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Human Respiratory Syncytial Virus (RSV) disease remains a global concern for
both young and old [1] and to date no approved vaccine capable of reducing or
preventing RSV disease exists. Numerous vaccine candidates currently being tested [2,3]
are legacies of classic vaccine design approaches. Current vaccine design underutilizes
modern computational strategies to help identify or optimized new vaccine candidates. A
combination of computational and traditional methodologies should be expected to
optimize target selection and candidate prioritization. The fields of computational protein
folding/function prediction and systems biology [4] allow researchers to develop virtual
protein designs and then create them physically for functional testing. Systematically
prioritized vaccine target/candidates can then be produced using more traditional virus

generation strategies [5] and evaluated for efficacy.



Focusing on a specific RSV protein, nonstructural protein 1 (NS1), this work
demonstrates a process for design, development, and testing of novel virus vaccines.
NS1 of RSV is unique in that it is the initial virus encoded gene [6] and is the most
abundant viral protein produced by RSV during viral infection [7], yet incompletely
characterized [8]. Although there exist related viruses in other species (Cow, goat, mice,
sheep) [9], there remain no known human virus relatives to either the NS1 gene sequence
itself or the RSV viral genome organization. It has been reported that patients possess
serum antibodies against NS1 [10], however these antibodies are likely not part of a
protective host response to eliminate or reduce virus/disease. Therefore, NS1 is an
appropriate target protein for computational analysis due to its significance as an
evolutionary unique protein retained in the most proximal position in the human RSV
virus genome.

NS1 of RSV has been associated with various processes including host cell
apoptosis [11], interferon and interferon simulated gene regulation (and related
processes) [12,13], and viral genome replication [14], but no confirmed mechanism
detailing NS1 physical association with various interacting partners. The fact that NS1 is
1) a nonstructural cytosolic protein (i.e. not part of any known virus structure) and 2)
only recently described in a crystal structure [15], contribute to its difficult study. NS1
has also been shown to be disposable such that an RSV virus in which the NS1 gene
sequence has been deleted is viable [16] and a leading live attenuated RSV vaccine virus
candidate (ClinicalTrials.gov Identifier: NCT03596801; RSV 6120/ANS1 and RSV

6120/F1/G2/ANS1) [17].



Balancing the level of virus growth (not too high, but high enough to invoke the
appropriate immune response) and the level of antigenicity required for appropriate
immune system induction [3] is complicated further when deletion vaccines are
compared to full length wild-type virus since the initial growth conditions are not
equivalent, one virus is shorter than the other. NS1 protein seems to participate in
multiple measurable biologic phenomena that could be used as measurable functional
readouts. Therefore, an analysis of mutation changes to the NS1 protein will provide a
selection of vaccine candidates capable of reaching a variety of growth/antigenicity

optima.



CHAPTER 1. LITERATURE REVIEW: HUMAN RESPIRATORY SYNCYTIAL
VIRUS (RSV)

1.1 Introduction

Human respiratory syncytial virus (RSV) is considered the most important viral
agent of lower respiratory tract illness (LRI) in infants worldwide [1] and an important
cause of LRI in elderly and severely immunocompromised persons [18]. Globally RSV
has been estimated to cause more than 3.5 million hospitalizations and 66,000 to 199,000
deaths annually [19]. Despite the overwhelming need for disease treatment, RSV has
eluded the development of a safe and cost-effective vaccine. Since the 1970’s
researchers have struggled with a number of difficulties including 1) enhanced disease
[20-22], 2) suboptimal balance between attenuation and immunogenicity [23] and 3)
natural genomic instability of RNA viruses [24]. As a result, RSV remains an
unvaccinated disease of worldwide importance.
1.2 Taxonomy and classification

RSV is a member of the genus Orthopneumovirus of the recently reclassified
family Pneumoviridae [25] in the order Mononegavirales. This family is currently
composed of the two genera, Orthopneumovirus and Metapneumovirus.
Orthopneumovirus genus is exemplified by RSV, but also includes bovine RSV (bRSV)
as well as murine pneumonia virus (MPV) (Figure 1). RSV has a single-stranded,

nonsegmented, negative-sense RNA genome ranging in size from 15,191 to 15,277



nucleotides in length [18]. In addition, RSV can be classified into two antigenic and
sequence based groups, A and B [26], based predominately on the sequence variation in

the attachment glycoprotein (G).
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Figure 1 Pneumoviridae Phylogenic Distribution (aligned L amino acid sequences)

Multiple sequence alignment of L sequences from representative members of Pneumoviridae family. The percentage of
trees in which the associated taxa cluster together is shown for values over 70%. Vertical bars (Black; right side)
indicate species assignments of virus isolates [27,28].

Other families within the order Mononegavirales include highly infectious human
pathogens such as measles (MeV) [29], mumps (MuV) [30], human parainfluenza virus 3

(hPIV3) [31-34]; as well as deadly zoonotic viruses Hendra virus (HeV) [35] and Nipah



virus (NiV) [36]. As there remains no effective vaccine to restrict or eliminate some of
these viral pathogens, Pneumoviridae (and Paramyxoviridae) family members will
continue to be responsible for a majority of respiratory tract diseases that result in
significant burdens to global economic and health concerns [37].
1.3 Epidemiology and clinical features

Human respiratory syncytial virus (RSV) remains the most significant cause of
pediatric respiratory infections and results in 90,000 emergency hospitalizations in the
U.S. and 160,000 deaths worldwide each year, mostly in the developing world where
access to supportive healthcare is limited [1]. Infants experiencing other medical
conditions are at particularly high risk for developing severe RSV disease [38,39]. RSV
infects individuals repeatedly throughout life [40] and causes significant disease in the
elderly [41-43]. RSV infection exhibits a seasonal distribution typical of other viral
induced lower respiratory disease, peaking in mid-winter and fewer illnesses during mid-
summer [44]. The clinical features of RSV disease, particularly in children, appear as
bronchiolitis and pneumonia [45,46]. In the elderly, the presentation of cough, wheezing,
low-grade fever and nasal congestion due to RSV is less distinctive when influenza is
cocirculating [41].
1.4 RSV virion structure and genome organization

RSV virions are found in either spherical or filamentous forms, but with a
substantial range within these forms [47]. Filamentous particles have been measured

between 70 to 190 nm in diameter and up to 2 um long. Spherical particles are



considered to be between 80 and 140 nm (but some forms are found sized at 250 to 600

nm) (Figure 2) [47].

Spherical

Asymmetric

Figure 2 RSV Virion Morphologies

Morphologic characterization of three RSV shapes (Figure 2; [48]). Virions in panels A-C are spherical, panels D-F
are asymmetric and panels G-I are filamentous. Images are 7.5 nm central slices from tomographic reconstruction.
Horizontal bars (Black; bottom right) represent 100 nm.

RSV is a nonsegmented single-stranded negative-sense RNA virus. The viral

genome is approximately 15.2 kb in length, containing 10 genes coding for 11 open



reading frames (ORFs) [18]. The genome has the following gene organization; leader
(Le) sequence, nonstructural protein 1 (NS1), nonstructural protein 2 (NS2),
nucleoprotein (N), phosphoprotein (P), matrix (M), small hydrophobic protein (SH),
attachment glycoprotein (G), fusion glycoprotein (F), M2 (expressing M2-1 and M2-2
proteins encoded by two overlapping open reading frames withing the M2 gene), large
(L) polymerase, and trailer (Tr) sequence are arranged in the order: 3’-Le-NS1-NS2-N-P-
M-SH-G-F-M2-L-Tr5’ [18]. Each gene begins with a highly conserved 9 nucleotide
gene-start (GS) transcriptional signal and ends with a less conserved 12 to 13 nucleotide

gene end (GE) signal (Figure 3) [49,50].
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Figure 3 RSV Genome Organization

Negative-sense RNA genome (strain A2) depicted 3’ to 5’ showing the extragenic 3’ leader (le) and 5 trailer (tr)
regions and the intervening 10 viral genes (colored rectangles) that are each expressed as a separate mRNA. M2-1 and
M2-2 are overlapping open reading frames of the M2 mRNA. The M2 and L gene coding regions overlap slightly. L
mRNA is expressed by polymerase backtracking [51].

The RSV virion contains a host cell derived lipid envelope surrounding the M
protein layer to which the RNA dependent RNA polymerase (RdRP) complex is linked
by M2-1 [47]. Three surface glycoproteins, G, F, and SH form external projections from

the host derived lipid envelope (Figure 4) [47,52]. Inside the virion, viral RNA (both



genomic and antigenomic) is coated (encapsidated) with N protein that protects the RNA
from degradation and shields it from host cell pattern recognition receptors that can
initiate innate immune responses. The encapsidated RNA genome (and RNA
antigenome) further associates with P, L and M2-1 to form the RNA dependent RNA
polymerase (RdRP) complex [18]. The RARP complex associated with viral genome is a
source for 1) templated message RNA (mRNA) transcription and 2) antigenome
synthesis. The RARP complex associated with antigenome allows replication of full

length viral genome [53,54].
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Figure 4 RSV Virion Structure

Graphic representation of spherical RSV virion. Negative-sense RNA genome (Grey line) is shown encapsidated by
nucleoprotein (N; Dark Blue circles) with phosphoprotein (P; Light Green/Dark Blue bordered circle) and large
polymerase protein (L; blurred Blue circle) attached at the genome termini. A cell derived lipid bilayer (double Black
lines) are internally lined with matrix (M; Blue circle) and M2-1 (Yellow oval). The three glycoproteins, small
hydrophobic (SH; Red cylinder), attachment glycoprotein (G; Red) and fusion peptide (Green curved lines) are each
cell membrane anchored and externally facing.

1.5 RSV replication cycle

Initial attachment and uptake of extracellular RSV is suggested to occur by either
micropinocytosis [55,56] or fusion at the plasma membrane [57] leading to subsequent
RSV F glycoprotein mediated fusion of the virus envelope with the plasma membrane
[58,59]. Once the virus is in the cytoplasm the nucleoprotein coated genome is released.
The L polymerase (part of the RARP complex) then encounters the viral genome at its 3’

end and viral genes are transcribed into mRNAs in a start-stop-restart synthesis



mechanism guided by the gene-start (GS) and gene-end (GE) sequences [60]. This
creates a polar transcription gradient in which genes at the 3’ Leader (Le) end of the
negative sense genome are transcribed more frequently than the genes which are
downstream [4,61]. Also generated is a complete positive-sense RNA complement called
the antigenome, which acts as a template for full length negative sense genome synthesis
[62—64]. The genome and the antigenome are both coated with N proteins during
synthesis, and the encapsidated forms serve as RNA synthesis templates [65,66]. The M
protein regulates the assembly of the RSV particle by interacting with the intracellular
domains of the surface glycoproteins F and G as well as with the nucleoprotein proteins
N, P, and M2-1 [67]. Viral particle budding which is primarily filamentous in vitro,
occurs after these newly synthesized proteins plus genome self-assemble at the inner cell
surface allowing virus to acquire a lipid envelope from the infected-cell plasma

membrane [47,68,69].
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Figure 5 RSV Replication Cycle
Graphic representation of RSV virus replication including attachment, cytosolic viral gene expression/genome

replication, virus assembly and virion budding.



1.6 RSV viral proteins
1.6.1. Nonstructural proteins 1 (NS1) and 2 (NS2)

NS1 and NS2 are small nonstructural proteins (139 and 124 amino acids in length
respectively), encoded by the first and second genes in the RSV viral genome. They are
unique to the Orthopneumovirus genus [25] as there are no known related sequence or
structural counterparts in other human viruses. It is believed that NS proteins either
singly or in larger protein complexes, target multiple signaling cascades related to the
induction and signaling of type I and III interferons (IFNs) [13,15,70-73] that are key for
cells to establish an antiviral state. Previous studies identified NS1 interactions with
itself [74,75], NS2 [74], P [76] and M [74] proteins of RSV. A proteomic screen [77]
revealed a list of cellular interacting partners for NS1. The NS1 protein has been shown
to associate with MAVS (mitochondrial antiviral-signaling protein) in A549 cells,
disrupting its interaction with RIG-I (retinoic acid-inducible gene I) [78—82], an essential
early step in the induction of an antiviral response. This disruption interferes with
downstream activation (translocation) of the IRF3 (interferon regulatory factor 3) and
NF«B (nuclear factor kappa-light-chain-enhancer of activated B cells) [12,72,83,84]
transcription factors that up regulate the expression of genes involved in antiviral
activities including inflammation and apoptosis[11,12]. Separately, NS2 has been shown
to bind to RIG-I, which similarly disrupts interaction with MAVS leading to an inhibition
of IFN induction and IFN induced signaling pathways [83]. Lastly, NS1 and NS2 have
been shown to interfere with cell apoptosis as well as dendritic and T lymphocyte cell

responses [11,40,73,85]. With regard to replicating virus, RSV lacking the NS1 and/or

10



NS2 gene retains the ability to replicate in vitro and in vivo [16], although at reduced
levels, and NS1 and NS2 deletion viruses presently are being evaluated in a clinical trial
as candidate live vaccines (ClinicalTrials.gov Identifier: NCT03596801; RSV
6120/ANS1 and RSV 6120/F1/G2/ANS1 [17], ClinicalTrials.gov Identifier:
NCT03387137; RSV 6120/ANS2/1030s [86].

1.6.2. Fusion glycoprotein (F)

The fusion glycoprotein (F) is one of three RSV surface glycoproteins (together
with the G and SH proteins), is one of the two RSV neutralization as well as protective
antigens (together with the G protein) [8§7—-89] and is a major target of antiviral drug
development. The F gene is located after G and before M2 in the RSV genome. As a
type I integral membrane protein (single pass, C-terminally-proximal transmembrane
anchor), the FO precursor (574 amino acids) [90] is unable to cause fusion, but in the
Golgi, trimerizes and processed by host cell proteases. Cleavage at two different furin-
protease cleavage sites leads [91,92] to an F1 (438 amino acids) and F2 (87 amino acids)
disulfide-linked prefusion protein preF [93,94]. The F protein mediates viral penetration.
When triggered (by a mechanism that is poorly understood), the preF protein undergoes
major refolding including insertion of the F1 N-terminal fusion protein (FP) into target
cell membrane and subsequent association of heptad repeat regions A (HRA) and B
(HRB) into a six-helix bundle (6HB) inducing fusion of viral and host cell membranes

[95].
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1.6.3. Attachment glycoprotein (G)

RSV G is an RSV surface glycoprotein that, with F, is one of the two virus
neutralization and protective antigens. Compared to RSV F, RSV G is both smaller (289-
299 amino acids) and substantially more-heavily glycosylated. It is a type II
glycoprotein, with an N-terminally-proximal transmembrane domain [96]. There also
exists a secreted or soluble form of RSV G (sG) that is 65-74 amino acids shorter at the
N-terminus [97,98] due to translation initiation occurring at an internal secondary AUG
followed by proteolytic trimming [99]. Both the anchored and soluble G proteins include
a pair of mucin-like regions of high sequence variability flanking a highly conserved
central region containing two pairs of disulfide-bonded cystine residues that form a
cystine noose overlapping a sequence region similar to the CX3C chemokine fractalkine
[100]. The extensive glycosylation of G and its possible interference with the CX3CR1
receptor on neutrophils may reduce protective immune responses [101,102]. Recent
studies indicate that the binding of RSV G protein to the fractalkine receptor is an
important step in viral attachment [103,104]. Interestingly, RSV from which the G gene
has been deleted can replicate efficiently in vitro but is highly attenuated in experimental
animals and humans [105].

1.6.4. Small hydrophobic surface protein (SH)

The RSV small hydrophobic protein (SH) (64-65 amino acids in length) monomer
is attached to cell membranes due to an N-terminus transmembrane anchor sequence
[106] similar to RSV G. The role SH protein plays in RSV infection is not completely

know but may be analogous to viroporins which form proton or ion channels affecting

12



among other things membrane permeability [107,108]. SH is not required for RSV
replication [109]. Although deletion of SH is shown to influence plaque size as well as
virus replication [109], in animal models the same deletion demonstrates conflicting
results regarding upper and lower respiratory tract attenuation [109,110]. In tissue
culture as well as non-animal experiments, the SH protein is found in other forms
including oligomeric structures [106,111], N terminal truncation and post-translational
modifications [112].

1.6.5. Matrix protein (M)

The 256 amino acid matrix protein (M) of RSV is associated with multiple
aspects of the viral infection cycle involving viral protein/complex assembly [67]
affecting both viral [113] and cellular transcription [114]. Although associated with
various membrane containing structures in cells, RSV M does not have the appropriate
length hydrophobic residue sequence that defines most transmembrane anchors. As such
M is likely associated with membranes, particularly the inner face of infected cell plasma
membranes via an electrostatic charge interaction but also through M protein association
with cytoplasmic ends of RSV G and F proteins [115]. RSV M can bind both
accumulated RNPs and cellular actin [116] presumably to complete virus particle
assembly. Other aspects of RSV M protein biology such as the role of its
phosphorylation [96,115] or nuclear localization [114] during RSV infection remain

unclear.
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1.6.6. M2-1 and M2-2 proteins

RSV M2 gene codes for two novel RNA synthesis factors, M2-1 and M2-2,
unique to RSV produced by a termination-dependent re-initiation mechanism [117,118].
M2-1 (194 amino acids) forms a homotetramer [119] that among other things binds to
RSV P [120], N [121], M [122] proteins and viral RNA [123] and essential for viral
replication [124,125]. A result of M2-1 interactions with these various molecules lead to
its description as a polymerase processivity factor [125,126] affecting both viral gene
transcription and viral genome replication [127]. The M2-2 protein is one of the smallest
RSV proteins at 88 or 90 amino acids in length depending which ATG start site is used
[128]. Recombinant RSV with deletion of M2-2 is shown to have a biased increase in
viral mRNA synthesis at the expense of reduced genome replication [127].

1.6.7. Nucleoprotein (N)

The RSV nucleoprotein (N) is required for complete encapsidation of genomic
and antigenomic viral RNA. The N protein is abundantly expressed early in infection
and found to associate with viral genome with the idea that this masking will minimize
detection of viral RNA by various host cell pattern recognition receptors [129]. This 391
amino acid nucleoprotein (N) is also known to associate with phosphoprotein (P) [130]
during the formation of the RARP complex. The N protein has also been shown to
antagonize the cell innate immune response by interacting with protein kinase RNA-

activated (PKR) [131].
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1.6.8. Phosphoprotein (P)

The RSV phosphoprotein (P) is known to form a functional homotetramer as well
as bind with N [132], L [133], M2-1 [122] and M [134] differentially in order to facilitate
viral gene transcription [120,124,135] and viral genome replication. Much of the
function of the 241 amino acid P protein is regulated through phosphorylation and
oligomerization. As an essential co-factor of the large polymerase protein (L), the P
protein interacts with newly synthesized N protein or with N on encapsidated viral RNA
and in turn helps orient this with the L polymerase complex [130,136].

1.6.9. The large (L) polymerase protein

The large polymerase protein (L) is the virally encoded RNA dependent RNA
polymerase (RARP) responsible for both viral RNA transcription and viral RNA genome
replication. As the largest (2165 amino acids) and least expressed viral protein, the
polymerase activity of L requires intermittent coordination with N, P, M2-1 and M2-2
proteins. The polymerase will cap and polyadenylate viral mRNA but not viral genomes
[137,138].

1.7 RSV vaccine development

Development of effective RSV vaccines have been hampered by the previous
formalin-inactivated vaccine trial failure in the 1960’s [20]. The realization that at least
for naive children (newborns), antigenic exposure for vaccination purposes is extremely
context dependent. The deliver or RSV protein antigens alone without related host

responses to replicating virus is not the proper context. Table 1 below lists the current
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RSV vaccine and monoclonal antibody products as listed in the PATH database as of

August 2019.

Table 1 RSV vaccine and monoclonal antibody snapshot
(https://www.path.org/resources/rsv-vaccine-and-mab-snapshot/)
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Whereas most of RSV vaccine development has historically relied on more

conventional methods, the introduction of reverse genetics offers greater precision in

candidate engineering [4]. Yet, RSV remains as an unvaccinated viral disease of

worldwide importance despite the substantial catalog of vaccine design strategies.

1
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Confounding design improvements are the perpetual unknowns plaguing previous
attempts, “what are the most appropriate targets of this precision engineering approach?”
and “what are the most appropriate modifications of these target(s)?” This work
introduces how computational biology and precise engineering (reverse genetics) can be

united towards the goal of optimizing rationally designed vaccines.
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CHAPTER 2. COMPUTATIONAL ALIGNMENT OF HUMAN RSV
NONSTRUCTURAL PROTEIN 1 (NS1) AMINO ACID SEQUENCES

2.1 Abstract

Computational biology has helped drive forward the improvements of many
biologic research fields [139,140]. In particular protein folding/protein modeling has
benefitted dramatically as both computational hardware and algorithm quality improve
[141-143]. Alignments of RSV NS1 sequences (both strain A and strain B as well as
non-human RSV strains) were examined to see if there were any indications that certain
sequences within NS1 are highly conserved or variable. These alignments indicated there
was sequence information that would allow discrimination between strain A and strain B
as well as from non-human NS1 virus sequences, however, there were no obvious
sequence stretches that suggested conserved function (and therefore targets of
modification).
2.2 Introduction

The need to improve virus vaccine candidate design is indisputable. There are
historically more than 100 different RSV vaccine candidates alone [144—-150]. The
suggestion of introducing computational biology to improve the design process, is
similarly not new. However, before relying on complicated methodology, it would seem
informative to see whether a protein sequence alignment could reveal areas within a NS1
protein sequence that are obvious candidates for modification. Previous work uncovering
protein structural motifs or active sites, from a primary amino acid sequence has helped

guide this type of effort and is of great benefit when only the protein amino acid sequence
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is available [151-157]. Therefore, by aligning the sequences it is feasible that any
regions of interest would be revealed. This analysis should lead to protein structures that
are 1) biologically interesting and 2) amenable to modification.

2.3 Materials and methods

2.3.1. NSI amino acid sequence [GenBank: ALS35583.1]

MGSNSLSMIKVRLONLFDNDEVALLKITCYTDKLIHLTNALAKAVIHTIKLNGIVFVHVITSSDI
CPNNNIVVKSNFTTMPVLONGGYIWEMMELTHCSQPNGLLDDNCEIKFSKKLSDSTMTNYMNQLS

ELLGFDLNP

2.3.2. Basic Local Alignment Search Tool (BLAST) - blastp

A search for amino acid sequences matching NS1 sequence (GenBank:
ALS35583.1) in a non-redundant protein sequence database was performed using the
BLASTP program [155-157]. BLASTP is one of the many BLAST algorithms available
through the BLAST website (https://blast.ncbi.nlm.nih.gov) which in turn is one of the
most popular and easy to use sequence similarity bioinformatic search tools. There are
more accurate/comprehensive sequence similarity search tools available, but BLAST is
renowned for the speed at which it can search through very large numbers of sequences
in a database and provide both statistical and visual outputs regarding the alignment
between Query (input sequence) and returned matching sequences. The search returned
127 amino acid sequences that were identical or closely similar to some region of the
input NS1 amino acid sequence (GenBank: ALS35583.1) of RSV. Specific algorithm

parameters were set as follows:
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General Parameters
e Max target sequences = 1000
e Short queries (Automatically adjust parameters for short input
sequences)
e Expect threshold = 10
e Wordsize =6
e Max matches in a query range = 0
Scoring Parameters
e Matrix = BLOSUMG62
e Gap Costs = Existence: 11, Extension: 1
e Compositional adjustments = Conditional composition score
matrix adjustment
Filters and Masking
e Filter (unchecked)
e Mask (unchecked)
After removing sequences that were incomplete or partial matches, 49
representative full length NS1 sequences remained.
2.3.4. CLUSTALW
The selected 49 amino acid sequences from the previous BLASTP search were
aligned using ClustalW (version 2.1) [158-160] found in the MacVector software
package (version 17.0.8) [161-163]. ClustalW continues to be oldest and one of the most

widely used multiple sequence alignment programs available. Alignments are
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progressive built up by merging larger and larger subalignments with the best scores
satisfying the given gap penalties and amino acid weight matrix [164].

The default settings for ClustalW Multiple Alignment found in MacVector
(version 17.0.8) were used to perform the alignment. These include Open Gap Penalty =
10, Extended Gap Penalty = 0.2 and an amino acid weight matrix = Gonnet.

2.4 Results

The BLASTP search returned 127 sequences that matched some portion of the
NS1 query sequence (GenBank: ALS35583.1). After removing the sequences of low
quality/partial matching, there remained 49 full length amino acid sequences that aligned
meaningfully to NS1. Interestingly included in this set of well aligned full length NS1
sequence matches were sequences from non-human RSV strains. While these were not
originally considered informative, they were retained in the event the multiple sequence
alignment might reveal evolutionarily conserved/important sequence region(s).

ClustalW was used to generate a multiple sequence alignment of these 49 NS1 amino
acid sequences. The amino acid sequence alignment was interesting in that 1) the NS1
amino acid sequences aligned in groups agreeing with the RSV A or B serotypes, 2)
revealed short stretches of amino acid sequences that accounted for these distinctions and
3) further revealed the amino acid differences between human and non-human RSV NS1

sequences.
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Figure 6 RSV NS1 Amino Acid Multiple Sequence Alignment
Multiple sequence alignment of 49 full-length RSV NS1 139 amino acid sequences using ClustalW. Far right column indicates the GenBank sequence identification.
Colors indicate amino acid characteristic group; letter indicates a specific amino acid change from the reference amino acid sequence (bottom).
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2.5 Discussion

The BLASTP search can return as many sequence matches as you request. The
use of various algorithm parameters (such as “Max target sequences”, “Expect
threshold”, etc.) can help focus the returned matches to suit the search requirements. The
initial search returned 127 sequences matching some aspect of NS1, but visual inspection
of the alignments revealed only 49 meaningful matches (high quality, full length).
ClustalW was used to generate a multiple sequence alignment of these 49 sequences.
The ClustalW alignment suggests there is sequence information that would allow
discrimination between NS1 sequences of RSV strain A and strain B as well as from non-
human NS1 virus sequences. Sequence alignment has been used in attributing function to
unknown proteins [154,165], but again there are currently no known distant relatives to
the RSV NSI sequence at either the primary nucleotide, amino acid sequence or protein
fold level [15] and there were no obvious sequence stretches that suggested a relationship

with known protein functions (and therefore targets of modification).
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CHAPTER 3. COMPUTATIONAL MODELING OF HUMAN RSV NS1
PROTEIN SEQUENCE

3.1 Abstract

Application of computational tools to improve vaccine design/development have
unique requirements, in particular the protein structure. When the structure is not
available, it becomes necessary to build a protein structure model computationally.
Among the many protein structure model building programs, the Iterative Threading
ASSEmbly Refinement (I-TASSER) [166] program is well regarded and uniquely so in
creating de novo structural models when no similar protein structure is known.
3.2 Introduction

An alternative to multiple sequence alignment identification of interesting amino
acid residues would be to computationally generate a protein fold model from the
primary amino acid sequence and see 1) what does this model look like (is it believable)
and 2) are there any region(s) that suggest a desired functional effect if modified.
Generating an accurate protein structure in three-dimensional (3D) space is still an
improving process [152,167,168]. If a primary amino acid sequence (or shorter
functional stretches of amino acid sequences) is similar to any protein sequence/structure
in the Protein Data Bank (PDB) [169—-171], the likelihood of producing an appropriate
3D structural model is higher. However, if there are no related amino acid sequences
with associated high-quality crystal (or other) structures, then this likelihood is unknown.
Among the many ab-initio protein folding programs, I-TASSER program is efficient,

highly regarded and easy to use. Computational methods used to predict three-
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dimensional (3D) protein structures fall into one of three categories [166]. The first,
comparative modeling, relies on the existence of highly homologous templates identified
by sequence comparison in PDB. A second category relies on “threading” methods
whereby protein sequences less well matched at the primary sequence level are
nevertheless matched to 3D structures where certain folds are similar despite the lack of
an evolutionary recognized primary sequence relationship. Lastly, protein sequences
without any structurally related protein in PDB must have 3D structures modeled ab-
initio [152,166].

Ab-initio model building was used in this effort as there was no available crystal
structure for RSV NS1 at the outset of this research. Introduced in 2006, I-TASSER is a
suite of programs [166,168,172] that in general, uses four steps: threading template
identification, iterative structure assembly simulation, model selection and refinement,
and structure-based function annotation. The first step, threading a query sequence
through a non-redundant protein structure library, identifies any structural templates.
This search for structural template matches relies on eight different fold-recognition
programs. Any matches at the amino acid sequence level are noted and the
corresponding protein fold structures are saved. This allows a larger variety of possible
structural templates to guide model structure building. These results are divided into 1)
threading-aligned and 2) threading-unaligned. Full-length model building is guided by
computationally reassembling the continuously aligned fragment structures, in
combination with the ab-initio folded structures derived from threading-unaligned

regions.
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The I-TASSER program outputs the top five models ranked in terms of 1) C-
score estimate considering quality and convergence of threading alignments into structure
clusters during assembly simulations [173], and 2) Cluster density [173] which is a
measure of the number of structure decoy (replicas generated during reassembly
simulations) that cluster with the model based on pairwise root-mean-square-deviation
(RMSD) structure comparisons.

e (C-score is a confidence score used by I-TASSER to estimate the quality of
predicted models. It is calculated based on the significance of threading template
alignments and the convergence parameters of the structure assembly simulations.
C-score is typically in the range of [-5,2], where a C-score of higher value
signifies a model with a high confidence.

e Cluster density is defined as the number of structure decoys in a particular
SPICKER [174] cluster. - TASSER generates full length model of proteins by
cutting continuous fragments from threading alignments and then reassembling
them using replica-exchanged Monte Carlo simulations. Low temperature replicas
(decoys) generated during the simulation are clustered by SPICKER and the top
five cluster centroids are selected for generating full atomic models. A higher
cluster density means the structure occurs more often in the simulation and
therefore signifies a better-quality model.

3.3 Material and methods

I-TASSER on-line server ( https://zhanglab.ccmb.med.umich.edu/I-TASSER/)

was used to generate 3D structure models of RSV NS1 amino acid sequence (GenBank:
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ALS35583.1). The program was run using the default settings found on this website.
Run time for a particular protein sequence can range from a few hours up to 60 hours.
The NS1 sequence job took about 36 hours to complete. Results can be viewed directly
in a web browser and/or downloaded as a compressed tar.bz2 file”.
3.4 Results

Ribbon images for each of the five 3D structural models generated de novo for
RSV NSI are shown in Figure 7. Additional output files can be found in the folder

generated by I-TASSER can be found in Supplemental Data 1.
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I-TASSER Models of hRSV|NS1

Model 1 Model 2 Model 3

Model 4 Model 5

Figure 7 Graphical view of I-TASSER Models 1 to S
Output ribbon diagrams of each NS1 protein structure model created from RSV NS1 sequence ALS35583.1.
Secondary structures helix (Pink), sheet (Yellow) and coil (Blue) are shown highlighted.
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Table 2 below contains the C-score and Cluster density measures for these same

five models.

Table 2 I-TASSER Model C-score and Cluster density

C-score is a confidence score for estimating the quality of predicted models by I-TASSER typically ranging from -5.00
(lowest confidence) to 2.00 (highest confidence). Cluster density indicates the concentration of threading alignments
that help guide structure model building. Better quality models are signified by higher cluster densities.

Name C-score Cluster density
Model 1 -3.18 0.0676
Model 2 -4.03 0.0290
Model 3 -4.57 0.0168
Model 4 -5.00 0.0088
Model 5 -5.00 0.0074

I-TASSER uses these metrics (C-score and Cluster density) to rank the output
models. As shown in the table, Model 1 has the highest C-score (-3.18) and Cluster
density (0.0676). While Model 1 was higher in rank than the next four models, none of
the models possess metric values of such distinction that clearly separate one from the
rest. However only a single model will be required as input to select modification
region(s). For this application Model 1 was selected due to the highest C-score of -3.18

and Cluster density of 0.0676.

28



3.5 Discussion

Generating 3D protein structure models from primary amino acid sequences
continues as an ever-improving effort. Among these programs, I-TASSER has been at
the forefront. Many programs look to build 3D models based on the existence of
previously solved structures and use this to guide the modeling of related sequences.
However, the opportunity to create a meaningful model from a primary amino acid
sequence when there is no related solved structure of any kind remains a challenge. The
I-TASSER program is one of the better tools to create such a model structure. Based on
C-score of -3.18 and Cluster density of 0.0676, Model 1 was selected as the preferred
candidate structure for future computational analysis. The C-score and Cluster density
values for all five models were well below values of high-quality models. Without any
similar structure available in PDB, the model creation was not derived from any existing
known structures. In spring of 2017, a crystal structure of RSV NS1 was solved and
deposited in PDB, 5VJ2 [15] which was long after the - TASSER generated models and
mutant selections were made, but allowed a separate comparison between the -TASSER
models and the published NS1 crystal structure. Evaluation of the five models suggested
that they may possibly represent various versions or energy states of the NS1 protein.
Being a nonstructural protein, it is possible NS1 exists in more than one conformation as
it knowingly partners with multiple host and or viral proteins to influence various

processes in the infected cell.
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CHAPTER 4. COMPUTATIONAL MODEL EVALUATION

4.1 Abstract

A critical question regarding computationally derived protein structure model is
the degree of nativeness of the model. The [-TASSER models were reexamined using
the SWISS-MODEL Structure Assessment Tool. Model quality is crucial to determine
the utility of a computationally generated 3D protein structure model [175—180]. Quality
is generally qualified in terms of local composite and global scoring functions [177].
These scoring functions rely on several statistical descriptors expressed as potentials of
mean force measured in the protein structure model and how these relate to distributions
of similar measures of experimental structures. Using a linear combination of these
scores, a separate estimate of absolute model quality is provided [152,178].
4.2 Introduction

Model quality provides great insight into the relevance of a computationally
derived 3D protein structure. The accurate physical orientation of amino acids in the
model are critical to determining the suitability of the model for various biomedical
applications. The SWISS-MODEL server pioneered the field of automated comparative
modeling of 3D protein structures with its introduction in 1993 [181]. Beyond 2003,
continuous server development has led to the introduction of a fully automated protein
homology-modeling server [177,182]. When models are generated using different
technologies, model quality evaluations provide a way to compare such models. When a

3D model of protein structure is derived from related existing known structures
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(homology modeling), the model quality is related to the evolutionary distance between
protein of interest sequence and available related sequence templates with known
structures. Alternatively, models built ab-initio from amino acid sequences lacking
existing related structures will not benefit from the relative ranking of models as
compared to a known structure. Here a non-relative quality assessment is required. The
estimates of quality incorporated into the SWISS-MODEL Structure Assessment website
provide a better absolute scale by which any protein structure model can be evaluated
[152].
4.3 Materials and methods

SWISS-MODEL Structure Assessment on-line server (

https://swissmodel.expasy.org/assess ) provided an independent measure of quality

among the five models generated by [-TASSER. The program was run using the default
settings found on this website. The SWISS-MODEL server provides an absolute quality
estimate for a protein model structure using a linear combination of six structural
descriptors that attempt to capture both local and global quality measures of a 3D protein
structure. The first four measures of Qualitative Model Energy Analysis (QMEAN)
[178] are statistical measures of mean force and look to capture local attributes of a
model:

e C B interaction energy

e All-atom pairwise energy

e Solvation energy

e Torsion angle energy

31



The remaining two measurement terms capture more global aspects of a 3D model [152]
and include:
e Secondary structure agreement

e Solvent accessibility agreement

These values are further adjusted using a Z-score normalization that helps remove
any amino acid sequence length bias present in the raw QMEAN score so that the
QMEAN Z-score values are a better “degree of nativeness” estimate of the protein model
[177].

4.4 Results

The first four scoring functions (C B interaction energy, All-atom pairwise
energy, Solvation energy and Torsion angle energy) are considered local while the next
two (Secondary structure agreement and Solvent accessibility agreement) represent the
global measures. The local scoring functions indicate to what extent the adjacent amino
acids in the model structure satisfy know biochemical properties of amino acid bond
lengths, etc. The remaining scoring functions indicate to what extent longer range
features, such as torsion angles between three consecutive amino acids, secondary (or
higher order) protein structure violate known spatial relationships. The final scoring
function, QMEANG, is a composite of the previous six scores. The Z-score version of
this scoring function is produced by normalizing the Raw Score values relative to the
length of the protein sequence, thereby removing the inflated influence of longer protein

sequences. Model 1 QMEAN Z-score is -2.78 on a scale that considers any score lower
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than -4.0 a bad model [177]. The table below provide no strong indication that any

model is significantly better than the others.

Table 3 SWISS-MODEL Structure Assessment Scores

Each row represents a specific energy potential measurement. C 3 interaction energy, All-atom pairwise energy,
Solvation energy and Torsion angle energy are local atomic interactions measurements. Secondary structure agreement
and Solvent accessibility agreement are global interaction measurements. QMEANG is a linear combination of these
measurements. Raw Score is the potential energy measurement. Z-score is an amino acid length normalized version of
the Raw Score [178].

Model 1 Model 2 Model 3 Model 4 Model 5

Scoring function term Raw Score |Z-score Raw Score |Z-score Raw Score |Z-score Raw Score |Z-score Raw Score |Z-score

C B interaction energy -69.4 -0.69] -94.3 0.08 -86.29 -0.11] -76.66 -0.46 -53.3 -1.12
All-atom pairwise energy -2748.51 -1.43 -3372.91 -1.06) -2261.25 -1.83 -1653.29 -2.32 -1533.44 -2.27
Solvation energy -7.08 -0.94] -18.75 0.93 -6.41 -1.05] -14.06 0.18 -2.48 -1.68
Torsion angle energy 1.53 -3.31 6.27 -3.71 10.35 -4.05 2.25 -3.38 7.53 -3.82
Secondary structure agreement 69.80% -2.14 69.10% -2.25 57.60% -3.97 64.70% -2.89 61.90% -3.32
Solvent accessibility agreement 73.40% -0.61 76.30% -0.05 66.20% -2.01 72.70% -0.75 66.90% -1.87
QMEANG score 0.493 -2.78] 0.493 -2.78] 0.303 -4.92] 0.427 -3.52 0.343 -4.47

4.5 Discussion

While it is possible to mix and match various higher quality aspects of select
models, 1) that was beyond the intent of this project and 2) there are no clearly better
aspects of among the models that warrant consideration. In addition, the purpose was to
rely on as many off the shelf programs as possible to enable as many researchers as
possible to utilize the methodology. For example, a refinement of each model would
require a series of subjective steps not suitable for someone inexperienced in the use of
software required. Based on the SWISS-MODEL quality assessment, Model 1 was still
considered an optimal model since no other models appeared more distinguished using
the QMEAN measurements. The Z-scores for any measures, but especially for the

QMEANG scoring function, further reinforce that Model 1 may be the least bad model of
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the five. The output scores for each of the models are unremarkable and representative of
the fact that ab-initio models, while improved, are difficult model structures in which to

assess quality when no similar solved structures are available.
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CHAPTER 5. COMPUTATIONAL MODEL COMPARISON TO HUMAN RSV
NS1 PROTEIN CRYSTAL STRUCTURE (5VJ2)

5.1 Abstract
In spring of 2017, a crystal structure of RSV NS1 was solved and deposited in

PDB, 5VJ2 ( https://www.rcsb.org/structure/5vj2 ) [15]. The crystal structure PDB 5VJ2

of RSV NS1 provided a unique opportunity to compare the -TASSER generated Model
1 of RSV NSI1 with a solved crystal structure.
5.2 Introduction

Prior to the RSV NS1 crystal structure 5VJ2, Model 1 (from the five models
generated by [-TASSER) was chosen and moved forward as the structure in which amino
acid replacements could be measured on. While desirable to have had a solved protein
crystal structure at the outset of this project, the availability after the fact allowed an
unanticipated comparison between the two protein structures. Generally, assessing model
quality is straight forward if there exists know solved structure(s) to compare to. The
issue of model quality in the situation where no know structure (distantly related or
otherwise) is available can be quite unpredictable. However, the situation where a
protein sequence model is generated (and used in analysis) but later a crystal structure for
the same protein is produced, presented a unique opportunity. A straightforward
superpositioning of a model on the known structure allowed visual (and even numerical)
relatedness, but this does not address the possibility that the model(s) and known
structure are versions of one another. The MatchMaker tool in UCSF Chimera [183] is a

useful program for overlaying proteins structures while the Morph Conformations [183]
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tool helps to visualize what changes a given structure needs to match another structure.
These tools each provide some visual insights regarding “quality” at least in terms of
whether there are any structure similarities, unlike the quality metric values provided by
SWISS-MODEL assessment of the - TASSER ab-initio built Model 1. Lastly in order to
provide a meaningful evaluation of “real” versus “model” it was necessary to apply the
same scrutiny as was performed on Model 1 generated by [-TASSER to the published
structure of RSV NS1 (PDB 5VJ2). This analysis allowed a different comparison of the
structures in terms of amino acid replacement effects that might not be reflected in any of
the previous assessments.
5.3 Material and methods

The following must be noted regarding each structure: 1) the published 5VI2
crystal structure lacks alpha carbon (Ca) coordinates for amino acids 1-5 in the structure
and 2) Model 1 structure does not contain Ca coordinates for amino acid 68. The
structure quality assessment tools do not experience any issues based on these
differences. However, an analysis based on amino acid change effects must restrict the
comparison to amino acids 5-67 and 69-139 to directly compare the effects of a given
amino acid change in each structure. The MatchMaker [183] tool in the UCSF Chimera
software package (version 1.14) was used to superimpose Model 1 onto 5VJ2. The PDB
structure file for Model 1 (“Structure to match”) was aligned to 5VJ2 (“Reference
structure”) using the default settings in MatchMaker (Tools, Structure Comparison,

MatchMaker) to see whether there were any region(s) of structural similarity (Figure 8).
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The default settings used in MatchMaker include:
e Chain pairing — Best-aligning pair of chains between reference and
match structure
e Alignment algorithm: Needleman-Wunsch (global)

e Matrix;: BLOSUM-62

This allowed a superpositioning visual (structure overlap) to be generated

revealing where overlaps exist between the two structures (Figure 8).

Superpositioning of Model 1 and 5VJ2 Structures
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Figure 8 Superposition Alignment between Model 1 and 5VJ2
Superpositioning was performed between Model 1 (Blue) and 5VJ2 (Tan) using the MatchMaker tool in the Chimera

software package [183].
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Next the Morph Confirmation tool in Chimera was used to show the trajectory
(positional changes) that Model 1 structure could follow to conform with 5VJ2 structure.

A short movie was recorded to show this transformation (Figure 9).

Morph Confirmation Between Model 1 and 5VJ2

Figure 9 Morph Confirmation Alignment between Model 1 and 5VJ2

The Morph Conformation tool in Chimera software package was used to generate a video of an energetically favorable
structural transformation between Model 1 (Blue) and 5VJ2 (Tan) [183]. MorphConfirmation.mp4 video found in
Supplemental Data.

Morph Confirmation video provides a multi-dimensional view of how and where
the pair of protein structures could morph from one to another. A final comparison relies
more on amino acid substitution effects in each structure rather than the structure itself.

These evaluations required Model 1 and 5VJ2 be processed using the
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stability changes ddG.pl (with -m2 switch) program in AUTO-MUTE 2.0
[184,185] in order to generate predicted numerical ddG quantities for comparison
between Model 1 and 5VJ2. The numerical ddG values provide a basis through which a
comparison between the structures can be made. Specifically, the ddG values for both
Model 1 and 5VJ2 are graphed as x, y data points and linearly regressed. The X-Y plots
of both an all-inclusive ddG values data set as well as filtered set (Figure 10 and Figure
11) indicate the aspects of correlation among the ddG values associated with the amino
acid replacements tested in each structure.
5.4 Results

The superpositioning of Model 1 onto 5VJ2 can be seen in Figure 8. Most of the
amino acid positioning do not appear to overlap greatly except the coil structure found
from amino acid 119 to 139 in both structures. Whether NS1 may exist in a spectrum of
structures is also a possibility and as such the lack of complete structure overlap is not
surprising. Morph Confirmation tool shows visually to what extent Model 1 structure
needs to transform to match structural aspects of 5VJ2. The video in Figure 9 shows this
transformation. Again, the coil structure in Model 1 (amino acid 119-133) is linearly
transformed onto 5VJ2. In addition, it appears that some aspects of the coil structure in
Model 1 between amino acid 36-48 are transformable onto a coil structure in 5VJ2
between amino acid 33-43. Finally, each protein structure model was analyzed with
AUTO-MUTE 2.0 generating ddG values for each amino acid change along the protein
sequence. Since each structure is derived from the same amino acid sequence, the

predicted values for the same changes at each shared position (133 out of 139 total amino
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acids) can be visualized in an X-Y type plot and linear regression can quantify the extent
of any relationship. When all shared amino acid replacements (2546 ddG values) are
used, the linear correlation R? = 0.4006 (Figure 10). The inclusion of values from all
shared amino acid position changes had evidently skewed the distribution of plotted
values likely leading to low R? = 0.4006 value despite visually, there appearing to be a

level of linear relatedness.
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Linear Correlation of ddG values; 5VJ2 PDB vs. Model 01
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Figure 10 Linear Correlation of ddG Values Between 5VJ2 and Model 1

AUTO-MUTE 2.0 was used to calculate ddG values for all possible amino acid substitutions at every amino acid
sequence position (except for positions 1-4 and 68, see text) in Model 1 and 5VJ2. The graph shows a dot plot of ddG

values for all shared amino acid substitutions (n = 2546); the linear correlation R2 is 0.4006.

The idea that certain amino acids are confounding the recognition of a possible

linear relationship was addressed by removing those shared amino acid changes that

produced ddG values greater than 1.5. In fact, up to 92% of the shared amino acid
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changes (2340 out of 2546) give ddG values that have a linear correlation with an R?

value = 0.6568 (Figure 11).

Linear Correlation of ddG values; 5VJ2 PDB vs. Model 01 (diff <= 1.5)
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Figure 11 Linear Correlation of ddG Values Between 5VJ2 and Model 1 (diff <= 1.5)

AUTO-MUTE 2.0 was used to calculate ddG values for all possible amino acid substitutions at every amino acid
sequence position (except for positions 1-4 and 68, see text) in Model 1 and 5VJ2. The graph shows a dot plot of ddG
values following removal of amino acid replacements with ddG values greater than 1.5. The retained 92% of 311

the substitutions (2340 out of 2546 ddG values) have a linear correlation R2 value of 0.6568.
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Additionally, we wanted to evaluate whether the ddG value correlation seen was
related to local secondary structures despite a global structure similarity. Among
predicted ddG values of all substitutions in each structure (5VJ2 and Model 1) for amino
acids located in 5VJ2 Helix structures, we find that 83 % of these range within +/- 0.8

ddG (kcal/mol) units from a theoretical midline, Y = X; line of equality (Figure 12).
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ddG values; 5VJ2 PDB vs. Model 01 - Helix
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Figure 12 ddG values of Helix secondary structure amino acids

AUTO-MUTE 2.0 was used to calculate ddG values for all possible amino acid substitutions at every amino acid
sequence position (except for positions 1-4 and 68, see text) in Model 1 and 5VJ2. The graph shows a dot plot of ddG
values for all shared amino acid substitutions (n = 2546; Light Blue dots) and all amino acids identified within a Helix
structure of 5VJ2 are shown in Red. As points of reference, a diagonal, Y = X solid line as well as 0.8 ddG (kcal/mol)
upper and lower bound dashed lines are also shown.

Similarly, 77 % and 72 % of the predicted ddG values of all substitutions in each
structure (5VJ2 and Model 1) for amino acids located in 5VJ2 Sheet and Coil structures

respectively are shown in Figure 13 and 14.
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ddG values; 5VJ2 PDB vs. Model 01 - Sheet
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Figure 13 ddG values of Sheet secondary structure amino acids

AUTO-MUTE 2.0 was used to calculate ddG values for all possible amino acid substitutions at every amino acid
sequence position (except for positions 1-4 and 68, see text) in Model 1 and 5VJ2. The graph shows a dot plot of ddG
values for all shared amino acid substitutions (n = 2546; Light Blue dots) and all amino acids identified within a Sheet
structure of 5VJ2 are shown in Green. As points of reference, a diagonal, Y = X solid line as well as 0.8 ddG
(kcal/mol) upper and lower bound dashed lines are also shown.
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ddG values; 5VJ2 PDB vs. Model 01 - Coil
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Figure 14 ddG values of Coil secondary structure amino acids

AUTO-MUTE 2.0 was used to calculate ddG values for all possible amino acid substitutions at every amino acid
sequence position (except for positions 1-4 and 68, see text) in Model 1 and 5VJ2. The graph shows a dot plot of ddG
values for all shared amino acid substitutions (n = 2546; Light Blue dots) and all amino acids identified within a Coil
structure of 5VJ2 are shown in Purple. As points of reference, a diagonal, Y = X solid line as well as 0.8 ddG
(kcal/mol) upper and lower bound dashed lines are also shown.

5.5 Discussion
The opportunity to contrast a known protein structure against one or more models
of the same protein provided a unique opportunity. However, when a model structure is

used as a surrogate in assessing amino acid replacements effects on the protein function,
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an even more unique opportunity arises. How the validity of a model is measured may
better be referred to as how the validity of model function is measured. The results here
shed some light on this question. When a protein structure model is evaluated, it can be
compared with structural peers and scored accordingly. If there is a lack of appropriate
peers, then the model structure can be assessed based on well-established physical
properties found in known protein structures. Both these paths rely on properties found
among previously described protein structures. These are perfectly sensible approaches if
there exists prior relevant knowledge. Alternatively, it is conceivable that a published
protein structure is part of an ensemble of a flexible protein structures and that the
model(s) may capture sufficient structure/function aspects along such a spectrum to be of
value despite low score quality assessments of these modeled versions of a known
structure. RSV NSI has been associated with a spectrum of activities in an infected cell
therefore, it is not unlikely the protein exists in multiple structural configurations and the
lackluster quality scores from SWISS-MODEL and even [-TASSER itself might hint at
this suggestion. The availability of a published protein structure for NS1 provided an
opportunity to examine “real” versus “model” comparisons of these structures.
MatchMaker provided a quick visual assessment of whether there was any
similarity between the structure of 5VJ2 and Model 1. The superpositioning indicates
there was a near perfect agreement in the terminal 119-139 amino acid structure.
However, most of the remaining sequence did not seem to share similarity under the
direct overlay criteria. This type of assessment is not unlike the previously discussed

quality assessments relying on previously established structure frameworks. If NS1 is a
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flexible protein, then a tool like Morph Confirmation may be more appropriate for
comparison. The video of Model 1 transforming into 5VJ2 seems to suggest a greater
level of relatedness than seen by any other measure so far. This transformation again
demonstrates the coil structure in Model 1 (amino acid 119-133) linearly transformed
onto 5VJ2 but also reveals some aspects of the coil structure in Model 1 between amino
acid 36-48 as transformable onto a coil structure in 5VJ2 between amino acid 33-43.
This type of visual suggests that the NS1 structure may fluctuate to such an extent that
both Model 1 and 5VJ2 are versions of one another. However, none of these
comparisons address the issue of functional relatedness.

The comparison of shared amino acid replacement ddG values does. Here the
predicted ddG values of the same amino acid replacements in Model 1 and 5VJ2 are
shown to produce similar effects. When all amino acid replacements (2546) are used the
linear correlation R? is 0.4006 (Figure 10). This is evidently skewed by certain amino
acids that are likely poorly modeled and therefore providing a disproportionate effect.
The idea being that if Model 1 and 5VJ2 share enough structural/functional aspects then
there should be a correlation among the ddG values associated with the many amino acid
replacements tested in each structure. The removal of a minimal confounding set of
amino acid replacement measurements improved the visualization of similarity between
these two structures as related to amino acid replacement effects. A plot of nearly 92%
of the shared amino acid changes (2340 out of 2546) give ddG values that have a higher

linear correlation R? value = 0.6568 (Figure 11).
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Another consideration toward reconciling the apparent ddG correlation between
the structures despite little global structure similarity likely resides in the local structures.
Figures 12, 13 and 14 indicate that predicted ddG values for substitutions of Helix, Sheet
or Coil 5VJ2 identified amino acids in both 5VJ2 and Model 1 are well correlated as
indicated by the proximity to theoretical 1:1 diagonal line and further support the idea
that useful models of soluble proteins like NS1, possibly existing in multiple
confirmations, depend more on local secondary structure determination rather than the
global orientation of these local secondary structures.

Whether there are likely more than a single protein structure associated with a
spectrum of protein functions should be considered. Here the suggestion is that Model 1,
while not ideal in terms of certain assessments, seems to perform as a sufficient surrogate
for measuring the functional effect of specific amino acid substitutions. Model 1 is not
inappropriate as a surrogate in terms of evaluating amino acid replacement effects despite
revealing little to no similarity in terms of structure alignments. As a result, it is
conceivable that the crystal structure published is simply a “version” of a flexible protein
structure and that the model(s) may capture sufficient structure/function aspects along a

structure spectrum to be of value.
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CHAPTER 6. COMPUTATIONAL SELECTION OF MUTANTS

6.1 Abstract

Model 1 provided a 3D protein structure on which the AUTO-MUTE 2.0
[184,185] program can operate. The current generally accepted search for improved
vaccine candidates relies on relatively subjective criteria [3,4]. Applying computational
evaluations of 3D protein structures/models using a machine learning predictor, AUTO-
MUTE 2.0, provided predictions of protein function. Based on these predictions, twelve
sets of one or more residue replacements, falling into two groups, Group 1 and Group 2,
were identified.
6.2 Introduction

Vaccine candidate design has relied on a historically subjective selection
criterion. Earliest human viral vaccines were weakened versions of the disease causing
virus [20-22] followed by the concept of virus inactivation which maintained necessary
immunogenicity but eliminated virus growth [23]. Subsequent vaccine design strategy
continued to progress (deletions, rearrangements, chimera, mutagenesis) [3,4,145,149],
but to a large extent did not utilize fully the benefits of computational and structural
biology. More recently there is an increasing level of computational objectivity being
found in vaccine design methods (codon optimization, codon-pair optimization, protein
structure selection) [89,186—189]. This movement towards more rational target

selection/modification [190] helps reduce subjectivity.

50



Model 1 provided a 3D protein structure on which the AUTO-MUTE 2.0 program
can operate. AUTO-MUTE 2.0 is a collection of programs that provide predictions
regarding the effects specific amino acid change(s) will have on a proteins function.
AUTO-MUTE 2.0 works by identifying the six closest amino acid residue positions that
are structural neighbors to the amino acid residue undergoing substitution. Relevant
attributes regarding the substituted residue as well as the 6 closest neighbors (< 12
angstroms away) make up individual component values of a unique feature vector
characterizing each change. The program then employs a four-body knowledge based
statistical potential function to provide structural perturbation values resulting in a
subsequent residue replacement feature vector for each residue change. These residue
replacement feature vectors are supplied to predictive models trained using statistical
machine learning algorithms. Large sets of diverse mutations that have been studied
experimentally for their functional effects and which occur in proteins that share low
sequence similarity, were used to train these AUTO-MUTE 2.0 predictors. The

following is a list of AUTO-MUTE 2.0 programs available:

o stability changes ddG.pl

o stability changes ddG_H20.pl
o stability changes dTm.pl

o activity changes.pl

0 human nsSNPs.pl
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The stability change predictors offer two supervised classification models

o -m 0 means RF (ddG and ddG_H20) or
AdaBoostM1/C4.5 (dTm) classification
o -m 1 means Support Vector Machine (SVM)

classification (all 3 stability change programs)

The stability change predictors offer two regression models (-m2 or -m3)

o -m 2 means REPTree tree regression (all 3
stability change programs)
o -m 3 means Support Vector Regression (SVR, all 3

stability change programs)

In short, the AUTO-MUTE 2.0 program provided predictions of protein function upon
specific residue replacement for each amino acid in the supplied Model 1 of RSV NS1
protein structure.
6.3 Material and methods

Among the different free energy change calculations and machine learning
classifiers available, we used the stability changes dTm.pl because of its
thermal stability prediction labels “Increased” or “Decreased” and overall superiority

described in a previously published classifier comparison [184,191,192] in order to get a
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general categorization of all possible mutations. Additionally, we used
stability changes ddG.pl to generate ddG prediction values for each possible
substitution. Average ddG prediction values among specific amino acid groups
(increased interior or protein-protein interface frequency) [193] at each amino acid
position in Model 1 was used to highlight/identify specific substitution locations in
predicted Model 1 secondary structures. The Model 1 3D structure from I-TASSER was
used as input to AUTO-MUTE 2.0 and an output file containing either the amino acid
stability change effect prediction or ddG value prediction was returned as output (files
can be found in Supplemental Data). Elapsed real time for AUTO-MUTE 2.0 to make
each type of prediction for all amino acid substitutions in Model 1 was about 72 hours.
6.4 Results

The stability changes dTm.pl program in AUTO-MUTE 2.0 was used
to predict Increased or Decreased thermal stability [185] for all possible amino acid
replacements at each of the 139 residues in Model 1 except residue 68, which was unable
to satisfy the 6 “nearest neighbor” requirement. The majority of these changes were
predicted as Decreased (78%, 2036/2621 Decreased; 22%, 585/2621 Increased; data not
shown) which is a known computational bias found among protein stability prediction
programs [194,195]. In addition, ddG values were predicted (calculated using
stability changes ddG.pl) for all possible residue replacements in Model 1
with the exception of residue 68 as indicated above and the output data can be found in
Supplemental Data. As a result, specific locations in the NS1 protein sequence were

chosen for evaluation based on the overall predicted sensitivity (Decreased), average
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ddG predicted values of groups of amino acids more frequently found within protein
structure interior or protein-protein interfaces and location within predicted secondary
structures in Model 1. Twelve mutants were identified and engineered into the original
NSI1 protein sequence. Eight of these mutants were collectively called Group 1 in which
1 to 3 amino acid assignments in NS1 were changed to alanine (A); specifically, residues
6 and 9 (NS1 06-09); residues 11, 13, and 15 (NS1 11-13-15); residue 29 (NS1 29);
residue 47 (NS1 47); residues 54, 57 and 60 (NS1 54-57-60); residues 58 and 66 (NS1
58-66); and residues 98 and 109 (NS1 98-109). An additional mutant in Group 1, called
NS1 98-104st, was inadvertently created due to a PCR error: in this sequence, amino acid
98 was correctly changed to A, but additionally, amino acids 101, 102, 103 and 104 also
were changed (P>L, N>M, G>V, and L>Y) followed by an introduced stop codon after
amino acid 104.

In a separate set of four mutants, collectively called Group 2, the leucine (L)
residue at amino acid position 6 (6L) was replaced alternately with four amino acids
predicted to decrease protein thermal stability and possess substantially different
biochemical properties as compared to Leucine: namely, 6L was replaced with aspartic
acid - 6D (NS1 06 D), glutamine - 6Q (NS1 06 Q), arginine - 6R (NS1 06 R) or
tryptophan - 6W (NS1 06 W) which changed the non-polar (L) to either a polar-charged
(D), neutral polar (Q), charged aliphatic (R) or non-polar aliphatic (W) amino acids.

Table 4 lists the mutants, the original and mutant amino acid assignments, their

locations, the local secondary structure, the AUTO-MUTE 2.0 thermal stability
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prediction and ddG value prediction for each amino acid substitution in Model 1 (and

5VJ2 as a matter of reference). Mutant NS1 98-104st is not shown in Table 4.

Table 4 Predicted properties of amino acid substitutions in the NS1 protein

The table includes the mutant virus names, original amino acid assignments, new mutant assignments, positions in the
amino acid sequence, predicted local secondary structure, predicted effect on stability and predicted change in free
energy (ddG) for both Model 1 and 5VJ2 structures. Groups 1 and 2 are identified by vertical bars on the left.

Secondary Secondary  Auto-Mute 2.0  Auto-Mute 2.0

Amino Acid Amino Acid Amino Acid Structure in Structure in Predicted Predicted ddG Model 01  ddG 5VJ2
Name Original New Number Model 1 5VJ2 Stability Model 1  Stability S5VJ2 (kcal/mol) (kcal/mol)
NS1 6-9 L A 6 Helix Sheet Decreased Decreased -2.51 -1.41
1 A 9 Helix Sheet Decreased Decreased -2.89 -3.21
NS1 11-13-15 v A 11 Helix Sheet Decreased Decreased -0.91 -2.84
L A 13 Helix Sheet Decreased Decreased -2.42 -3.64
N A 15 Helix Sheet Increased Decreased -0.73 -1.24
[Ns1 29 [ ¢ A 29 | Sheet | Sheet |  Increased | Decreased | 0.20] -0.23]
-
% |NSl 47 | H A 47 | Sheet | Sheet | Decreased | Decreased | 0.53| -0.36|
2
© NS1 54-57-60 I A 54 Sheet Sheet Decreased Decreased -2.52 -2.79
v A 57 Sheet Sheet Decreased Decreased -2.31 -2.69
1 A 60 Sheet Sheet Decreased Decreased -3.56 0.00
NS1 58-66 H A 58 Sheet Sheet Decreased Decreased 0.41 -3.14
C A 66 Coil Coil Increased Increased -0.05 0.30
NS1 98-109 C A 98 Helix Sheet Increased Increased -2.63 0.13
C A 109 Coil Coil Decreased Decreased -2.50 0.34
~ NS16D L D 6 Helix Sheet Decreased Decreased -3.38 -1.85
g- NS16R L R 6 Helix Sheet Decreased Decreased -2.24 -1.96
° NS16Q L Q 6 Helix Sheet Decreased Decreased -1.59 -1.26
o NS16W L W 6 Helix Sheet Decreased Decreased -0.61 -0.58

Figures 4A-F show the highlighted location of each amino acid substitution in a
3D ribbon diagram of Model 1. Specifically, NS1 06-09 and NS1 11-13-15 (Figure 4A)
are located in an amino terminal helix structure in Model 1 but not in 5VJ2 structure.
NS1 29 and NS1 47 (Figure 4B and 4C) are in sheet structures flanking a helix found in

both Model 1 and 5VJ2. NS1 54-57-60 (Figure 4D) is in a sheet structure, approximately
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midpoint in the amino acid sequence, while NS1 58-66 (Figure 4D) straddles this same
sheet structure and an adjacent coil region found in Model 1 and 5VJ2. Lastly, NS1 98-
109 and NS1 98-104st (Figure 4E and 4F), situated in the last third of the NS1 protein,
are in a coil structure preceding a carboxy terminal helix virtually identical between
Model 1 and 5VJ2. Among Group 1 viruses, NS1 06-09 and NS1 11-13-15 were
differentially described as located in a helix secondary structure in Model 1 and a Sheet
in 5VJ2. However, alanine replacements of the selected amino acids at both locations
were predicted to be generally destabilizing by both stability and ddG assessments (Table
4). The more negative ddG predicted values were, the greater the likelihood was of a
predicted decreased stability. The secondary structure predictions in the remaining
Group 1 sequences (NS1 29, NS1 47, NS1 54-57-60, NS1 58-66 and NS1 98-109) were
in agreement between Model 1 and 5VJ2 as well as the relationship between negative
ddG values and decreased stability with the exception of NS1 98-109. Here alanine
substitutions of cysteines produced disparate predictions. Stability wise, these changes
generated the same prediction per amino acid position (NS1 98, Increased, and NS 109,
Decreased) in both Model 1 and 5VJ2 yet ddG predicted values were extremely negative
at either position only in Model 1 (Table 4). Stability or ddG predictions among the
single amino acid replacements at position 6 (Group 2 viruses) were all generally
predicted as destabilizing with the exception of NS1 06 W where the ddG was barely
negative. It is worth noting that the four Group 2 mutants had a range of increasingly
negative ddG scores (NS1 06 W, -0.61; NS1 06 Q, -1.59; NS1 06 R, -2.24; and NS1 06

D, -3.38) in Model 1.
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6L-6A, 91-9A (Blue)

11V-11A, 13L-13A, 15N-15A (Red)

47H-47A (Purple)

E

98C-98A, 109C-109A (Blue)

57

541-54A, 57V-57A, 601-60A (Aqua)

58H-58A, 66C-66A (Orange)

F

101P-101L, 102N-102M, 103G-103V,
104L-104Y, 105L-Stop (Red)

98C-98A, (Blue)




Figure 15 Location of NS1 substitution mutants in Model 1 (A-F)
A) NS1 06-09 and NS1 11-13-15. B) NS1 29. C) NS1 47. D) NS1 54-57-60 and NS1 58-66. E) NS1 98-109. F) NS1
98-104st.

6.5 Discussion

Computational tools can be expected to improve the empirical “trial and error”
process of vaccine candidate selection. Such objectivity is apparent in more recent
vaccine design methods (codon optimization, codon-pair optimization, protein structure
selection) [89,186—189] and has helped the field move towards more rational target
selection/modification [190] when developing new vaccines. In the mutational analysis
of the Model 1 structure involving machine learning, the AUTO-MUTE 2.0 prediction
algorithm combined knowledge-based four body statistical potentials with machine
learning to generate predictions of the effects of single amino acid substitutions on
protein structure stability. Thermal stability and free energy prediction programs were
chosen to highlight specific substitution/locations in NS1. The mutations in Group 1
were chosen based on the predicted thermal stability change (Increased or Decreased) in
combination with average ddG values among functionally specific amino acid groups.
The selection was further restricted to locations in different secondary structures found
within the first, second or third regions of the linear structure of Model 1. In general, the
more negative ddG prediction values were, the more likely predicted stability was labeled
Decreased except for NS1 98-104st. The discrepancy between mixed stability labels
(NS1 98, Increased; NS1 109, Decreased) and extremely negative ddG predicted values
at either position in Model 1 which may reflect a deficit in either determining the proper

structure geometry and/or the machine learning applied to unstructured (Coil) protein
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regions. The second group (Group 2) of mutations involved four different amino acid
substitutions at a single position, amino acid 6 exhibited a range of increasingly negative
ddG scores providing the possibility of assessing the effect of progressively increased
thermal instability at this amino acid position. To the best of our knowledge, this is the
first example in which the AUTO-MUTE 2.0 prediction algorithm was used to make
protein structure predictions that were later characterized for actual protein function,

using viable virus in which a number of specific activities could be assessed.
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CHAPTER 7.VIRUS GROWTH (MULTICYCLE GROWTH)

7.1 Abstract

The AUTO-MUTE 2.0 algorithm [184,185] categorized the effect of amino acid
changes on the stability of a modeled NS1 protein structure (Model 1) and a set of these
selected amino acid changes were incorporated into the NS1 sequence of replicating virus
for functional evaluation. While these amino acid changes can reasonably be equated to
“greater than/equal to” or “less than” respectively in terms of affecting NS1 function
during a virus infection, this has not been tested experimentally. Evaluation of NS1
function (which is inaccurately know at best) would include comprehensive
measurements of virus phenotypes known to be associated with NS1. Multicycle growth
was measured for each virus in both Vero (non-human, African green monkey kidney
epithelial IFN incompetent cell line) and A549 (human Caucasian male adenocarcinoma
human alveolar basal epithelial IFN competent cell line) to see the effects of NS1 amino
acid substitutions on multicycle virus growth.
7.2 Introduction

The function of RSV NS1 during viral infection is likely to be multifaceted. It is
the first gene coded for in the viral genome, is the earliest and most abundant protein
produced during infection [7] and the association of NS1 with virus growth is well
accepted [11-14]. An evaluation of mutant effects on NS1 function required the design,
development, and production of RSV viruses each containing the identified amino acid

substitutions. One of the functions associated with NS1 involves its ability to antagonize
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the innate immune response during infection of tissue culture cells, therefore multicycle
growth was measured for each virus in both Vero and A549 cell lines. The presence of
functional NS1 is reported to help virus counter infected cell innate immune responses
activated during RSV infection which are not antagonized during NS1 deletion virus
infection, resulting in among other things reduced virus production. This work looks to
measure and quantify the effects on multicycle virus growth in relation to the various
NS1 amino acid substitutions.
7.3 Material and methods
NS1 amino acid substitutions

For the first set of substitutions, Group 1, DNA oligonucleotides were designed
and used to introduce specific nucleotide sequence changes leading to single or multiple
amino acid (aa) sequence substitutions from wild-type amino acid assignments to Alanine
(A) a non-polar, aliphatic amino acid. The oligonucleotide sequences for these changes

are listed below:

aa6 (L) and 9 (I) both to (A)

tm NS1_053
ATTTAACTCCCTTGGTTAGAGATGGGCAGCAATTCAGCCAGTATGGCCAAAGTTAGATTACAAAATTTGTT
TGACAATGATGAAG

tm NS1_054
CTTCATCATTGTCAAACAAATTTTGTAATCTAACTTTGGCCATACTGGCTGAATTGCTGCCCATCTCTAAC
CAAGGGAGTTAAAT

aall (V), 13 (L) and 15 (N) each to (A)

tm NS1 055
CTTGGTTAGAGATGGGCAGCAATTCATTGAGTATGATAAAAGCCAGAGCCCAAGCCTTGTTTGACAATGAT
GAAGTAGCATTGTTAAAAATAACATG

tm NS1_056
CATGTTATTTTTAACAATGCTACTTCATCATTGTCAAACAAGGCTTGGGCTCTGGCTTTTATCATACTCAA
TGAATTGCTGCCCATCTCTAACCAAG
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aa54 (I), 57 (V) and 60 (I) each to (A)

tm NS1_061
GCTAAGGCAGTGATACATACAATCAAATTGAATGGCGCCGTGTTTGCCCATGTTGCCACAAGTAGTGATAT
TTGCCCTAATAATAATATTGT

tm NS1 062
ACAATATTATTATTAGGGCAAATATCACTACTTGTGGCAACATGGGCAAACACGGCGCCATTCAATTTGAT
TGTATGTATCACTGCCTTAGC

aa58 (H) and 66 (C) both to (A)

tm NS1_049
GTTTGTGGCCGTTATTACAAGTAGTGATATTGCCCCTAATAATAATATTG
tm NS1_050
CAATATTATTATTAGGGGCAATATCACTACTTGTAATAACGGCCACAAAC

aa%98 (C) and 109 (C) both to (A)
tm NS1_051
GAATTAACACATGCCTCTCAACCTAATGGTCTACTAGATGACAATGCCGAAATTAAATTC

tm NS1 052
GAATTTAATTTCGGCATTGTCATCTAGTAGACCATTAGGTTGAGAGGCATGTGTTAATTC

In a second set, Group 2, DNA oligonucleotides were designed and used to
introduce specific nucleotide sequence changes leading to a set of single amino acid
sequence substitutions focused on amino acid number 6, Group 2. As a result, amino
acid 6, Leucine (L) was changed to Tryptophan (W), Arginine (R), Aspartic Acid (D) or
Glutamine (Q) which changes a non-polar (L) to either a non-polar aliphatic (W), charged
aliphatic (R), polar-charged (D) or neutral polar (Q) amino acid. The oligonucleotide

sequences for these changes are listed below:

aal06 (L-W)
tm NS1 00la ATGGGCAGCAATTCATGGAGTATGATAAAAGTTAGATTACAAAAT
tm NS1 001b ATTTTGTAATCTAACTTTTATCATACTCCATGAATTGCTGCCCAT

aal06 (L-R)
tm NS1 002a ATGGGCAGCAATTCACGTAGTATGATAAAAGTTAGATTACAAAAT
tm NS1 002b ATTTTGTAATCTAACTTTTATCATACTACGTGAATTGCTGCCCAT

aal06 (L-D)
tm NS1 003a ATGGGCAGCAATTCAGATAGTATGATAAAAGTTAGATTACAAAAT
tm NS1 003b ATTTTGTAATCTAACTTTTATCATACTATCTGAATTGCTGCCCAT

aal06 (L-Q)

tm NS1 004a ATGGGCAGCAATTCACAGAGTATGATAAAAGTTAGATTACAAAAT
tm NS1 004b ATTTTGTAATCTAACTTTTATCATACTCTGTGAATTGCTGCCCAT
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An additional set of DNA oligonucleotides were designed and used to amplify
PCR fragments from cDNA made from vRNA.

TM1399
ACGCGAAAAAATGCGTACAACAAAC

(RSV nucleotide 1 — 25)

TM1288
TCTGTCCAACTCTGCAGCTC

(RSV nucleotide 8446 — 8465)

T™M969
TGCATCAATATCTCAAGTCAACG

(RSV nucleotide 7783 — 7805)

TM1400
ACGAGAAAAAAAGTGTCAAAAACTAATATC

(RSV nucleotide 14849 — 15878)

A plasmid containing RSV genome sequence from leader region through
nonstructural protein 2 (NS2) and flanked by Notl (before leader) and Kpnl (after NS2);
pD46 6120 NS1//NS2, (gift from Dr. Buchholz) was used in the site-directed mutagenesis
protocol (Stratagene) as recommended by the manufacturer. The NotI-Kpnl fragment
from each plasmid identified with appropriate nucleotide changes, was cut with Not I and
Kpnl (FastDigest-Thermo Scientific) as recommended by the manufacturer and ligated
into a similarly restriction endonuclease digested plasmid containing full length RSV
genome sequence with enhanced green fluorescent protein (eGFP) gene sequence
inserted between phosphoprotein (P) and matrix (M) genes [73]. All full-length RSV
genome plasmids containing the NS1 modifications are sequenced in their entirety to

ensure complete sequence integrity. The sequencing oligos are listed below:
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Name
1F_WT

7F _WT
21F WT
251F WT
607F WT
1120F_WT
1647F WT
1705F WT
2013F WT
2419F WT
2850F WT
3190F WT
3554F WT
3830F_WT
4034F WT
4220F WT
4564F WT
4745F WT
5213F WT
5536F WT
5689F WT
5999F WT
6348F WT
6754F WT
7018F WT
7589F WT
7608F_WT
7949F WT
8068F WT
8323F WT
8808F WT
9280F WT
9611F WT
9949F WT
10486F _WT
10842F WT
11200F_WT

Sequence
ACGCGAAAAAATGCGTACAACAAAC
AAAAATGCGTACAACAAACTTGC
CAAACTTGCATAAACCAAAAAAATG
GAATGGCATTGTGTTTGTGC
ATCAATTCAGCCAACCCAAC
GAAGATGGGGCAAATACAACC
TAAATTAGCAGCAGGGGACAG
GTCCTAAAAAATGAAATGAAACGTTAC
CCAAAAATTGGGTGGTGAAG
AAGGGCAAATTCACATCACC
TGCCATGGTTGGTTTAAGAG
AGCCAATCCAAAACTAACCAC
CGCTAATGTGTCCTTGGATG
CAAATGCAAAAATCATCCCTTAC
CTTTTTCCTCTACATCAGTGTGTTAATTC
GGGGCAAATAATCATTGGAG
GGCAAATGCAAACATGTCC
GCAGCCATCATATTCATAGCC
AAAGATCCCAAACCTCAAACC
TGGGGCAAATAACAATGGAG
CTCTGAGAACTGGTTGGTATAC
TGGCGTTGCTGTATCTAAGG
ACAAATGATCAGAAAAAGTTAATGTCC
TAAGCAGCTCCGTTATCACATC
CATCAATATCTCAAGTCAACGAG
CCCATGCACTGCTTGTAAGAC
CCCATGCACTGCTTGTAAGA
TGCCAGCAGACGTATTGAAG
AAATGACCATGCCAAAAATAATG
CTCAATTCTAACACTCACCACATC
CCAACAATGGACAAGATGAAG
CTTAGGCTTAAGATGCGGATTC
AAGCTTGCAGGTGACAATAACC
CTATCGTGAGTTTCGGTTGC
TCTCAGCAAATTCAATCAAGC
AACCAATCAGACTCATGGAAGG
TCTACAATTAAAAAATCATGCATTATG
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11622F WT
11877F_WT
12137F_WT
12422F WT
12871F WT
13240F_WT
13648F WT
14013F_WT
14404F WT
14807F WT
322R WT

672R_WT

1203R_WT
1731R_WT
2151R_WT
2557R_WT
2794R_WT
3015R_WT
3288R_WT
3378R_WT
3971R_WT
4287R_WT
4621R_WT
4869R_WT
5008R_WT
5418R_WT
5854R_WT
6374R_WT
6577R_WT
6819R_WT
7033R_WT
7679R_WT
7833R_WT
8045R_WT
8244R_WT
8677R_WT
8978R_WT
9466R_WT

TGGCAGTTACAGAGGTTTTGAG
GAGCCACTGAGATGATGAGG
TTAACACGTGGTGAGAGAGGAC
CCATGTGAATTCCCTGCATC
TTTAGCTGGACATTGGATTCTG
AGAATTCACAGTTTGCCCTTG
GTCTGCAATGATTAGAACCAATTAC
GAAGTCTGAAAGATTGCAATGATC
CTTAGTCCTTACAATAGGTCCTG
AACAGCTTGACAACCAATGAAC
TGGCATTGTTGTGAAATTGG
GACAACGGTCTCATGTCTGTG
TCCGTTGGATGGTGTATTTG
TCCTTGGGTAGTAAGCCTTTG
TGATTCCTCGGTGTACCTCTG
GGCTTGTTCCCTGCAGTATC
GCACTTGCCACTACTAATGTGTG
TTCCCTTCCAATAGGTTGTTC
CTGTGTATGTGGAGCCTTCG
TCTGCTGGCATAGATGATTGG
GTGCTTCCAATTTGTGGTAACAT
TCCATTGGTTGATTCTGTATGG
TGATTGAGAGTGTCCCAGGTC
AGACGGATTAGAGGGACTGATTC
GTTGTTTTGTGGTGGGCTTG
TGATGGGTACTCGGATGTTG
TCTGGCTCGATTGTTTGTTG
GGACATTAACTTTTTCTGATCATTTGT
AAAGATACTGATCCTGCATTGTCAC
TCCACGATTTTTATTGGATGC
GCTCTGGTTAATCTTCTCGTTGA
TCTGTCCAACTCTGCAGCTC
GCTCTTCATTGTCCCTCAGC
TATTTTTGGCATGGTCATTTG
ATCAATTCTTGAGAGGTCCAATG
GCAATCTGTTCTGACGAGGTC
TAACCATGATGGAGGATGTTG
GCATCTGTGATGTTGTTGAGC
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9696R_WT
10205R_WT
10618R_WT
11047R_WT
11390R_WT
11880R_WT
12263R_WT
12644R_WT
13028R_WT
13250R_WT
13647R_WT
13803R_WT
14192R_WT

TAACAGCATCCATGGCTTGTC
CCACATGATTAGGGTTGTTGAG
GGGGTGCATGCCTATATGTG
CCACGGTCCCACTCTTAGG
AGCCTCTGTGAGGAAGTCAGG
TTTTTCCTCATCATCTCAGTGG
TACACCCAATCCAATTTTGC
ATGGGAGGTTTCATCAAATG
GCTTTGCTTTGCCATAACC
TAACAACCCAAGGGCAAAC
TTGGTTCTAATCATTGCAGACG
GCATGCAGTAAAGTGATGTGC
TGTTACAGACAATTCGGCATC

[ e e e N e N R N e e N e R e

AGGCATGATGAAATTTTTGG
AAGTTCATTGGTTGTCAAGCTG L
CTAATATCTCGTAATTTAGTTAATACAC

ACGAGAAAAAAAGTGTCAAAAACTAATATC

14484R_WT
14809R_WT
15089R_WT
TM1400

5'-trailer

5'-trailer

Reverse Genetic System Recovery of RSV Containing NS1 substitutions

The RSV reverse genetics system [124,144,196] was used to recover live virus
containing NS1 modifications. Helper plasmids expressing the following RSV gene
products; nucleoprotein (N) pTM1-N, phosphoprotein (P) pTM1-P, M2 ORF 1 protein
(M2-1) pTM1-M2-1 and large protein (L) pTMI1-L are transfected along with each NS1
modified full-length viral genome plasmid into BSR T7/5 cells, baby hamster kidney 21
(BHK21) that constitutively express T7 RNA polymerase [197]. This cell plus virus
material was scrapped and transferred to Vero cells for virus expansion. When
recovering/expanding virus on Vero cells in T225 flasks, infections in 10 ml volumes
were left on cells for 1-2 hours and then an additional 15 ml of OptiPRO SFM, 4 mM L-

glutamine media was added (final volume of 25 ml per T225 flask) and left at 37°C; 5%
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CO; until virus harvest. Virus grown on Vero cells are recovered, tittered and used to
generate working virus stocks with PFU/ml values above 10°[198].
Cell Lines

Cell lines used include BSR T7/5 cells, a baby hamster kidney 21 (BHK21) cells
that constitutively express T7 RNA polymerase [197]. These cells were maintained in
Glasgow minimal essential medium (GMEM) (Gibco-Life Technologies) supplemented
with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-Life Technologies) and 2% MEM
amino acids (Gibco-Invitrogen). Every other passage, the medium was supplemented
with 2% Geneticin (Gibco-Invitrogen) to ensure cells retain the T7 polymerase construct.
Vero cells (normal adult African green monkey kidney cell) (ATCC CCL-81) were
maintained and infected in OptiPRO SFM (Gibco-Life Technologies), 4 mM L-glutamine
(Gibco-Life Technologies). A549 cells (adenocarcinoma human alveolar basal epithelial
cell) (ATCC CCL-185) were maintained in F-12 Kaighn’s Modification of Hams F12
with L-Glutamine (ATCC), supplemented with 10% FBS (HyClone), 2 mM L-glutamine
(Gibco-Life Technologies).
Virus Infections

For multicycle virus infections, virus stocks were diluted to a multiplicity of
infection of 0.1 (MOI = 0.1) pfu/cell in OptiPRO SFM (Gibco-Life Technologies), 4 mM
L-glutamine (Gibco-Life Technologies) and used to infect duplicate or triplicate wells in
a 12 well plate of either A549 or Vero cells. Infections were left on cells for 1-2 hours
with periodic rocking at 37°C; 5% CO.. Subsequently the infectious volume is removed,

monolayers washed with OptiPRO SFM, 4 mM L-glutamine media and refed with either
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F-12K, 2% FBS, 2 mM L-glutamine media (A549 cell infection) or OptiPRO SFM, 4
mM L-glutamine media (Vero cell infection). Infected cells were left at 37°C; 5% CO»
until sample collection by scraping [198].
Virus Titration

For all virus titrations, virus stocks were tittered as described. In short 24 well
plates of Vero cells were infected with ten-fold virus dilutions in OptiPRO SFM, 4 mM
L-glutamine. Infections were left on cells for 1-2 hours with periodic rocking at 37°C;
5% COs. Subsequently approximately 1 ml of 0.8% Methyl cellulose overlay [198] was
added to each well and returned to incubator at 37°C; 5% CO; until visible plaque
formation and/or green fluorescent protein expression in virus infected cells was
detectable. Growth levels of virus stocks were qualified by counting eGFP expressing
virus plaques (syncytia) from scanned images generated using an Amersham Typhoon
Imaging System (GE Healthcare Life Sciences) as recommended by the manufacturer.
Image files were analyzed using ImageJ (Version 1.52d NIH/Wayne Rasband) to count
the number of green fluorescent protein expressing plaques as recommended. These
counts were used to calculate the amount of viable virus in each sample and recorded as
plaque forming units per ml (PFU/ml).
Site-Directed Mutagenesis

Site-directed mutagenesis of specific nucleotides in Group 1 and Group 2 viruses
was accomplished using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent

Technologies) as recommended by the manufacturer.
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Thermocycle Reactions

All thermocycler reactions were done using a ProFlex PCR System (Applied
Biosystems) as recommended by the manufacturer.
Plasmid DNA Extraction

Plasmid DNA were either extracted using QIAprep Spin Miniprep Kit (Qiagen) or
NucleoBond Xtra Maxi EF Endotoxin-free plasmid DNA purification (Macherey-Nagel)
for 2 ml or 150 ml bacteria cultures respectively as recommended by the manufacturer.
Plasmid DNA was Sanger sequenced (Eurofins Genomics Sequencing) to verify
sequence integrity.
Viral RNA Extraction

Recovered viruses had viral RNA (VRNA) extracted using QlAamp Viral RNA
Mini Kit (Qiagen) as recommended by the manufacturer. The vVRNA was converted to
complementary DNA (¢cDNA) using Maxima H Minus First Strand cDNA Synthesis Kit
(Thermo Scientific) as recommended by the manufacturer. The cDNA was used to
generate two large PCR products using SequalPrep Long PCR Kit with dNTPs
(Invitrogen) as recommended by the manufacturer. Fragment A is between PCR primers
TM1399 and TM 1283 (genome nucleotides 1 — 8564). Fragment B is between PCR
primers TM969 and TM 1400 (genome nucleotides 7783 — 15878). These PCR products
were Sanger sequenced (Eurofins Genomics Sequencing) to verify sequence integrity.
7.4 Results

During the site directed mutagenesis work to create NS1_98-109, an additional

virus, NS1 98 101-102-103-104st, was inadvertently created due to a site directed
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mutagenesis PCR error. Sequencing indicated that the codon for aa 98 was correctly
changed but due to the PCR error, aa 101, 102, 103 and 104 were also recoded (P-L, N-
M, G-V, and L-Y) followed by a stop codon after aa 104. Therefore, in this virus NS1
protein is recoded at aa 98, 101, 102, 103, 104 and truncated after aa 104. In the
remainder of the manuscript the virus will be referred to as NS1 98-104st.

Multicycle virus growth measured in Vero cells peaked on day 4 (Group 1) or 5
(Group 2) among all viruses. RSV wt (wt) grew to a peak titer of 3.6 x 107 pfu/ml
followed by Group 1 viruses NS1 29 and NS1 98-109 with wt-like peak growth titers of
2.3 x 107 and 1.6 x 107 pfu/ml respectively. Peak virus titers in Vero cells among an
intermediate growth set of Group 1 viruses, NS1 47 and NS1 58-66, was 9.8 x 10° and
9.3 x 10% pfu/ml respectively, about 0.4 logio lower than the wt-like group. The remaining
Group 1 viruses, NS1 06-09, NS 11-13-15, NS1 54-57-60 and NS1 98-104st as well as
ANSI, exhibited growth restriction in Vero cells on day 4 with virus titers at 6.3 x 10°,
5.6 x 105, 4.5 x 10, 3.3 x 10° and 7.5 x 10° pfu/ml respectively and were about 0.5-0.9

logio lower than peak wt-like virus titers.
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Figure 16 Multicycle growth curve of Vero cells infected with Group 1 NS1 substitution viruses

Monolayer cultures of Vero cells were infected in triplicate with the Group 1 NS1 substitution viruses, wt RSV-GFP,
and RSV-GFP/ANS1 at a MOI of 0.1 PFU/cell and incubated at 37°C for 7 days. Infected cells were scraped into the
growth medium. After a brief vortex, clarified medium supernatants were analyzed by virus titration of 10-fold
dilution series in Vero cells under methylcellulose and quantified by counting eGFP plaques. Data points represent an
average of the plaque counts; standard deviation is show as horizontal lines above and below each data point. X-axis is
days post infection and Y-axis is logio scaled PFU/ml.

Separately, Group 2 viruses NS1 06-Q, NS1 06-R and NS1 06-W grew as well as
wt (day 5 titer of 1.2 x 107 pfu/ml) with peak titers at day 5 of 1.3 x 107, 1.8 x 107 and 1.3

x 107 pfu/ml respectively. Only NS1 06-D grew as poorly in Vero cells as ANS1 with
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day 5 titers of 2.5 x 10° and 1.9 x 10° pfu/ml respectively or about 0.8 logio lower than

the wt-like viruses.
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Figure 17 Multicycle growth curve of Vero cells infected with Group 2 NS1 substitution viruses

Monolayer cultures of Vero cells were infected in triplicate with the Group 2 NS1 mutant viruses, wt RSV-GFP, and
RSV-GFP/ANS1 at a MOI of 0.1 PFU/cell and incubated at 37°C for 7 days. Infected cells were scraped into the
growth medium. After a brief vortex, clarified medium supernatants were analyzed by virus titration of 10-fold
dilution series in Vero cells under methylcellulose and quantified by counting eGFP plaques. Data points represent an
average of the plaque counts; standard deviation is show as horizontal lines above and below each data point. X-axis is
days post infection and Y-axis is logio scaled PFU/ml.

Multicycle growth among all viruses was also measured in a more relevant,

interferon competent cell type, A549. Despite inconsistent day 2 virus titers, days 3-4
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appeared more indicative of any consequence a defective NS1 would have on virus
growth. RSV wt grew optimally through day 4 with a peak titer at 1.7 x 10 pfu/ml in
A549 cells. There was an anomalously low virus titer for RSV wt at day 2, but likely not
representative. Like wt virus, Group 1 virus NS1 29 had a peak titer at day 2 (1.6 x 10°
pfu/ml) that was maintained through day 4 (1.4 x 10° pfu/ml), followed by NS1 98-109
virus with a day 2 peak titer of 5.0 x 10° pfu/ml dropping to 3.4 x 10° pfu/ml by day 4,
below RSV wt virus growth level in A549. The remaining Group 1 viruses, NS1 47, NS1
58-66, NS1 11-13-15, NS1 06-09, NS1 98-104st, NS1 54-57-60 as well as ANS1, had
day 2 titers of 1.6 x 10°, 1.0 x 105, 6.0 x 10%, 4.8 x 104, 3.8 x 10%, 3.4 x 10%, and 1.5 x 10*
pfu/ml respectively. The peak growth at day 2 of these viruses was reduced 1-2 logio
compared to wt growth and continued to decline further over time (day 5 titer reductions

are 1.7, 1.9, 2.5, 1.7, 2.3, 2.9 and 2.8 logio respectively).
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Figure 18 Multicycle growth curve of A549 cells infected with Group 1 NS1 substitution viruses

Monolayer cultures of A549 cells were infected in triplicate with the Group 1 NS1 substitution viruses, wt RSV-GFP,
and RSV-GFP/ANS1 at a MOI of 0.1 PFU/cell and incubated at 37°C for 7 days. Infected cells were scraped into the
growth medium. After a brief vortex, clarified medium supernatants were analyzed by virus titration of 10-fold
dilution series in Vero cells under methylcellulose and quantified by counting eGFP plaques. Data points represent an
average of the plaque counts; standard deviation is show as horizontal lines above and below each data point. X-axis is
days post infection and Y-axis is logio scaled PFU/ml.

Multicycle growth in Group 2 viruses were tested separately relative to RSV wt
and ANSI1 viruses for growth in A549 cells. RSV wt virus had a day 2 peak virus titer of
1.5 x 10° pfu/ml while Group 2 viruses NS1 06-W, NS1 06-R, NS1 06-Q and NS1 06-D)

grew almost as well as RSV wt on day 2 (1.3 x 105, 1.1 x 10°, 8.5 x 10* and 8.2 x 10*
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pfu/ml respectively), but became moderately reduced about 0.5 logio by day 5 compared

to wt. In contrast, ANS1 was reduced almost 1.3 logio by day 5.
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Figure 19 Multicycle growth curve of A549 cells infected with Group 2 NS1 substitution viruses

Monolayer cultures of A549 cells were infected in triplicate with the Group 2 NS1 substitution viruses, wt RSV-GFP,
and RSV-GFP/ANS1 at a MOI of 0.1 PFU/cell and incubated at 37°C for 7 days. Infected cells were scraped into the
growth medium. After a brief vortex, clarified medium supernatants were analyzed by virus titration of 10-fold
dilution series in Vero cells under methylcellulose and quantified by counting eGFP plaques. Data points represent an
average of the plaque counts; standard deviation is show as horizontal lines above and below each data point. X-axis is
days post infection and Y-axis is logio scaled PFU/ml.
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7.5 Discussion

The function of RSV NS1 during viral infection is likely to be multifaceted as it is
the first gene coded for in the viral genome and is the earliest and most abundant protein
produced during infection [7]. The presence of functional NS1 is reported to help virus
counter innate immune responses in cells activated during RSV infection which during
NS1 deletion virus infection are not antagonized and result in among other things reduced
virus production [16,110,199-201]. As such, in vitro criteria used to characterize previous
RSV vaccine candidates seem appropriate to characterize these new designs and whether
they correlate with machine learning predictions. Multicycle growth in cell culture systems
of Vero or A549 cells was used as an initial in vitro characterization of growth attenuation
levels among the vaccine candidates. Virus growth in Vero cell cultures affords insights
as to whether any profound growth defects may exist such that the attenuated growth is
below a minimum level required for vaccine manufacture. As expected, RSV wt (positive
control) virus exhibited peak growth titer of 3.6 x 107 pfu/ml (Figure 5A) at day 4 followed
closed by NS1 29 and NS1 98-109 (2.3 x 107 and 1.6 x 107 pfu/ml respectively). In the
case of NS1 29, its growth level seemed to agree with the prediction that such an amino
acid change to NS1 did not significantly lessen its growth ability in Vero cells. This result
is suggestive that at least a prediction of Increased thermal stability of NS1 does not lead
to less than wt like virus growth levels. The other virus, NS1 98-109, with almost wt like
growth levels in Vero cells, was predicted to be a combination of Increased (amino acid
98 substitution) and Decreased (amino acid 109 substitution) in terms of protein thermal

stability. While the level of this virus growth was above 107 the heterogeneously predicted
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amino acid substitutions appeared to slightly lessen this virus’s ability to grow in Vero
cells. Another set of viruses, NS1 47 and NS1 58-66, follow with an intermediate day 4
peak level of growth in Vero cells (9.8 x 10° and 9.3 x 10° pfu/ml respectively). In this
case the NS1 47 virus growth level seemed to agree with the NS1 47 substitution prediction
of Decreased. As seen before with NSI 98-109, NS1 58-66 had a heterogeneous
thermostability prediction of Decreased (amino acid 58 substitution) and Increased
(amino acid substitution 66). But in this substitution set, the Decreased prediction seemed
to be associated with decreased virus growth in Vero cells unlike NS1 98-109 virus.
Among the final members of Group 1 substitutions, NS1 06-09, NS 11-13-15, NS1
54-57-60 and NS1 98-104st, with all or mostly Decreased thermal stability predictions,
the day 4 peak virus growth levels were more similar to ANS1 (negative control) virus
growth levels (7.5 x 10, 6.3 x 10°, 5.6 x 10°, 4.5 x 10°, and 3.3 x 10° pfu/ml respectively).
In this final set of Group 1 it appeared the predicted Decreased thermal stability prediction
was better associated with decreased virus growth in Vero cells. While the thermal stability
prediction and actual virus growth appeared associated for the various Alanine
substitutions made among the various regions throughout NS1 structure, this agreement
appeared less well supported in Group 2. All predictions for 6L replacements (6D, 6R, 6Q
and 6W) were labeled Decreased, yet NS1 06-Q, NS1 06-R and NS1 06-W all had RSV
wt like day 5 peak titers (1.3 x 107, 1.8 x 107, 1.3 x 107 and 1.2 x 107 pfu/ml respectively).
Only NS1 06-D had reduced virus growth similar to ANS1 (2.5 x 10% and 1.9 x 10° pfu/ml
respectively). Whether this contradiction in Group 2 amino acid substitutions predictions

was unique to the single amino acid 6 of NS1 was unclear but may relate to previous reports
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of NS1 influence on RSV replication [14].

Virus growth in A549 cells however is more likely a better measure of any impacts
NS1 substitutions may have on virus growth. A549 cells possess an intact interferon beta
locus unlike Vero cells and therefore more fully initiate a functional innate cell immune
response to viral infection approximating what most human RNA negative sense
nonsegmented single strand viruses that infect the lungs and upper airways have evolved
against. Combined with the suggestion that RSV NS1 protein is considered a virally
encoded interferon antagonist, multicycle growth measured in interferon competent A549
cells would be yet another important initial in vitro characterization assay. As there was
an anomalously low virus titer for RSV wt at day 2, but likely not representative, the RSV
wt day 3-5 average titer of 1.7 x 10° pfu/ml was used as an optimal growth upper bound.
As seen in Vero cells, NS1 29 and NS1 98-109 had peak titers at day 2 (1.6 x 10° and 5.0
x 10° pfu/ml respectively). NS1 29 growth level would further seem to agree with the
prediction that such an amino acid change to NS1 did not significantly lessen its growth
ability in A549 cells. NSI 98-109, with lower than wt like growth levels in A549 cells,
offered clarification to the NS1 substitution prediction meaning in the context of virus
growth but in an interferon competent environment. The heterogeneous NS1 98-109
prediction, both Increased (amino acid 98 substitution) and Decreased (amino acid 109
substitution) seemed to trend towards decreased virus growth relative to RSV wt, furthering
what was seen in Vero cells. Among the remaining members of Group 1 (NS1 47, NS1
58-66, NS1 11-13-15, NS1 06-09, NS1 54-57-60, NS1 98-104st and ANS1), the majority

had thermal stability labels of Decreased. While NS1 58-66 had a heterogeneous
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thermostability prediction like NS1 98-109, it grew considerably less well in A549 cells as
compared to NS1 98-109. In fact, peak growth at day 2 in this second set of Group 1
viruses (with Decreased thermal stability prediction) was reduced 1-2 logio compared to
wt growth and continued to decline further over time (day 5 titer reductions are 1.7, 1.9,
2.5,1.7,2.3,2.9 and 2.8 logio respectively).

Among the Group 2 substitution set, in which all predictions for 6L replacements
(6D, 6R, 6Q and 6W) were labeled Decreased, the levels of virus growth were close to,
but below the RSV wt day 2 peak virus titer of 1.5 x 10° pfu/ml (Figure 5D). NS1 06-W,
NS1 06-R, NS1 06-Q and NS1 06-D all had peak growth titers on day 2, but became
progressively more reduced, about 0.5 logio, by day 5 compared to wt. None of Group 2
substitutions however grew as poorly in A549 cells as ANS1 (reduced almost 1.3 logio by
day 5). The A549 data provided additional support that there seems to be an association
between the substitution prediction Decreased and actual growth attenuation. This gave
further context regarding the prediction meanings regarding NS1 functional contribution
to virus growth. The alignment between Decreased thermal stability prediction for NS1
amino acid substitutions and viral growth attenuation needed further evaluation by

additional assays used to characterized previous vaccine candidates.
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CHAPTER 8.VIRAL MESSENGER RNA (MRNA) EXPRESSION

8.1 Abstract

It would follow that differences in viable virus production among the various NS1
amino acid substitutions could be related to changes in expressed viral messenger RNA
(mRNA) levels [12,13,202,203]. Based on the multicycle growth data in A549 cells,
along with controls RSV wt and ANS1, the samples have been reordered into an wt-like
growth group (RSV wt, NS1 29 and NS1 98-109) and intermediate-low growth group
(NS1 47, NS1 11-13-15, NS1 06-09, NS1 58-66, NS1 54-57-60, NS1 98-104st and
ANS1). Also included as a separate group in this data are the collection of single amino
acid substitution viruses in which amino acid 6 (aa 6; Leucine L - non-polar) was
substituted for single amino acids with completely different chemical properties (Aspartic
Acid D - polar-charged, Arginine R - charged aliphatic, Glutamine Q - neutral polar and
Tryptophan W - non-polar aliphatic). Their inclusion allows the examination of whether
single amino acid changes alone correlate with a thermal stability prediction. In this
work we evaluate any relationship between amino acid substitutions predicted by
AUTOMUTE 2.0 and levels of viral mRNA transcription.
8.2 Introduction

The wide range of virus growth among the different substitution viruses suggests
a relationship between NS1 and growth. The mixture of prior experiments attesting to
NS1 function(s) [204-206] are abstracted from the many viral factors that are present

during a viral infection and with which NS1 has evolved. Therefore, examination of
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measurable steps during virus infection of tissue culture cells may provide insightful 1) to
identify effective/defective NS1 function and 2) to illuminate possible NS1 roles during
viral infections. The variable level of virus growth in an IFN competent cell line A549,
the known association of IFN production with mRNA transcription and NS1 suggested
role as an IFN response antagonist might be exhibited in differential levels of viral
mRNA [12,13]. This work will examine a number of important viral gene transcripts
using custom designed TagMan assays to evaluate whether changes in viral gene
transcription associate with viral growth and AUTOMUTE 2.0 generated NS1 amino acid
substitution predictions.
8.3 Material and methods
Cell Line

A549 cells (adenocarcinoma human alveolar basal epithelial cell) (ATCC) were
maintained in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine (ATCC),
supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-Life Technologies).
After virus infections, A549 cells were maintained in F-12 Kaighn’s Modification of
Hams F12 with L-Glutamine (ATCC), supplemented with 2% FBS (HyClone), 2 mM L-
glutamine (Gibco-Life Technologies). A549 cells provide a relevant experimental system
to examine virus growth in a fully IFN competent human lung epithelial host cell system.
Virus Infections

Triplicate experiments of A549 cells in 12 well dishes were infected with virus
and samples collected at 18 and 24 hours post infection. For these virus infections, virus

stocks were diluted to a multiplicity of infection of 3 (MOI = 3) pfu/cell and in OptiPRO
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SFM (Gibco-Life Technologies), 4 mM L-glutamine (Gibco-Life Technologies) and
added to cells in appropriate volumes. Infections were left on cells for 1-2 hours with
periodic rocking at 37°C; 5% COz. Subsequently the infectious volume is removed,
monolayers washed with OptiPRO SFM, 4 mM L-glutamine media and refed with F-
12K, 2% FBS, 2 mM L-glutamine. Infected cells were left at 37°C; 5% CO> until sample
collection.
Quantitative RT-PCR

Triplicate experiments of infected A549 cell cultures were collected, and total
RNA was isolated with RNeasy Mini Kit (Qiagen) as recommended by the manufacturer,
including on-column DNase digestion using a QIAcube sample preparation machine
(Qiagen). The total RNA was eluted in 50 ul of EB solution and stored at -80°C until
needed. To measure gene transcript levels, a fixed volume of total RNA was combined
with a specific TagqMan Gene Expression Assay using the TagMan RNA-to-Ct 1-Step Kit
(Life Technologies) as recommended by the manufacturer. The TagMan gene expression
assay 18S rRNA (Hs99999901 sl) was used as a normalization control in conjunction
with the custom TaqMan assays listed below. The custom designed TagMan assays

include:

eGFP (EGFP-5)

Fwd TGTCGCCCTCGAACTTCAC
Rev  GAGCGCACCATCTTCTTCAAG
Probe ACGACGGCAACTACA

RSV N (RSV-N-5)

Fwd  TGGCATGTTATTAATCACAGAAGATGCT
Rev  TTCTCTTCCTAACCTAGACATCGCATA
Probe AACCCAGTGAATTTATG
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RSV P
Fwd
Rev
Probe

(RSV-P-5)
TAAATTCCTAGAATCAATAAAGGGCAAATTCA
TCTTTGGTTACTTCTATATCTATTGAGTTGACAGA
CATCACCCAAAGATCC

RSV NS1 (RSV-NS1-5)

Fwd
Rev
Probe

RSV F
Fwd
Rev
Probe

RSV G
Fwd
Rev
Probe

Below are the reaction volumes used for a single qRT-PCR reaction.

GAAGTAGCATTGTTAAAAATAACATGCTATACTGATAAA
TGCACAAACACAATGCCATTCAATT
CTGCCTTAGCCAAAGCA

(RSV-F-5)
CTTCTGGTCAAAACATCACTGAAGAATTT
ACCAACCAGTTCTCAGAGCAC
CAGTTAGCAAAGGCTATCTTA

(RSV-G-5)
CCTGGGACACTCTCAATCATTTATTATTCA
AGTGAAGTTGAGATTATCATTGCCAGAA
TAGCACAAATCACATTATCC

2X TagMan RT-PCR Mix S5ul
40X TagMan RT Enzyme 0.25 ul
20X TagMan Gene Expression Assay 0.5ul
Total RNA sample 0.05 ul
Water (H20) 4.2 ul

The reaction volume is 10 ul. The cycle parameters are:

Each RNA sample/TagMan Gene Expression Assay is set up in triplicate and assay
reactions were analyzed on the 7900HT Fast Real-Time PCR system (Applied
Biosystems, Foster City, CA). The threshold cycle (Ct) for each reaction was determined
by the SDS RQ Manager program (Applied Biosystems). The relative changes in each

transcript level were calculated by the Comparative Ct method (244t method) [207,208]

Reverse transcription 48°C 15 minutes
Enzyme activation 95°C 10 minutes
Denaturation 95°C 15 seconds
Annealing/extension 60°C 1 minute (repeat 40 times)
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and reported relative to the RSV wt virus sample collected 18 hours after infection. On a
per sample basis, each assay Ct value was first adjusted using their 18S measured Ct
value. Then on an assay basis, each “18S adjusted” Ct value is made relative to the “18S
adjusted” Ct value of RSV wt sample at 18 hours. These comparisons are converted to
fold change using the Comparative Ct method for each sample/TagMan assay tested.
These values are averaged between three repeat experiments and shown in the bar graphs
where samples are reordered based on growth level groupings evident in multicycle A549
virus growth data.
8.4 Results

The following graphs show specific viral mRNA expression levels during
infection of A549 cells at a multiplicity of infection of 3 (MOI = 3). Samples in each
graph are reordered by virus growth levels found in infected A549 cells. The left side
contains three samples, RSV wt and wt-like viruses (NS1 29 and NS1 98-109) that
exhibited wt or almost wt levels of virus growth. The middle set contains six more amino
acid substitution virus samples as well as the ANS1 virus all having intermediate to low
levels of growth. The right side contains viruses with the four single amino acid
replacement for amino acid number 6 (Leucine) in NS1. These four viruses are grouped
separately to show the impact a single amino acid change can have across different
measures.

The expression of eGFP in the wt-like growth group of viruses all show increased
mRNA from 18 to 24 hour period (2.3-2.4 fold increase). Interestingly, the two amino

acid substitution viruses in this group seem to produce greater amounts of eGFP
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transcripts at 18 hours relative to wt, but ultimately are equivalent by 24 hours (these
dynamics would not be seen in multicycle growth curves). Members of the intermediate-
low growth group produce eGFP message at 18 hours similar to RSV wt (range between
0.7 and 1.6 fold increase). By 24 hours this same group appears to have two different
eGFP expression profiles. One set (NS1 06-09, NS1 58-66 and NS1 98-104st) has a
more increased level of eGFP expression (1.5, 1.8 and 1.6 fold increase respectively)
while the other set (NS1 47, NS1 11-13-15, NS1 54-57-60) has a more ANSI like level of
eGFP expression (1.1, 1.2, 1.3 and 0.9 fold increase respectively). The single amino acid
substitution virus set reveal a similar dichotomy regarding eGFP transcript expression.
All viruses in this group transcribe eGFP message about the same level through 18 hours.
However, by 24 hours, only NS1 06D is unable to increase eGFP message up to RSV wt
24-hour levels (1.1 versus 2.3 fold respectively). The other single amino acid substitution
viruses (NS1 06Q, NS1 06R and NS1 06W) are capable of increasing eGFP message

similar to wt (2.0, 2.3, 1.6 and 2.3 fold respectively).
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Fold change relative to rgRSV wt infection at 18 hr

eGFP mRNA expression in RSV infected A549 cells
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Figure 20 Viral eGFP gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral gene expression levels of eGFP
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a custom eGFP TagMan
assay. Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA (Hs99999901 sl1)
measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a fold change value.
Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate experiment measures.
Sample order was determined by decreasing multicycle growth levels in A549 cells. Red vertical dashed line separate
RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock (left).

RSV wt expresses N transcripts 1.8 fold at 24 hours over its level at 18 hours.
Unlike eGFP, N mRNA doesn’t universally increase among the samples from 18-24
hours. In the other wt-like growth group of viruses (NS1 29 and NS1 98-109), the

detected level of N transcripts is 1) highest at 18 hours and 2) remained elevated at 24
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hours (1.6 and 1.9 fold respectively; wt is 1.8 fold at 24 hours). The intermediate-low
growth set of viruses again appear to have two sets of N expression profiles. One set of
viruses (NS1 47, NS1 11-13-15, NS1 58-66 and NS1 54-57-60) all show RSV N mRNA
levels decrease between 18-24 hours (1.1-0.9, 1.2-1.1, 1.9-1.5 and 1.3-1.0 fold
respectively). The other N transcript expression profile set of this group of viruses (NS1
06-09, NS1 98-104st and ANS1) all show N transcription increasing between 18 and 24
hours (0.9-1.3, 1.0-1.2 and 0.8-1.0 fold increase respectively). The remaining group of
single amino acid replacement viruses exhibit 18-24 hour RSV N mRNA expression
profiles falling into either the intermediate-low growth group (NS1 06-D; 0.6-1.0 fold
increase) or wt-like (NS1 06-Q; 0.9-1.9, NS1 06-R; 0.8-1.9 and NS1 06-W; 0.8-1.6 fold

increase respectively).
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Fold change relative to rgRSV wt infection at 18 hr

N mRNA expression in RSV infected A549 cells
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Figure 21 Viral RSV N gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral gene expression levels of RSV N
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a custom RSV N TagMan
assay. Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA (Hs99999901 sl1)
measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a fold change value.
Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate experiment measures.
Sample order was determined by decreasing multicycle growth levels in A549 cells. Red vertical dashed line separate
RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock (left).

RSV wt expresses P at about a 1.8 fold at 24 hours over its level at 18 hours. The

other wt-like viruses (NS1 29 and NS1 98-109) have much greater levels of P mRNA

transcription at 18 hours compared to wt (as seen previously with N and eGFP
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expression). Interestingly the level of RSV P mRNA expression in the intermediate-low
growth virus group appears to be associated with the two expression profile groupings
similar to N mRNA transcription. One set of viruses (NS1 47, NS1 11-13-15 and NS1
58-66) all show RSV P mRNA levels decrease between 18-24 hours (1.1-0.9, 1.6-1.4 and
2.1-1.9 fold respectively). The other P transcript expression profile set (NS1 06-09, NS1
54-57-60, NS1 98-104st and ANS1) all show P transcription increasing between 18 and
24 hours (1.1-1.8, 1.5-1.9, 1.3-2.0 and 1.1-1.3 fold increase respectively). The remaining
group of single amino acid replacement viruses exhibit 18-24 hour RSV P mRNA
expression profiles falling into either the intermediate-low growth group (NS1 06-D; 0.6-
1.1 fold increase) or wt-like (NS1 06-Q; 0.8-1.6, NS1 06-R; 0.9-2.1 and NS1 06-W; 0.7-

1.4 fold increase respectively).
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Fold change relative to rgRSV wt infection at 18 hr

P mRNA expression in RSV infected A549 cells
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Figure 22 Viral RSV P gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral gene expression levels of RSV P
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a custom RSV P TagMan
assay. Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA (Hs99999901 sl1)
measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a fold change value.
Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate experiment measures.
Sample order was determined by decreasing multicycle growth levels in A549 cells. Red vertical dashed line separate
RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock (left).

For each virus, the NS1 protein sequence has been specifically modified,

therefore presence and level of NS1 mRNA expression in each is paramount. The level

of NS1 mRNA is 1.3 fold higher at 24 hours relative to 18 hours in the RSV wt sample.
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A single member of the wt-like virus growth group (NS1 98-109) approaches or exceeds
this level of expression (0.8-1.4 fold increase) during the same time period. The other
virus, NS1 29 expresses NS1 mRNA at a lower but still similar to wt level (0.6-0.9 fold
increase). The level of NS1 mRNA expression among the intermediate-low virus growth
group seem to fall into two sets of mRNA expression. One set (NS1 47, NS1 54-57-60
and NS1 98-104st) all show reduced levels of NS1 mRNA expression at 18 and 24 hours
(0.5-0.5, 0.5-0.5 and 0.5-0.7 fold increase respectively). Of the remaining intermediate-
low virus growth members, NS1 11-13-15 expresses NS1 mRNA at RSV wt levels at 18
hours (1.1 fold) dropping slightly by 24 hours (0.8 fold). The other two viruses, NS1 06-
09 and NS1 58-66, express NS1 mRNA at both 18 and 24 hours relative to RSV wt NS1
mRNA expression slightly lower (0.9-0.8 and 0.7-0.7 fold respectively). Levels of NS1
mRNA in the ANS1 virus is not detected as expected. Interestingly, the NS1 98-104st
sample, which was accidentally created during the amino acid modification of NS1 98-
109 sample, produces an mRNA with a protein translation stop sequence at codon
position 105. This sample expression data indicates the NS1 mRNA is produced and
detectable. This is in contrast to the ANS1 virus in which the complete NS1 gene
sequence is missing and as expected produces no detectable NS1 mRNA. The remaining
group of single amino acid replacement viruses exhibit 18-24 hour NS1 mRNA
expression profiles very similar to RSV P, RSV N and eGFP, falling into either the wt-
like growth group (NS1 06-Q; 0.7-1.3, NS1 06-R; 0.6-1.2 and NS1 06-W; 0.6-1.0 fold

increase) or intermediate-low growth group (NS1 06-D; 0.5-0.8 fold increase).
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Fold change relative to rgRSV wt infection at 18 hr

NS1 mRNA expression in RSV infected A549 cells
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Figure 23 Viral RSV NS1 gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral gene expression levels of RSV P
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a custom RSV P TagMan
assay. Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA (Hs99999901 sl1)
measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a fold change value.
Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate experiment measures.
Sample order was determined by decreasing multicycle growth levels in A549 cells. Red vertical dashed line separate
RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock (left).

While RSV N and P transcripts code for essential building blocks of viable virus
production, it was of interest to see whether levels of RSV glycoproteins, F and G mRNA
related to levels of virus growth. Both proteins are produced during infection and are the

primary antigenic targets based on levels of serum antibodies against each detected in
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infected populations [40,209,210]. However, the relationship between functional NS1
and the production of these glycoproteins is not known. The level of F mRNA in RSV wt
infection increased 2.2 fold by 24 hours. Two other members of the wt-like growth
group (NS1 98-109 and NS1 29) express F mRNA similar to RSV wt (1.4-1.8 and 1.1-1.7
fold increase respectively) between 18 and 24 hours. The level of F mRNA in the
intermediate-low growth virus group (NS1 47, NS1 11-13-15, NS1 06-09, NS1 58-66,
NS1 54-57-60, NS1 98-104st and ANS1) fluctuated around the wt 18 hour mRNA level
(0.8-0.7, 0.8-0.8, 0.5-1.1, 1.2-1.1, 0.8-1.1, 0.7-1.2 and 0.6-0.7 fold increase respectively).
The remaining group of single amino acid replacement viruses exhibit 18-24 hour F
mRNA expression profiles very similar to RSV N, P, NS1 and eGFP, falling into either
the wt-like growth group (NS1 06-Q; 0.7-1.5, NS1 06-R; 0.7-1.7 and NS1 06-W; 0.6-1.2
fold increase respectively) or intermediate-low growth group (NS1 06-D; 0.5-0.9 fold

increase).
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F mRNA expression in RSV infected A549 cells
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Figure 24 Viral RSV F gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral gene expression levels of RSV F
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a custom RSV F TagMan
assay. Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA (Hs99999901 sl1)
measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a fold change value.
Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate experiment measures.
Sample order was determined by decreasing multicycle growth levels in A549 cells. Red vertical dashed line separate
RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock (left).

The level of G mRNA in RSV wt infection increased 1.9 fold by 24 hours. The
amounts of G mRNA made by each of the viruses is well correlated with F mRNA levels
for the same virus infection at either 18 or 24 hour (R? = 0.9177 and 0.9387 respectively,

data not shown). Two members of the wt-like growth group (NS1 98-109 and NS1 29)
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have G mRNA expression profiles similar to eGFP, N and P mRNA of these same
viruses between 18 and 24 hours. Notably the 18 hour levels of transcription are
measurably higher than RSV wt (1.7 and 1.4 fold increased respectively). The level of G
mRNA (like the level of F mRNA) in the intermediate-low growth virus group (NS1 47,
NS1 11-13-15, NS1 06-09, NS1 58-66, NS1 54-57-60, NS1 98-104st and ANS1)
fluctuated around the wt 18 hour mRNA level (0.7-0.7, 0.8-0.8, 0.6-1.0, 1.2-1.0, 0.9-0.9,
0.7-1.0 and 0.5-0.6 fold increase respectively). The remaining group of single amino acid
replacement viruses exhibit 18-24 hour G mRNA expression profiles very similar to RSV
F, N, P, NS1 and eGFP, falling into either the wt-like growth (NS1 06-Q; 0.6-1.3, NS1
06-R; 0.7-1.4 and NS1 06-W; 0.6-1.1 fold increase respectively) or intermediate-low

growth group (NS1 06-D; 0.4-0.7 fold increase).
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Figure 25 Viral RSV G gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral gene expression levels of RSV G
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a custom RSV G TagMan
assay. Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA (Hs99999901 sl1)
measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a fold change value.
Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate experiment measures.
Sample order was determined by decreasing multicycle growth levels in A549 cells. Red vertical dashed line separate
RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock (left).

8.5 Discussion
Any relationship between AUTOMUTE 2.0 predictions and subsequent

mechanistic effects of NS1 regarding the range of virus growth among the different
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substitutions is unknown. The suggestion(s) of NS1 protein function during an actual
viral infection is derived from mixtures of experiments, some in which NS1 is abstracted
from the other viral factors that exist during a viral infection [204-206] and with which
NS1 protein function has evolved. The variable level of virus growth in an IFN
competent cell line like A549, the known association of IFN with host mRNA
transcription and NS1 suggested role as an IFN response antagonist may influence levels
of viral mRNA expression [12,13]. It would follow that differences in viral mRNA
expression could relate to differences in viable virus.

Unlike the multicycle growth experiments where the MOI = 0.1, here we are
considering the primary effect of NS1 protein on transcription levels given that
approximately all cells (MOI = 3) are infected at approximately the same time and that
this effect should be manifested acutely in time (18-24 hours) unlike multicycle growth
that takes days to develop. This data may also afford insight as to whether NS1 exhibits a
dose dependency regarding its influence on RSV infection process. However, there is a
“chicken . .. egg” type question. Are any NS1 substitutions primarily affecting viral
mRNA transcription which lead to different viral growth levels or the other way around
(NS1 substitutions primarily affect viral growth which in turn lead to different viral
mRNA transcription levels)?

The level of eGFP transcription among the NS1 substituted viruses agreed well
with the grouping of viruses by growth level. This result is not surprising since the level
of virus growth detected in the multicycle growth experiments was measured as the

number of eGFP expressing plaque forming units. However, this surrogate gene is not a

97



natural part of RSV viral gene repertoire and therefore may be less informative in
assessing the impact NS1 may have on regulating transcription of authentic viral genes
with which it has an evolutionary relationship with. RSV N and P gene transcription,
providing a more appropriate evolutionary relationship context, are likely better
indicators of any NS1 influence on viral gene transcription. N and P are both proteins
essential to successful virus replication [124] (unlike eGFP) yet the general level of
mRNA expression among eGFP, N and P show similar kinetics within each growth group
suggesting that the expression of these transcripts are influenced by virus growth.
Whether NS1 protein function is primarily affecting viral gene transcription or more
generally related to viral infection is not clear. Equally important but unlikely related to
viral transcription regulation is the level of NS1 transcription itself. Do any NS1 mRNA
sequence changes (due to amino acid recoding) influence mRNA stability and therefore
NS1 mRNA expression? The level of NS1 mRNA expression does seem related to
groupings of virus growth, however it remains unclear whether the different NS1 mRNA
levels are due to stability or just a reflection of virus replication (and related virus gene
transcription).

Finally looking at the immunologically important viral glycoproteins F and G
[211], again we see that the levels of these transcripts seem to correspond well to the
groupings of virus growth. An interesting consideration for these products relates to the
high MOI used in these experiments. Particularly regarding F (but also likely G), it is
important to remember that virtually all cells are infected at a MOI = 3 and therefore the

relevance of producing (and consequently detecting) increasing amounts of these mRNA
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may not be accurately reflected in this saturating experiment design. Lastly as evident
among the single amino acid substitution viruses, it is interesting to see that a single
amino acid change can have considerable variation on both virus growth as well as
mRNA transcription. These data imply that the general reduction in all viral gene
transcripts in NS1 06-D compared to the other single amino acid replacements is likely
related primarily to NS1 substitutions. Among these viruses, the difference in A549
infected virus growth is less pronounced than the differences in viral gene transcription.
This suggests that at least among these viruses the impact of NS1 function (resulting from
changes in its structure) led to consequences impacting mRNA transcription. The various
NS1 amino acid substitutions are likely related to a change in the level of expressed viral
mRNAs as well as differences in viable virus production and therefore lends support to

the concept that AUTOMUTE 2.0 predictions are not random.
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CHAPTER 9. VIRAL GENOME REPLICATION (STRAND SPECIFIC QRT-
PCR)

9.1 Abstract

In addition to the influence NS1 seems to have on viral mRNA transcription, it
has been reported that NS1 can affect levels of viral RNA genome synthesis [14]. Since
NS1 amino acid substitutions seem to influence the level of viral mRNA synthesized, it is
not unreasonable to examine whether a similar influence would be seen in the amount of
viral genomic RNA synthesized. In this work, the same set of viruses with various amino
acid substitutions in NS1 were evaluated for differences in the amount of genomic viral
RNA detected using customized TagMan assays that are specifically designed to detect
viral genomic sequences not found in mRNA.
9.2 Introduction

The previous qRT-PCR data suggests the levels of expressed viral mRNA and
virus growth are associated with amino acid substitutions in the NS1 protein sequence.
Negative-sense single-stranded viruses such as RSV rely on a virally encoded RNA
dependent RNA polymerase (RARP) to synthesize viral mRNA transcripts from the
negative-sense RNA genome [4]. However, upon some unknown mechanism, this same
RdRP can ignore unique virus transcriptional gene start and gene stop signals in order to
synthesize full length positive-sense complementary copies (referred to as positive-sense
viral RNA genome) of the negative-sense viral RNA genome [49,127]. Lastly by yet
another incompletely described mechanism, the same RARP is able to begin using the

newly synthesized full length positive-sense viral genomic RNA as a template to
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synthesize new negative-sense viral genomic RNA required for viable virus assembly and
subsequent infection [64,212]. Using this positive-sense version of the viral genome as a
template, the RARP will synthesize complementary versions starting at the 3’ trailer end
of positive-sense viral genomic RNA template generating negative sense viral RNA
genomes in a 5’ to 3’ fashion [212]. The detection of negative-sense genomic sequences
is reliant on strand (sense) specific reverse transcription (RT) priming and subsequent
PCR only capable of detecting cDNA made during the strand specific RT reaction [187].
It has been reported that NS1 can affect the level of RARP produced negative-sense viral
genomic RNA [14]. Combining this methodology with custom designed TagMan assays
allows quantification of strand specific viral genomic RNA and this work will use the
same set of NS1 amino acid substitution viruses to address whether any of the amino acid
substitutions appear to associate with differential levels of viral genomic RNA.
9.3 Material and methods
Cell Line

A549 cells (adenocarcinoma human alveolar basal epithelial cell) (ATCC
CCL185) were maintained in F-12 Kaighn’s Modification of Hams F12 with L-
Glutamine (ATCC), supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-
Life Technologies). Infected A549 cells were in F-12 Kaighn’s Modification of Hams
F12 with L-Glutamine (ATCC), supplemented with 2% FBS (HyClone), 2 mM L-
glutamine (Gibco-Life Technologies).

Virus Infections
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Triplicate experiments of A549 cells in 12 well dishes were infected with virus.
Samples were collected at 18- and 24-hours post infection. For these virus infections,
virus stocks were diluted to a multiplicity of infection of 3 (MOI = 3) pfu/cell in
OptiPRO SFM (Gibco-Life Technologies), 4 mM L-glutamine (Gibco-Life
Technologies) and added to cells in appropriate volumes. Infections were left on cells for
1-2 hours with periodic rocking at 37°C; 5% CO,. Subsequently the infectious volume is
removed, monolayers washed with OptiPRO SFM, 4 mM L-glutamine media and refed
with F-12K, 2% FBS, 2 mM L-glutamine. Infected cells were left at 37°C; 5% CO, until
sample collection).

Thermocycle Reactions

All thermocycler reactions were done using a ProFlex PCR System (Applied
Biosystems) as recommended by the manufacturer.

Strand Specific Reverse Transcriptase Reaction (RT)

Triplicate experiments of infected A549 cell cultures were collected, and total
RNA was isolated with RNeasy Mini Kit (Qiagen) as recommended by the manufacturer,
including on-column DNase digestion using a QIAcube sample preparation machine
(Qiagen). The total RNA was eluted in 50 ul of EB solution and stored at -80°C until
needed. To measure strand specific viral genome levels, a fixed volume of total RNA
was combined with a strand specific reverse transcriptase (RT) primer (each RT primer is
paired with a specific custom TagMan Expression Assay) and used in a SuperScript 111

First-Strand Synthesis System (Invitrogen) reaction as recommended by the manufacturer
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to generate complimentary DNA (cDNA). Below are the volumes used for a given RT
reaction.

Negative-sense viral genome detection

Strand specific primer [2 uM] 1 ul
Total RNA sample 0.05 ul
dNTP [10 mM] 1 ul
Water (H20) 7.95 ul

18S detection

Random Hexamer primer [50 ng/ul] 1ul
Total RNA sample 0.05 ul
dNTP [10 mM] 1 ul
Water (H20) 7.95 ul

The reaction volume is 10 ul. The cycle parameters are:

RNA denaturation 65°C 5 minutes
Cooling/Anneal ice 1 minute

RT reaction

10X First Strand Buffer 2 ul
25 mM MgCl; 4 ul
0.1 MDTT 2ul
RNaseOUT [40 U/ul] 1 ul
SuperScript 11 [200 U/ul] 1ul

This 10 ul volume is added to the previously heated/cooled RNA + primer mix. The
cycle parameters are:

cDNA Synthesis 50°C 50 minutes
Deactivate RT enzyme 85°C 5 minutes

Add 1 ul of RNase H (to remove RNA templates) and incubate at 37°C for 20 minutes.

Remove from thermocycler and bring 20 ul reaction up to a final of 200 ul with H>O.
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Quantitative PCR (qPCR)

Strand specific viral genomic sequences are detected with custom designed
TagMan Expression Assays that work in conjunction with paired RT primers used in the
strand specific cDNA reaction. The TagMan Gene Expression Assay 18S rRNA
(Hs99999901 s1) was used as a normalization control in conjunction with the custom
TagMan assays designed to detect three genome areas; RSV 49 trailer (nucleotides
15733-15856; exclusively in trailer sequence (15718-15872)), RSV M2-1 (nucleotides
8248-8308) and RSV 57 leader-NS1 (nucleotides 13-104; second half of leader sequence
through the adjacent non-coding region of NS1 and into the first 6 nucleotides of NS1
open reading frame (ORF)). The custom designed TagMan assays include:

[The sequence in BoLD font indicates the nucleotide sequence complement to the Fwd
primer in each custom TagMan assay that ensures only RT primed cDNA sequences are
further amplified during the PCR process; the sequences in RED are unique to a given

location in the genome sequence]

RSV 49 trailer (TM RSV _49)
RT primer CGGTCATGGTGGCGAATAATTTTTTAAATAACTTTTAGTGAACTAATCCTAAAG

Fwd CGGTCATGGTGGCGAATAA
Rev CAAAAACTAATATCTCGTAATTTAGTTAATACACATATAAACCAAT
Probe TTGGAGGAATAAATTTAAACCC

RSV M2-1 (RSV_M2 Gen)
RT primer CGGTCATGGTGGCGAATAAGGGCAAATATGTCACGAAGGA

Fwd CGGTCATGGTGGCGAATAA
Rev CCATTTAAGCAATGACCTCGAAT
Probe TCCTTGCAAATTTG
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RSV 57 leader-NS1 (TM RSV _51)
RT primer CGGTCATGGTGGCGAATAAGCGTACAACAAACTTGCATAAACCA

Fwd CGGTCATGGTGGCGAATAA
Rev GCCCATCTCTAACCAAGGGAGTT
Probe AAGTGGTACTTATCAAATTC

Below are the reaction volumes used for a given qPCR reaction.

2X Universal Master Mix (No UNG) Sul
20X TagMan Expression Assay 0.5ul
cDNA sample 2ul
Water (H20) 2.5ul

The reaction volume is 10 ul. The cycle parameters are:

Enzyme activation 95°C 10 minutes
Denaturation 95°C 15 seconds
Annealing/extension 60°C 1 minute (repeat 40 times)

Each cDNA sample/TagMan Expression Assay is set up in triplicate and assay reactions
were analyzed on the 7900HT Fast Real-Time PCR system (Applied Biosystems, Foster
City, CA). The threshold cycle (Ct) for each reaction was determined by the SDS RQ
Manager program (Applied Biosystems). The relative changes in each detected sequence
level were calculated by the Comparative Ct method (224 method) [207,208] and
reported relative to the same detected sequence in the RSV wt virus sample collected 18
hours after infection. On a per sample basis, each assay Ct value is first adjusted with
their 18S measured Ct value. Then on an assay basis, each “18S adjusted” Ct value is
made relative to the “18S adjusted” Ct value of RSV wt sample at 18 hours. These
comparisons are converted to fold change measures for each sample/TaqgMan assay

tested. These values are averaged between three repeat experiments and shown in the bar
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graphs in which samples are reordered based on growth level groupings evident in
multicycle A549 virus growth data.
9.4 Results

Beginning with the trailer sequence assay, RSV 49, the level of negative strand
genome detected in RSV wt infected cells is virtually unchanged between 18-24 hour
period (1.0-0.9 fold increase respectively). The other wt-like growth viruses (NS1 29 and
NS1 98-109) show a greater increase in detectable genome between 18-24 hours (1.3-2.1
and 0.8-1.7 fold increase respectively) as compared to RSV wt infection. The
intermediate-low growth virus group (NS1 47, NS1 11-13-15, NS1 06-09, NS1 58-66,
NS1 54-57-60, NS1 98-104st and ANS1) as well as the single amino acid substitution
group viruses (NS1 06D, Q and W) all show lower viral genome expression relative to
RSV wt at 18 hours and achieve wt-like viral genome expression by 24 hours. Only two
viruses have a different genome expression profile, NS1 11-13-15 and NS1 06R.
Interestingly NS1 11-13-15 genome expression profile is very much like wt-like viruses
(0.9-1.6 fold increase) between 18-24 hours. The other virus, NS1 06R appears to have a
much higher level of genome expression at 18 hours than any other virus tested, and it

remains elevated through 24 hours.
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Fold change relative to rgRSV wt infection at 18 hr

RSV 49 tr neg strand expression in RSV infected A549 cells
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Figure 26 Viral RSV genome expression of strand-specific Trailer sequence in virus infected A549 cells
Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Strand-specific viral genome
expression levels of RSV Trailer sequence were measured in total RNA samples collected at 18 and 24 hours post
infection (hpi) using a custom reverse transcriptase (RT) complimentary DNA (cDNA) primer and custom RSV Trailer
TaqMan assay (RSV 49 tr neg strand). Measured expression levels (Ct) were normalized on a per sample basis to its
18S rRNA (Hs99999901 s1) measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample
providing a fold change value. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the
triplicate experiment measures. Sample order was determined by decreasing multicycle growth levels in A549 cells.
Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single substitution plus
mock (left).

A previously reported assay, RSV M2-1 [187], was also used to measure negative
strand genome copy levels. As with the previous described RSV trailer sequence assay,

the level of negative strand genome detected by this internal position sequence assay in
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RSV wt infected cells is virtually the same between 18-24 hour period. As seen with the
RSV 49 trailer assay detected genome levels, the other wt-like growth viruses (NS1 29
and NS1 98-109) show a greater increase in detectable genome between 18-24 hours
(2.0-3.5 and 1.2-2.3 fold increase respectively) than RSV wt infection. The intermediate-
low growth virus group (NS1 47, NS1 11-13-15, NS1 06-09, NS1 58-66, NS1 54-57-60,
NS1 98-104st and ANS1) all show viral genome expression approximately similar to
RSV wt levels at 18 hours and increase by 24 hours. The genome expression profiles of
the single amino acid substitution group viruses (NS1 06D, Q and W) as detected with
the RSV M2-1 sequence assay all show lower viral genome expression relative to RSV
wt at 18 hours and achieve wt-like viral genome expression by 24 hours. The remaining
virus, NS1 06R appears to have a higher level of genome expression relative to RSV wt

at 18 and 24 hours.

108



RSV M2-1 neg strand expression in RSV infected A549 cells

Fold change relative to rgRSV wt infection at 18 hr
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Figure 27 Viral RSV genome expression of strand-specific M2-1 sequence in virus infected A549 cells
Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Strand-specific viral genome
expression levels of RSV M2-1 sequence were measured in total RNA samples collected at 18 and 24 hours post
infection (hpi) using a custom reverse transcriptase (RT) complimentary DNA (cDNA) primer and custom RSV M2-1
TaqMan assay (RSV M2-1 neg strand). Measured expression levels (Ct) were normalized on a per sample basis to its
18S rRNA (Hs99999901 s1) measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample
providing a fold change value. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the
triplicate experiment measures. Sample order was determined by decreasing multicycle growth levels in A549 cells.
Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single substitution plus
mock (left).

The third negative strand genome assay (RSV 57 leader-NS1) was designed to
detect viral genomic nucleotide sequence (nucleotide 13-104) spanning leader through

the non-coding region of NS1 and into the first 6 nucleotides of NS1 open reading frame

109



(ORF). Similar to the RSV 49 trailer and RSV M2-1 assay, the level of negative strand
genome detected by this assay in RSV wt is virtually the same between 18-24 hour
period. The other wt-like viruses, NS1 29 and NS1 98-109, as well as all the single
amino acid substituted viruses, NS1 06D, Q, R and W, have 18-24 hour expression level
fold changes virtually matching the kinetics of detectable genome replication across all
the negative sense assays designed (1.4-2.7, 1-1.5, 0.8-1.7, 1.0-1.7, 1.8-1.3 and 1.2-1.8
fold change respectively). Among the remaining viruses, RSV 57 (leader-NS1) detected
genome levels were approximately similar to RSV wt levels at 18 hours (2.1, 1.4, 1.1,
1.4, 1.3, 1.1 and 0.8 fold increase respectively) with the exception of NS1 47, which had
2.1 fold higher level of genome expressed at 18 hours as compared to RSV wt. All
members of this virus growth group had a substantial increase of expressed genome by 24

hours (6.0, 6.7, 3.0, 3.8, 4.6, 3.1 and 3.0 fold increase respectively).
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Fold change relative to rgRSV wt infection at 18 hr

RSV 57 leader-NS1 neg strand expression in RSV infected A549 cells
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Figure 28 Viral RSV genome expression of strand-specific Leader sequence in virus infected A549 cells
Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Strand-specific viral genome
expression levels of RSV Leader sequence were measured in total RNA samples collected at 18 and 24 hours post
infection (hpi) using a custom reverse transcriptase (RT) complimentary DNA (cDNA) primer and custom RSV Leader
TaqMan assay (RSV 57 leader-NS1 neg strand). Measured expression levels (Ct) were normalized on a per sample
basis to its 18S rRNA (Hs99999901 s1) measure then calibrated to the same 18S normalized measure in RSV wt 18
hpi sample providing a fold change value. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold
change of the triplicate experiment measures. Sample order was determined by decreasing multicycle growth levels in
A549 cells. Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single
substitution plus mock (left).

9.5 Discussion
Previous work introduced strand specific assays [187] to detect negative strand

genome sequences. In this work we introduce additional assays to further evaluate
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differential RSV genome copy levels. The levels of detected negative strand genome
sequences relative to RSV wt sample at 18 hours for each virus is generally correlated
among the assays however there does seem to be unique initial variation in levels of
genome expression among viruses. For instance, the detected genome expression
relativity between the viruses in the wt-like growth group are maintained across the
negative strand detection assays and timepoints. The same appears true for the single
amino acid substitution viruses providing a sense that the assays work and can detect the
relative amounts of genome sequences regardless of sequence location. However, the
detected genome expression relativity among the viruses in the intermediate-low growth
group are maintained among the strand specific assays and timepoints with the exception
of RSV 57 (leader-NS1). At 18 hours, the relative levels of expressed genome detected
by RSV 57 (leader-NS1) assay among these samples is like relative genome levels found
using the other strand specific assays. Surprisingly the levels detected by this same assay
at 24 hours are substantially higher but relatively similar.

These results indicate that although there are relative differences in detected
negative strand genome levels between the various viruses, it may simply be primarily
related to variable levels of A549 virus growth. This is suggested where we see
consistent directional relativity of genome expression between the viruses regardless of
the detection assay used (the genome segment being detected). In addition, the detection
of higher-than-expected levels of genome sequence containing leader into NS1
noncoding sequence in the intermediate-low growth virus sample group may indicate that

NS1 function related to amino acid substitutions associates with a greater abundance of
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leader-NS1 containing sequences despite the lower growth levels relative to RSV wt.
More intriguing is whether this relates to the previously noted influence NS1 has had on
RdRP viral gene transcription-genome replication [14]. Furthermore reports of RSV (and
other negative sense single strand RNA viruses) ability to generate defective genomes
may being inadvertently detected here [213-215]. As there is no mechanistic description
regarding such a mechanism, this is speculation. What has been reported is the influence
NS1 appears to have in reducing the level of detectable viral genomic RNA [14].
However, this prior work relied on bulk RNA detection with labeled probes, and the
findings here, reliant on fundamentally different technology, do not necessarily refute or
support such a notion. The data only suggests that the various NS1 amino acid
substitutions may influence the 1) rate of full-length genome accumulation and 2) rate of
select genome sequence accumulation, but no clear association can be made between
virus growth levels and genome levels detected by these assays. These assays likely
complicate the evaluation of AUTOMUTE 2.0 predictive utility by providing results

lacking sufficient context.

113



CHAPTER 10. VIRAL PROTEIN EXPRESSION (WESTERN BLOT)

10.1 Abstract

Viral protein expression is after viral mRNA expression. Based on observed
differences in virus growth and RNA expression, the expression level of select viral
proteins, RSV NS1, RSV N and RSV F, were measured [216-218]. The expression
levels of these protein were used to determine whether previously measured RNA
expression was reflected in protein expression. The ability to detect RSV NSI is only
made by the recent development of numerous monoclonal antibodies against RSV NS1
protein. In addition, the measurements of RSV N and RSV F protein is used to assess
impacts on fundamental aspects of RSV virion structure (N) as well the availability of a
major immunogenic glycoprotein (F).
10.2 Introduction

The classic molecular cell biology dogma relies on a DNA to RNA to protein

(function) schema. After measuring the differential effects of amino acid substitutions on
expressed mRNA, it would follow to measure whether the expression level of various
viral proteins was similarly affected. In this work protein expression is measured using
the western blot process, which detects sequence epitope aspects of a protein (the linear
or conformational region where a particular antibody will bind to). Conceptionally, the
translation of RNA to protein is straight forward, but the level of stoichiometry involved
may not be. Particularly when considering viral protein expression dynamic during viral

infection as compared to eukaryotic cell protein expression, these conventions need
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reevaluation each time. In this work we looked to measure whether viral protein
expression variation may coincide with NS1 amino acid substitution(s).
10.3 Material and methods
Cell Line

A549 cells (adenocarcinoma human alveolar basal epithelial cell) (ATCC) were
maintained in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine (ATCC),
supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-Life Technologies).
A549 cell infections were in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine
(ATCC), supplemented with 2% FBS (HyClone), 2 mM L-glutamine (Gibco-Life
Technologies). A549 cells provide a relevant experimental system to examine virus
growth in a fully IFN competent human lung epithelial host cell system.
Virus Infections

Triplicate experiments of A549 cells in 12 well dishes were infected with virus
and samples collected at 18 and 24 hours post infection. For these virus infections, virus
stocks were diluted to a multiplicity of infection of 3 (MOI = 3) pfu/cell in OptiPRO
SFM (Gibco-Life Technologies), 4 mM L-glutamine (Gibco-Life Technologies) and
added to cells in appropriate volumes. Infections were left on cells for 1-2 hours with
periodic rocking at 37°C; 5% CO». Subsequently the infectious volume is removed,
monolayers washed with OptiPRO SFM, 4 mM L-glutamine media and refed with F-
12K, 2% FBS, 2 mM L-glutamine. Infected cells were left at 37°C; 5% CO; until sample

collection.

115



Western blot analysis for the quantification of RSV viral proteins

Experimental samples were lysed with 100 pl 1x LDS sample buffer (Life
Technologies) supplemented with cOmplete Protease Inhibitor Cocktail (Roche) tablet.
Aliquots (8-10 pL) of lysate were denatured, reduced, and electrophoresed on 4-12% Bis-
Tris SDS gels (Life Technologies) in 1X NuPAGE MOPS SDS Running Buffer (Life
Technologies). Proteins were transferred onto PVDF membranes via the iBlot2 transfer
system (Life Technologies). The following primary antibodies were used in the Western
blot detection process. RSV NS1 was detected with an anti-NS1 mouse monoclonal
antibody (mAb 1E-5-1, HHS Reference E-167-2018-0), RSV N protein was detected
with an anti-N mouse mAb (Abcam, Cambridge, MA; ab94806) and RSV F protein was
detected with an anti-mouse mAb (Abcam, Cambridge, MA; ab43812). Samples
transferred to individual PVDF membranes and incubated separately with these primary
antibodies overnight at 16°C, rocking slowly. These primary antibodies were detected
using an infrared dye-conjugated goat anti-mouse immunoglobulin 800CW (Li-Cor,
Lincoln, NE). Simultaneously on each PVDF membrane, GAPDH protein, used as a
protein sample loading control, was detected with an anti-rabbit polyclonal antibody
(pAb) (Proteintech; 10494-1-AP). This was secondarily detected with an infrared dye-
conjugated goat anti-rabbit immunoglobulin 680RD (Li-Cor, Lincoln, NE). Western blot
images were acquired on the Odyssey infrared scanner (Li-Cor) and analyzed with Image
Studio Software (Version 5.2.5, Li-Cor). All protein band intensity values were
normalized to GAPDH and reported relative to protein levels found in the RSV wt

infected sample at 18 hours. These values are averaged between three repeat experiments
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and shown in the bar graphs in which samples are reordered based on growth level
groupings evident in multicycle A549 virus growth data.
10.4 Results

The level of NS1 protein expressed in the RSV wt sample decreases 0.6 fold from
18-24 hours. All subsequent discussions of protein fold changes will always be
considered in relation to the GAPDH scaled level of expression of that protein in the
RSV wt sample at 18 hours while the graphs will show the GAPDH scaled measurement.
The NS1 protein expression level change in the wt-like growth group, NS1 29 and NS1
98-109 are 0.9-0.7 and 1.4-1.0 fold increased respectively during the 18 and 24 hour time
points. The level of NS1 protein expression in the intermediate-low growth group is
considerably reduced or absent except for NS1 47. Group members, NS1 11-13-15, NS1
58-66 and NS1 54-57-60 do express NS1, but at low levels between 18 and 24 hours (0.2-
0.2, 0.3-0.3 and 0.3-0.4 fold change respectively). NS1 06-09 expresses even less NS1
protein during this time frame (0.04-0.04 fold change) while NS1 98-104st and ANS1 are
negative for viral NS1 protein expression. Curiously, NS1 47 however is more wt-like
with 18-24 hour NS1 expression level fold increase of 0.8-0.6. The remaining group of
single amino acid replacement viruses express NS1 in one of three manners. NS1 06Q is
similar to RSV wt with NS1 protein expression fold changes of 0.9-0.7 over the time
period. NS1 06W and NS1 06R appear similar with lower NS1 protein expression
ranging from 0.7-0.5 and 0.5-0.4 respectively. The most significant expression reduction
is seen in the NS1 06D sample where NS1 protein expression is about one tenth the level

of NS1 expression in RSV wt at both time points (0.1-0.1 fold change).
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GAPDH Scaled Signal

NS1 protein expression in RSV infected A549 cells (Western)
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Figure 29 Viral RSV NS1 protein expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral protein expression levels of RSV
NS1 protein were measured in total infected cell lysate samples collected at 18 and 24 hours post infection (hpi) using a
newly developed mouse monoclonal antibody against RSV NS1 (1E-5-1, HHS Reference E-167-2018-0) as a primary
antibody and an infrared dye-conjugated goat anti-mouse immunoglobulin 800CW (Li-Cor, Lincoln, NE) secondary
antibody. GAPDH protein expression was detected using a rabbit polyclonal primary antibody 10494-1-AP
(Proteintech) and an infrared dye-conjugated goat anti-rabbit immunoglobulin 680RD (Li-Cor, Lincoln, NE) secondary
antibody. Each sample protein expression value was normalized to GAPDH, then calibrated to that protein expression
level found in the RSV wt 18 hpi sample and reported as a GAPDH Scaled Signal. Vertical bars (Black-18 hpi or
Grey-24 hpi) represent the average fold change of the triplicate experiment measures. Sample order was determined by
decreasing multicycle growth levels in A549 cells. Red vertical dashed line separate RSV wt-like growth and
intermediate-low growth (right) and single substitution plus mock (left).
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The level of N protein expression in RSV wt increased 1.6 fold by 24 hours. The
other wt-like growth group members, NS1 29 and NS1 98-109, have fold changes in N
expression like RSV wt of 1.1-1.8 and 1.0-1.4 respectively. The level of N protein
expression is mostly lower in the intermediate-low growth group (NS1 47, NS1 11-13-15,
NS1 06-09, NS1 58-66, NS1 54-57-60, NS1 98-104st and ANS1) all express N protein at
levels lower than RSV wt (0.6-1.0, 0.7-0.9, 0.5-0.7, 0.6-0.9, 0.5-0.9, 0.4-0.7 and 0.9-1.0
fold increase respectively). The remaining four single amino acid replacement viruses all
express N in a very similar pattern with fold changes ranging from 0.5-0.7 at 18 hours up

to 0.7-1.1 by 24 hours.
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GAPDH Scaled Signal

N protein expression in RSV infected A549 cells (Western)
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Figure 30 Viral RSV N protein expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral protein expression levels of RSV
N protein were measured in total infected cell lysate samples collected at 18 and 24 hours post infection (hpi) using a
mouse monoclonal antibody against RSV N (ab94806 Abcam) as a primary antibody and an infrared dye-conjugated
goat anti-mouse immunoglobulin 800CW (Li-Cor, Lincoln, NE) secondary antibody. GAPDH protein expression was
detected using a rabbit polyclonal primary antibody 10494-1-AP (Proteintech) and an infrared dye-conjugated goat
anti-rabbit immunoglobulin 680RD (Li-Cor, Lincoln, NE) secondary antibody. Each sample protein expression value
was normalized to GAPDH, then calibrated to that protein expression level found in the RSV wt 18 hpi sample and
reported as a GAPDH Scaled Signal. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of
the triplicate experiment measures. Sample order was determined by decreasing multicycle growth levels in A549
cells. Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single
substitution plus mock (left).

The level of F protein expression in RSV wt increased 1.8 fold by 24 hours. Like

RSV N protein expression, the wt-like growth group members NS1 29 and NS1 98-109
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have fold changes in F expression similar to RSV wt of 0.9-1.6 and 0.7-1.3 respectively.
The level of F protein expression is mostly lower in the intermediate-low growth group.
NS1 11-13-15 and NS1 58-66 have F protein expression that is 16-30% of RSV wt F
protein expression while NS1 47, NS1 06-09, NS1 54-57-60 and NS1 98-104st express F
protein at 9-21% of the level of RSV wt F protein expression. The ANSI infection
expresses F protein at about a 50% of RSV wt expression levels of F protein. The
remaining four single amino acid replacement viruses all express reduced levels of F.
NS1 06Q, NS1 06R and NS1 06W range from a low of 23-28% (18 hours) up to a range
of 55-65% (24 hours) compared to RSV wt. NS1 06D expresses F protein the least
ranging from 14% at 18 hours up to only 28% by 24 hours of RSV wt F protein

expression.
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F protein expression in RSV infected A549 cells (Western)
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Figure 31 Viral RSV F protein expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Viral protein expression levels of RSV
F protein were measured in total infected cell lysate samples collected at 18 and 24 hours post infection (hpi) using a
mouse monoclonal antibody against RSV F (ab43812 Abcam) as a primary antibody and an infrared dye-conjugated
goat anti-mouse immunoglobulin 800CW (Li-Cor, Lincoln, NE) secondary antibody. GAPDH protein expression was
detected using a rabbit polyclonal primary antibody 10494-1-AP (Proteintech) and an infrared dye-conjugated goat
anti-rabbit immunoglobulin 680RD (Li-Cor, Lincoln, NE) secondary antibody. Each sample protein expression value
was normalized to GAPDH, then calibrated to that protein expression level found in the RSV wt 18 hpi sample and
reported as a GAPDH Scaled Signal. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of
the triplicate experiment measures. Sample order was determined by decreasing multicycle growth levels in A549
cells. Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single
substitution plus mock (left).
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10.5 Discussion

Several interesting findings are seen in the viral protein expression data. To
begin, the amount of RSV NS1 which has so far never been examined natively with a
monoclonal antibody and during an actual virus infection, reveals interesting kinetics.
Overall, the level of NS1 protein expressed appears maximal at 18 hours and lessen by 24
hours. This contrasts with the previously measured mRNA expression levels seen for the
same viruses that were increasing over the same time frame. With respect to the wt-like
virus set, the level of RSV NS is quite like RSV wt infection levels. This finding helps
support the notion that the predictions made for the amino acid substitution of NS1 29
and NS1 98-109 have an Increased prediction associated with each. Therefore, the level
of protein expression not being reduced, and the wt-like virus growth levels suggest that
these amino acid changes at least are not contrary to the Increased prediction made by
AUTOMUTE 2.0. It may also suggest that these amino acid substitutions aside from not
negatively impacting NS1 protein function also do not negatively impact NS1 protein
stability or expression. The next set of intermediate-low growth viruses are equally
interesting. Here the level of NS1 protein expression is quite varied. Unlike the wt-like
virus set, the amino acid substitution predictions are mostly labeled Decreased rather
than Increased. Following this generality in prediction, the expression level of NS1 in
this set of viruses is considerably lower in this group. However, NS1 47 is predicted as
Decreased yet the amount of expressed NS1 is quite similar to wt NS1 expression. In
addition, NS1 58-66 (like NS1 98-109) has a mixed Decreased - Increased prediction,

however the expression level of NS1 here is certainly lower than RSV wt NS1 protein
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expression. One explanation for these contradictions may relate to the physical protein
structure each amino acid is located within. For instance, NS1 98-109, amino acid 98
(associated with a Helix based region) is predicted as Increased and 109 (associated with
a Coil based region) is predicted as Decreased and NS1 58-66, amino acid 58 (associated
with a Sheet based region) is predicted as Decreased and 66 (associated with a Coil
based region) is predicted as Increased. It seems that measured outcomes for the
stability predictions related to non-Coil protein structure regions (Sheet or Helix
structures) seem to have better agreement than outcomes measured for stability
predictions related to Coil protein structures. Other members of the intermediate-low
virus growth group (NS1 06-09, NS1 11-13-15 and NS1 54-57-60) all are predicted
overall as Decreased and in fact have lower levels of NS1 protein expression, lower virus
growth compared to wt virus and stability predictions of amino acids not found in Coil
structures. Of consideration is whether the stability predictions refer to the intrinsic
protein function assuming the protein is stable and present or is the prediction more
generalizable and includes “lack of stability” effects in a Decreased prediction. These
qualitative differences while interesting are beyond the scope of work presented here.
Looking at the remaining set of four single amino acid substitution viruses, this question
regarding stable but nonfunctioning versus unstable therefore nonfunctioning arises. All
four amino acid substitutions (amino acid 6, Leucine) are predicted as Decreased, grow
less well than RSV wt but range in NS1 protein expression as compared to wt virus.

Here these viruses with a Decreased AUTOMUTE 2.0 prediction had approximately

similar virus growth reductions yet extremely varied NS1 expression levels ranging from
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wt-like (NS1 06Q) down to almost undetectable (NS1 06D). This set of mutations and
the subsequent phenotypic outcomes may exemplify the previous mentioned possibilities:
stable structure, complete function — NS1 06Q); slightly unstable structure, slightly
reduced function — NS1 06R and W; and unstable structure, reduced function — NS1 06D.
It is equally important to see whether the variation in NS1 expression relates to
the expression of other viral proteins. RSV N protein is essential for productive virus
replication and infection and is the first structural protein after NS1 (and NS2) to be
expressed [124]. The level of RSV N protein expression within each virus growth group
is extremely consistent and reflective of the level of associated virus growth for that
group. All viruses express and increase RSV N protein levels between 18 and 24 hours.
The difference is the amount of RSV N protein produced and here the wt-like group is
highest while the remaining intermediate-low group and four single amino acid
replacement group is lower. The single understandable exception is ANS1. While it
would appear to be an appropriate control virus for defective NS1 function, in fact it is a
wholly different virus in that it makes neither NS1 mRNA or NS1 protein and is a full
gene shorter in length as compared to all other viruses being tested. For these reasons the
growth and other functional measures seen in this virus may not be comparatively
relevant regarding NS1 functional defects possible in any of the amino acid substitution
mutants. For example, ANS1 is not showing a reduction in the level of RSV N as might
be expected relating to the dramatic reduction in A549 virus growth. This may reflect a

phenomenon that is only evident when NS1 is completely removed and have nothing to
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do with a functional defect in NS1, but rather be a consequence unique to deletion virus
performance.

Lastly, we evaluated the level of RSV F protein expression and see the
characteristics of expression levels are quite like the levels seen with RSV N. The
amount of RSV F protein produced in the wt-like group is highest while the intermediate-
low group is lowest. Interesting is the variation among the four single amino acid
substitution viruses. As was seen with RSV NS1 or N protein expression, NS1 06Q, R
and W viruses express RSV F protein expression lower than wt but higher than the
intermediate-low growth virus group. Only NS1 06D has an F protein expression profile
like the intermediate-low growth virus group F protein expression level. Lastly ANS1
seems to continue with unexpectedly higher levels of F protein expression inconsistent
with its reduced growth level. It is likely only the variation of measured NS1 protein
expression is directly related to the amino acid substitutions and subsequent protein
stability. It is unlikely this data supports the concept that variations in the expression of
the other viral proteins is primarily related to any changes in NS1 function(s). The
variation in both RSV N and RSV F are more likely explained as consequences related to
virus growth levels (that likely are related but not directly, to changes in NS1 functions
due to amino acid substitutions). Therefore, amino acid substitutions in NS1 generally do

not appear to contradict the AUTOMUTE 2.0 predictions.

126



CHAPTER 11. HOST CELL MRNA EXPRESSION (QRT-PCR)

11.1 Abstract

RSV NSI is suggested to antagonize virus infected cell innate immune responses,
particularly the interferon stimulated gene (ISG) response system [11-13,219]. Absent
functional NS1, the interferon cytokines are available to influence both infected and
adjacent host cells including host cell chemokines. Measuring the levels of host cell
mRNA can help qualify whether any amino acid substitutions in NS1 affect host cell
mRNA expression.
11.2 Introduction

Important cellular effectors regarding the ISG response system include Type I and
Type III interferons (IFN), specifically interferon beta 1 (IFN-3 — Type 1) and interferon
lambda 1 (IFN-A1 — Type III) [4] as well as proinflammatory chemokines CCL5 also
known as RANTES (regulated on activation, normal T cell expressed and secreted) and
TNFa (tumor necrosis factor alpha) [220-222]. These effectors have a wide range of
influence on cell viability but notably on influencing the host response to viral infections
such as RSV. It has been reported that infection with RSV leads to the activation of
proinflammatory cytokines and chemokines that may contribute to disease in RSV
infected infants [223,224]. It has been shown that RSV lacking NS1 surprisingly induced
lower levels of these proteins as compared to virus with NS1 [12]. Conversely, most
viruses, particularly RNA viruses encode proteins that inhibit innate host defense

response(s) [225,226]. The NS1 protein of RSV is known to influence virus replication
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as well as antagonize the induction and signaling of Type I IFN [11-14,204,219].
Previous work indicated that removal of NS1 as well as specific mutations in NS1 are
capable of demonstrating these outcomes [73,227,228]. The work here attempts to show
that computationally predicted amino acid substitutions in NS1 can be evaluated in terms
of the consequential influence viruses with these mutations have on host gene expression.
11.3 Material and methods
Cell Line

A549 cells (adenocarcinoma human alveolar basal epithelial cells) (ATCC) were
maintained in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine (ATCC),
supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-Life Technologies).
A549 cell infections were in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine
(ATCC), supplemented with 2% FBS (HyClone), 2 mM L-glutamine (Gibco-Life
Technologies). A549 cells provide a relevant experimental system to examine virus
growth in a fully IFN competent human lung epithelial host cell system.
Virus Infections

Triplicate experiments of A549 cells in 12 well dishes were infected with virus
and samples collected at 18 and 24 hours post infection. For these virus infections, virus
stocks were diluted to a multiplicity of infection of 3 (MOI = 3) pfu/cell in OptiPRO
SFM (Gibco-Life Technologies), 4 mM L-glutamine (Gibco-Life Technologies) and
added to cells in appropriate volumes. Infections were left on cells for 1-2 hours with
periodic rocking at 37°C; 5% CO». Subsequently the infectious volume is removed,

monolayers washed with OptiPRO SFM, 4 mM L-glutamine media and refed with F-

128



12K, 2% FBS, 2 mM L-glutamine. Infected cells were left at 37°C; 5% CO> until sample
collection.
Quantitative RT-PCR

Triplicate experiments of infected A549 cell cultures were collected, and total
RNA was isolated with RNeasy Mini Kit (Qiagen) as recommended by the manufacturer,
including on-column DNase digestion using a QIAcube sample preparation machine
(Qiagen). The total RNA was eluted in 50 ul of EB solution and stored at -80°C until
needed. To measure gene transcript levels, a fixed volume of total RNA was combined
with a specific TagqMan Gene Expression Assay using the TagMan RNA-to-Ct 1-Step Kit
(Life Technologies) as recommended by the manufacturer. The TagMan gene expression
assay 18S rRNA (Hs99999901 sl) was used as a normalization control in conjunction
with the following TagMan assays IFNB1 (Hs01077958 s1), IFNL1 (Hs00601677 gl),

CCL5 (Hs00174575 m1) and TNF (Hs00174128 ml).

Below are the reaction volumes used for a given qRT-PCR reaction.

2X TagMan RT-PCR Mix S5ul
40X TagMan RT Enzyme 0.25 ul
20X TagMan Gene Expression Assay 0.5ul
Total RNA sample 0.05 ul
Water (H20) 4.2 ul

The reaction volume is 10 ul. The cycle parameters are:

Reverse transcription 48°C 15 minutes
Enzyme activation 95°C 10 minutes
Denaturation 95°C 15 seconds
Annealing/extension 60°C 1 minute (repeat 40 times)
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Each RNA sample/TagMan Gene Expression Assay is set up in triplicate and assay
reactions were analyzed on the 7900HT Fast Real-Time PCR system (Applied
Biosystems, Foster City, CA). The threshold cycle (Ct) for each reaction was determined
by the SDS RQ Manager program (Applied Biosystems). The relative changes in each
transcript level were calculated by the Comparative Ct method (244" method) [207,208]
and reported relative to an RSV wt virus sample collected 18 hours after infection. On a
per sample basis, each assay Ct value is first adjusted with their 18S measured Ct value.
Then on an assay basis, each “18S adjusted” Ct value is made relative to the “18S
adjusted” Ct value of RSV wt sample at 18 hours. These comparisons are converted to
“fold change” measures for each sample/TagMan assay tested. These values are
averaged between three repeat experiments and shown in the bar graphs in which samples
are reordered based on growth level groupings evident in multicycle A549 virus growth
data.
11.4 Results

The level of INFB1 mRNA in A549 cells after 24 hours of RSV wt infection is
78% of the level at 18 hours of RSV wt infection. More dramatically two other members
of the wt-like growth group, NS1 29 and NS1 98-109, reduce expression of IFNB1
mRNA from 60-20% and 80-40% (respectively) between 18 and 24 hours of infection as
compared to IFNB1 mRNA levels in RSV wt at 18 hours. This reduction contrasts with
the level of IFNB1 mRNA expressed in the intermediate-low growth virus set. Of
interest is the observation that there appears to be two types of IFNB1 mRNA expression

group types/dynamics. The first group, NS1 47, NS1 11-13-15 and NS1 58-66 have peak
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Fold change relative to rgRSV wt infection at 18 hr

IFNB1 mRNA expression at 18 hours that subsequently diminishes. The second group,
NS1 06-09, NS1 54-57-60, NS1 98-104st and ANS1, have peak IFNB1 mRNA
expression at 24 hours. Lastly the four single amino acid substitution virus group have

substantially reduced IFNB1 mRNA expression profiles very similar to RSV wt.

IFNB1 mRNA expression in RSV infected A549 cells
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Figure 32 Host IFNB1 gene expression in virus infected AS49 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI1 at a MOI of 3 PFU/cell and incubated at 37°C. Host gene expression levels of IFNB1
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a TagMan assay IFNB1
(Hs01077958 s1). Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA
(Hs99999901 s1) measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a
fold change value. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate
experiment measures. Sample order was determined by decreasing multicycle growth levels in A549 cells. Red vertical
dashed line separate RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock (left).
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Another host gene that participates in the innate immune response and whose
mRNA expression is regulated during virus infection, and particularly RSV, is interferon
lambda 1 (IFNLT) [13]. This cytokine (along with IFNL2 and IFNL3) are Type III
interferons and distant relatives to Type I such as INFB1. During RSV wt infection of
A549 cells, IFNL1 mRNA expression is 1.9 fold increased at 24 hours as compared to 18
hours. The other members of the wt-like growth group exhibit an INFL1 mRNA
expression profile equivalent to RSV wt at 18 hours and fluctuate between 0.9-1.2 fold
increase by 24 hours. The intermediate-low growth virus group reveal heterogeneity in
IFNL1 mRNA expression restrictions. At 18 hours, NS1 47, NS1 11-13-15, NS1 58-66,
NS1 98-104st and ANS1 seem to keep IFNL1 mRNA expression similar to RSV wt
levels at 18 hours (ranging 0.7-1.3 fold increase). By 24 hour, IFNL1 mRNA expression
levels among these virus infections fluctuate between 0.9 and 2.6 fold increase.
However, two other members, NS1 06-09 and NS1 54-57-60, seem less able to restrict
IFNL1 mRNA expression. By 24 hours IFNL1 mRNA expression is 7.0 to 8.2 fold
higher than RSV wt (18 hour). The remaining four single amino acid replacement
viruses all appear able to limit IFNL1 mRNA expression much like RSV wt with 24 hour

fold changes ranging from 1.0-1.2 fold change.
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Fold change relative to rgRSV wt infection at 18 hr

IFNL1 mRNA expression in RSV infected A549 cells
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Figure 33 Host IFNL1 gene expression in virus infected AS49 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Host gene expression levels of IFNL1
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a TagMan assay IFNB1
(Hs00601677 gl). Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA
(Hs99999901 s1) measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a
fold change value. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate
experiment measures. Sample order was determined by decreasing multicycle growth levels in A549 cells. Red
vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock
(left).

The expression of C-C motif chemokine ligand 5 (CCL5) mRNA in RSV wt
sample increased 5.7 fold (relative to RSV 18 hour level) by 24 hours after infection

followed closely by the two other members of the wt-like growth group, NS1 29 and NS1
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98-109, with peak CCL5 mRNA expression levels of 4.3 and 4.4 fold increase
respectively at 24 hours. Similar to the expression dynamics seen with IFNL1 mRNA
expression, the intermediate-low growth virus group revealed CCL5 mRNA expression
heterogeneity after virus infection. At 18 hours, NS1 47, NS1 11-13-15, NS1 58-66, NS1
98-104st and ANS1 seem to keep CCL5 mRNA expression close to or below RSV wt at
18 hours (ranging 0.3-0.9 fold increase). By 24 hour, CCL5 mRNA expression levels
among these virus infections fluctuated between 1.0 and 2.7 fold increase. However, two
other members, NS1 06-09 and NS1 54-57-60, seem less able to restrict CCL5 mRNA
expression. By 24 hours CCL5 mRNA expression is 5.8 to 6.6 fold higher than RSV wt
(18 hour). The remaining four single amino acid replacement viruses with abundant
CCLS5 mRNA expression by 24 hours, fell into two categories. NS1 06D induces CCL5
mRNA expression virtually identical to RSV wt (1.2-6.6 fold increase). The remaining
three, NS1 06Q, R and W while capable of inducing CCL5 mRNA expression at a rate
similar to RSV wt, have much lower measurable expression at 18 hours. By starting at
60-70% of the amount expressed in RSV wt (18 hours), the peak expression level at 24
hours does not exceed 3.2-3.8 fold increase. Therefore, the absolute expression levels of
CCLS5 mRNA are different among the single amino acid substitution viruses, but the rate
of change for CCL5 mRNA in this group is virtually the same. Moreover, this rate is
almost identical to the expression rate change for CCL5S mRNA in wt-like virus infected

samples.
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Fold change relative to rgRSV wt infection at 18 hr

CCL5 mRNA expression in RSV infected A549 cells

8=
. 18 hr
24 hr
6= ) )
| |
| |
| |
- I I
| |
' :
|
- | |
4 | |
| |
| |
| |
- I I
| |
| |
| |
- | |
2 | |
| |
| |
| |
- I I
| |
| |
| I |
|
0= T T T ! '\l ‘;l T g T : T T T T {\, T
P $ $ $ N o o < )
& }é‘ 6"‘} ® ;‘% 6\/& RS > 069 o,%? & b3 8 ¥ b\\c" &7 7 &7 7 vfﬂb'
& ~ M 5 N N N (%7 7 N7 N/ N N N N~
& N/ N N7 N Q) Q) < B 2 K Q) Q) &) &S
< ) & 2 N/ ™ 3 N/ N/ & - ¥ » &
‘é'- Y ‘§- & %4 ; %4 ; ‘\e @ IS Q?\\ 7 Q?-’A ; Q-é J &
‘&6 &7 § &S S é({o“ ’ S S S S
& & &
Virus

Figure 34 Host CCL5 (RANTES) gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Host gene expression levels of CCLS5
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a TagMan assay CCL5
(Hs00174575_m1). Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA
(Hs99999901 s1) measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a
fold change value. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate
experiment measures. Sample order was determined by decreasing multicycle growth levels in A549 cells. Red
vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock
(left).

Tumor necrosis factor alpha (TNFa) is a proinflammatory cytokine activated
upon RSV infection [223,224]. Among the complete set of viruses, the TNFoo mRNA

expression dynamics appear to be reciprocal to the IFNB1 levels in each growth set. The
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expression of TNFo mRNA in RSV wt sample increased to 3.8 fold by 24 hours after
infection. The other wt-like growth group members, NS1 29 and NS1 98-109, have
TNFa mRNA levels of expression beginning at 1.2 and 0.8 fold increase respectively at
18 hours. By 24 hours, these levels peak at 1.5 and 2.4 fold increase. The level of TNFa
mRNA expression in the intermediate-low growth virus group is generally lowered
compared to the other virus groups. At 18 hours, NS1 11-13-15, NS1 06-09, NS1 58-66
and NS1 55-57-60 are profoundly lower with TNFo mRNA expression 0.1-0.2 fold
increase. By 24 hours these levels remain low at 0.2-0.3 fold increase. NS1 47 has
similarly reduced levels of TNFa mRNA expression but not as low; fluctuating around
0.7 fold increase relative to RSV wt, 18 hours. Lastly, the level of TNFao mRNA
expression in NS1 98-104st and ANS1 present interesting dynamics. TNFo mRNA
expression in NS1 98-104st are low at 18 hours and continue lower by 24 hours (0.7-0.6
fold increase). In contrast, TNFo mRNA expression in ANS1 is quite low at 18 hours but
while still low, appears to be less so by 24 hours (0.3-0.9 fold increase). The four single
amino acid replacement viruses all have limited TNFo mRNA expression compared to
RSV wt at 18 hours (ranging from 0.3-0.6 fold increase). By 24 hpi, TNFa mRNA
expression seems to fall into two categories. NS1 06D and R maintain limited TNFa
mRNA expression (1.1 and 1.5 fold increase respectively) relative to RSV wt 18 hours.
The remaining two, NS1 06Q and W, continue to increase TNFo. mRNA expression
similar to the expression levels seen at 24 hours in the wt-like growth group (2.5 and 4.3

fold increase respectively).
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Fold change relative to rgRSV wt infection at 18 hr

TNFo mRNA expression in RSV infected A549 cells
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Figure 35 Host TNF alpha (TNFa) gene expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Host gene expression levels of TNFou
were measured in total RNA samples collected at 18 and 24 hours post infection (hpi) using a TagMan assay TNF
(Hs00174128 m1l). Measured expression levels (Ct) were normalized on a per sample basis to its 18S rRNA
(Hs99999901 s1) measure then calibrated to the same 18S normalized measure in RSV wt 18 hpi sample providing a
fold change value. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the average fold change of the triplicate
experiment measures. Sample order was determined by decreasing multicycle growth levels in A549 cells. Red
vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single substitution plus mock
(left).
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11.5 Discussion

The ability of viruses to affect host gene transcription is well established
[11,219,229]. The way viruses accomplish such a task is as varied as the number of
viruses in existence. Looking specifically at the role the RSV NS1 gene product may
play in this process is important considering the effects NS1 seems to have on viral gene
regulation. RSV infection is known to activate proinflammatory cytokines and
chemokines [223,224]. NS1 is suggested to antagonize infected cell innate immune
response, particularly IFNB1 production [12,13,204,219]. The computationally predicted
amino acid substitutions in NS1 are grouped in terms of A549 viral growth
characteristics. Looking at various host gene transcript levels allow the evaluation of
these amino acid substitutions with regard to the computational predictions. It has been
shown that levels of IFNB1 message is differentially expressed when comparing RSV wt
to ANS1 viral infections [13]. The use of a high MOI = 3 and an 18-24 hour time period
helps ensure that measured results are related to a primary effect of NS1 but does not
address the mechanism by which this may occur.

In agreement with prior work, the same discrepancy in IFNB1 mRNA expression
levels is found between RSV wt and ANS1 in this work. The level of IFNB1 expressed
mRNA is more than 20 fold higher in the intermediate-low growth group (which includes
ANS1), compared to the wt-like growth group during this 18-24 hour time frame.
[Average wt-like (18-24 hour) = 0.8-0.5 fold increase; average intermediate-low (18-24
hour) = 4.6-4.9 fold increase]. The single amino acid substitution virus set has [FNB1

expression levels more like wt-like virus group. This similarity is may reflect the NS1

138



substitutions 1) have maintained “wt” NS1 function relating to affecting host IFNB1
expression during the 18-24 hour time frame or 2) allow close to wt like virus growth
levels/NS1 protein production leading to wt-like reduction of host IFNB1 expression.

Levels of IFNL1 have also been shown to have an expression differential when
comparing RSV wt to ANSI1 viral infections [13]. This discrepancy is not seen in these
data regarding IFNL1 mRNA expression. The level of IFNL1 expressed mRNA is very
similar at 18 hours between wt-like and intermediate-low growth virus sets. Even at 24
hours the expression levels continue to be similar with the exclusion of NS1 06-09 and
NS1 54-57-60 samples. The increase in IFNL1 mRNA expression in these two samples
is curious and without explanation. It is worth following up to see if these specific amino
acid changes highlight regions of discrete function in NS1. Lastly the level of IFNLI
mRNA expressed by the single amino acid substituted virus group are unremarkable and
minimally increased at both 18 and 24 hours compared to (up about 1.5 fold increased
from 18-24 hours).

In addition to these classic Type I and III IFN proteins, RSV is also known to
affect inflammatory chemokines and cytokines [12,230,231]. Unlike the Type I and III
IFN, transcription of CCL5 (a proinflammatory chemokine) mRNA is increased during
RSV infection [12,230]. RSV, as well as NS1 29 and NS1 98-109 viruses all show
increased levels compared to the intermediate-low growth group. The expression levels
of CCL5 mRNA among the wt-like growth group members at 18 hours are virtually
identical to RSV wt and continue to increase almost 5 fold by 24 hours (5.7, 4.3 and 4.4

fold increase respectively). The level of CCL5 expressed mRNA is similar at 18 hours
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between wt-like and intermediate-low growth virus sets. By 24 hours however, the
expression levels are no longer similar with the exclusion of NS1_06-09 and NS1 54-57-
60 samples. The increase in CCL5 mRNA expression in these two samples is
reminiscent of the unusual increase seen in IFNL1 mRNA. The level of CCLS mRNA
expressed by the single amino acid substituted virus group appear unique. NS1 06D
exemplifies wt-like expression levels between 18-24 hours (1.2-6.6 fold increase). NSI
06Q, R and W seem to have a lower 24 hour peak level of CCL5S mRNA expression.

Lastly, TNFa, another proinflammatory cytokine, is also upregulated during RSV
infection [12]. RSV, as well as NS1 29 and NS1 98-109 viruses all show increased but
varied levels of TNFo mRNA expression. The expression levels of TNFo mRNA among
the wt-like growth group members at 18 hours are very similar to RSV wt. At 24 hours
however the expression patterns are more distinct but increased: RSV wt; 3.8 fold
increase, NS1 98-109; 2.4 fold increase and NS1 29; 1.5 fold increase. The level of
TNFa expressed mRNA in the intermediate-low growth virus set is generally much
lower but varied at both 18 and 24 hours compared to the TNFo. mRNA expression levels
in the wt-like set. NS1 11-13-15, NS1 06-09, NS1 58-66 and NS1 54-57-60 have the
lowest expression levels at 18 and 24 hours (0.2-0.2, 0.1-0.3, 0.2-0.3 and 0.2-0.2 fold
increase respectively). The remaining members, NS1 47, NS1 98-104st and ANS1
express TNFoo mRNA in a more varied fashion (0.7-0.7, 0.7-0.6 and 0.3-0.9 fold
respectively).

The level of TNFa mRNA expressed by the single amino acid substituted virus

group appear unique and unlike the pattern seen in CCLS5 expression. NS1 06D and R
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TNFoa mRNA expression levels between 18-24 hours (0.3-1.1 and 0.3-1.5 fold increase).
NS1 06Q is 0.6-2.5 fold increase and NS1 06W is 0.3-4.3 fold increase. It is unclear
what these varied expression levels mean or whether they have any relationship to the
predictions. The overall picture suggests that there is a general association among the
host gene expression profiles and the AUTOMUTE 2.0 predictions. The
direction/magnitude of influence on a given host gene expression however is not well

associated.
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CHAPTER 12. HOST CELL PROTEIN EXPRESSION (ELISA)

12.1 Abstract

While certain amino acid substitutions in NS1 appear to affect host mRNA
expression in response to RSV infection, it is anticipated this antagonism would evidently
affect host protein expression. Since host innate immune response pathways include
activation of and mediation by two unique cytokine proteins, IFN-f and IFN-A1 whose
protective activities are countered by NS1, enzyme-linked immunosorbent assay (ELISA)
was used to measure the level of IFN-f [13] and IFN-A1 proteins found in virus infected
A549 cell growth media. Measuring the levels of these interferon proteins provides
insights into whether NS1 stability predictions influence the expression of interferon
proteins in infected cells.
12.2 Introduction

The antagonism of host defense systems is known to not only influence host gene
expression, but related host protein translation/production. The influence RSV NS1 may
have on infected cells is suggested by the differences seen in host gene expression levels
among NS1 mutants and RSV wt but the extent these changes in host gene expression are
reflected in translated protein levels must be measured. In this work the amount of IFN-f3
and IFN-A1 protein present in cell growth media samples from infected A549 cells
provide an additional measure regarding any impact NS1 substitutions may have on
antiviral host responses. The biologic activity of these classic Type I and III IFN’s are

not measured, rather just the output levels of each in the environment.
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12.3 Material and methods
Cell Line

A549 cells (adenocarcinoma human alveolar basal epithelial cells) (ATCC) were
maintained in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine (ATCC),
supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-Life Technologies).
A549 cell infections were in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine
(ATCC), supplemented with 2% FBS (HyClone), 2 mM L-glutamine (Gibco-Life
Technologies). A549 cells provide a relevant experimental system to examine virus
growth in a fully IFN competent human lung epithelial host cell system.
Virus Infections

Triplicate experiments of A549 cells in 12 well dishes were infected with virus
and media collected at 18, 24 and 36 hours post infection. For these virus infections,
virus stocks were diluted to a multiplicity of infection of 3 (MOI = 3) pfu/cell in
OptiPRO SFM (Gibco-Life Technologies), 4 mM L-glutamine (Gibco-Life
Technologies) and added to cells in appropriate volumes. Infections were left on cells for
1-2 hours with periodic rocking at 37°C; 5% CO,. Subsequently the infectious volume is
removed, monolayers washed with OptiPRO SFM, 4 mM L-glutamine media and refed
with F-12K, 2% FBS, 2 mM L-glutamine. Infected cells were left at 37°C; 5% CO, until
sample collection.
Cytokine Assays (ELISA)

Culture supernatant from triplicate experiments of infected A549 cells were

collected at 18, 24 and 36 hours. The concentration of IFN-f3 was measured using the
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VeriKine Human IFN Beta ELISA Kit (PBL) and IFN-A1 was measured using the
Human IL-29 ELISA Kit (Invitrogen) as recommended by the manufacturers. Media
from infected samples were diluted fivefold for IFN-B and one hundred-fold for IFN-A1
in OptiPRO-SFM media. All samples were measured in triplicate; all standards were
measured in duplicate. ELISA plates measurements were recorded as amount of
absorbance at 450 nm using a Synergy 2 Multi Mode Microplate Reader (BioTek) as
recommended by the manufacturer. Standard curves were generated using a 4-parameter
fit in the Gen5 software (Version 3.04, BioTek) and used to convert absorbance
measurements into absolute concentrations of each cytokine in pg/ml units for samples in
each experiment. These values are averaged between three repeat experiments and
shown in the bar graphs in which samples are reordered based on growth level groupings
evident in multicycle A549 virus growth data.
12.4 Results

The levels of detected IFN-f protein among all virus groups does not vary by
more than 4 fold. It appears that RSV wt IFN-f protein levels peak at 24 hours (6290
pg/ml) and recede by 36 hours (4280 pg/ml). During the same 24-36 hour time frame, a
similar IFN-f3 expression pattern is seen in RSV 29 (3698-2933 pg/ml) and RSV 98-109
(5754-4326 pg/ml). The intermediate-low virus group present a more mixed phenotype.
NS1 47, NS1 06-09 and NS1 58-66 seem better than RSV wt at keeping IFN-f protein
expression reduced (18-36 hour range of expression; 1509-3152 pg/ml). Other members,
NS1 11-13-15 and NS1 54-57-60 regulate IFN-f3 expression like RSV wt (18-36 hour

range of expression; 3067-4943 pg/ml). The remaining members of the intermediate-low
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growth group exhibit distinctly different IFN-f3 dynamics. NS1 98-104st allows some of
the highest levels of IFN-f3 protein expression (18, 24 and 36 hours; 5246, 6836 and 6244
pg/ml) while ANS1 infected samples reveal IFN-f3 protein expression delayed at 18 hours
but achieve wt levels by 36 hours (18, 24 and 36 hours; 2226, 4922 and 5814 pg/ml).
Three of the four single amino acid substituted viruses, NS1 06Q, R and W, present an
IFN-B expression profile pattern quite similar (average 18 hour, 1961 pg/ml; average 24
hour, 5103 pg/ml and average 36 hour, 4960 pg/ml) but lower than NS1 06D across the

same time scale (8304, 7976 and 6452 pg/ml).
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Figure 36 Host IFNB1 protein expression in virus infected A549 cell culture media

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Host protein expression levels of
secreted IFNB1 were measured in cell growth medium collected at 18, 24 and 36 hours post infection (hpi) using an
VeriKine Human IFN Beta ELISA Kit (PBL). Sample concentrations [pg/ml] were quantified based on a linear curve
generated from standards. Average and standard deviations of the concentrations were calculated from triplicate
experiment values. Vertical bars (Black-18 hpi, Light Grey-24 hpi or Dark Grey-36 hpi) represent the average
concentration of the triplicate experiment measures. Sample order was determined by decreasing multicycle growth
levels in A549 cells. Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and
single substitution plus mock (left).

The amount of IFN-A1 protein detected presented a more consistent pattern within
and between the virus growth groups. RSV wt, as well as NS1 29 and NS1 98-109,

exhibit increasing [FN-A1 level between 18-24 hours and peaking between 24-36 hours.
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RSV wt had peak IFN-A1 expression level (283767 pg/ml) at 24 hours while NS1 29 and
NS1 98-109 were similarly elevated (250000 and 228700 pg/ml respectively) at 36 hours.
A remarkable homogeneity of decreased IFN-A1 protein expression is seen among the
intermediate-low virus growth group, with peak levels at 36 hours essentially 30% the
level of RSV wt. Among the four single amino acid substitution viruses, NS1 06D
expresses wt-like levels of IFN-A1 (18, 24 and 36 hours; 125433, 163133 and 170633
pg/ml) compared to NS1 06Q, R and W which were delayed only reaching peak IFN-A1
expression levels (211733, 179167 and 172333 pg/ml respectively) similar to RSV wt at

36 hours.
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Figure 37 Host IFNL1 protein expression in virus infected A549 cell culture media

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Host protein expression levels of
secreted IFNL1 were measured in cell growth medium collected at 18, 24 and 36 hours post infection (hpi) using an
Human IL-29 ELISA Kit (Invitrogen). Sample concentrations [pg/ml] were quantified based on a linear curve
generated from standards. Average and standard deviations of the concentrations were calculated from triplicate
experiment values. Vertical bars (Black-18 hpi, Light Grey-24 hpi or Dark Grey-36 hpi) represent the average
concentration of the triplicate experiment measures. Sample order was determined by decreasing multicycle growth
levels in A549 cells. Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and
single substitution plus mock (left).
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12.5 Discussion

It is believed that RSV NSI protein can antagonize the innate immune response in
infected cells and further suggested by the differences seen in host gene transcription
among NS mutants and RSV wt [12,13,230]. While a previous finding that an RSV
virus lacking the NS1 gene was able to produce more than twice the amount of IFN-f as
compared to RSV wt [13], this work finds the 2.2 fold increase of IFN-f3 protein in ANS1
virus infected cells closely followed by a 1.7 fold increase found in the RSV wt infected
sample at 24 hours. The other wt-like viruses tested had levels of detectable IFN-f3
proteins similar to levels seen with RSV wt infection.

A more mixed phenotype among the intermediate-low viruses indicates some
viruses group (NS1 47, NS1 06-09 and NS1 58-66) seem better than RSV wt at keeping
IFN-f protein expression reduced while others (NS1 11-13-15 and NS1 54-57-60) reduce
IFN-f expression very similar to RSV wt. Interestingly, NS1 98-104st with a premature
stop codon in the NS1 ORF, exhibits the highest levels of IFN-f3 protein expression and
may be a more appropriate control sample for which there is no NS1 protein to interfere
with host IFN-f3 protein expression. This virus appears less able to restrict/reduce the
level of IFN- protein expression regardless of the timepoint.

The four single amino acid substitution viruses suggest that there may be distinct
regions of NS1 associated with influencing host innate immune response. NS1 06D,
expressing the high levels of IFN-f3 is only a one or two amino acid different than its

other virus relatives (NS1 06Q, R, W and NS1 06-09) which exhibit a wide range of IFN-
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B expression during infection. This adds further interest to the “tunable vaccine” concept
in terms of adjusting levels of broadly acting cell mediators of immunity.

A virus infected host cell response tool box also includes Type III interferon, IFN-
Al [13]. The remarkable homogeneity of IFN-A1 protein expression within each virus
growth group has not been described for RSV infection beyond 24 hours. A consistent
pattern of increased IFN-A1 expression is seen with RSV wt, as well as NS1 29 and NS1
98-109. Conversely a consistent decreased pattern of IFN-A1 expression was seen in the
intermediate-low growth virus group. Lastly and similar to the phenomena described
regarding IFN-f3, the four single amino acid substitution viruses continue the suggestion
that distinct regions of NS1 associate with influencing host innate immune response.
NS1 06D, is limited in repressing IFN-A1 expression at any timepoint during infection, in
contrast to the other single amino acid different counterparts (NS1 06Q, R and W) which
initially delay IFN-A1 expression. It must be mentioned however that the level of IFN-A1
protein expression seems related to some level of virus replication (which may or may
not relate to proper NS1 function). In general, the level of IFN-A1 expressed is correlated
well with the virus growth grouping. The wt-like and single amino acid substitution
viruses all grew well enough in A549 cells and as a result these infected cells can produce
IFN-A1 protein. The intermediate-low growth virus set are less able to express IFN-A1
protein under the same infection conditions. To date there are no data comparing RSV wt
and ANSI in terms of IFN-A1 expression level over the 18-36 hour time frame. As there

is little functional work regarding the timing and consequence of IFN-A1 protein
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expression during RSV infection, these viruses help establish aspects of baseline
measures additional experiments can extend.

The suggestion that RSV NS1 (and NS2) reduce Type I and III IFN (IFN-3 and
IFN-A1 respectively) protein levels in infected cells [13,18,232] may be true over
multicycle infections and relate to concentration dependent timing events, however
during a high MOI infections and short time frames looking at primary host response
events, the data is less clear. In this experiment, the suggestion becomes that without an
intact NS1 protein, the level of IFN-A1 is reduced. However previous data whereby
retinoic acid-inducible gene I (RIG-I) knocked down with siRNA led to IFN-A1 protein
expression loss in A549 cells [232] and the report of NS1 interfering with RIG-I present
some inconsistencies. In the later, NS1 interferes with RIG-I association to
Mitochondrial antiviral-signaling (MAVS) and this prevents Type I (and III) IFN
induction. But siRNA removal of RIG-I (which would be anticipated to also prevent
RIG-I to associate with MAVS leads to increase in Type III IFN. Therefore, NS1
function is likely considerably more complex/dynamic and context dependent [18]. This
work indicates that there could be a primary effect of NS1 on IFN-A1 protein expression
and there could be a primary effect of NS1 on IFNB1 mRNA expression.

The relationship between RSV infection and Type I and III IFN production is
developing. Moreover, the expression relationship these proteins have with NS1 protein
is also unclear likely due to the context in which these relationships are being evaluated.
The reliability of IFN-f and IFN-A1 production as surrogates of NS1 protein function

may need reconsideration however the use of these host protein measurements in order to
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see the effects of amino acid substitutions in NS1 on measurable interferon cytokine
production indicate a relationship with the stability predictions made by the
AUTOMUTE 2.0 program. In this work it appears that the phenotype outcomes may be

incomplete reflections of NS1 effects.
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CHAPTER 13. HOST CELL PROTEIN EXPRESSION (WESTERN BLOT)

13.1 Abstract

The level of signal transducer and activator of transcription 2 (STAT?2) is believed
to be reduced during RSV infection in order to interfere with various aspects of Janus
kinase (Jak/STAT) signal transduction [83,204]. In particular it is reported that RSV
NSI1 plays a role in STAT2 reduction [227,228,233]. Consequently, the formation of
interferon-stimulated gene factor 3 (ISGF-3) transcriptional activator complex
(phosphorylated STAT2 and STAT1 associate with interferon regulatory factor 9 (IFR-
9)) is unable to form and the IFN-stimulated genes (ISG) that containing IFN-stimulated
response elements (ISRE) sequences are not upregulated. In this work we look to see
whether any AUTOMUTE 2.0 stability predictions of NS1 amino acid substitutions
influence STAT2 protein expression.
13.2 Introduction

The innate immune system is a collection of varied but generally focused series of
evolved barriers cells create to interfere with successful virus production. These range
from mild (restricted cell resource access) to extreme (programed cell death). Viruses in
turn have evolved an equivalently varied set of responses to counter these barriers. A
plethora of equilibriums are being disrupted and exploited during host-virus interactions;
as virus exploits various cell processes for viral replication, the host attempts to re-
equilibrate these very same aspects [214]. The cellular bureaucracy, initially, is no match

for the hyperactive focus of a virus but will nevertheless attempt a holistic resolution. In
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this work we look at whether NS1 substitution mutants influence STAT2 protein levels,
an important mediator of multiple host defenses and whether there is an association
between prediction mutant properties and STAT?2 levels. There are reports that RSV NS1
plays a role in the reduction of STAT2 [227,228,233]. When the STAT2 protein is
reduced, the formation of interferon-stimulated gene factor 3 (ISGF-3) transcriptional
activator complex is unable to form and the IFN-stimulated genes (ISG) that containing
IFN-stimulated response elements (ISRE) sequences are not upregulated. When this
complex is not formed or reduced, less can translocate to the nucleus resulting in reduced
ISRE gene transcription that both diminishes host antiviral immunity and perpetuates a
cellular environment favoring virus replication.
13.3 Material and methods
Cell Line

A549 cells (adenocarcinoma human alveolar basal epithelial cell) (ATCC) were
maintained in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine (ATCC),
supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-Life Technologies).
A549 cell infections were in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine
(ATCC), supplemented with 2% FBS (HyClone), 2 mM L-glutamine (Gibco-Life
Technologies). A549 cells provide a relevant experimental system to examine virus
growth in a fully IFN competent human lung epithelial host cell system.
Virus Infections

Triplicate experiments of A549 cells in 12 well dishes were infected with virus

and samples collected at 18 and 24 hours post infection. For these virus infections, virus
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stocks were diluted to a multiplicity of infection of 3 (MOI = 3) pfu/cell in OptiPRO
SFM (Gibco-Life Technologies), 4 mM L-glutamine (Gibco-Life Technologies) and
added to cells in appropriate volumes. Infections were left on cells for 1-2 hours with
periodic rocking at 37°C; 5% COz. Subsequently the infectious volume is removed,
monolayers washed with OptiPRO SFM, 4 mM L-glutamine media and refed with F-
12K, 2% FBS, 2 mM L-glutamine. Infected cells were left at 37°C; 5% CO; until sample
collection.
Western blot analysis for the quantification of host cell proteins

Triplicate experiments of A549 cells in 12-well were lysed with 100 pl 1x LDS
sample buffer (Life Technologies). Fifteen (15) puL aliquots of lysate were denatured,
reduced and electrophoresed on 4-12% Bis-Tris SDS gels (Life Technologies). Proteins
were transferred onto PVDF membranes via the iBlot2 transfer system (Life
Technologies). An anti-Stat2 (A-7) mouse mAb (Santa Cruz; sc-1668) was used in a
Western blot to detect STAT2 protein in samples. Samples transferred to PVDF
membranes were incubated with the primary antibody overnight at 16°C, rocking slowly.
The primary antibody was subsequently detected using the corresponding infrared dye-
conjugated goat anti-mouse immunoglobulin 800CW (Li-Cor, Lincoln, NE).
Simultaneously, GAPDH protein, used as a protein sample loading control, was detected
with an anti-rabbit polyclonal antibody (pAb) (Proteintech; 10494-1-AP) followed by
detection with an infrared dye-conjugated goat anti-rabbit immunoglobulin 680RD (Li-
Cor, Lincoln, NE). Western blot images were acquired on the Odyssey infrared scanner

(Li-Cor) and analyzed with Image Studio Software (Version 5.2.5, Li-Cor). All protein
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band intensity values were normalized to GAPDH and reported relative to protein levels
found in the RSV wt infected sample at 18 hours. These values are averaged between
three repeat experiments and shown in the bar graphs in which samples are reordered
based on growth level groupings evident in multicycle A549 virus growth data.
13.4 Results

The wt-like group members (RSV wt, NS1 29 and NS1 98-109) all have
substantially reduced STAT2 protein levels at both 18 and 24 hours after infection (14.5-
29.8, 9.6-8.1 and 4.4-15.6 fold decrease relative to mock treated A549 cells at 18 hours
respectively). Similarly, the intermediate-low growth group (NS1 47, NS1 11-13-15,
NS1 06-09, NS1 58-66, NS1 54-47-60, NS1 98-104st and ANS1) show reduced STAT2
protein expression at 18 hours that continue to decline further by 24 hours (average = 3.3-
6.3 fold decrease compared with mock treated A549 cells at 18 hours). Unexpectedly the

ANSI infection appears to have STAT2 protein levels almost as low as RSV wt. The

NS1 98-104st virus which also does not produce NS1 proteins, but unlike ANS1 has the
same full-length genome size as RSV wt, appears less able to reduce STAT2 protein
levels (2-3 fold decrease compared to mock A549 18 hour). The single amino acid
replacement set all show almost no loss of STAT2 at 18 hours (compare with STAT2
protein level in mock treated A549 cells at 18 hours), but by 24 hours, STAT2 protein
expression is substantially lower (average = 6.5 fold decrease relative to STAT2 protein

level in mock treated A549 cells at 18 hours).
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Figure 38 Host STAT2 protein expression in virus infected A549 cells

Monolayer cultures of A549 cells were infected in triplicate with the Group 1, Group 2 NS1 substitution viruses, wt
RSV-GFP, and RSV-GFP/ANSI at a MOI of 3 PFU/cell and incubated at 37°C. Host protein expression levels of
STAT?2 protein were measured in total infected cell lysate samples collected at 18 and 24 hours post infection (hpi)
using a mouse monoclonal antibody against human STAT?2 (Santa Cruz; sc-1668) as a primary antibody and an
infrared dye-conjugated goat anti-mouse immunoglobulin 800CW (Li-Cor, Lincoln, NE) secondary antibody. GAPDH
protein expression was detected using a rabbit polyclonal primary antibody 10494-1-AP (Proteintech) and an infrared
dye-conjugated goat anti-rabbit immunoglobulin 680RD (Li-Cor, Lincoln, NE) secondary antibody. Each sample
protein expression value was normalized to GAPDH, then calibrated to that protein expression level found in the RSV
wt 18 hpi sample and reported as a GAPDH Scaled Signal. Vertical bars (Black-18 hpi or Grey-24 hpi) represent the
average fold change of the triplicate experiment measures. Sample order was determined by decreasing multicycle
growth levels in A549 cells. Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right)
and single substitution plus mock (left).
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13.5 Discussion

Unlike the Type I and III IFN’s described previously, STAT2 is a host protein
ubiquitously expressed at normal levels in A549 cells. During RSV infection, STAT2
protein levels are altered [227,228,233]. There appears to be a correlation between virus
growth group and STAT?2 protein level reduction. The viruses that grow like wt RSV as
well as RSV wt itself appear quite capable of reducing detectable STAT2 protein as early
as 18 hours and driving it down further up to 24 hours. While this is in agreement with
reports [227,228,233] showing RSV infection of A549 cells leads to decreased STAT2
protein levels, it is not known whether specific regions of NS1 are responsible.
Furthermore, variable amounts of STAT2 detected in two different samples, both of
which lack NS1, raise questions regarding the NS1 protein associated STAT?2 loss.
These results suggest that the AUTOMUTE 2.0 stability predictions (primarily relating to
virus growth groupings) appear to associate with levels/rates of STAT2 protein loss.
Therefore, this data supports the idea that STAT?2 loss is improved by fully functional
NSI1 (as seen in wt-like growth group), while changes in NS1 form (predicted amino acid
substitutions) that alter NS1 function appear less able to reduce STAT2 protein levels (as
seen in the intermediate-low growth group). The data from the four single amino acid
substitutions further suggest that any of these specific changes will lead to reductions in
STAT?2 levels, but in a delayed fashion. In addition, it is possible that none of these
amino acid changes completely defect the STAT2 degradation process, but rather suggest
that 1) NS1 is a participant in the degradation process and 2) there may be regional

features in NS1 that modulate the rate of STAT2 degradation which together provide a
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less clear association between specific AUTOMUTE 2.0 predictions and STAT2

degradation levels.
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CHAPTER 14. HOST CELL APOPTOSIS (LUMINESCENCE)

14.1 Abstract

Apoptosis is a cellular response of last resort that is delayed during RSV infection
with NS1 protein reported as an instrumental antagonist [73,205,214,234]. This work
will examine whether there is any agreement between amino acid substitutions and
consequential apoptotic activity recognized by increased activation of the apoptotic
cascade reliant upon Caspase 3 and 7 enzymes. Using a plate-based detection system, the
timing and levels of Caspase 3/7 activation can infer antiviral apoptotic activity that
occurs during viral infection of tissue culture cells.
14.2 Introduction

As mentioned previously, cells have evolved numerous barriers to infection and
viruses have figured out how to circumvent these barriers. The most extreme of these
barriers, apoptosis, leads to programmed cell death [235,236] and RSV (like many
viruses) has developed temporal solutions to this problem [214,234] including the NS1
protein of RSV, described as affecting this host cell process during infection [73].
Apoptosis is a very comprehensive set of processes that can be started under an equally
diverse set of conditions but leading to an irrecoverable end result. It is of interest to see
whether the groups of amino acid substitutions (relating to the AUTOMUTE 2.0
predictions) result in group like outcomes relating to apoptosis as measured through the
activation of Caspase 3 and/or 7 [237]. The increased level of these enzymes is

indicative of eventual apoptotic consequences. Specifically, this work looks to identify
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not only if apoptosis is occurring, but the timing and kinetics of this occurrence with
relation to the AUTOMUTE 2.0 stability predictions.
14.3 Material and methods
Cell Line

A549 cells (adenocarcinoma human alveolar basal epithelial cell) (ATCC) were
maintained in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine (ATCC),
supplemented with 10% FBS (HyClone), 2 mM L-glutamine (Gibco-Life Technologies).
A549 cell infections were in F-12 Kaighn’s Modification of Hams F12 with L-Glutamine
(ATCC), supplemented with 2% FBS (HyClone), 2 mM L-glutamine (Gibco-Life
Technologies). A549 cells provide a relevant experimental system to examine virus
growth in a fully IFN competent human lung epithelial host cell system.
Virus Infections

Duplicate Cell Culture Microplate, 96 well PS F-Bottom — 655090 (Greiner Bio-
One) were seeded with 40,000 A549 cells per well in 100 ul volumes. Quadruplicate
wells were infected with virus and plates processed at 1, 2, 4, 6, 12, 18, 21, 24, 30, 36 and
48 hours post infection. For these virus infections, virus stocks were diluted to a
multiplicity of infection of 3 (MOI = 3) pfu/cell in OptiPRO SFM (Gibco-Life
Technologies), 4 mM L-glutamine (Gibco-Life Technologies) and 10 ul was added to
cells. Infections were left on cells at 37°C; 5% CO; until sample collection.
Luminescence detection of Caspase 3/7 protein activities

Wells of infected A549 cells in 96 well PS F-Bottom Cell Culture Microplate —

655090 (Greiner Bio-One) were tested for caspase activity at 1, 2, 4, 6, 12, 18, 21, 24, 30,
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36 and 48 hours post infection. The caspase activity was measured using Caspase-Glo
3/7 Assay (Promega) as recommended by the manufacturer. Quadruplicate Caspase
activity measurements were recorded as the amount of luminescence produced
(integrated signal for 1 second) using a Synergy 2 Multi Mode Microplate Reader
(BioTek) as recommended by the manufacturer. The luminescence unit values were
averaged among the quadruplicate wells and shown in the bar graphs in which samples
are reordered based on growth level groupings evident in multicycle A549 virus growth
data.
14.4 Results

Measuring the amount of Caspase 3/7 activity in cells is used to infer the level of
eventual apoptosis that would be expected to occur in these same cells. Caspase 3/7
activity is directly related to the amount of a luminogenic compound cleaved into a
substrate that can be used by luciferase to generate a luminescent signal [237]. The wt-
like growth group of viruses, including RSV wt, all have similarly low levels of
luminescence from 12 through 48 hours. In contrast the intermediate-low growth group
of viruses have earlier and higher levels of luminescence (more than 2 fold increase)
within the same time frame. The wt-like group have peak levels of luminescence
between 24 and 36 hours after infection, the intermediate-low group appears to have a
peak levels of luminescence activity at 21-24 hours. Finally, the 4 single amino acid
substituted viruses seem to exemplify the measurable difference in apoptosis related

caspase activity. The level of caspase activity is earlier and higher during NS1 06D virus
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Luminescence Units

infection (peak luminescence at 21-24 hours) compared to the other members, NS1 06Q,

R or W (peak luminescence at 36-48 hours).
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Figure 39 Host Caspase 3/7 activity (apoptosis) in virus infected A549 cells

Monolayer cultures of A549 cells in duplicate 96 well plates were infected with the Group 1, Group 2 NS1 substitution
viruses, wt RSV-GFP, and RSV-GFP/ANS1 at a MOI of 3 PFU/cell and incubated at 37°C. Caspase 3/7 activity was
measured as a luminescence signal in averaged quadruplicate sample wells per plate at 1, 2, 4, 6, 12, 18, 21, 24, 30, 36
and 48 hours post infection (hpi) using the Caspase-Glo 3/7 Assay (Promega) kit. Vertical bars increasing in darkness
from Light Grey on left (12 hpi) through Black on right (36 hpi) represent the average sample measurements from
duplicate experiments taken from 12-36 hpi. Sample order was determined by decreasing multicycle growth levels in
A549 cells. Red vertical dashed line separate RSV wt-like growth and intermediate-low growth (right) and single
substitution plus mock (left).
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14.5 Discussion

If NS1 protein is responsible for the reduced or delayed level of apoptosis in virus
infected cells, then the data suggests that the wt-like virus set encode an NS1 protein that
retains this functionality [73,205,234]. Conversely, the intermediate-low growth virus set
data suggests that these viruses are less able to reduce and delay apoptosis. Furthermore,
although the single amino acid replacement virus set replicate to quite similar levels in
A549 cells, we see that D replacement seems to be more deleterious than the other (Q, R
or W) replacements as indicated by the increase in apoptosis both level and timing.
Together this data agrees with the notion that functional NS1 will help limit/delay
apoptosis in infected cells [73,234]. Alternatively, the data also supports the suggestion
that changes to the function of NS1 (amino acid changes) could eliminate this limit/delay
property and therefore apoptosis may occur sooner and/or to a higher level in cells
infected with defective NS1 containing viruses. A concern regarding overall viral
replication levels influencing apoptosis is addressed with the single amino acid
substitution virus set. Here the viruses all grow equivalently, yet there is a noticeable
difference between amino acid 6 replaced with D (proapoptotic) and the other
replacements Q, R and W (wt like; antiapoptotic). Taken together, these finding suggest
that there is a general agreement between the stability predictions of amino acid
replacements in NS1 and reduced function of NS1 in terms of antagonizing host cell

apoptosis during infection.
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CHAPTER 15. FUTURE DIRECTIONS

15.1 Abstract

The need to improve virus vaccine candidate design is indisputable with RSV
itself having more than 100 different vaccine candidates [ 144—150] and development
being hampered by the previous formalin-inactivated vaccine trial failure in the 1960’s
[20]. Computational biology is poised to bridge design gaps if not lead to a complete
redesign of the process. In this work, the virus phenotypes are generally well matched
with the algorithm predictions made by AUTOMUTE 2.0. While derived from a
relatively small set of viruses, implementation of this type of objective pipeline could
reduce or eliminate prior vaccine design failures while improve identification of
attenuating changes in emerging virus vaccination efforts.
15.2 RSV F and G attenuation identification

The F and G proteins of RSV remain priority antigenic targets in current vaccine
efforts. The identification and recognition of pre fusion (preF) protein structure as a
vaccine target has energized the RSV vaccine field most recently. The use of available
crystal structures for both RSV F (3RRR, 5ITB, 5SUDC, etc.) and RSV G (6BLI, SWNJ9,
SWNA, etc.), could provide a starting point in determining what other attenuation
mutation(s) are possible in either of these two very important glycoproteins. The
combination of computational mutation selection with reverse genetic system ability to
create and test all variations will likely provide both functional insight to these proteins as

well as refine the essentials of “best in class” vaccines.
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15.3 Expansion of NS1 and NS2 attenuation identification

While this work identified useful changes in NS1 structure, it would be essential
to further evaluate these in suitable animal (or human) vaccination studies. There
continues to be the possibility that any combination of the identified NS1 changes could
be added to existing vaccine candidates in an effort to “tune” or improve these vaccines.
In addition, the same modeling/substitution selection process could be reused in order to
explore NS2 changes that have never been tested.
15.4 Identification of improved non-viral protein structures

Finally, the concept of altering a proteins structure is not limited to viral proteins
expressed during an infection. For instance, any class of antibody-based antivirals could
be further refined through computationally identified changes to a particular antigenic

protein that consequentially improves antibody protection.
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