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ABSTRACT

In late 2019, a highly transmissible and pathogenic RNA virus termed Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in the Hubei
province of China causing the coronavirus disease (COVID-19), which later on became
a pandemic threatening millions of lives globally!. SARS-CoV-2 is a highly variable
enveloped virus consisting of a positive-sense, single-stranded RNA genome of around
30 kb?. Although many vaccines have been approved in the market that have shown
clinical efficacy in preventing severe respiratory diseases, the selection of accurate
vaccine antigens has lagged compared to the mutation rate of RNA viruses like SARS-
CoV-23. Here, we collaborated with Dr. Bette Korber, a renowned computational
biologist, to utilize an algorithm called epigraph vaccine designer to design a novel pan-
coronavirus vaccine, where all the antigenic peptides are generated artificially from
previous SARS-CoV-2 sequencing data. The epigraph is an algorithm based on
computational geometry that optimizes coverage of potential T cell epitopes within a
peptide’s primary structure based on the sampled virus population, previously having
shown superior efficacy in generating HIV, influenza, and pan-filovirus vaccine
candidates with stronger immunogenicity compared to wild type vaccines*>.

To investigate the viability of epigraph antigens as vaccine candidates
against SARS-CoV-2 variants, we selected four SARS-CoV-2 Spike peptide sequences
generated by the epigraph algorithm based on the current GISAID COVID database
(cite GISAID) and cloned them into novel rhesus adenovirus vector (RhAd52) vectors to
make Pan-Coronavirus Epigraph vaccines. We were curious to see the extent of

epitope coverage offered by these epigraph antigens and whether epigraph antigens



provide in-vivo cross-reactive immunogenicity compared to the variant vaccines. Thus,
we designed an immunogenicity study utilizing the BALB/C mice, where we
intramuscularly injected the epigraph cocktail vaccines along with WA1/2020, cocktail of
WA1/2020 BA.4/5 (Omicron subvariants), cocktail of five historical variants including
WA1/2020+B.1.351 (Beta variant first documented in South Africa in May 2020).+
B.1.617.2 (Delta variant) +BA.4/5 and (negative control. This mice immunogenicity
study will also be repeated with all these antigens in using the mRNA platform. The
immunogenicity analysis will mostly focus on the humoral immune responses against
various SARS-CoV-2 variants of concern, pseudotyped viral neutralizing antibody titers
to assess the functionality of vaccinations. We will also assess cellular immunogenicity

using multicolor flow cytometry bases assays.
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CHAPTER 1: BACKGROUND

Introduction

The COVID-19 pandemic started in late 2019 and has since spread worldwide,
causing significant illness and death. COVID-19 is a respiratory illness caused by
SARS-CoV-2 and can range from mild to severe, impacting global health and the
economy®8, As the virus spreads, it accumulates genetic mutations, leading to the
emergence of new variants with changes in transmissibility and disease severity?.

Various variants of SARS-CoV-2, such as Beta, Delta, and most recently,
Omicron, have emerged with additional mutations on the spike protein, potentially
impacting the effectiveness of licensed vaccines®*4. Current vaccines were designed
based on the genetic sequence of the original virus that targeted the spike protein, and
any changes in it may reduce the vaccine's effectiveness®4-16, The Beta variant first
emerged in South Africa and has mutations that may reduce vaccine effectiveness,
while the Delta variant, originating from India, has been linked to increased
transmissibility and disease severity'’-2°. The Omicron variant, first identified in South
Africa, has a large number of mutations in the spike protein, and its subvariants, BQ and
the recombinant XBB, pose a significant threat to current COVID-19 vaccines and
treatments, as they have been found to be largely resistant to currently authorized
therapeutic antibodies®2%-22, Therefore, new vaccine research and development and
continuous surveillance are essential to ensure the maximum protection against

emerging breakthrough variants, ultimately providing impact on the global public health.



SARS-CoV-2 is an enveloped virus with a genome consisting of single-stranded
RNA. The virus has four main structural proteins: the S protein, the envelope (E)
protein, the membrane (M) protein, and the nucleocapsid (N) protein, where the S
protein plays a crucial role in the virus's ability to enter host cells by binding to the ACE2
receptor on human cells, therefore having the highest rate of mutation frequency?22.
The S protein, especially the receptor binding domain (RBD) of the S protein is the
primary target of neutralizing antibodies generated by the immune system.

Several vaccines against SARS-CoV-2 have been authorized for emergency use
by regulatory agencies worldwide. The first COVID-19 vaccine to receive emergency
use authorization was the Pfizer-BioNTech mRNA vaccine?, followed by the Moderna
mRNA vaccine?*. Both vaccines use RNA technology to deliver instructions for the
body's cells to produce the S protein, which then triggers an immune response. These
vaccines have shown high efficacy rates in clinical trials and have been widely
distributed in many countries.

Other vaccines against SARS-CoV-2 include adenovirus vector vaccines, such
as the Oxford-AstraZeneca vaccine (ChAdOx1 nCoV-19) and the Johnson & Johnson’s
Janssen vaccine (Ad26.COV2.S)92425 These vaccines use a viral vector, which has
been engineered to remove the replication capability, to deliver genetic material
encoding the S protein to the body's cells. When the viral vectors enter the host cells,
they then produce the S protein, which triggers an immune response. Protein subunit
vaccines, such as the Novavax adjuvanted vaccine, contain a piece of the S protein or

the entire protein?®,



In addition to these vaccines, there are also DNA vaccines in development for
SARS-CoV-2, which use a similar approach as RNA vaccines but deliver the genetic
material in a different form?*. Some vaccines are also being designed to target multiple
parts of the SARS-CoV-2 virus, such as the S protein and the N protein 2-?°to provide

broader protection against the virus.

SARS-CoV-2 Hijacks Pathways to Turn the Infected Cell into a SARS-CoV-2
Producing Factory

SARS-CoV-2 infects human cells through the ACE-2 receptor, which is
abundantly expressed on human airway epithelia''223°, When the virus enters the host
cells, it hijacks the normal metabolism and signals the host cell to maximize the viral
replication process, turning the host cells into a virus-producing factory. This process
results in the release of viral particles that can spread to other cells and cause
widespread damage throughout the body.

The aftermath of SARS-CoV-2 infection involves the alteration of several key
signaling pathways, including Type | interferon release, transforming growth factor
beta (TGF-B), Toll-like receptors (TLR), and NF-kB pathways, which are dysregulated in
the setting of SARS-CoV-2 infection to antagonize host antiviral responses3'®2, As a
result, the immune system may be unable to mount a robust defense against the virus,

leading to further viral replication and spread.

The ACE-2 receptor is not only expressed in the airway epithelia but also in other
organs such as the heart, kidney, and intestines?. This may explain the multi-system

involvement observed in COVID-19 patients, with symptoms ranging from respiratory



distress to cardiac and renal dysfunction?3°. The dysregulation of Type | interferon
release in SARS-CoV-2 infection is thought to contribute to the severity of the disease.
Studies have shown that patients with severe COVID-19 have lower levels of Type |
interferons compared to those with milder disease1932. This suggests that restoring
Type | interferon responses may be a promising therapeutic approach for COVID-19.

The dysregulation of TGF- signaling in SARS-CoV-2 infection may also play a
role in the pathogenesis of COVID-19230:31.34-36 TGF-B is involved in regulating the
immune response and promoting tissue repair, but dysregulated TGF-f signaling can
lead to tissue fibrosis and immunosuppression3*3°, Studies have shown that patients
with severe COVID-19 have higher levels of TGF-f in their blood compared to healthy
individuals®*. The development of neutralizing antibodies against the S protein is a key
component of the immune response to SARS-CoV-2 infection.

However, the durability of the immune response and the potential for viral escape
mutations are important considerations for vaccine design. Studies have shown that the
neutralizing antibody response may decline over time, although memory B cells can
provide long-term protection'>3738, Additionally, the emergence of new variants of
SARS-CoV-2 with mutations in the S protein has raised concerns about the potential for
vaccine evasion?%2139 Vaccine manufacturers are closely monitoring the emergence of
new variants and working to develop updated vaccines to maintain protection against

these variants.

Reduced Protectivity By Monovalent Vaccines And Breakthrough Infections



As new variants of SARS-CoV-2 emerge, there is growing concern about the
potential for reduced efficacy of existing COVID-19 vaccines. This is because many of
the existing vaccines target the S protein of the virus, which can be affected by
mutations that arise in the virus over time. When mutations occur in the S protein, they
can alter the structure of the protein, making it more difficult for antibodies generated by
the vaccine to recognize and neutralize the virus.

Vaccines that target only one strain of the SARS-CoV-2 virus, also known as
monovalent vaccines, may experience reduced efficacy against newly emerged
subvariants compared to bivalent or multi-valent vaccines’20-223916_ Since monovalent
vaccines generate an immune response against a particular viral strain, any mutations
that occur within the virus can potentially decrease the vaccine's effectiveness.

Emerging subvariants of SARS-CoV-2 have been linked to breakthrough
infections, which happen when fully vaccinated individuals get infected with the
virus!®2140 The reduced efficacy of the vaccine against the subvariant could be one
reason behind these breakthrough infections. However, some breakthrough infections
may also result from other factors like declining immunity or exposure to a high viral

load.

T-Cell Cross-Reactivity And Roles Of Cytotoxic T Cells In COVID: Why We Need
New T Cell Vaccines

Humoral immunity, which involves the production of antibodies by B cells, plays
an important role in protection against SARS-CoV-2 infection'®4. Antibodies can

neutralize the virus by binding to the S protein and preventing it from entering host cells.



Yet, the durability of the antibody response and the potential for viral escape mutations
are important considerations for vaccine design®.

T-cell cross-reactivity, which refers to the ability of T cells to recognize and
respond to multiple strains of a virus, may also be important for protection against
SARS-CoV-2 infection. Studies have shown that T-cell responses to SARS-CoV-2 can
be detected in individuals who have not been exposed to the virus, suggesting that pre-
existing T-cell immunity may provide some degree of protection against COVID-
19334243 |n addition, T-cell responses may provide long-term protection against the
virus, as memory T cells can persist for years after infection or vaccination*4.

While current COVID-19 vaccines primarily enhance the humoral immune
response, there is growing interest in the development of new CD8+ T cell vaccines that
can elicit a strong T-cell response3342, CD8+ T cells, also known as cytotoxic T cells,
can recognize and kill infected cells, helping to limit viral replication and spread. CD8+ T
cells may also play a role in preventing severe disease by reducing viral load and
limiting the spread of the virus throughout the body*°. The development of new CD8+ T
cell vaccines may be particularly important for protecting against emerging subvariants
of SARS-CoV-2 that are not well targeted by existing vaccines. By eliciting a strong T-
cell response, new CD8+ T cell vaccines may provide broader protection against
multiple strains of the virus, as well as long-term immunity that can persist even in the

face of viral mutations*4.

Existing Vaccines: Gene Based Vaccines — mRNA And Adenovirus Vectors
COVID-19 vaccines developed by Pfizer-BioNTech, Moderna, Johnson &

Johnson, AstraZeneca, and Novavax all utilize different approaches to stimulate an



immune response against SARS-CoV-2 at the cellular level*4242¢, Johnson & Johnson
and AstraZeneca vaccines use viral vectors to deliver genetic material for the spike
protein, leading to humoral and cell-mediated immune responses. Novavax’s vaccine is
a protein subunit vaccine that uses a nanopatrticles to enhance the immune response by
promoting uptake of the vaccine by immune cells and presenting the spike protein. The
vaccines aim to produce neutralizing antibodies and activate T cells that can recognize
and neutralize the virus, providing protection against COVID-19.

Gene-based vaccines, including the Pfizer, Moderna, Janssen, and AstraZeneca
vaccines, differ from traditional vaccines like live attenuated viruses or whole killed
viruses?*. Instead of starting from an actual virus, gene-based vaccines begin with a
nucleic acid sequence of the target antigens, such as the surface spike glycoprotein of
the SARS-CoV-2 wild type variant found in many approved vaccines. Adenovirus
vectors, which have been used as vaccine candidates for a variety of pathogens,
including HIV-1, influenza, and Zika, have wide tropism and can infect a wide range of
host cells, making them effective in vaccine development?*. However, the vector used in
vaccine development is usually more distantly related to humans or chimpanzees to
avoid pre-existing anti-vector immunity against these vectors.

The way how Adenovirus vector works- after it enters a host cell through
endocytosis upon binding to the CAR receptor (which stands for coxsackievirus and
adenovirus receptor), it releases the encapsulated DNA, which encodes the target
antigens from the virus. Once it enters the epi-chromosome, it will go through
transcription into mMRNA, and then be transcribed into peptides after it leaves the

nucleus. These peptides that assemble the antigens from the virus of interest will be



displayed on the MHCI, activating the cytotoxic T cells. More released antigenic
peptides can thus activate B cells which release antibodies specific to them to form the

long-term humoral response (Figure 1A) .

The mechanism of actions for mRNA vaccine is very similar to the adenovector
vaccine. Once the mRNA from the vaccine is taken up by cells in the body, it serves as
a blueprint for producing the spike protein. The cell's machinery reads the mRNA and
uses it as a template to produce copies of the spike protein. These proteins are then
displayed on the surface of the cell, where they can be recognized by the immune
system. The mRNA is translated into the target protein, and then processed in the same
way as the protein produced by the adenovector vaccine to activate the immune

response (Figure 1B).
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Figure 1. Schematics of the mechanisms of actions for (A) adenovirus vectored vaccine and (B) mRNA-based
vaccine. (Created with BioRender.com accessed on 05 April 2023)
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Vaccine development can take longer than the frequency at which viruses
mutate. This is because the development of a safe and effective vaccine requires
extensive testing and clinical trials to ensure that the vaccine is safe for use in humans
and that it provides protection against the virus. This process can take several years,
and by the time a vaccine is developed and approved for use, the virus may have
already mutated. Ultimately, it's important to continue developing and improving

vaccines to stay ahead of the ever-evolving nature of viruses.

Approach Of Using Epigraph Algorithms To Select Optimized T Cell Epitopes

Epigraph algorithms are a computational approach to selecting T cell epitopes
that are likely to be recognized by the immune system across a diverse range of
individuals*647. These algorithms use a combination of genetic and immunological data
to predict which epitopes are most likely to be recognized by the immune system in a
diverse population®. In the context of a pan-coronavirus vaccine, epigraph algorithms
can be used to select T cell epitopes that are conserved across multiple coronaviruses.
By targeting conserved epitopes, a pan-coronavirus vaccine could provide broad
protection against a range of coronaviruses, including those that may emerge in the
future.

To select optimized T cell epitopes for a pan-coronavirus vaccine, researchers
would use epigraph algorithms to analyze genetic and immunological data from a
diverse range of individuals. The algorithms would identify regions of the virus's genome
that are highly conserved across multiple coronaviruses and predict which T cell
epitopes within those regions are most likely to be recognized by the immune system.

Once the optimized T cell epitopes have been selected, they can be synthesized and

10



tested in preclinical and clinical studies to determine their efficacy and safety. The use
of epigraph algorithms to select optimized T cell epitopes for a pan-coronavirus vaccine
represents an innovative approach to vaccine design that could provide broad
protection against a range of coronaviruses*®.

Epigraph algorithms have been used in the development of vaccines for several
infectious diseases, including HIV, influenza, ebola, and tuberculosis®4146.49-51,
Epigraph algorithms were originally developed by researchers at the Los Alamos
National Laboratory to predict T cell epitopes for HIV vaccine development®48, In the
context of COVID vaccine development, epigraph algorithms can be used to identify
conserved regions of SARS-CoV-2’s genome that are recognized by the immune
system across a diverse range of individuals, in our case, leveraging the Global
Initiative on Sharing Avian Influenza Data (GISAID database), which was founded in
2008, is a worldwide scientific effort and key resource that allows access to genomic
information about influenza viruses and the coronavirus responsible for the COVID-19
outbreak. %2,

Several studies have applied epigraph algorithms to the development of vaccines
for infectious diseases*®464749 For example, a study published in Nature in 2018 used
epigraph algorithms to identify T cell epitopes for a universal influenza vaccine*®. The
study found that targeting conserved epitopes led to a more broadly reactive T cell
response and improved protection against influenza in animal models.

While the use of epigraph algorithms in vaccine design is still in the early stages,
these approaches hold promise for developing vaccines that can provide broad

protection against a range of infectious diseases. Further research will be needed to
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determine the immunogenicity of the algorithm-generated synthetic vaccines, but the
use of epigraph algorithms represents an innovative approach to vaccine design that
could have important implications for global health.

In this study, epigraph-generated vaccines were constructed in two major
modalities: adenovirus vector and mRNA, to test the immunogenicity in vivo in two

mouse studies as a proof of concept for the innovative pan-coronavirus vaccine.
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CHATPER 2: MATERIALS AND METHODS

Sequences Generated by Epigraph

Epigraph sequences were generated using the Epigraph algorithm developed by
the Los Alamos National Laboratory, which is a computational tool that predicts T cell
epitopes in protein sequences. In this study, the algorithm was used to predict T cell
epitopes in SARS-CoV-2 sequences downloaded from the GISAID database. Over
567,666 sequences were included in the analysis, which were collected from samples
worldwide prior to April 18th, 2022 (Figure 2). The dataset used in this study was based
on the latest available data as of May 6, 2022. At that time, it was observed that the
BA.4 and BA.5 Omicron subvariants were rapidly increasing worldwide. However, due
to poor sequence quality, most of the data pertaining to these subvariants had to be
filtered out. In order to ensure that these subvariants were still represented in the
Epigraph designs, they were weighted 500 times in the dataset. This approach was
employed to mitigate the effects of the poor sequence quality on the inclusion of these

subvariants in the study (Figure Supplements 2 and 3).

USA: 567666 sequences
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Figure 2. Pango names refer to the full lineage, including sub-lineages from Jan 15, 2022 to Apr 16, 2022. This
figure shows the sub-lineage’s frequency from each sampled date, where BA.1, BA.1.1, BA.2 and BA.2.12.1 showed
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highest frequencies in the database. This set was based on data as of May 6, 2022: weighing. BA.4 and BA.5 were
increasing rapidly globally at the time when sequences were analyzed, but most was filtered out based on poor
sequence quality.

The epitope length was set to k=9, which means that the algorithm identified all
possible nonamer epitopes in the sequences (Figure 3). 9-mer amino acid sequences
are also the medium size which can be detected by MHC-I molecules, where the
peptide detection range is between 8-11 amino acids. The cocktail size was set to M=4,
which means that each predicted epitope was combined with three other predicted
epitopes to form an epitope cocktail.

To calculate cumulative frequency — we start from the beginning of sequence, we
add the frequency of one node to the frequency of the next node that is connected to
the previous one by an edge. In the event when multiple edges connect a single node,

only the one with the highest frequency to get the best coverage.
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Figure 3. Representative sequences and epigraph figure generated by Bette Korber and James Theiler (Los
Alamos National Laboratory, May 6, 2021). Every red dot represents a natural 9-mer AA sequence. The x-axis
shows the pseudo position of these 9-mers. The y-axis shows the the count of each 9-mer. The blue lines are called
edges, they connect the nodes that overlap by 9 minus 1 amino acids to ensure that a single, continuous peptide can
result from a generated sequence.

Several L452 mutations have been observed in a BA.2 backbone, including Q,
M, and R, which are increasing in frequency. These mutations have been included in
the SAVE working spreadsheet and GISAID downloads. L452Q in a BA.2 backbone is
becoming more prevalent in the US, with New York having the highest frequency.
L452Q is commonly associated with S704L in the Pango lineage BA.2.12.1, which is
rapidly increasing in many states, including New York and Canada, and has also been
sampled in Israel and some European countries. The most common form of Spike is
shared between sequences with BA.4 and BA.5 and carries L452R, although the
situation is still in flux due to partial Spike sequences with long strings of Ns.

Recombination events are also being tracked, with Pango X-recombinant lineages
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having breakpoints outside of Spike. However, one rare recombinant, XD, with a section
of Delta in the Spike NTD in a BA.1 backbone, has been identified and is being

monitored.

RhAd52 Vector Generation

Epigraph sequences were ordered from Genscript in pcDNA3.1+ expression
vector plasmids. The transgene sequences were removed from the plasmids using
restriction enzymes Nhel-HF and HindllI-HF, and then the plasmids were cloned into
RhAd52 Adapter backbones by ligating for 30 minutes at room temperature using T4
ligase.

Plasmid stocks were amplified by transforming ligated plasmids into DH10B
electro-competent Escherichia coli (E. coli) strains. The colonies were then incubated
and shaken at 260 RPM for 1 hour at 37°C in SOC media, and then plated on
LB/ampicillin plates and incubated for 16 hours at 37°C. Colonies were picked, and
plasmids were purified from E. coli cultures using a plasmid purification kit (NucleoBond
PC 500 Maxi kit for transfection-grade plasmids, Macherey-Nagel) according to the
manufacturer’s instructions.

HEK293B55K.TetR cell lines were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% MgCI2, according to standard tissue culture protocols.
RhAdApt52 and pWe/RhAd52 plasmids were cut with NEB restriction enzyme Pacl and
transfected into the HEK293B55K.TetR cells using basal DMEM media and

lipofectamine transfection reagent (Invitrogen, Cat.# 11668-019).
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After transfection, the virus was extracted and purified from infected
HEK293B55K.TetR cells. The cells were first harvested by centrifuging the crude cell
culture on the day of visible full cytopathic effect (CPE) at 1700 RPM for 5 minutes. The
supernatant was aspirated away from the cell pellet, and the cells were resuspended in
19mL Phosphate Glycerol and frozen at -20°C overnight. The cells were then thawed
prior to downstream processing in a 37°C water bath, and 2.25mL 5% DOC was added
to each tube (for a final concentration of 0.5% DOC in the tube). The tubes were
homogenized and incubated for 5 minutes in a 37°C water bath. The tubes were again
homogenized, and the mixture was clarified by adding 750uL 1M MgCI2 into each tube
and mixing thoroughly. Cellular DNA was digested by adding 80uL DNAse I, and the
tubes were again homogenized, and cell debris was removed by centrifuging at 8000
RPM for 30 minutes at 4°C.

A block gradient was prepared with Cesium Chloride (CsCl) solutions of different
densities, 1.24 g/mL and 1.4 g/mL. The virus obtained from the centrifugation step was
added slowly to the top of the liquid in the block gradient preparation, and the tubes
were balanced with 1x PBS. The tubes were then spun in an ultracentrifuge at 21,000
RPM for 2 hours at 10°C. The lowest visible band containing intact virus was extracted
from the tube with a syringe, and the virus extracted from each tube was pooled and
aliquoted evenly into sealable ultracentrifuge tubes, filling and balancing the tubes with
1.33 g/mL CsCI. The tubes were then sealed and spun in an ultracentrifuge at 55,000
RPM overnight at 4°C.

The lowest band containing intact virus from the resulting suspension was

extracted with a syringe, and CsCl was dialyzed out into 50% sucrose by adding the
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extracted virus to a Slyde-A-Lyzer cassette. The cassette was placed in a large beaker
filled with a first buffer, which was stirred for 60 minutes. The buffer was then replaced
with a second buffer, stirred for 60 minutes, and again replaced with a third buffer,
which was stirred for 60 minutes. After dialysis, the virus was removed from the
cassette, aliquoted, and frozen in liquid nitrogen. One aliquot was thawed, and the
purified virus was titrated by adding 50uL virus to 100uL PBS/sucrose and measuring

the optical density via spectrophotometry.

MRNA Vaccine Construction

Epigraph transgene sequences were ordered from TriLink BioTechnologies in
MRNA formats. The transgenes were encapsulated with lipid nanoparticles (LNPs)
before injecting into the mice. All mMRNA vaccines underwent QA/QC tests including
Ribogreen and Zetasizer assays and passed the qualifications.

The raw materials for In-Vitro Transcribed mRNA generation included
NucleoSpin filters, cellulose fibers, chromatography buffer, 3M sodium acetate,
molecular biology grade isopropanol, and ultrafiltration spin-columns.

The procedure involved prewashing cellulose fibers with chromatography buffer,
then transferring them to a NucleoSpin filter in a microcentrifuge tube. The cellulose
slurry was centrifuged, and the flow-through was discarded. The spin column was then
washed with chromatography buffer, centrifuged, and the flow-through was discarded.
IVT mRNA was added to the spin-column and incubated at room temperature for 30
minutes. The column was then centrifuged, and the purified mMRNA was collected in the

flow-through. The purified mRNA was precipitated by adding 0.1 volume of 3M sodium
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acetate (pH 5.5) and 1 volume of isopropanol, then centrifuged and dissolved in 1 mM

sodium citrate, pH 6.4, NFW, or 1mM EDTA.

Animal Study Design

For the adenovirus vector study, 50 wild-type BALB/c mice from Jackson Labs
were used and divided into 5 groups of 10 animals, each group receiving a different
RhAd52 vaccine vector treatment encoding a specific or a cocktail of spike variant(s).
The spike variants included ancestral Wuhan strain, a cocktail of selected epigraph
antigens (EPI-0, 1, 2, 3), bivalent cocktail of ancestral and BA.4/5, a cocktail of
ancestral, B.1.1.529 (RSA), B.1.617.2 (Delta), XBB.1.5 (UK), and BA.4/5 variants, and a
PBS sham control. To construct the vaccines, purified virus was diluted in 1x PBS to a
final concentration of 10E10 viral particles/mL, and 100uL was injected into each
animal's quadricep muscle. The cocktail groups had four vectors with a concentration of
2.5 x 10E8 viral particles/mL each. Serum was collected every other week for humoral
response assays including pseudovirus neutralization assay and ECLA (expand ECLA),
and spleens were harvested at terminal procedure for cellular assays including ELISpot

and ICS assays, with serum collected via submandibular bleeding and stored at -80C.
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Baseline . - Spleen extraction for
Bleed 2th bleed prior % cellular analysis

Week 0 |
l (day 0) l Week 4 l
Week 0 T Week 2 I Week 6/8
(day-1) Primary Vaccination 3rd bleed
with mRNA and boost
COVID.EG.Spike (only for
Cocktail/Sham mMRNA)

Figure4. Mouse study timeline. BALB/C mice are injected with vaccines intramuscularly and serum samples are
collected every other week. By the time of sacrifice, mice spleens were extracted for cellular response analysis.
(Created with BioRender.com accessed on 05 April 2023)

Table 1. Treatment groups for RhAd52 vector study. In total five treatment groups (n=50), including a WT vaccine,
Epigraph Ad vectored cocktail, Ad vectored bivalent (WT+BA.4/5), variants of concern cocktail, and a PBS sham.
10E9 viral particles per mouse.

Treatment Doses (vp/mouse) N = 50 (mice)
WA1/2020:
- RhAd52. TetO.SARS-CoV2.5.PP Leb A
Epigraph pan-COVID cocktail (2022):
RhAd52.TetO.SARS.CoV-2.EG-0.5.PP Total 1E+09
] RhAd52.TetO.SARS.CoV-2.EG-1.S.PP 10

RhAd52.TetO.SARS.CoV-2.EG-2.S.PP 2.5E+08 for each Epigraph

RhAd52.TetO.SARS.CoV-2. EG-3.5.PP

WA1/2020+BA.4/5 cocktail:
n RhAd52. TetO.SARS-CoV2.S.PP S5E +081;g:ael a1 cﬁ?:atm i 10
RhAd52. TetO.SARS-CoV2.BA.4/5.5.PP
WA1/2020+beta+delta+BA1/5:
RSA.S.PP.dFurin Total 1E+09

v B.1.617.2.5PP
UK.S.PP.dFurin
BA. 4/5 S.PP.

* Matched Experiments with pan-coronavirus DNA vaccines and mRNA vaccines will be performed in parallel to the RhAd52 vaccines.

2.5E+08 for each treatment

Table 2. Treatment groups for mMRNA study. In total five treatment groups (n=40), including a WT vaccine,
Epigraph mRNA cocktail, mRNA bivalent (WT+BA.4/5), variants of concern cocktail, and a PBS sham. 5 ug of mMRNA
per mouse.

Treatment

WA1/2020

Epigraph pan-COVID cocktail (2022):

EG-0,1,283 19
WA1/2020+BA.5 cocktail 10
PBS 10
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Pseudovirus Neutralization Assay

To generate SARS-CoV-2 pseudoviruses, HEK293/T cells were co-transfected
with a packaging construct, luciferase reporter plasmid, and plasmids encoding spike
peptides derived from different SARS-CoV-2 variants using lipofectamine transfection
reagent. After incubation, pseudovirus was collected from the supernatant and filtered
through a 0.45um filter. HEK293T-hACE2 cells were seeded in 96-well flat-bottom
plates and mixed with serial dilutions of heat-inactivated serum and 60uL of
pseudovirus. The mixture was incubated for 60 minutes and then added to the cells,
followed by centrifugation for 30 minutes at 2200 x g and further incubation for 48 hours.
Cells were lysed and luminescence was analyzed on an Omega Luminometer to
calculate neutralization titers based on observed relative luminescence units. The spike
peptides used in this study were derived from different SARS-CoV-2 variants including

WH, BA.1, BA.4/5, and XBB.1.5.

Meso Scale Discovery Antibody Binding Assay

MSD immunoassays utilize a unique technology that combines
electrochemiluminescence and multiarray technology for detecting multiple proteins in a
single sample. The assays are predominantly based on a sandwich format and involve
a Multi-Spot microplate with each spot being coated with specific capture antibodies.

To prepare MSD plates, Blocker A from Acro BioSystems (cat.# R39BA) was
added to each well and incubated at room temperature for 30 minutes at 700 RPM.

Samples were diluted in Diluent 100 (Acro BioSystems, cat.# R50AA), first at a 1:500
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dilution with 2 pL serum and 1 mL of Diluent 100, followed by a 1:10 dilution by adding
50 uL of the 1:500 dilution to 450 pL of Diluent 100, to reach a final dilution of 1:5,000.
After blocking, plates were washed three times with wash buffer (Acro BioSystems,
cat.# R61AA), and 50 pL of diluted samples were added to the appropriate wells, with
Diluent 100 added to any empty wells. Plates were incubated on an oscillator at room
temperature for 2 hours at 700 RPM. Next, a sulfo-tagged secondary antibody (Acro
BioSystems, cat.# R32AC) was diluted 1:1,000 in Diluent 100 by adding 6 pL of
antibody to 6 mL of Diluent 100. After the incubation period, plates were washed three
times, and 50 pL of the secondary antibody was added to each well, followed by
another hour of incubation on an oscillator. Following incubation, plates were washed as
before and 150 pL of MSD Gold Read Buffer B (Acro BioSystems, cat.# R92TG) was
added to each well. Plates were then immediately read on an MSD instrument from

Acro BioSystems.

Intracellular Cytokine Staining

To prepare samples for flow cytometry analysis, splenocytes were resuspended
in R10 media and added to a 96-well plate. The plate was spun down, and prepared
peptide pools, leukocyte activation cocktail, or blank R10 were added to the appropriate
wells for stimulation. After incubation, GolgiStop/GolgiPlug was added to the wells, and
the plate was incubated again. The next day, the cells were washed and stained with
live/dead dye and surface staining cocktail. After incubation, the cells were washed

again, fixed with Cytofix/Cytoperm, and stained with intracellular staining cocktail.
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Finally, the cells were washed and fixed with 2% formaldehyde before being analyzed
using a BD LSRII system.

Peptide pools used for stimulation included spikes of WH, BA.2, BA.4/5, and XBB
spike at 2ug/mL. Positive control wells were stimulated with Leukocyte Activation
Cocktail (LAC), while negative control wells were left unstimulated with blank 110. The
staining cocktail included antibodies against CD8a, CD4, CD3, CD19, CD44, CD62L,
and CD107a, and the intracellular staining cocktail included antibodies against IFN-y,

IL-2, IL-4, and TNFa.
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CHAPTER 3: DISCUSSSION AND PERSPECTIVES

Results
Antibody Binding to RhAd52 SARS-CoV-2 Spikes
(Week 4 pre-boost)
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Figure 5. MSD analysis of antibody binding to Spikes of ten different SARS-CoV-2 variants in mice injected
with Rhesus Adenovirus 52 (RhAd52) vector vaccines. Antibody binding toward SARS-CoV-2 spike assessed by
MesoScale Discovery (MSD) binding assay, measured as a function of relative luminescence units (RLU) toward
Spike peptide from WH, and omicron subvariants including BA.2.12.1, BA.1, AY.4, BA.3, BA.2+L452M, BA.2+L452R,
BA.4, B.1.351, and BA.5 for all variants assessed, displayed by WH, Epigraph cocktail, WH + BA.4/5 bivalent, VOI
cocktail (containing WH, B.1.1.529 (RSA), B.1.617.2 (Delta), XBB.1.5 (UK), and BA.4/5), and sham immunization
groups.
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Figure 6. Pseudovirus neutralization assay of antibody binding to Spikes of ten different SARS-CoV-2
variants in mice injected with Rhesus Adenovirus 52 (RhAd52) vector vaccines. Antibody binding toward
SARS-CoV-2 spike assessed by Neutralization assay, measured as a factor of NT50 toward Spike peptide from WH,
BA.1, BA.5 and XBB.1.5 (A) for all variants assessed at week 4, (B) for all variants assessed at week 8, (C) for
individual variant assessed at two different time points.
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Figure 7. MSD analysis of antibody binding to Spikes of ten different SARS-CoV-2 variants in mice injected
with mRNA vaccines. Antibody binding toward SARS-CoV-2 spike assessed by MesoScale Discovery (MSD)
binding assay, measured as a function of relative luminescence units (RLU) toward Spike peptide from WH, and
omicron subvariants including BA.2.12.1, BA.1, AY .4, BA.3, BA.2+L452M, BA.2+L452R, BA .4, B.1.351, XBB.1, BF.7,
BA.2.75.2, BQ.1.1, BA.2.75, BA.4.6, BQ.1land BA.5 (A) for all variants assessed, displayed by WH, Epigraph cocktail,

WH + BA.4/5 bivalent, and sham immunization groups, and (B) for the same immunized groups with individual spike
displayed.
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Figure 8. Pseudovirus neutralization assay of antibody binding to Spikes of ten different SARS-CoV-2
variants in mice injected with mRNA vaccines. Antibody binding toward SARS-CoV-2 spike assessed by
Neutralization assay, measured as a factor of NT50 toward Spike peptide from WH, Delta, BA.1, BA.2, BA.2.12.1,
BA.2.75, BA.5, BQ.1.1, XBB.1, and XBB.1.5 for all variants assessed at week 2.
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Figure 9. PFU quality assurance test for the in-house made Epigraph adenovirus vector vaccines. A PFU assay, or
plagque-forming unit assay, is a laboratory technique used to measure the concentration of infectious particles, such
as viruses or bacteriophages, in a sample. The assay involves infecting a monolayer of host cells with the sample
and all. (Created with BioRender.com accessed on 05 April 2023)
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Discussion
Humoral immunogenicity in the RhAd52 Vector Immunized Mice

In the two studies where five and four groups of mice were injected with RhAd52
vector vaccines and mRNA vaccines generated in house respectively, serum samples
were collected at four different timepoints (weeks 0, 2, 4, and 8) to assess the
effectiveness of various treatments in eliciting humoral immunogenicity. The two
different antibody binding assays used were the MSD and pseudovirus neutralization
assays, which were conducted on different variants or subvariants of Omicron, including
those that emerged after the acquisition of epigraph data for sequence generation. The
goal was to determine whether the antibodies elicited by the epigraph cocktail vaccines
could cross-react with emerging variants of concern, which would establish the proof of
concept for a “universal” COVID-19 vaccine.

In the adenovirus vector study, both assays showed that the epigraph group had
comparable immunogenicity to other treatment groups when binding to the ancestral
strain but did not outcompete the variant of interest (VOI) spikes derived from natural
viruses (Figure 5 and Figure 6). However, for the latest strains such as BA.1 and BA.5,
the epigraph group showed slightly better (about 0.5 log) antibody neutralizing ability
compared to the group immunized with the ancestral vaccine (Figure 6). Despite this, it
may not be significant enough to conclude that the epigraph approach is a feasible
strategy for universal COVID vaccine design. Further investigations were done to

determine the efficacy of epigraph-generated adenovirus vaccines.
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To note, the construction of adenovirus vector vaccines is a complex process
that involves several quality assurance tests to ensure the safety and efficacy of the
vaccine. One such test is the plaque forming unit quality assurance test, which
assesses the number of viable viral particles in a given vaccine batch. In a recent study,
it was found that the adenovirus vector vaccine construction did not pass this test, which
raises concerns about the accuracy of the immunogenicity results generated by the
vaccine in animal models. This indicates that the results obtained from mice injected
with adenovirus vector vaccines may not be entirely representative of the true feasibility
of the epigraph vaccine. These findings underscore the importance of rigorous quality
control measures in vaccine development and the need for further research to
determine the optimal conditions for vaccine production to ensure their safety and
efficacy.

the Epigraph cocktail could provoke an immune response. However, this alone is
not sufficient to determine the efficacy of the vaccine. Therefore, further quality control
tests were conducted to ensure the efficacy of the vaccine. The VP/PFU ratio is one
such test, and an optimal ratio is around 100. However, the vaccines in question were
found to fall outside of the quality assurance standards, indicating that they were
suboptimal (Figure 9). The reason for this is not yet clear and will require further
investigation. As a result, the construction of the vectors will need to be repeated to
ensure that the vaccine is of optimal quality.

In the second study where four groups of mice were injected with mRNA
vaccines constructed in house and passes all quality assurance tests, the results

showed that the epigraph group had comparable immunogenicity to other treatment
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groups when binding to the ancestral strain (Figure 7 and Figure 8). According to the
findings of both neutralization assays (neuts) and Multi-Analyte Profiling (MAP) using
the Meso Scale Discovery (MSD) platform, the immunogenicity of the Epigraph group
was found to be comparable to that of the other treatment groups in binding to the
ancestral strain. Notably, for some of the latest omicron subvariants such as BA.1,
BA.2, BA.2.12.1, and BA.4/5, the epigraph group showed slightly better (ANOVA two
way, P value <0.0001) antibody neutralizing ability compared to the group immunized
with the ancestral vaccine (Figure 7).

However, for some of the latest Omicron subvariants such as BA.1, BA.2, and
BA.4/5, the Epigraph group showed good cross-reactivity against these pseudoviruses
and spike antigens. On the other hand, the Epigraph group did not exhibit superior
cross-reactivity against Omicron subvariants that emerged later than the variants
included in the Epigraph analysis, such as XBB, BQ.1, etc., in either the MSD or
neutralization assays. These results suggest that the immunogenicity of the Epigraph
group is comparable to other treatments against the ancestral strain, and it may provide
good cross-reactivity against some, but not all, of the latest Omicron subvariants. Our
analysis has shown that there are no significant differences in immunogenicity between
the Wuhan and Epigraph groups against the latest omicron variants. This suggests that,
based on the current data, the Epigraph group may not have a distinct advantage in
terms of immunogenicity when compared to the Wuhan group.

The epigraph method has demonstrated its potential for being an efficient and
practical approach to generate optimal antigens in vivo during the early stages of

research. This technique is particularly valuable for the design of vaccines and
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immunotherapies by identifying specific epitopes, which are the parts of an antigen
recognized by the immune system. However, the success and accuracy of the epigraph
method rely heavily on the quality and comprehensiveness of the existing databases
used for epitope generation. These databases contain information on known epitopes
and their interactions with the immune system, which are crucial for accurate
predictions. The larger and more diverse the database, the better the chances of
identifying novel and effective epitopes for a wide range of pathogens or diseases.
Improving these databases by continually updating them with new data from ongoing
research can greatly enhance the efficacy of the epigraph method. Additionally,
integrating advanced computational tools and machine learning algorithms can help
improve the accuracy of epitope predictions and generate more refined antigen
candidates. This, in turn, can expedite the development of targeted vaccines and
therapies for various diseases.

The Epigraph method has been recognized as an effective and practical
approach for generating optimal antigens in vivo during the early stages of research.
This method is particularly valuable for designing vaccines and immunotherapies by
identifying specific epitopes that are recognized by the immune system. It is important to
note that our study is still ongoing, and our team of dedicated researchers is
continuously gathering and analyzing data to better understand this complex area of
research. As new information becomes available, we will refine our analysis and share
our findings. We have decided to repeat the RhAd52 study to ensure the reliability and
validity of our results, despite the progress we have made in understanding the role of

RhAd52. This repetition will contribute to a stronger foundation for future research in this
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area. Our mRNA study requires additional time points for a more comprehensive
understanding of the dynamics involved in mRNA expression and regulation. By
incorporating more time points into our study, we will develop a more detailed and
accurate picture of these processes.

Based on our current findings, we tentatively conclude that computer-generated
immunogens may not be more immunogenic than native sequences. However, their
synthetic nature poses challenges related to expression and folding that may influence
overall immunogenicity. We will conduct further expression and structural analyses to
better understand the properties and behavior of these immunogens. Additionally, we
will assess cellular immunogenicity upon sample collection to evaluate the immune
responses generated against these synthetic immunogens. This evaluation will provide
valuable insights into their effectiveness and potential use in developing future vaccines

and therapies.
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SUPPLEMENTAL MATERIALS

. i Humoral Inmunogenicity:
MSD assay to assess antibody levels against
SARS-CoV-2 Spikes and RBDs

Pseudo-viral Neutralization assay to assess broadly
neutralizing antibody titers

Inhibition of ACE-2 binding to RBD

.

.

Recombinant mRNA

[ e L vaccine generation \
1% |

ABTCCCTOAATCGA
Virus isolation, sequencing,
and epigraph generation

Intramuscular
injection in mice

%%
. Cellular Immunogenicity:
Recombinant RhAd52 :l « Intracellular cytokine staining to assess IFNg+/
vaccine generation . TNFa+, etc. cytokine responses by CD8+CD44+
. splenocytes

Figure Supplement 1: In vivo study design. To test our hypothesis, we will use a mouse model and immunize
them with both the synthetic epigraphs and native sequences. Additionally, we will also perform in vitro assays to
determine the binding affinity and specificity of the antibodies generated against the synthetic epigraphs and native
sequences. We start by generating the epigraph sequences based on millions of clinical strains from the GlI-‘sad
database. | am currently at the stage of constructing these recombinant adenovirus vaccines as well as the mRNA
vaccines using the Epigraph sequences. The next step is to inject the vaccines intramuscularly into mice. We are
going to collect serum periodically over the course of the study to track the humoral immunogenicity. There are two
assays that will be used to assess humoral responses, one is a multiplexed immunoassay based on a
chemiluminescent system. After the mice are sac-ed, we will assay the intracellular immunogenicity of cytotoxic CD8+
splenocytes. In previous slides | discussed the mechanisms of SARS-CoV-2 infection in host cells, we are interested
to see the levels of INFg+ and TNFa+ cytokine release induced by these vaccines to test not only their efficacy but
also their safety, because we want the vaccine to induce health immunogenicity instead of severe disease-like
symptoms. (Created with BioRender.com accessed on 05 April 2023)
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Figure Supplement2: Epitope coverage as a function of missed epitopes by pseudo-position. The coverage
shown is representative of additional coverage offered by each antigen in addition to the previous (i.e., as utilized as
an antigen cocktail). Fraction of missed PTEs in Spike — 3 does well, but we need to include 4 Epigraphs to capture
BA.4 and BA.5, which are still rare in the global samples (2022-05-05) but rapidly increasing.
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Spike Epigraph Receptor Binding Domain (RBD) positions 330-521
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4 Epigraphs cover almost all of the regional patterns of diversity in past and current VOI/VOC baseline sequences.
The only exceptions are Kappa’s E484Q (however 484 E, K and A are all covered) and Lambda F490S.

Spike Epigraph N-terminal Domain (NTD) 9-222

Again, 4 Epigraphs cover almost all of the regional patterns of diversity in past and current VOI/VOC baseline sequences.
The only exceptions are Gamma'’s D138Y, Epsilon’s W138C, Beta’s D215G and Mu’s 3 amino acid string at 144.

Figure Supplement 3: representative graph of the four selected epigraphs led by Dr. Bette Korber and Dr.
James Theiler as of May 2022, which are based on a database of millions of clinical SARS-CoV-2 sequenced cases,
including the most recent variant of concerns.
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