mechanism may be related to one or both of the possible mechanisms
described above. Higher NA activity has been associated with improved transmission in
the guinea pig and ferret models (38, 63, 72). Viruses carrying NA inhibitor resistance
mutations, which lower NA activity, were found to transmit more poorly than viruses
lacking resistance.

Studies using the 2009 IAV pandemic strains have indicated that the M segment plays a
role in improved transmission (23, 24, 30). Whether this effect on transmission is directly
related to the viral morphology has not yet been firmly established. We have shown that
our spherical rNL602 mutants show delayed transmission in the guinea pig model,
indicating that a filamentous morphology is not absolutely necessary for transmission.
Similarly, the filamentous N87S mutant virus is not transmissible by contact in the guinea
pig model. Therefore, filament formation alone is not sufficient for transmission to occur.
Our data do not suggest a role for virion morphology in determining transmission
phenotype. However, the data do not exclude this possibility either. The INL602wt virus
is highly transmissible in the guinea pig model while rPR8wt is completely non-
transmissible. Taken together, while changes in morphology were not sufficient to alter
transmission phenotypes, morphology may contribute to transmission in the appropriate
context.

The fact that the rPR8 guinea pig P12 virus transmitted to 2 of 4 exposed animals, while
the N87S mutant did not transmit, indicates that additional permissive mutations on the
M segment and/or the other genome segments are required to promote transmission. As

such, we are interested in assessing within what genetic context filamentous mutations
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arise in vivo and whether or not they contribute to a transmissible phenotype. In order to
do this, we plan to sequence the full genomes of clonal virus isolates derived from the
guinea pig P12 virus stock. Specifically, we will pick plaques from MDCK cells infected
with the rPR8 guinea pig P12 virus and extract the viral RNA. Following generation of
cDNA, high-resolution melt (HRM) analysis will be performed using primers designed to
allow detection of the N87S mutation (Figure 4). HRM analysis hinges on the fact that
sequence differences between two double-stranded DNA molecules will confer
differences in melting properties. Thus, double-stranded DNA is labeled with a
fluorescent dye that will cease fluorescing when the DNA melts into a single-stranded
state. Therefore, we will be able to use this method to identify samples containing the
N87S mutation. N87S was chosen because the rPR8 M1 mutant virus carrying this
mutation was the most fit of the single mutants characterized. When a sample is
identified as positive for N87S, we will sequence the entire viral genome to identify
additional mutations. These mutations will then be introduced into both the rPR8wt and
rPR8 M1 N87S backgrounds and contact transmission assessed in the guinea pig model.
We believe these experiments will reveal the context in which the N87S filament-forming
mutations arose and allow testing of whether this morphology altering mutation improves

transmission when introduced in that context.

Overall summary and conclusions
In summary, we have shown that filament formation is selected for through passaging
within an animal host, indicating that the filamentous morphology provides a fitness

advantage within the host. Through the use of a panel of functional assays, we have
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observed that filamentous M1 point mutants of rPR8 have a higher neuraminidase
activity than the wild-type virus. Additionally, properties such as HA binding avidity,
sensitivity to serum, and thermostability were not affected by changes in virion
morphology. These observations strengthen the hypothesis that the selective advantage
conferred by filamentous virions is due to their increased NA activity over spherical

virions.

Figure Legends

Figure 1: Filtered rPR8 M1 N87S and rPR8 M1 R101G mutant viruses elute red
blood cells at a similar or lower rate compared to rPR8wt. rPR8 M1 N87S and rPR8
M1 R101G were grown up in embryonated chicken eggs. After harvesting, the allantoic
fluid was run through a 0.22 um filter. Elution assays were then set up as described in
Chapter 3. Within each experiment, viruses were analyzed in triplicate (standard
deviation for each virus = 0). “HA units of elution” is defined as the HAU eluted at each
time point. A) Elution of rPR8 M1 R101G filtered virus is compared to that of rPR8wt
and rPR8 M1 R101G non-filtered virus. B) Elution of rPR8 M1 N87S filtered virus is

compared to that of rPR8wt virus and rPR8 M1 N87S non-filtered virus.

Figure 2: Filtered rPR8wt, rPR8 M1 N87S, and rPR8 M1 R101G have negligible
neuraminidase activity when compared to non-filtered viruses in the MUNANA
assay. Neuraminidase enzyme kinetics. MUNANA assay was performed as described in

Chapter 3.
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Figure 3: Mucus-based neutralization assay. A) Mucus will be collected from fully
differentiated human tracheo-bronchial epithelial (HTBE) cells. B) Once collected, 1:2
serial dilutions of mucus will be made in PBS. C) Spherical wild-type (rPR8) and
filament-forming mutant viruses (N87S and R101G) will be incubated with the mucus
dilutions. D) Following incubation with mucus, samples will be used to infect MDCK
cells. Tissue culture supernatant will be collected 24, 48, and 72 hours post-infection and
neutralization titer will be determined via HA assay. Neutralization titer is reported as the

reciprocal of the highest mucus dilution that allows viral growth.

Figure 4: Identification of additional mutations in N87S-containing clones using
HRM analysis. MDCK cells will be infected with rPR8 guinea pig P12 virus. The
resulting plaques will be picked and resuspended in PBS. Viral RNA will be extracted
from plaque plugs and cDNA will be generated. High-resolution melt analysis will be
performed on all samples utilizing primers designed to detect the N87S mutation.
Samples containing N87S will have different melting properties from samples in which
N87S is absent. This difference will be reflected by the resulting melt curves. Samples
positive for N87S will be sequenced in full and any additional mutations identified will
be introduced into both the rPR8wt and rPR8 M1 N87S viruses using reverse genetics.
Following virus rescue and sequence verification, transmission will be assessed in the

guinea pig contact transmission model.
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