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ABSTRACT

As Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) has undoubtedly
changed day-to-day operations globally, with its associated disease Coronavirus Diseases-2019
(COVID-19) infecting over 116 million people and responsible for over 2.5 million deaths,
analyzing the biochemical similarity of SARS-CoV-2 to its related pandemic-causing
coronavirus strands Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and Middle
East Respiratory Syndrome Coronavirus (MERS-CoV) is essential for prevention and treatment
of said disease. Understanding genomic details of SARS-CoV-2, in addition to previous, yet
unsuccessful attempts at developing vaccines against SARS-CoV and MERS-CoV has allowed
the incredibly rapid development of several effective vaccines against SARS-CoV-2. This paper
will review the history of each coronavirus-responsible pandemic, analyze biochemical
similarities, such as genome similarity and spike (S) protein structure of SARS-CoV, MERS-
CoV, and SARS-CoV-2, the role the former two coronaviruses played in accelerating successful
vaccine development against the latter, and finally, investigating the relationship between the
mortality rate/transmissivity associated with the respective coronaviruses and the government

funding of vaccine development.
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Chapter 1

Introduction

History of Coronavirus Related Pandemics

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), a novel coronavirus
responsible for the coronavirus disease (COVID-19) pandemic, was first identified after the
Wuhan Municipal Health Commission, China reported forty-four patients in Wuhan City, Hubei
Province of China with pneumonia of unknown etiology to the World Health Organization
(WHO) in December 2019."2 On January 12, 2020, China shared the genetic sequence of the
virus responsible for these pneumonia-like symptoms, first identified as novel coronavirus nCoV
and later renamed SARS-CoV-2. These symptoms included fever, difficulty breathing, as well as
invasive pneumonic infiltrates in both lungs.®> Since identification, patients with SARS-CoV-2
have experienced additional symptoms such as gastrointestinal issues—nausea, diarrhea, and
vomiting, loss of smell and taste, sepsis, and multiorgan failure.* As of March 31, 2021, SARS-
CoV-2 has infected over 128,540,982 people in 221 countries, resulting in 2,808,308 deaths.’
This equates to a 2.2% over fatality rate. A mathematical model was used to calculate the
average number of people an infected individual spreads the virus to, known as the Ry value. For
SARS-CoV-2, the Ry value was 2.39-3.44, suggesting a high rate of transmission.® The
identification of this highly transmissible, novel pathogenic coronavirus called attention to the

Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) epidemic and the Middle East



Respiratory Syndrome Coronavirus (MERS-CoV) epidemic due to the similarities in genome
and related symptoms of viral infection.”

SARS-CoV originated in Guangdong Province, China in November, 2002 and was later
identified as a novel coronavirus in April, 2003 as a result of international collaboration.3°
Similar to SARS-CoV-2, the disease was associated with an atypical pneumonia outbreak of

unknown origin. !

Within eight months, SARS-CoV spread to 26 countries via human-to-
human transmission, and ultimately resulted in 8,096 cases and 774 deaths (9.56% fatality rate)
(Table 1). For SARS-CoV, the Ry value was calculated as less than 1, suggesting a lower rate of
transmission in comparison to SARS-CoV-2.°> This disease, however, led to the first pandemic
of the twenty-first century.” While typical symptoms of SARS-CoV included fever, coughing,
difficulty breathing, shortness of breath, and radiographic evidence of invasive pneumonic
infiltrates, symptoms ranged from mild respiratory symptoms to severe acute respiratory disease
and death. Additionally, some patients experienced gastrointestinal issues, such as nausea,
diarrhea, and vomiting.!! Note the similarities in symptoms of SARS-CoV and SARS-CoV-2
infection. While there is no commercially available vaccine for SARS-CoV, efforts from the
scientific community to produce such a vaccine proved to be beneficial in the development of a
SARS-CoV-2 vaccine.

MERS-CoV was identified as a novel coronavirus in June 2012 after a patient was
hospitalized in Saudi Arabia for pneumonia and acute kidney injury. Since identification, the
WHO has reported 2,494 total cases and 858 deaths (34.40% fatality rate) as a result of human-
to-human transmission of MERS-CoV (Table 1. Case Analysis of Coronavirus Pandemics).’

The Ry value of MERS-CoV was 1.4-2.5, which is higher than that of SARS-CoV and lower than

that of SARS-CoV-2, implying an intermediate rate of transmission relative to the other



coronaviruses.’ Clinical symptoms of MERS-CoV included, but were not limited to, fever,

cough, shortness of breath, as well as gastrointestinal symptoms, such as nausea, diarrhea, and

vomiting. In serious MERS-CoV cases, patients experienced acute respiratory distress and

multiorgan system failure.!? It is important to comment on the 34.40% fatality rate, as this is

significantly higher than the 9.56% fatality rate recorded from the SARS-CoV epidemic. This is

likely due to the possibility of asymptomatic illness resulting from MERS-CoV infection and

low diagnostic testing numbers, for there may have been people positive for MERS-CoV,

presenting the disease asymptomatically, who were not tested.!> Again, note the similarities

between MERS-CoV and SARS-CoV-2 infection, both in symptom presentation and possibility

of asymptomatic illness. As with SARS-CoV, there is no commercially available vaccine for

MERS-CoV.

Table 1. Case Analysis of Coronavirus Pandemics

SARS-CoV | MERS-CoV | SARS-CoV-2
Total Countries with Recorded Cases 26 27 221
Total Recorded Cases 8,096 2494 116,668,383
Total Recorded Deaths 774 858 2,592,047
Fatality Rate 9.56% 34.40% 2.22%
Rovalue <1 1.4-2.5 2.39-3.44

On January 12, 2020, China released the genetic sequence of the SARS-CoV-2 genome,

allowing for the rapid development of diagnostic kits and propelling research for disease

treatment and prevention.> This sequence analysis provided greater insight into the similarities

and differences of SARS-CoV, MERS-CoV, and SARS-CoV-2, specifically by determining that

SARS-CoV-2 has 82.45% entire genome sequence identity to SARS-CoV and 69.58% entire




genome sequence identity to MERS-CoV." By understanding the similarities in biochemical
features of these coronaviruses, such as host-pathogen interaction and molecular mechanism of
pathogenicity, prior information collected about SARS-CoV and MERS-CoV can serve as a

guide for treatment of SARS-CoV-2.

Biochemical Analysis of Coronavirus Structure and Pathogenicity

Coronaviruses are a group of pathogenic viruses having enveloped, positive-sense,
single-stranded RNA (ssRNA+) genomes of size 26-32 kilobases (kb). Coronaviruses get their
name from the crown-like appearance of club-shaped protein projections covering their spherical
nucleocapsid, as ‘corona’ means crown in Latin. Belonging to the Coronaviridae family of
order Nidovirales, coronaviruses are further classified into four subfamilies—a-, -, y-, and o-
coronaviruses, the former two primarily infecting mammals, latter two primarily infecting avian
species.'* 15 Of the subfamilies infecting mammals, there are seven Human coronaviruses
(HCoVs) known to infect people. Four of these coronaviruses display mild pathogenicity
resulting in mild, cold-like symptoms—HCoV-229E (a-coronavirus), HCoV-NL63 (a-
coronavirus), HCoV-OC43(B-coronavirus), and HCoV-HKUI1 (B-coronavirus). The other three,
lethal coronaviruses infecting humans—SARS-CoV, MERS-CoV, SARS-CoV-2—result from
the rapid genetic evolution of RNA viruses, specifically B-coronaviruses, that are known to infect
other mammals.'> Bats were identified as not only an important organism in inter-species
transmission, but also as the likely ancestral host of SARS-CoV, MERS-CoV, and SARS-CoV-2,
due to their species variation, long life-span, migration/flying patterns, and unique behavior of

containing multiple species in a single colony.!6
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Specifically looking at genetic evolution of SARS-CoV, MERS-CoV, and SARS-CoV-2,

it is necessary to understand their corresponding viral genome at a molecular level. In general, a
viral genome encodes for proteins playing an important role in replication, transcription,
structure, and infectivity. The overall organization of a coronavirus genome follows the format:
5’-[Open Reading Frame (ORF) 1a/b Replicase]-[Spike (S) Protein Region]-[Envelope (E)
Protein Region]-[Membrane (M) Protein Region]-[Nucleocapsid (N) Protein Region]-3°.14. 16

The ORF 1a/b Replicase encodes for non-structural proteins important in the replication
and transcription of viral RNA and is generally conserved across coronaviruses. The four
regions following ORF 1la/b Replicase encode for the structural proteins S, E, M, and N, all of
which are extremely important in virulence to host cells. It is within these regions that mutations
contributing to virulence are observed, specifically seen when comparing the genomes of SARS-
CoV, MERS-CoV, and SARS-CoV-2. 416

In terms of host specificity, the most important region in a coronavirus’ genome is the S
Protein Region, as it codes for proteins assisting in a virion’s recognition of and entry into host
cell. Specifically, the S Protein Region codes for a receptor binding domain—allows S protein
to recognize and bind to receptors, a hydrophobic fusion protein—helps virion to fuse with
membrane of host cell, heptad repeats—assist with structural modification of S protein to
promote viral fusion, a transmembrane domain—allows virion to cross host cell membrane, and
a cytoplasmic domain—important in transport of virion into host cell. The S protein is trimeric
in nature, composed of three monomers, each with an S1 and an S2 domain. The receptor
binding domain is found within the N-terminal, globular S1 domain, thus responsible for cell
recognition and receptor attachment. The S2 domain contains the fusion protein, heptad repeats,

transmembrane domain, and cytoplasmic domain, mediating fusion with cell membrane and
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entry into host cell. 141617 Research suggests a conformational change is required to expose the

receptor binding domain of the trimer S protein, discussed further in Chapter 2: Coronavirus
Vaccine Development. '8

Genomic analysis has revealed the sequence coding for S proteins is highly variable
among coronavirus strains, meaning it is generally more prone to mutation. While MERS-CoV
recognizes and binds to Dipeptidyl peptidase 4 (DPP4), both SARS-CoV and SARS-CoV-2 S
proteins recognize and bind to human Angiotensin Converting Enzyme-2 (ACE-2).!6 To analyze
the homology of these S proteins, the National Center for Biotechnology Information (NCBI)’s
GenBank was employed to determine the nucleotide sequence of SARS-CoV, MERS-CoV, and
SARS-CoV-2’s S protein coding region (CDS). The ‘Reference Genome Sequence’ was located
for each strain using GenBank, which further provided the S proteins’ CDS. 2! The
corresponding nucleotide sequences were exported in FASTA format from GenBank to Clustal
Omega (Table 3). In using Clustal Omega, the Multiple Sequence Alignment tool was employed

to analyze sequence homology.?



Table 2.Analysis of SARS-CoV, MERS-CoV, SARS-CoV-2 Spike (S) Protein CDS Homology

GenBank Entry | NCBI Reference | S Protein CDS FASTA
Sequence
SARS NC 004718.3 >NC 004718.3:21492-25259 SARS coronavirus Tor2, complete genome
. — ATGTTTATTTTCTTATTATTTCTTACTCTCACTAGTGGTAGTGACCTTGACCGGTGCACCACTTT
coronavirus TGATGATGTTCAAGCTCCTAATTACACTCAACATACTTCATCTATGAGGGGGGTTTACTATCCTG
Tor2, complete ATGAAATTTTTAGATCAGACACTCTTTATTTAACTCAGGATTTATTTCTTCCATTTTATTCTAAT
genome GTTACAGGGTTTCATACTATTAATCATACGTTTGGCAACCCTGTCATACCTTTTAAGGATGGTAT
TTATTTTGCTGCCACAGAGAAATCAAATGTTGTCCGTGGTTGGGTTTTTGGTTCTACCATGAACA

ACAAGTCACAGTCGGTGATTATTATTAACAATTCTACTAATGTTGTTATACGAGCATGTAACTTT
GAATTGTGTGACAACCCTTTCTTTGCTGTTTCTAAACCCATGGGTACACAGACACATACTATGAT
ATTCGATAATGCATTTAATTGCACTTTCGAGTACATATCTGATGCCTTTTCGCTTGATGTTTCAG
AAAAGTCAGGTAATTTTAAACACTTACGAGAGTTTGTGTTTAAAAATAAAGATGGGTTTCTCTAT
GTTTATAAGGGCTATCAACCTATAGATGTAGTTCGTGATCTACCTTCTGGTTTTAACACTTTGAA
ACCTATTTTTAAGTTGCCTCTTGGTATTAACATTACAAATTTTAGAGCCATTCTTACAGCCTTTT
CACCTGCTCAAGACATTTGGGGCACGTCAGCTGCAGCCTATTTTGTTGGCTATTTAAAGCCAACT
ACATTTATGCTCAAGTATGATGAAAATGGTACAATCACAGATGCTGTTGATTGTTCTCAAAATCC
ACTTGCTGAACTCAAATGCTCTGTTAAGAGCTTTGAGATTGACAAAGGAATTTACCAGACCTCTA
ATTTCAGGGTTGTTCCCTCAGGAGATGTTGTGAGATTCCCTAATATTACAAACTTGTGTCCTTTT
GGAGAGGTTTTTAATGCTACTAAATTCCCTTCTGTCTATGCATGGGAGAGAAAAAAAATTTCTAA
TTGTGTTGCTGATTACTCTGTGCTCTACAACTCAACATTTTTTTCAACCTTTAAGTGCTATGGCG
TTTCTGCCACTAAGTTGAATGATCTTTGCTTCTCCAATGTCTATGCAGATTCTTTTGTAGTCAAG
GGAGATGATGTAAGACAAATAGCGCCAGGACAAACTGGTGTTATTGCTGATTATAATTATAAATT
GCCAGATGATTTCATGGGTTGTGTCCTTGCTTGGAATACTAGGAACATTGATGCTACTTCAACTG
GTAATTATAATTATAAATATAGGTATCTTAGACATGGCAAGCTTAGGCCCTTTGAGAGAGACATA
TCTAATGTGCCTTTCTCCCCTGATGGCAAACCTTGCACCCCACCTGCTCTTAATTGTTATTGGCC
ATTAAATGATTATGGTTTTTACACCACTACTGGCATTGGCTACCAACCTTACAGAGTTGTAGTAC
TTTCTTTTGAACTTTTAAATGCACCGGCCACGGTTTGTGGACCAAAATTATCCACTGACCTTATT
AAGAACCAGTGTGTCAATTTTAATTTTAATGGACTCACTGGTACTGGTGTGTTAACTCCTTCTTC
AAAGAGATTTCAACCATTTCAACAATTTGGCCGTGATGTTTCTGATTTCACTGATTCCGTTCGAG
ATCCTAAAACATCTGAAATATTAGACATTTCACCTTGCGCTTTTGGGGGTGTAAGTGTAATTACA
CCTGGAACAAATGCTTCATCTGAAGTTGCTGTTCTATATCAAGATGTTAACTGCACTGATGTTTC
TACAGCAATTCATGCAGATCAACTCACACCAGCTTGGCGCATATATTCTACTGGAAACAATGTAT
TCCAGACTCAAGCAGGCTGTCTTATAGGAGCTGAGCATGTCGACACTTCTTATGAGTGCGACATT
CCTATTGGAGCTGGCATTTGTGCTAGTTACCATACAGTTTCTTTATTACGTAGTACTAGCCAAAA
ATCTATTGTGGCTTATACTATGTCTTTAGGTGCTGATAGTTCAATTGCTTACTCTAATAACACCA
TTGCTATACCTACTAACTTTTCAATTAGCATTACTACAGAAGTAATGCCTGTTTCTATGGCTAAA
ACCTCCGTAGATTGTAATATGTACATCTGCGGAGATTCTACTGAATGTGCTAATTTGCTTCTCCA
ATATGGTAGCTTTTGCACACAACTAAATCGTGCACTCTCAGGTATTGCTGCTGAACAGGATCGCA
ACACACGTGAAGTGTTCGCTCAAGTCAAACAAATGTACAAAACCCCAACTTTGAAATATTTTGGT
GGTTTTAATTTTTCACAAATATTACCTGACCCTCTAAAGCCAACTAAGAGGTCTTTTATTGAGGA
CTTGCTCTTTAATAAGGTGACACTCGCTGATGCTGGCTTCATGAAGCAATATGGCGAATGCCTAG
GTGATATTAATGCTAGAGATCTCATTTGTGCGCAGAAGTTCAATGGACTTACAGTGTTGCCACCT
CTGCTCACTGATGATATGATTGCTGCCTACACTGCTGCTCTAGTTAGTGGTACTGCCACTGCTGG
ATGGACATTTGGTGCTGGCGCTGCTCTTCAAATACCTTTTGCTATGCAAATGGCATATAGGTTCA
ATGGCATTGGAGTTACCCAAAATGTTCTCTATGAGAACCAAAAACAAATCGCCAACCAATTTAAC
AAGGCGATTAGTCAAATTCAAGAATCACTTACAACAACATCAACTGCATTGGGCAAGCTGCAAGA
CGTTGTTAACCAGAATGCTCAAGCATTAAACACACTTGTTAAACAACTTAGCTCTAATTTTGGTG
CAATTTCAAGTGTGCTAAATGATATCCTTTCGCGACTTGATAAAGTCGAGGCGGAGGTACAAATT
GACAGGTTAATTACAGGCAGACTTCAAAGCCTTCAAACCTATGTAACACAACAACTAATCAGGGC
TGCTGAAATCAGGGCTTCTGCTAATCTTGCTGCTACTAAAATGTCTGAGTGTGTTCTTGGACAAT
CAAAAAGAGTTGACTTTTGTGGAAAGGGCTACCACCTTATGTCCTTCCCACAAGCAGCCCCGCAT
GGTGTTGTCTTCCTACATGTCACGTATGTGCCATCCCAGGAGAGGAACTTCACCACAGCGCCAGC
AATTTGTCATGAAGGCAAAGCATACTTCCCTCGTGAAGGTGTTTTTGTGTTTAATGGCACTTCTT
GGTTTATTACACAGAGGAACTTCTTTTCTCCACAAATAATTACTACAGACAATACATTTGTCTCA
GGAAATTGTGATGTCGTTATTGGCATCATTAACAACACAGTTTATGATCCTCTGCAACCTGAGCT
TGACTCATTCAAAGAAGAGCTGGACAAGTACTTCAAAAATCATACATCACCAGATGTTGATCTTG
GCGACATTTCAGGCATTAACGCTTCTGTCGTCAACATTCAAAAAGAAATTGACCGCCTCAATGAG
GTCGCTAAAAATTTAAATGAATCACTCATTGACCTTCAAGAATTGGGAAAATATGAGCAATATAT
TAAATGGCCTTGGTATGTTTGGCTCGGCTTCATTGCTGGACTAATTGCCATCGTCATGGTTACAA
TCTTGCTTTGTTGCATGACTAGTTGTTGCAGTTGCCTCAAGGGTGCATGCTCTTGTGGTTCTTGC
TGCAAGTTTGATGAGGATGACTCTGAGCCAGTTCTCAAGGGTGTCAAATTACATTACACATAA
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Middle East
respiratory
syndrome-
related
coronavirus
isolate HCoV-
EMC/2012,
complete
genome

NC_019843.3

>NC 019843.3:21456-25517 Middle East respiratory syndrome-related
coronavirus isolate HCoV-EMC/2012, complete genome
ATGATACACTCAGTGTTTCTACTGATGTTCTTGTTAACACCTACAGAAAGTTACGTTGATGTAGG
GCCAGATTCTGTTAAGTCTGCTTGTATTGAGGTTGATATACAACAGACTTTCTTTGATAAAACTT
GGCCTAGGCCAATTGATGTTTCTAAGGCTGACGGTATTATATACCCTCAAGGCCGTACATATTCT
AACATAACTATCACTTATCAAGGTCTTTTTCCCTATCAGGGAGACCATGGTGATATGTATGTTTA
CTCTGCAGGACATGCTACAGGCACAACTCCACAAAAGTTGTTTGTAGCTAACTATTCTCAGGACG
TCAAACAGTTTGCTAATGGGTTTGTCGTCCGTATAGGAGCAGCTGCCAATTCCACTGGCACTGTT
ATTATTAGCCCATCTACCAGCGCTACTATACGAAAAATTTACCCTGCTTTTATGCTGGGTTCTTC
AGTTGGTAATTTCTCAGATGGTAAAATGGGCCGCTTCTTCAATCATACTCTAGTTCTTTTGCCCG
ATGGATGTGGCACTTTACTTAGAGCTTTTTATTGTATTCTAGAGCCTCGCTCTGGAAATCATTGT
CCTGCTGGCAATTCCTATACTTCTTTTGCCACTTATCACACTCCTGCAACAGATTGTTCTGATGG
CAATTACAATCGTAATGCCAGTCTGAACTCTTTTAAGGAGTATTTTAATTTACGTAACTGCACCT
TTATGTACACTTATAACATTACCGAAGATGAGATTTTAGAGTGGTTTGGCATTACACAAACTGCT
CAAGGTGTTCACCTCTTCTCATCTCGGTATGTTGATTTGTACGGCGGCAATATGTTTCAATTTGC
CACCTTGCCTGTTTATGATACTATTAAGTATTATTCTATCATTCCTCACAGTATTCGTTCTATCC
AAAGTGATAGAAAAGCTTGGGCTGCCTTCTACGTATATAAACTTCAACCGTTAACTTTCCTGTTG
GATTTTTCTGTTGATGGTTATATACGCAGAGCTATAGACTGTGGTTTTAATGATTTGTCACAACT
CCACTGCTCATATGAATCCTTCGATGTTGAATCTGGAGTTTATTCAGTTTCGTCTTTCGAAGCAA
AACCTTCTGGCTCAGTTGTGGAACAGGCTGAAGGTGTTGAATGTGATTTTTCACCTCTTCTGTCT
GGCACACCTCCTCAGGTTTATAATTTCAAGCGTTTGGTTTTTACCAATTGCAATTATAATCTTAC
CAAATTGCTTTCACTTTTTTCTGTGAATGATTTTACTTGTAGTCAAATATCTCCAGCAGCAATTG
CTAGCAACTGTTATTCTTCACTGATTTTGGATTACTTTTCATACCCACTTAGTATGAAATCCGAT
CTCAGTGTTAGTTCTGCTGGTCCAATATCCCAGTTTAATTATAAACAGTCCTTTTCTAATCCCAC
ATGTTTGATTTTAGCGACTGTTCCTCATAACCTTACTACTATTACTAAGCCTCTTAAGTACAGCT
ATATTAACAAGTGCTCTCGTCTTCTTTCTGATGATCGTACTGAAGTACCTCAGTTAGTGAACGCT
AATCAATACTCACCCTGTGTATCCATTGTCCCATCCACTGTGTGGGAAGACGGTGATTATTATAG
GAAACAACTATCTCCACTTGAAGGTGGTGGCTGGCTTGTTGCTAGTGGCTCAACTGTTGCCATGA
CTGAGCAATTACAGATGGGCTTTGGTATTACAGTTCAATATGGTACAGACACCAATAGTGTTTGC
CCCAAGCTTGAATTTGCTAATGACACAAAAATTGCCTCTCAATTAGGCAATTGCGTGGAATATTC
CCTCTATGGTGTTTCGGGCCGTGGTGTTTTTCAGAATTGCACAGCTGTAGGTGTTCGACAGCAGC
GCTTTGTTTATGATGCGTACCAGAATTTAGTTGGCTATTATTCTGATGATGGCAACTACTACTGT
TTGCGTGCTTGTGTTAGTGTTCCTGTTTCTGTCATCTATGATAAAGAAACTAAAACCCACGCTAC
TCTATTTGGTAGTGTTGCATGTGAACACATTTCTTCTACCATGTCTCAATACTCCCGTTCTACGC
GATCAATGCTTAAACGGCGAGATTCTACATATGGCCCCCTTCAGACACCTGTTGGTTGTGTCCTA
GGACTTGTTAATTCCTCTTTGTTCGTAGAGGACTGCAAGTTGCCTCTTGGTCAATCTCTCTGTGC
TCTTCCTGACACACCTAGTACTCTCACACCTCGCAGTGTGCGCTCTGTTCCAGGTGAAATGCGCT
TGGCATCCATTGCTTTTAATCATCCTATTCAGGTTGATCAACTTAATAGTAGTTATTTTAAATTA
AGTATACCCACTAATTTTTCCTTTGGTGTGACTCAGGAGTACATTCAGACAACCATTCAGAAAGT
TACTGTTGATTGTAAACAGTACGTTTGCAATGGTTTCCAGAAGTGTGAGCAATTACTGCGCGAGT
ATGGCCAGTTTTGTTCCAAAATAAACCAGGCTCTCCATGGTGCCAATTTACGCCAGGATGATTCT
GTACGTAATTTGTTTGCGAGCGTGAAAAGCTCTCAATCATCTCCTATCATACCAGGTTTTGGAGG
TGACTTTAATTTGACACTTCTAGAACCTGTTTCTATATCTACTGGCAGTCGTAGTGCACGTAGTG
CTATTGAGGATTTGCTATTTGACAAAGTCACTATAGCTGATCCTGGTTATATGCAAGGTTACGAT
GATTGCATGCAGCAAGGTCCAGCATCAGCTCGTGATCTTATTTGTGCTCAATATGTGGCTGGTTA
CAAAGTATTACCTCCTCTTATGGATGTTAATATGGAAGCCGCGTATACTTCATCTTTGCTTGGCA
GCATAGCAGGTGTTGGCTGGACTGCTGGCTTATCCTCCTTTGCTGCTATTCCATTTGCACAGAGT
ATCTTTTATAGGTTAAACGGTGTTGGCATTACTCAACAGGTTCTTTCAGAGAACCAAAAGCTTAT
TGCCAATAAGTTTAATCAGGCTCTGGGAGCTATGCAAACAGGCTTCACTACAACTAATGAAGCTT
TTCAGAAGGTTCAGGATGCTGTGAACAACAATGCACAGGCTCTATCCAAATTAGCTAGCGAGCTA
TCTAATACTTTTGGTGCTATTTCCGCCTCTATTGGAGACATCATACAACGTCTTGATGTTCTCGA
ACAGGACGCCCAAATAGACAGACTTATTAATGGCCGTTTGACAACACTAAATGCTTTTGTTGCAC
AGCAGCTTGTTCGTTCCGAATCAGCTGCTCTTTCCGCTCAATTGGCTAAAGATAAAGTCAATGAG
TGTGTCAAGGCACAATCCAAGCGTTCTGGATTTTGCGGTCAAGGCACACATATAGTGTCCTTTGT
TGTAAATGCCCCTAATGGCCTTTACTTCATGCATGTTGGTTATTACCCTAGCAACCACATTGAGG
TTGTTTCTGCTTATGGTCTTTGCGATGCAGCTAACCCTACTAATTGTATAGCCCCTGTTAATGGC
TACTTTATTAAAACTAATAACACTAGGATTGTTGATGAGTGGTCATATACTGGCTCGTCCTTCTA
TGCACCTGAGCCCATTACCTCCCTTAATACTAAGTATGTTGCACCACAGGTGACATACCAAAACA
TTTCTACTAACCTCCCTCCTCCTCTTCTCGGCAATTCCACCGGGATTGACTTCCAAGATGAGTTG
GATGAGTTTTTCAAAAATGTTAGCACCAGTATACCTAATTTTGGTTCCCTAACACAGATTAATAC
TACATTACTCGATCTTACCTACGAGATGTTGTCTCTTCAACAAGTTGTTAAAGCCCTTAATGAGT
CTTACATAGACCTTAAAGAGCTTGGCAATTATACTTATTACAACAAATGGCCGTGGTACATTTGG
CTTGGTTTCATTGCTGGGCTTGTTGCCTTAGCTCTATGCGTCTTCTTCATACTGTGCTGCACTGG
TTGTGGCACAAACTGTATGGGAAAACTTAAGTGTAATCGTTGTTGTGATAGATACGAGGAATACG
ACCTCGAGCCGCATAAGGTTCATGTTCACTAA




Severe acute
respiratory
syndrome
coronavirus

2 isolate
Wuhan-Hu-1,
complete
genome

NC 0455122

>NC 045512.2:21563-25384 Severe acute respiratory syndrome
coronavirus 2 isolate Wuhan-Hu-1, complete
genomeATGTTTGTTTTTCTTGTTTTATTGCCACTAGTCTCTAGTCAGTGTGTTAATCTTACAAC
CAGAACTCAATTACCCCCTGCATACACTAATTCTTTCACACGTGGTGTTTATTACCCTGACAAAG
TTTTCAGATCCTCAGTTTTACATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCCAATGTTACT
TGGTTCCATGCTATACATGTCTCTGGGACCAATGGTACTAAGAGGTTTGATAACCCTGTCCTACC
ATTTAATGATGGTGTTTATTTTGCTTCCACTGAGAAGTCTAACATAATAAGAGGCTGGATTTTTG
GTACTACTTTAGATTCGAAGACCCAGTCCCTACTTATTGTTAATAACGCTACTAATGTTGTTATT
AAAGTCTGTGAATTTCAATTTTGTAATGATCCATTTTTGGGTGTTTATTACCACAAAAACAACAA
AAGTTGGATGGAAAGTGAGTTCAGAGTTTATTCTAGTGCGAATAATTGCACTTTTGAATATGTCT
CTCAGCCTTTTCTTATGGACCTTGAAGGAAAACAGGGTAATTTCAAAAATCTTAGGGAATTTGTG
TTTAAGAATATTGATGGTTATTTTAAAATATATTCTAAGCACACGCCTATTAATTTAGTGCGTGA
TCTCCCTCAGGGTTTTTCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTATTAACATCACTA
GGTTTCAAACTTTACTTGCTTTACATAGAAGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGG
ACAGCTGGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGGACTTTTCTATTAAAATATAA
TGAAAATGGAACCATTACAGATGCTGTAGACTGTGCACTTGACCCTCTCTCAGAAACAAAGTGTA
CGTTGAAATCCTTCACTGTAGAAAAAGGAATCTATCAAACTTCTAACTTTAGAGTCCAACCAACA
GAATCTATTGTTAGATTTCCTAATATTACAAACTTGTGCCCTTTTGGTGAAGTTTTTAACGCCAC
CAGATTTGCATCTGTTTATGCTTGGAACAGGAAGAGAATCAGCAACTGTGTTGCTGATTATTCTG
TCCTATATAATTCCGCATCATTTTCCACTTTTAAGTGTTATGGAGTGTCTCCTACTAAATTAAAT
GATCTCTGCTTTACTAATGTCTATGCAGATTCATTTGTAATTAGAGGTGATGAAGTCAGACAAAT
CGCTCCAGGGCAAACTGGAAAGATTGCTGATTATAATTATAAATTACCAGATGATTTTACAGGCT
GCGTTATAGCTTGGAATTCTAACAATCTTGATTCTAAGGTTGGTGGTAATTATAATTACCTGTAT
AGATTGTTTAGGAAGTCTAATCTCAAACCTTTTGAGAGAGATATTTCAACTGAAATCTATCAGGC
CGGTAGCACACCTTGTAATGGTGTTGAAGGTTTTAATTGTTACTTTCCTTTACAATCATATGGTT
TCCAACCCACTAATGGTGTTGGTTACCAACCATACAGAGTAGTAGTACTTTCTTTTGAACTTCTA
CATGCACCAGCAACTGTTTGTGGACCTAAAAAGTCTACTAATTTGGTTAAAAACAAATGTGTCAA
TTTCAACTTCAATGGTTTAACAGGCACAGGTGTTCTTACTGAGTCTAACAAAAAGTTTCTGCCTT
TCCAACAATTTGGCAGAGACATTGCTGACACTACTGATGCTGTCCGTGATCCACAGACACTTGAG
ATTCTTGACATTACACCATGTTCTTTTGGTGGTGTCAGTGTTATAACACCAGGAACAAATACTTC
TAACCAGGTTGCTGTTCTTTATCAGGATGTTAACTGCACAGAAGTCCCTGTTGCTATTCATGCAG
ATCAACTTACTCCTACTTGGCGTGTTTATTCTACAGGTTCTAATGTTTTTCAAACACGTGCAGGC
TGTTTAATAGGGGCTGAACATGTCAACAACTCATATGAGTGTGACATACCCATTGGTGCAGGTAT
ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCA
TCATTGCCTACACTATGTCACTTGGTGCAGAAAATTCAGTTGCTTACTCTAATAACTCTATTGCC
ATACCCACAAATTTTACTATTAGTGTTACCACAGAAATTCTACCAGTGTCTATGACCAAGACATC
AGTAGATTGTACAATGTACATTTGTGGTGATTCAACTGAATGCAGCAATCTTTTGTTGCAATATG
GCAGTTTTTGTACACAATTAAACCGTGCTTTAACTGGAATAGCTGTTGAACAAGACAAAAACACC
CAAGAAGTTTTTGCACAAGTCAAACAAATTTACAAAACACCACCAATTAAAGATTTTGGTGGTTT
TAATTTTTCACAAATATTACCAGATCCATCAAAACCAAGCAAGAGGTCATTTATTGAAGATCTAC
TTTTCAACAAAGTGACACTTGCAGATGCTGGCTTCATCAAACAATATGGTGATTGCCTTGGTGAT
ATTGCTGCTAGAGACCTCATTTGTGCACAAAAGTTTAACGGCCTTACTGTTTTGCCACCTTTGCT
CACAGATGAAATGATTGCTCAATACACTTCTGCACTGTTAGCGGGTACAATCACTTCTGGTTGGA
CCTTTGGTGCAGGTGCTGCATTACAAATACCATTTGCTATGCAAATGGCTTATAGGTTTAATGGT
ATTGGAGTTACACAGAATGTTCTCTATGAGAACCAAAAATTGATTGCCAACCAATTTAATAGTGC
TATTGGCAAAATTCAAGACTCACTTTCTTCCACAGCAAGTGCACTTGGAAAACTTCAAGATGTGG
TCAACCAAAATGCACAAGCTTTAAACACGCTTGTTAAACAACTTAGCTCCAATTTTGGTGCAATT
TCAAGTGTTTTAAATGATATCCTTTCACGTCTTGACAAAGTTGAGGCTGAAGTGCAAATTGATAG
GTTGATCACAGGCAGACTTCAAAGTTTGCAGACATATGTGACTCAACAATTAATTAGAGCTGCAG
AAATCAGAGCTTCTGCTAATCTTGCTGCTACTAAAATGTCAGAGTGTGTACTTGGACAATCAAAA
AGAGTTGATTTTTGTGGAAAGGGCTATCATCTTATGTCCTTCCCTCAGTCAGCACCTCATGGTGT
AGTCTTCTTGCATGTGACTTATGTCCCTGCACAAGAAAAGAACTTCACAACTGCTCCTGCCATTT
GTCATGATGGAAAAGCACACTTTCCTCGTGAAGGTGTCTTTGTTTCAAATGGCACACACTGGTTT
GTAACACAAAGGAATTTTTATGAACCACAAATCATTACTACAGACAACACATTTGTGTCTGGTAA
CTGTGATGTTGTAATAGGAATTGTCAACAACACAGTTTATGATCCTTTGCAACCTGAATTAGACT
CATTCAAGGAGGAGTTAGATAAATATTTTAAGAATCATACATCACCAGATGTTGATTTAGGTGAC
ATCTCTGGCATTAATGCTTCAGTTGTAAACATTCAAAAAGAAATTGACCGCCTCAATGAGGTTGC
CAAGAATTTAAATGAATCTCTCATCGATCTCCAAGAACTTGGAAAGTATGAGCAGTATATAAAAT
GGCCATGGTACATTTGGCTAGGTTTTATAGCTGGCTTGATTGCCATAGTAATGGTGACAATTATG
CTTTGCTGTATGACCAGTTGCTGTAGTTGTCTCAAGGGCTGTTGTTCTTGTGGATCCTGCTGCAA
ATTTGATGAAGACGACTCTGAGCCAGTGCTCAAAGGAGTCAAATTACATTACACATAA
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In conducting a multiple sequence alignment of SARS-CoV, MERS-CoV, and SARS-

CoV-2’s S protein CDS, Clustal Omega provides a ‘Percent Identity Matrix’ as insight into

sequence homology (Table 4). SARS-CoV and SARS-CoV-2 share 74.52% nucleotide sequence

similarity in their S proteins, while MERS-CoV and SARS-CoV-2 only share 52.91% sequence

similarity. As the S proteins of SARS-CoV and SARS-CoV-2 mediate viral genome entry into

host cell through the same receptor, ACE-2, it is expected the sequences coding for the proteins

are relatively conserved.

Table 3. Percent Identity Matrix of Spike (S) Protein Nucleotide Homology between SARS-CoV, MERS-CoV,

and SARS-CoV-2

SARS-CoV MERS-CoV SARS-CoV-2
SARS-CoV 100.00 52.96 74.52
MERS-CoV 52.96 100.00 5291
SARS-CoV-2 74.52 5291 100.00

The homology of the SARS-CoV, MERS-CoV, and SARS-CoV-2 S protein amino acid

sequences were additionally analyzed using GenBank and Clustal Omega. GenBank allowed for

identification of each strain’s S protein amino acid sequence. This sequence was then exported

to Clustal Omega in FASTA format, where the Multiple Sequence Alignment tool was used to

analyze for sequence homology and conservation (Table 4).1%22 The portion of the amino acid

sequence corresponding to the receptor binding domain is highlighted in blue, as these specific

sequences were also analyzed for homology and conservation.
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Table 4. Analyzing Amino Acid Homology of SARS-CoV, MERS-CoV, and SARS-CoV-2 Spike (S) Protein CDS

GenBank
Entry

NCBI Reference
Sequence

S Protein CDS FASTA

spike
glycoprotein
[SARS
coronavirus
Tor2]

Entire S Protein
and Receptor
Binding Domain:
YP _009825051.1

>YP 009825051.1 spike glycoprotein [SARS coronavirus Tor2]
MFIFLLFLTLTSGSDLDRCTTEFDDVQAPNYTQHTSSMRGVYYPDEIFRSDTLYLTQDLEFLPEFYSNVTG
FHTINHTFGNPVIPFKDGIYFAATEKSNVVRGWVEFGSTMNNKSQSVIIINNSTNVVIRACNFELCDNP
FFAVSKPMGTQTHTMIFDNAFNCTFEYISDAFSLDVSEKSGNFKHLREFVFKNKDGFLYVYKGYQPID
VVRDLPSGFNTLKPIFKLPLGINITNFRAILTAFSPAQDIWGTSAAAYFVGYLKPTTFMLKYDENGTI
TDAVDCSQNPLAELKCSVKSFEIDKGIYQTSNFRVVPSGDVVRFPNITNLCPFGEVENATKEPSVYAW
ERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADY
NYKLPDDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPALNCYW
PLNDYGFYTTTGIGYQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQCVNEFNEFNGLTGTGVLTPSSKR
FOPFQOFGRDVSDFTDSVRDPKTSEILDISPCAFGGVSVITPGTNASSEVAVLYQDVNCTDVSTATIHA
DOLTPAWRIYSTGNNVFQTQAGCLIGAEHVDTSYECDIPIGAGICASYHTVSLLRSTSQKSIVAYTMS
LGADSSIAYSNNTIAIPTNFSISITTEVMPVSMAKTSVDCNMYICGDSTECANLLLQYGSFCTQLNRA
LSGIAAEQDRNTREVFAQVKOMYKTPTLKYFGGFNEFSQILPDPLKPTKRSFIEDLLENKVTLADAGEFM
KQYGECLGDINARDLICAQKFNGLTVLPPLLTDDMIAAYTAALVSGTATAGWTFGAGAALQIPFAMOM
AYREFNGIGVTONVLYENQKQIANQFNKAISQIQESLTTTSTALGKLODVVNONAQALNTLVKQLSSNF
GAISSVLNDILSRLDKVEAEVQIDRLITGRLOSLOTYVTQQLIRAAEIRASANLAATKMSECVLGQSK
RVDFCGKGYHLMSFPQAAPHGVVEFLHVTYVPSQERNFTTAPAICHEGKAYFPREGVEVENGTSWEITQ
RNFFSPQIITTDNTEFVSGNCDVVIGIINNTVYDPLOPELDSFKEELDKYFKNHTSPDVDLGDISGINA
SVVNIQKEIDRLNEVAKNLNESLIDLOQELGKYEQYIKWPWYVWLGFIAGLIAIVMVTILLCCMTSCCS
CLKGACSCGSCCKFDEDDSEPVLKGVKLHYT

spike
protein
[Middle
East
respiratory
syndrome-
related
coronavirus|

Entire S Protein:
YP_009047204.1

Receptor Binding
Domain:
AAP41037.1

>YP 009047204.1 spike protein [Middle East respiratory syndrome-
related coronavirus]
MIHSVFLLMFLLTPTESYVDVGPDSVKSACIEVDIQQTFEFDKTWPRPIDVSKADGIIYPQGRTYSNIT
ITYQGLFPYQGDHGDMYVYSAGHATGTTPQKLEVANYSQDVKQFANGFVVRIGAAANSTGTVIISPST
SATIRKIYPAFMLGSSVGNFSDGKMGRFFNHTLVLLPDGCGTLLRAFYCILEPRSGNHCPAGNSYTSF
ATYHTPATDCSDGNYNRNASLNSFKEYEFNLRNCTFMYTYNITEDEILEWFGITQTAQGVHLESSRYVD
LYGGNMFQFATLPVYDTIKYYSITPHSIRSIQSDRKAWAAFYVYKLOQPLTFLLDFSVDGYIRRAIDCG
FNDLSQLHCSYESFDVESGVYSVSSFEAKPSGSVVEQAEGVECDEFSPLLSGTPPOVYNFKRLVETNCN
YNLTKLLSLFSVNDFTCSQISPAAIASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQFNYKQSFSNP
TCLILATVPHNLTTITKPLKYSYINKCSRLLSDDRTEVPQLVNANQYSPCVSIVPSTVWEDGDYYRKQ
LSPLEGGGWLVASGSTVAMTEQLOMGFGITVQYGTDTNSVCPKLEFANDTKIASQLGNCVEYSLYGVS
GRGVFQNCTAVGVRQQOREFVYDAYQNLVGYYSDDGNYYCLRACVSVPVSVIYDKETKTHATLFGSVACE
HISSTMSQYSRSTRSMLKRRDSTYGPLQTPVGCVLGLVNSSLFVEDCKLPLGQSLCALPDTPSTLTPR
SVRSVPGEMRLASIAFNHPIQVDQLNSSYFKLSIPTNFSEFGVTQEYIQTTIQKVTVDCKQYVCNGEQK
CEQLLREYGQFCSKINQALHGANLRQDDSVRNLFASVKSSQSSPITIPGFGGDFNLTLLEPVSISTGSR
SARSAIEDLLEFDKVTIADPGYMQGYDDCMQQGPASARDLICAQYVAGYKVLPPLMDVNMEAAYTSSLL
GSIAGVGWTAGLSSFAAIPFAQSIFYRLNGVGITQQVLSENQKLIANKEFNQALGAMQTGFTTTNEAFQ
KVQODAVNNNAQALSKLASELSNTFGAISASIGDIIQRLDVLEQDAQIDRLINGRLTTLNAFVAQQLVR
SESAALSAQLAKDKVNECVKAQSKRSGFCGQGTHIVSFVVNAPNGLYFMHVGYYPSNHIEVVSAYGLC
DAANPTNCIAPVNGYFIKTNNTRIVDEWSYTGSSFYAPEPITSLNTKYVAPQVTYQONISTNLPPPLLG
NSTGIDFQDELDEFFKNVSTSIPNFGSLTQINTTLLDLTYEMLSLOQQVVKALNESYIDLKELGNYTYY
NKWPWYIWLGFIAGLVALALCVFFILCCTGCGTNCMGKLKCNRCCDRYEEYDLEPHKVHVH

surface
glycoprotein
[Severe
acute
respiratory
syndrome
coronavirus
2]

Entire S Protein
and Receptor
Binding Domain:
YP _009724390.1

>YP 009724390.1 surface glycoprotein [Severe acute respiratory
syndrome coronavirus 2]
MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTODLFLPFEFSNVTWFHAT
HVSGTNGTKREDNPVLPENDGVYFASTEKSNITIRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFC
NDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVEFKNIDGYFKIY
SKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQP
RTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTVEKGIYQTSNFRVOPTESIVREPNITNLCPFGE
VFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVR
QIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAG
STPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNENEN
GLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLY
QODVNCTEVPVATIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPIGAGICASYQTQTNS
PRRARSVASQSIIAYTMSLGAENSVAYSNNSIAIPTNFTISVTTEILPVSMTKTSVDCTMYICGDSTE
CSNLLLOYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDFGGFNEFSQILPDPSKPSKRS
FIEDLLENKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYTSALLAGTITS
GWTFGAGAALQIPFAMOMAYRENGIGVTONVLYENQKLIANQEFNSAIGKIQDSLSSTASALGKLQDVV
NONAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLITGRLOSLOTYVTQQLIRAAEIRA
SANLAATKMSECVLGQSKRVDFCGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAH
FPREGVEFVSNGTHWEVTQRNFYEPQIITTDNTEFVSGNCDVVIGIVNNTVYDPLOPELDSFKEELDKYF
KNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLOQELGKYEQYIKWPWYIWLGEFIAGL
IATVMVTIMLCCMTSCCSCLKGCCSCGSCCKFDEDDSEPVLKGVKLHYT
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Again, the ‘Percent Identity Matrix’ created by Clustal Omega was used for analysis of

the S protein and corresponding receptor binding domain amino acid homology between SARS-
CoV, MERS-CoV, and SARS-CoV-2 (Table 5). As expected, SARS-CoV shares 77.38% of S
protein amino acid sequence identity and 74.41% of receptor binding domain amino acid

sequence identity with SARS-CoV-2.

Table 5. Percent Identity Matrix of SARS-CoV, MERS-CoV, and SARS-CoV-2 Entire Spike (S) Protein and
Receptor Binding Domain Amino Acid Sequences

Format: (Percent Identity of Entire S Protein, Percent Identity of Receptor Binding Domain)

SARS-CoV

MERS-CoV

SARS-CoV-2

SARS-CoV

(100.00, 100.00)

(32.27,21.67)

(77.38, 74.41)

MERS-CoV

(32.27,21.67)

(100.00, 100.00)

(31.93,20.83)

SARS-CoV-2

(77.38, 74.41)

(31.93, 20.83)

(100.00, 100.00)

While exhibiting homology in the receptor binding domain, SARS-CoV and SARS-CoV-
2 differ in five of the six amino acids identified as essential binding sites for ACE-2. These six
residues are Y442, 1472, N479, D480, T487, and Y491 in SARS-CoV and L455, F486, Q493,
S494, N501, and Y505 in SARS-CoV-2. The property conservation of these five differing

amino acid were investigated through Clustal Omega (Figure 1).%
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YP 009047204.1:383-502 2 = —--mmmmmmmmmem—ee CDFSPLLSG-TPPQVYNFKRLVFTNCNYNLTKLLSLFSVNDFT 42
AAP41037.1:317-569 = 6———mmm—e—ee PNITNLCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFK )
YP 009724390.1:319-541 RVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFK

YP 009047204.1:383-502 CSQISPAAIASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQFNYKQSFSNPTCLILATV 102
AAP41037.1:317-569 CYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVLAWNT
YP_009724390.1:319-541 CYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNS 20
YP_009047204.1:383-502 PHNLTTITKPLK-=YSYINK-=-mee e e e 12
AAP41037.1:317-569 RNIDATSTGNYNYKYRY[LRHGKLRPFERDISNVPFSPDGKPCTP-P iNCYWP EE'GFY
YP_009724390.1:319-541 NNLDSKVGGNYNYLYRLIFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLOSYGFQ
YP_009047204.1:383-502 = = e e 12
AAP41037.1:317-569 T IGQYPPYRVVVLSFELLNAPATVCGPKLSTDLIKNQCVNFNFNGLTGTGVLTPSSKR 228
YP_009724390.1:319-541 P VQYOPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNF - === = e e 22

YP 009047204.1:383-502 ————mmmmmmmmmmmm 12
AAP41037.1:317-569 FQPFQQFGRDVSDFTDSVRDPKTSE 253
YP 009724390.1:319-541 ————mmmmmmmmmm 223

Figure 1. Multiple Sequence Alignment of SARS-CoV, MERS-CoV, and SARS-CoV-2 Spike (S) Protein
Receptor Binding Domain

The alignment of SARS-CoV (AAP41037.1:317-569) and SARS-CoV-2
(YP_009724390.1) revealed conservation of property in three of the five amino acids essential
for binding to human ACE-2. Specifically, the aligned amino acids L472 (SARS-CoV) and
F486 (SARS-CoV-2) are both small, hydrophobic residues. N479 (SARS-CoV) and F493
(SARS-CoV-2) are both polar residues, as are T487 (SARS-CoV) and N501 (SARS-CoV-2). In
terms of non-conserved residues, Y442 (SARS-CoV) and F455 (SARS-CoV-2), as well as
D480(SARS-CoV) and S494 (SARS-CoV-2).22 The discrepancy in amino acid property
suggests either an evolutionary adaptation of SARS-CoV-2 to increase binding to ACE-2 or
decreased importance of these two amino acid residues in binding to ACE-2.

Due to their role in mediating binding of virion to host cell, S proteins have been at the
forefront of research regarding coronavirus vaccine development. Analyzing the homology of
SARS-CoV, MERS-CoV, and SARS-CoV-2 S proteins provides greater insight into respective

vaccine development efforts, specifically regarding the value provided by the two former.
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Chapter 2

Coronavirus Vaccine Development

While there are no commercially available, United States Food and Drug Administration
(FDA) approved vaccines against SARS-CoV and MERS-CoV, vaccines of various forms have
been developed and tested in preclinical models, a few entering into the clinical trial stage (Phase
1). Vaccines based on live-attenuated virus, whole-inactivated virus, protein subunits, virus-like
particles, DNA, and viral vectors were studied through SARS-CoV and MERS-CoV vaccine
development efforts, primarily focused on using S proteins to elicit immune response. The most
promising of these approaches being DNA vaccines and viral vector vaccines.? 24

As for SARS-CoV-2, three vaccines, Pfizer-BioNTech, Moderna, and Johnson &
Johnson/Janssen, are commercially available and FDA approved, the former two being mRNA

vaccines, the latter being viral vector. These vaccines also use S proteins to elicit immune

response.?’

Information Provided by SARS-CoV and MERS Vaccine Development

The SARS-CoV and MERS-CoV DNA vaccines reaching the clinical trial phase contain
a DNA plasmid encoding either full-length S proteins or the S1 subunit specifically. Using
electroporation, administration of a short, local electrical pulse, the DNA plasmid enters cells
and produces target protein/antigen to induce the production of neutralizing antibodies and
activation of killer T cells. With success of these vaccines observed in both animal models

(SARS-CoV and MERS-CoV) and humans (SARS-CoV), several companies investigated this
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method to produce a DNA vaccine against SARS-CoV-2, in which four of these DNA vaccines

entered the clinical trial stage. 2324

The viral vector vaccines against SARS-CoV and MERS-CoV employ similar
methodology to DNA vaccines, producing either the full-length S proteins or just the S1 subunit
to induce immune response. However, in viral vector vaccines, the DNA encoding these
proteins is incorporated into viral vectors as to exploit the infectivity of viruses, inducing a
stronger immune response. The most commonly used, well studied viruses used in viral vector
vaccines are adenovirus, modified vaccinia virus Ankara, and Venezuelan equine encephalitis
virus. Vaccines based on these viral vectors demonstrated the ability to induce immune response
against SARS-CoV and MERS-CoV, in addition to vaccines based on parainfluenza virus,

vesicular stomatitis virus, Measle virus, and rabies virus. 2> 24

Looking at the development of
viral vector SARS-CoV-2 vaccines, vaccines based on adenovirus, modified vaccinia virus
Ankara, parainfluenza virus, vesicular stomatitis virus, Measle virus, and rabies virus were
explored due to the extensive studies performed for SARS-CoV and MERS-CoV viral vector
vaccine development. It is interesting to note that of the twelve SARS-CoV-2 viral vector
vaccines reaching clinical trial phase, eight of these vaccines are based on adenovirus, with the
Johnson & Johnson/Janssen viral vector vaccine receiving FDA approval for commercial
distribution. 2

It is evident that SARS-CoV and MERS-CoV vaccine development efforts provided

valuable information regarding the importance of the S protein/S1 subunit in eliciting immune

response against coronaviruses, expediting the process of SARS-CoV-2 vaccine development.
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Implications of SARS-CoV and MERS-CoV Vaccine Development Efforts in SARS-CoV-2
Vaccine Development

As mentioned above, three vaccines against SARS-CoV-2 have been approved by the
FDA and is being distributed in record numbers, today. The first two of these three vaccines
produced, Pfizer-BioNTech and Moderna, are mRNA based, encoding mutant S protein to
produce neutralizing antibodies and elicit immune response. This approach to vaccine
development is relatively new and highly adaptable to new pathogens due to their ability to be
developed using solely genomic sequence information. Both Pfizer-BioNTech and Moderna
exploit this property of mRNA vaccines to encode for a mutant form of SARS-CoV-2 S protein,
S-2P, that was studied in MERS-CoV vaccine development. 2> It was discovered that the
mutation of two amino acid resides, V1060 and L1061, to proline resulted in a stabilized, pre-
conformational change structure which has been shown to increase the immune response elicited
by vaccination.'® This mutant S protein was also encoded in the adenovirus used in the Johnson
& Johnson/Janssen viral vector vaccine, a technique seen in both SARS-CoV and MERS-CoV
vaccine development. 23

It is important to note that while there are currently only three commercial vaccines
against SARS-CoV-2 authorized by the FDA, over 150 SARS-CoV-2 vaccines have been
developed, 77 of these vaccines still in the preclinical stage and 86 in the clinical trial stage.?®
Vaccine platforms of all types were investigated as potential treatment for SARS-CoV-2, with
several whole-inactivated virus, protein subunit, DNA, RNA, and viral vector vaccines entering
the final stages of clinical testing. The majority of these vaccines exploit the entire S protein, an
S protein subunit, or the S protein receptor binding domain as an antigen to produce neutralizing

antibodies and induce immune response. > Again, the importance of the S protein to
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coronavirus infection is emphasized, as is the value provided by SARS-CoV and MERS-CoV

vaccine development.

In addition to providing insight into the importance of the S protein in SARS-CoV-2
vaccine development, SARS-CoV and MERS-CoV vaccine development efforts drew attention
to areas in which coronavirus vaccine development could be improved. For example, there were
limited animal models suitable for SARS-CoV and MERS-CoV vaccine testing, as the animals
showed limited disease manifestation and viral replication. 2 The implication of this finding in
the development of SARS-CoV-2 vaccines is illustrated in the direct entrance of many vaccine
candidates into clinical trials, entirely skipping preclinical testing. Additionally, many phases of
clinical testing were combined so to further expedite the commercial release of a SARS-CoV-2
vaccine. The knowledge gained from vaccine development efforts for SARS-CoV and MERS-
CoV allowed for the rapid development of successful SARS-CoV-2 vaccines. 2

While the vaccine development efforts of SARS-CoV and MERS-CoV proved to be of
extremely value in the successful, rapid development of a commercial SARS-CoV-2 vaccine, the
expedited development process is largely due to the global impact of the COVID-19 pandemic.
Further research was conducted to investigate the role government funding played in this rapid

vaccine development.
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Chapter 3

Investigating Government Involvement in Vaccine Development

The National Institutes of Health (NIH), founded in 1887, is an agency of the Public
Health Service of the United States Department of Health and Human Services. 27 As the largest
biomedical research agency in the world, the NIH is comprised of twenty-seven Institutes and
Centers that conduct or support research in various fields of medicine with the goal of applying
obtained knowledge to enhance health, reduce illness and disability, and prevent disease.? %
The United States Congress provides twenty-four of these Institutes and Centers with direct
funding, specifically providing the NIH with a 3% funding increase for the 2021 fiscal year that
resulted in a total yearly budget of $42.93B.3° This relationship was exploited to investigate
government funding of SARS-CoV, MERS-CoV, and SARS-CoV-2 vaccine development, as the
successful development of SARS-CoV-2 vaccines can be linked to the research done for SARS-
CoV and MERS-CoV vaccine development.

On top of its dedication to promoting the health of the nation, the NIH highly regards
public accountability and has integrated this into its mission as a U.S. federal agency.’! In
supporting this portion of its mission, the NIH allows public access to reports, data, and analyses
of its research activities through the Research Portfolio Online Reporting Tools (RePORT). One
of the most comprehensive tools included under the umbrella of RePORT is the RePORT
Expenditures and Results (RePORTER) module, an electronic database available for users to
investigate intramural and extramural NIH-funded research projects from 1985 to present.’?
Users are able to navigate RePORTER via an Advanced Projects Search, inputting specific data
or key terms to narrow results. One can narrow the search based on ‘Researcher and

Organization’ by selecting specific Fiscal Year(s), Principal Investigator(s), Organization, City,
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State, Country, Congressional District, Department Type, and/or Organization Type. Users are

also able to perform a ‘Text Search,” in which RePORTER results are limited to projects
including the entered key word(s) in their title, terms, and/or abstract. Finally, results can be
further narrowed by specifying Agency/Institute/Center, NIH Spending Category, Funding
Mechanism, Award Type, Award Size, Project Number/Application ID, Activity Code, Study
Section, Program Officer, Project Start/End Date, Award Notice Date, and/or Funding
Opportunity Announcement (FOA).*> RePORTER allows users to customize the scope of their
search, ranging from general to extremely specific.

NIH RePORTER provides information on projects not only funded by the NIH, but also
on research projects funded by the Centers for Disease Control and Prevention (CDC), U.S.
Department of Veterans Affairs (VA), Agency for Healthcare Research and Quality (AHRQ),
Administration for Children and Families (ACF), Health Resources and Services Administration
(HRSA), and U.S. Food and Drug Administration (FDA).3? The inclusion of these United States
federal agencies allows for a more comprehensive search of government funded research
projects, subsequently allowing for a more accurate conclusion to be drawn regarding the
relationship between government funding and specific subsets of biomedical research.

To further analyze the value provided by SARS-CoV and MERS-CoV vaccine
development, NIH RePORTER was utilized to investigate how government funding of these

developmental efforts compared to that of SARS-CoV-2 vaccine development.
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Research Methods

To begin, the ‘categories’ of vaccine development to compare against the development of
a SARS-CoV-2 vaccine was determined, ultimately looking to analyzing the cost of federal
funding for each category. As this is a comparative analysis of SARS-CoV, MERS-CoV, and
SARS-CoV-2, it was necessary to include SARS-CoV vaccine development and MERS-CoV
vaccine development as categories. The categories were further divided after analyzing the
developmental efforts for a SARS-CoV, MERS-CoV, and SARS-CoV-2 vaccine, subsequently
deciding to narrow the scope of the research by adding the subsets of “©  mRNA Vaccine
Development” and “  Viral Vector Vaccine Development,” where the blanks were filled with
the overarching category title (either SARS-CoV, MERS-CoV, or SARS-CoV-2). To serve as a
baseline, or ‘control’, value to which data regarding federal funding of SARS-CoV-2 mRNA and
viral vector vaccine development was compared, the federal funding costs of all mRNA and viral
vector vaccine development projects prior to 2019 were also included in the analysis.

Once the intended areas of research were determined, category-specific methods of
precisely narrowing RePORTER results to relevant projects were developed, tested, and revised
if necessary. The Fiscal Year and Text Search features available through the RePORTER

Advanced Reports Search were manipulated for desired results (Table 2).



Table 6. Search Criteria for Each Area of Research
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Area of Research Fiscal Year(s) Text Search Text Search Limited To:
mRNA Vaccine 1985-2018 mRNA vaccine Project Title, Project Terms,
Development (pre-SARS- development (and) Project Abstracts
CoV-2)

Viral Vector Vaccine 1985-2018 Viral vector vaccine Project Title, Project Terms,
Development (pre-SARS- development (and) Project Abstracts

CoV-2)

SARS-CoV Vaccine 1985-2018 SARS vaccine development | Project Title, Project Terms,
Development (and) Project Abstracts

————— SARS-CoV mRNA 1985-2018 SARS mRNA vaccine Project Title, Project Terms,
Vaccine Development development (and) Project Abstracts

————— SARS-CoV Viral Vector | 1985-2018 SARS viral vector vaccine Project Title, Project Terms,
Vaccine Development development (and) Project Abstracts
MERS-CoV Vaccine 1985-2018 MERS vaccine development | Project Title, Project Terms,
Development (and) Project Abstracts

————— MERS-CoV mRNA 1985-2018 MERS mRNA vaccine Project Title, Project Terms,
Vaccine Development development (and) Project Abstracts

————— MERS-CoV Viral Vector | 1985-2018 MERS viral vector vaccine Project Title, Project Terms,
Vaccine Development development (and) Project Abstracts
SARS-CoV-2 Vaccine 2019-2021 SARS vaccine development | Project Title, Project Terms,
Development (and) Project Abstracts

————— SARS-CoV-2 mRNA 2019-2021 SARS mRNA vaccine Project Title, Project Terms,
Vaccine Development development (and) Project Abstracts

————— SARS-CoV-2 Viral 2019-2021 SARS viral vector vaccine Project Title, Project Terms,

Vector Vaccine Development

development (and)

Project Abstracts
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The Fiscal Year feature of RePORTER Advanced Project Search allows users to tighten

results by permitting the selection of specific years in which projects were funded. However,
RePORTER records only begin with projects funded in fiscal year 1985 and searches are thereby
limited to the years 1985-Present. This feature was utilized to distinguish the pre-COVID-19
areas of research: mRNA Vaccine Development (pre-SARS-CoV-2), Viral Vector Vaccine
Development (pre-SARS-CoV-2), SARS-CoV (mRNA/Viral Vector) Vaccine Development,
SARS-CoV mRNA Vaccine Development, SARS-CoV Viral Vector Vaccine Development,
MERS-CoV Vaccine Development, MERS-CoV mRNA Vaccine Development, and MERS-CoV
Viral Vector Vaccine Development, from the COVID-19 areas of research: SARS-CoV-2
Vaccine Development, SARS-CoV-2 mRNA Vaccine Development, and SARS-CoV-2 Viral
Vector Vaccine Development. Each search method was developed and tested with the
assumption that all relevant projects included in the pre-COVID-19 areas of research were
funded prior to 2019. This assumption primarily prevented the overlap of SARS-CoV and
SARS-CoV-2 related projects, as using Text Search alone resulted in the inclusion of SARS-
CoV related projects with that of SARS-CoV-2.

To obtain all relevant projects pertaining to mRNA and viral vector vaccine development
(pre-SARS-CoV-2), each respective search was conducted for the fiscal years 1985-2018. The
same fiscal years were selected when investigating projects pertaining to SARS-CoV and
MERS-CoV vaccine development. The decision to end each search of pre-COVID-19 areas of
research at fiscal year 2018 was consistent with the assumption that all relevant projects included
in the pre-COVID-19 areas of research were funded prior to 2019. While SARS-CoV and
MERS-CoV were not of any relevance prior to 2002 and 2012, respectively, no difference was

detected in results when the fiscal years were changed. Search methods for these areas were
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held consistent with the other pre-COVID-19 areas of research, searching projects funded in

fiscal years 1985-2018.

When searching for COVID-19 areas of research, the fiscal years 2019-2021 were
selected, seeing that SARS-CoV-2 emerged in 2019 and is still extremely prevalent today. These
selections were made as to again stay consistent with the assumption that all relevant projects of
the pre-COVID-19 areas of research were funded prior to 2019, meaning all relevant projects of
COVID-19 areas of research were awarded funding in fiscal years 2019, 2020, or 2021.

The Text Search feature of NIH RePORTER was utilized to further narrow results to
include only projects relevant for each respective area of research. This feature allows users to
directly search project titles, abstracts, and/or scientific terms for key words, using either “And,”
“Or,” or “Advanced” logic. Through trial and error, it became clear that selecting “Or” logic
resulted in the inclusion of non-relevant projects, selecting “Advanced” logic resulted in the
exclusion of relevant projects, and selecting “And” logic, the default, resulted in primarily only
relevant projects. Therefore, each search was conducted using the default "And” logic, which
compiles projects in which all of the search terms are found. The project search was limited to
project title, project terms, and project abstracts, as excluding even one of these categories
withheld relevant projects from results, producing an incomplete dataset to analyze.

In crafting and testing the specific search terms used for each area of research, it was
discovered that including “-CoV(-2)” when searching for SARS-CoV, MERS-CoV, and SARS-
CoV-2 related projects inhibited the specificity of RePORTER and resulted in a result list linking
all three types of coronaviruses. The “-CoV(-2)” portion of SARS-CoV, MERS-CoV, and

SARS-CoV-2 was removed from the respective searches and subsequently increased the
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relevancy and specificity of the resulting dataset. This was essentially the only modification

made when altering the “Area of Research” title to create search terms.

It is interesting to note that the exact same terms when searching for projects related to
SARS-CoV and SARS-CoV-2 vaccine development—“SARS (mRNA/viral vector) vaccine
development.” This exemplifies the importance of the Fiscal Year feature, as it was the only
difference in search criteria when comparing the SARS-CoV (mRNA/viral vector) Vaccine
Development area of research with its SARS-CoV-2 counterpart.

As these searches often resulted in hundreds to thousands of entries to sort through, it was
difficult and infeasible to ensure relevancy of every individual project. When the search results
totaled over 500 projects, projects were randomly selected from the resulting dataset to create a
sample group with a sampling fraction of 1%. The abstract of each selected project was read to
ensuring relevancy to the specific area of research. If at least 80% of the sample was determined
to be relevant, the corresponding study population/ corresponding search results were
categorized as ‘valid.” If a search resulted in a total project number less than 500, the sampling
fraction was altered from 1% to 10% and the threshold to determine validity was also changed
from 80% to 90%. Once search results were verified as ‘valid,” the cost analysis was conducted.

Using the crafted search criteria, NIH RePORTER was utilized to extract the total cost
and total number of projects from the eleven areas of interest. This was easily accomplished by
exporting the search results in an Excel format for further analysis. The exported spreadsheet
contained data about each individual project’s principal investigator(s)/project leader(s),
organization, fiscal year, funding institute/center, project number, budget start and end dates,
total cost of project/sub project, etc. Although originally confused about the difference in

classification as project or sub project, it was determined that entries classified as projects are
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NIH funded projects, while sub projects are funded by one of the other federal agencies—the

CDC, VA, AHRQ, ACF, HRSA, or FDA—whose funding data is included within RePORTER.
The data reported under ‘Total Cost’ and ‘Total Cost (Sub Projects)’ was combined/summed to
determine the total amount granted to each area of research. Once each area of research’s ‘Total
Amount Funded’ was calculated through summation of the individual projects’ ‘Total Cost,” an
average project cost was calculated by dividing the ‘Total Amount Funded’ by ‘Total Project

Number’ (Table 3, Figure 1).

Results of NIH RePORTER Search

In employing NIH RePORTER to investigate government funding in eleven areas of
interest, it was determined that SARS-CoV, MERS-CoV, and SARS-CoV-2 vaccine
development had total government funding amounts of $231,105,912, $41,981,175, and
$722,282,359, respectively (Table 7). The total amount of federal funding given to each
research area was depicted graphically to emphasize the discrepancy in total funding when
comparing SARS-CoV, MERS-CoV, and SARS-CoV-2 (Figure 2). Additionally, analysis of
average project costs illustrates projects regarding SARS-CoV-2 vaccine development received
substantially larger federal grants when compared to the other ten areas of research. It is also
important to note the number of fiscal years considered when comparing the total project number
of each area of research. For example, when comparing total project number of ‘SARS-CoV
Vaccine’ with that of ‘SARS-CoV-2 Vaccine,’ the former area of research covers projects
spanning the course of fifteen fiscal years (2004-2018), whereas the latter covers projects

spanning only three fiscal years (2019-2021). Therefore, the average project number per year is
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thirty-one for ‘SARS-CoV Vaccine’ area of research, and 112.667 for ‘SARS-CoV-2 Vaccine’

area of research.

Table 7. Federal Funding of NIH Projects by Area of Research

Area of Research Total Amt. Funded Total Project Num. Avg Project Cost
mRNA Vaccine (pre-SARS-CoV-2) 528,158,597.00 1264 $ 417,846.99
Viral Vector Vaccine (pre-SARS-CoV-2) 2,491,078,936.00 3126 $ 796,890.25
SARS-CoV Vaccine 231,105,912.00 465 $ 497,001.96
SARS-CoV mRNA Vaccine 15,786,178.00 38 $ 415,425.74
SARS-CoV Viral Vector Vaccine 54,771,129.00 103 $ 531,758.53
MERS-CoV Vaccine 41,981,175.00 82 $ 511,965.55
MERS-CoV mRNA Vaccine 1,051,856.00 3 $ 350,618.67
MERS-CoV Viral Vector Vaccine 10,666,650.00 18 $ 592,591.67
SARS-CoV-2 Vaccine 722,282,359.00 338 $ 2,136,930.06
SARS-CoV-2 mRNA Vaccine 14,244,613.00 29 $ 491,193.55
SARS-CoV-2 Viral Vector Vaccine 451,481,743.00 39 $ 11,576,454.95

Total Amount of Federal Funding by Area of Research

SARS-CoV-2 Viral Vector Vaccine
SARS-CoV-2 mRNA Vaccine
SARS-CoV-2 Vaccine

MERS-CoV Viral Vector Vaccine
MERS-CoV mRNA Vaccine
MERS-CoV Vaccine

SARS-CoV Viral Vector Vaccine
SARS-CoV mRNA Vaccine
SARS-CoV Vaccine

Viral Vector Vaccine (pre-SARS-CoV-2)
mRNA Vaccine (pre-SARS-CoV-2)

$500,000,000.00 $1,000,000,000.00$1,500,000,000.00$2,000,000,000.00$2,500,000,000.00

Figure 2. Total Amount of Federal Funding by Area of Research (data from NIH RePORTER)
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Total Yearly Funding of Vaccine Development (pre-SARS-CoV-2)

In order to further analyze the relationship between coronavirus vaccine development and
government funding, the total yearly funding was graphed for the pre-COVID-19 areas of
research (Figures 3-6). The total yearly funding was not graphed for COVID-19 areas of
research as SARS-CoV-2 emerged late in 2019, thus the 2020 fiscal year is the only year

providing complete data.

Total Yearly Funding of mRNA Vaccine Development (pre-SARS-
CoV-2)
$70,000,000.00
$60,000,000.00
$50,000,000.00
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$30,000,000.00

Total Funding
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Figure 3. Line Graph Depicting Total Yearly Funding of mRNA Vaccine Development (pre-SARS-CoV-2)

Total Yearly Funding of Viral Vector Vaccine Development (pre-
SARS-CoV-2)
$300,000,000.00
$250,000,000.00
$200,000,000.00

$150,000,000.00
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Figure 4. Line Graph Depicting Total Yearly Funding of Viral Vector Vaccine Development (pre-SARS-CoV-2)
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Total Yearly Funding of SARS-CoV Vaccine Development
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Figure S. Line Graph Depicting Total Yearly Funding of SARS-CoV Vaccine Development

Total Yearly Funding of MERS-CoV Vaccine Development
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Figure 6. Line Graph Depicting Total Yearly Funding of MERS-CoV Vaccine Development

Both mRNA Vaccine Development (pre-SARS-CoV-2) and Viral Vector Vaccine
Development (pre-SARS-CoV-2) research areas saw a relatively drastic increase in yearly
funding from 2006 to 2007 (Figures 3, 4). This increase, although less drastic, was also observed

in SARS-CoV Vaccine Development (Figure 5). Upon further research, it is likely this increase
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in total yearly funding could be linked to the successful vaccines authorized by the FDA in 2006,

specifically the RotaTeq (Rotavirus) vaccine, Zostavax (Shingles/Herpes Zoster) vaccine, and
Gardasil (Human Papillomavirus types 6, 11, 16, and 20) vaccine.’* The success of these
vaccines could have propelled further vaccine development and increased the likelihood of
receiving government funding for such development efforts. Additionally, mRNA vaccines were
increasingly researched in the early 2000s, with promising studies released in 2006.> The
upward trend observed in mRNA Vaccine Development (pre-SARS-CoV-2) and Viral Vector
Vaccine Development (pre-SARS-CoV-2) following 2007 likely results from technological
advancements allowing for novel research in vaccine development.

Specifically looking at total yearly funding of SARS-CoV and MERS-CoV Vaccine
Development, it is interesting to compare the decline in yearly funding of SARS-CoV Vaccine
Development following fiscal year 2009 with the relatively steady increase in yearly funding for
MERS-CoV following the fiscal year 2011. This is likely due to the fact that there were zero
recorded cases of SARS-CoV following 2004, whereas there were seven new cases of MERS-
CoV, resulting in three deaths, in March 2021.3%37 Despite these recent cases of MERS-CoV
and steady increase in total yearly funding for MERS-CoV vaccine development, the ‘SARS-

CoV Vaccine Development’ research area received $750,423 more in the fiscal year 2018.
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Chapter 4

Analysis of Government Funding of SARS-CoV-2 Vaccine Development

The severity and global impact of SARS-CoV-2 is directly related to its rapid vaccine
development, and subsequently to the amount of government funding received for such rapid
vaccine development. Over three years, SARS-CoV-2 Vaccine Development received
$722,282,359 in government funding, $665,173,906 funded just in 2020. This year-specific total
funding amount is more than double that of the next largest year-specific funding amount—
$255,165,583 funded for Viral Vector Vaccine Development (pre-SARS-CoV-2) in 2018,
suggesting the U.S. Government’s quick identification of SARS-CoV-2 as a large threat to
public health and immediate action in vaccine development.

Despite SARS-CoV and MERS-CoV having a larger fatality rate, the determined funding
of SARS-CoV-2 Vaccine Development is more than three times larger than the funding of
SARS-CoV Vaccine Development and ten times greater than the funding of MERS-CoV, likely
due to only eight positive SARS-CoV cases and two positive MERS-CoV cases in the United
States, ever (Table 1). However, the larger total number of countries with recorded cases, total
number of recorded cases, total number of recorded deaths, and Ry value associated with SARS-
CoV-2 emphasizes the idea that it poses a greater threat to public health than SARS-CoV and

MERS-CoV, therefore requiring immediate government action.
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Drosophila to investigate neuronal generation of axon and dendrites

e Developed code in Python and MATLAB to construct mathematical models used in predicting the role of Stat92E in
regeneration of dendrites and axons

LEADERSHIP EXPERIENCE
Schreyer Honors College Scholar Ambassador University Park, PA
Mental Health Task Force Member May 2017 - Present

e Served on service committee working to support the “Dr. Michele ‘Mitch’ Kirsch Fund in Support of Mental Health
Initiatives” to implement training of Administrator and Staff within the Honors College

e Volunteered as a student panelist for 18 Accepted Students Programs (ASPs), speaking to 360+ students and their families

e Hosted 6 students over 3 different weekends in an SHC Overnight Program providing students with daily experience of a

Schreyer Scholar
Schreyer Honors College Student Council University Park, PA
Service Committee Member, Social Chair (April 2018 — May 2020) Aug 2017 - Present

e Oversaw $18,000 budget to offer leadership, academic, service, and social opportunities to Schreyer Scholars
e Fundraised $14,000 for THON by communicating and strengthening partnerships with University Entities and Schreyer
Honors College Alumni
e Planned and attended 2 Big Ten Academic Alliance Conferences in which leaders of the Big Ten Honors Colleges
collaborated and exchanged various academic and professional opportunities and ideas
Penn State Global Medical Brigades University Park, PA
Medical Brigade Attendee—Nicaragua 2018, Executive Board (April 2018 — May 2019) Aug 2017- Present
e Traveled to a small community outside of San Rafael de Norte, Nicaragua on medical brigade
e Shadowed and assisted a local dentist, physician, and pharmacist for 8 hours a day to learn more of the workings of the
Nicaraguan healthcare system

SKILLS AND AWARDS

Skills: Proficient in Python for Mathematical Modeling, Microsoft Office—Microsoft Excel for Data Analysis, PowerPoint,
Experience with Alteryx and SQL

Awards: Schreyer Honors College Academic Excellence Scholarship, Daughters of the American Revolution Scholarship, United
States Navy Academic Excellence Award



