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Development of immunogenic, distributable, and equitable SARS-CoV-2 vaccines
Muhammad Sohaib Khan, PhD

University of Pittsburgh, 2023

The COVID-19 pandemic underscores the critical need for effective vaccines against
SARS-CoV-2. This thesis investigates diverse aspects of SARS-CoV-2 vaccine development,
emphasizing immunogenicity and innovative strategies. The study comprises multiple chapters,
each providing valuable insights into vaccine design and optimization. We initially demonstrated
that a single subcutaneous or intranasal immunization with an adenovirus-based SARS-CoV-2
vaccine induces robust humoral and cellular immune responses in mice. This research validates
the efficacy of adenovirus-based vaccines for SARS-CoV-2. Next, we investigated next-
generation SARS-CoV-2 vaccine approaches incorporating proteins outside of spike using an
adenovirus-vectored vaccine expressing the S1-N fusion protein. By incorporating multiple
antigenic targets, this research aims to broaden the immune response, exploring its propensity for
increasing cellular immunity, the potential for eliciting protective immune responses, and
compatibility with protein subunit boosters. After outlining the immunogenic approach of SARS-
CoV-2 S1 subunit protein vaccines, | next worked to evaluate a trivalent variant-specific SARS-
CoV-2 S1 subunit protein vaccine in BALB/c mice in Chapter 4. This research demonstrates that
the trivalent vaccine induces broad humoral immune responses, enhancing the potential for
comprehensive protection against SARS-CoV-2 variants. Furthermore, we worked to evaluate the
S1 protein subunit vaccine approaches as a booster in aged mice in Chapter 5. The study reveals
that the booster vaccination elicits robust humoral immune responses, offering insights into

enhancing immune responses in older populations. Chapter 6 investigates the immunogenicity of
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a tetravalent SARS-CoV-2 S1 subunit protein vaccine in SIV-infected rhesus macaque controllers.
The research demonstrates the vaccine's ability to elicit robust humoral and cellular immune
responses in a more advanced animal model and in animals with preexisting viral infection.
Finally, I explored the development of chimeric spike protein vaccines for both SARS-CoV-2 and
MERS. This research contributes to the expansion of vaccine strategies against related
coronaviruses.

Overall, this thesis provides important insights into SARS-CoV-2 vaccine development,
and innovative strategies. The findings advance our understanding of vaccine immunogenicity,
broaden the scope of protection, and address the unique challenges posed by aging and
immunocompromised populations. This research contributes to global efforts in combating the

COVID-19 pandemic, informing strategies to prevent future outbreaks of emerging pathogens.
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1.0 Introduction

1.1 Historical Vaccine Development

Vaccination continues to be one of the most effective public health interventions to curb
infectious diseases and their impact on human, and animal, health **. From the development of
the first smallpox vaccine to the rapid deployment of Coronavirus Disease 2019 (COVID-19)
vaccines, the history of vaccines highlights the critical role of scientific discovery in improving
public health.

The first vaccine was created in the late 1700s by Edward Jenner, who used the cowpox
virus to protect against smallpox °. Jenner's observation that milkmaids who had contracted
cowpox did not develop smallpox led him to hypothesize that cowpox could be used to prevent
smallpox. In 1796, Jenner inoculated an eight-year-old boy with cowpox and later exposed him to
smallpox, which the boy did not contract 8. However, it wasn't until the 20th century that vaccines
became a widespread public health intervention.

During the 20th century, the development of vaccines accelerated, leading to the
eradication of smallpox, and the curbing of diseases such as polio, measles, mumps, rubella, and
pertussis "8. The Salk and Sabin vaccines were instrumental in reducing the incidence of polio
from hundreds of thousands of cases to just a few dozen cases a year *1°.

The Salk vaccine, developed by Jonas Salk at the University of Pittsburgh in the 1950s,
was the first polio vaccine to use an inactivated form of the poliovirus *. The vaccine was made
by growing the virus in cultures of monkey kidney cells, then inactivating it with formalin. The

inactivated virus does not cause disease, but still induced an immune response that protected



against live poliovirus infection. The Salk vaccine was first tested in 1952, and by 1955, it was
being distributed widely in the United States. The Sabin vaccine, developed by Albert Sabin in the
1960s, used a weakened form of the poliovirus that could replicate in the gut without causing
disease *2.

In recent years, vaccines have played a vital role in controlling and preventing outbreaks
of emerging and re-emerging infectious diseases, such as influenza, human papillomavirus (HPV),
Ebola, and COVID-19. The development of COVID-19 vaccines has been a global effort involving
large teams of scientists, public health agencies, governments, and the private sector. The Pfizer-
BioNTech, Moderna, and Johnson & Johnson vaccines are highly effective at preventing severe
illness and death from COVID-19 and have been administered to millions of people worldwide *2.

Vaccines have also been crucial in preventing and controlling infectious diseases in
livestock and companion animals. For example, vaccines for foot-and-mouth disease, brucellosis,
and rabies have been instrumental in reducing animal mortality, improving animal health, and
preventing significant economic losses due to livestock diseases 1416,

In conclusion, the history of vaccine development highlights the critical role of vaccines in
global health. Vaccines have saved countless lives and prevented the spread of infectious diseases.
As new diseases emerge and existing diseases continue to evolve, the development of new vaccines
remains a top priority. Scientific discovery and collaboration across multiple sectors will continue
to drive the development of new vaccines, improving public health and advancing human and
animal welfare. In the following section, | will provide an overview of traditional vaccine

platforms.



1.1.1 Whole-Virus

Whole virus vaccines have been used for over a century as a traditional means of
vaccination against pathogens. These vaccines work by exposing the immune system to either an
inactivated or live attenuated virus, which stimulates an immune response that can fight the virus
in the event of future exposure. In this chapter, I will explore the history, development, advantages,
and disadvantages of whole virus vaccine platforms, with a focus on the inactivated virus and live
attenuated virus vaccines.

Inactivated virus vaccines were first developed in the 19th century, with Louis Pasteur's
development of an inactivated rabies vaccine in 1885 7. Inactivated virus vaccines are created by
treating viruses with chemicals, heat, or radiation to render them non-infectious while retaining
their antigenic properties 8. The immune system is then exposed to the inactivated virus, which
stimulates humoral and cellular immune responses that can neutralize or control the live virus in
the future exposures °.

Inactivated virus vaccines have advantages over live attenuated virus vaccines. Inactivated
virus vaccines cannot cause disease because the virus is not viable, making them safe for use in
immunocompromised individuals 2°. Additionally, inactivated virus vaccines are stable and can be
easily transported and stored, making them more accessible in resource-limited settings 2.
However, inactivated virus vaccines typically require multiple doses to achieve optimal protection,
and they may not provide as robust and long-lasting an immune response as live attenuated virus
vaccines 2.

Examples of successful inactivated virus vaccines include the polio vaccine, the hepatitis
A vaccine, and the flu vaccine 23. The polio vaccine was first developed in the 1950s and has nearly

eradicated the disease worldwide 2*. The hepatitis A vaccine, which was introduced in the 1990s,
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has significantly reduced the incidence of hepatitis A infections ?°. The flu vaccine, which is
updated annually to account for new strains of influenza, has been successful in reducing the spread
and severity of flu infections 2,

Live attenuated virus vaccines are created by weakening the virus in the laboratory,
typically through serial passage in cell culture or animal model, so it is less able to cause disease
in humans while still retaining its antigenic properties ?’. Live attenuated virus vaccines can
provide a more robust and long-lasting immune response than inactivated virus vaccines, as they
more closely mimic a natural infection. Examples of live attenuated virus vaccines include the
measles, mumps, and rubella (MMR) vaccine, the varicella (chickenpox) vaccine, and the rotavirus
vaccine 2831,

Live attenuated virus vaccines have specific advantages over inactivated virus vaccines.
They can provide longer-lasting immunity with a single dose, most likely due to the ability to
stimulate a variety pattern recognition receptors (PRRSs) specialized to the target pathogen, making
them more convenient for patients and healthcare providers 32. Additionally, live attenuated virus
vaccines can confer broader protection against different strains of a virus, as they mimic natural
infection, and can stimulate the immune system to produce a wider range of antibodies *.
However, live attenuated virus vaccines can be more difficult to manufacture, as they require
specialized laboratory techniques, and they may not be safe for use in immunocompromised
individuals due to their live virus nature . There is also the risk that live attenuated vaccines may
revert to a more virulent form, causing disease in vaccinated individuals, and possibly being
transmitted to others. Indeed, in rare cases individuals who received the oral polio vaccine may

shed the weakened poliovirus in their feces; possibly spreading it to other individuals 3.



The MMR vaccine, which is a live attenuated virus vaccine, was first introduced in 1971
and has significantly reduced the incidence of measles, mumps, and rubella %. The varicella
vaccine, which is another live attenuated virus vaccine, was introduced in 1995 and has reduced
the incidence of chickenpox and its complications *°. The rotavirus vaccine, which is also a live
attenuated virus vaccine, has been successful in reducing the incidence of severe diarrhea and
dehydration caused by rotavirus in infants *'.

Whole virus vaccines have been an important tool in the prevention of infectious diseases
caused by viruses. Inactivated virus vaccines and live attenuated virus vaccines are two of the most
used vaccine platforms, each with its advantages and disadvantages. Due to the limitations of
whole virus vaccines, modern-day vaccine approaches are moving towards more specific vaccines
that target specific antigenic proteins of the virus rather than the whole virus. This approach allows
for a targeted immune response, maximizing neutralizing antibody production, and reducing the
risk of unwanted side effects. Examples of these approaches are protein subunit and viral-vectored

vaccines, which can be produced in a safer manner and to a higher yield than traditional platforms.

1.1.2 Protein Subunit

Protein subunit vaccines have emerged as a highly effective, distributable, and scalable
vaccine platform 383, These vaccines are made up of purified proteins from the pathogen of
interest, which are used to elicit an immune response. Compared to traditional whole virus
vaccines, protein subunit vaccines offer advantages, including increased safety and the ability to
target specific components of the pathogen.

The development of protein subunit vaccines dates back to the 1970s when researchers first
began exploring the use of recombinant DNA technology for vaccine production. This technology
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allowed the use of laboratory techniques to isolate, manipulate, combine, and create DNA
segments for the production of recombinant DNA and recombinant proteins. The production of
protein subunit vaccines is a multi-step process including the identification of a target antigen, the
synthesis of recombinant protein, and the purification of the recombinant protein. The first step is
to identify the target antigen. Typically, target antigens for a pathogen consist of an antigen that is
responsible for virus-host cell binding and/or a target of neutralizing antibodies 3:3°,

Protein subunit vaccines can be produced using a variety of expression systems, including
bacteria, yeast, and mammalian cells. The choice of expression system depends on various factors,
such as the specific vaccine target, the desired level of protein complexity and modification, and
the intended use of the vaccine.

Bacterial expression systems, such as E. coli, are commonly used for the production of
simple protein subunit vaccines “°. Bacteria can be grown quickly and efficiently in large
quantities, making it a cost-effective option **. Moreover, bacterial expression systems offer easy
manipulation, high expression rates, and a large number of host strains to choose from. However,
bacterial systems may not be suitable for complex or post-translationally modified proteins %40~
42 Bacteria may also produce endotoxins and other contaminants that require extensive
purification steps to remove 4.

Yeast expression systems, such as Saccharomyeces cerevisiae, are also commonly used for
protein subunit vaccine production #*. Yeast can produce complex proteins with proper folding
and post-translational modifications, making it a popular choice for vaccine production 3.
Moreover, yeast expression systems can offer high yields of recombinant protein and may be easier
to manipulate than mammalian cell systems. However, the complexity of post-translational

modifications and the potential for variability in glycosylation patterns require extensive



characterization and optimization, which can make yeast expression systems more challenging to
work with leading to avoidance of the production of glycosylated proteins within yeast 404344,

Mammalian cell expression systems, such as Chinese hamster ovary (CHO) cells and
human embryonic kidney (HEK)293 cells, are often used for the production of complex protein
subunit vaccines 2454 These systems offer the advantage of producing highly complex and
properly folded proteins with post-translational modifications, making them an attractive choice
for certain protein subunit vaccines, particularly those requiring glycosylation or other
modifications 424546, Mammalian cell systems may be easier to scale up than bacterial or yeast
systems, as they can use suspension cell culture and bioreactors, which allow for larger production
volumes and resulting protein yield. Moreover, stable transfection technigques can be used for long-
term expression, ensuring consistent production and section of the desired protein at high amounts.
However, mammalian cell expression systems can be more challenging to work with due to their
higher cost, longer production times, and lower expression rates than bacterial or yeast systems.

After the recombinant protein has been produced, it must be purified and formulated into
a vaccine. The purification process is necessary to isolate and remove contaminants, such as host
cell proteins, nucleic acids, and endotoxins, that can cause adverse reactions in patients.
Additionally, purification can help ensure the quality, potency, and safety of the final vaccine
product.

Protein subunit vaccines are typically purified using a combination of chromatography
techniques. The exact purification strategy depends on the specific vaccine and the expression
system used. For example, vaccines produced in bacterial systems may require a different
purification strategy than those produced in mammalian cells. Some commonly used

chromatography techniques include ion exchange chromatography, size exclusion



chromatography, hydrophobic interaction chromatography, and affinity chromatography 47-°.
Each of these techniques can isolate and separate different components of the protein subunit
vaccine, allowing for the removal of contaminants and the purification of the target protein. The
final product may then be subjected to additional quality control tests to ensure its purity, potency,
and safety. Overall, the purification of protein subunit vaccines is a critical step in the production
process that helps ensure the quality, potency, and safety of the final vaccine product. The use of
a combination of chromatography techniques and other purification methods can effectively
remove impurities and contaminants from the vaccine, resulting in a highly purified and safe
vaccine product.

One of the earliest examples of a protein subunit vaccine is the hepatitis B vaccine, which
was approved for use in the United States in 1986 1. This vaccine is made up of a single protein
from the hepatitis B virus, which is produced using recombinant DNA technology in yeast cells
52, The hepatitis B vaccine has been highly effective at preventing new infections and is now
included as part of routine childhood immunization schedules in many countries 5%,

Since the development of the hepatitis B vaccine, many other protein subunit vaccines have
been developed and deployed around the world. These include vaccines for diseases such as human
papillomavirus (HPV), pertussis, and pneumococcal disease, among others.

The HPV vaccine is a protein subunit vaccine that protects against multiple strains of the
HPV virus, which can cause cervical cancer, as well as other types of cancer and genital warts *°.
The vaccine is made up of virus-like particles (VLPs) that mimic the structure of the HPV virus
but do not contain any viral DNA. These VLPs are made using recombinant DNA technology, in
which genes encoding the structural proteins of the virus are inserted into yeast or insect cells for

production °¢. The HPV vaccine is highly effective at preventing new infections and associated



diseases. Studies have shown that the vaccine is up to 99% effective at preventing cervical
precancers and genital warts caused by the HPV strains included in the vaccine 557585861
Additionally, since the introduction of the HPV vaccine, there has been a significant decrease in
the number of new cases of HPV-related cancers and genital warts 6263,

Pertussis, also known as whooping cough, is a respiratory illness caused by the bacteria
Bordetella pertussis ®*. The disease can be particularly severe in infants and young children and
can lead to complications such as pneumonia, seizures, and death 4. The pertussis vaccine is a
protein subunit vaccine that contains purified components of the B. pertussis bacteria, including
the pertussis toxin and other virulence factors %, The pertussis vaccine was first introduced in
the 1940s and has gone through several iterations over the years . In the 1990s, new protein
subunit pertussis vaccines were developed, which contained only purified components of the B.
pertussis bacteria %°%%68, These vaccines were less reactogenic than the earlier whole-cell pertussis
vaccines and were found to be highly effective at preventing pertussis . Currently, the pertussis
vaccine is often given in combination with other vaccines, such as diphtheria and tetanus vaccines,
in a single injection known as the DTaP vaccine %°.

One of the main advantages protein subunit vaccines offer over traditional whole virus
vaccines is safety. Because these vaccines do not contain live or inactivated viruses, they are
generally well-tolerated and have a lower risk of side effects. This is particularly important for
vulnerable populations, such as young children, pregnant women, and immunocompromised
individuals. Another advantage of protein subunit vaccines is their ability to target specific
components of the pathogen. By focusing on key proteins or fragments, these vaccines can elicit a
more targeted and effective immune response. This can result in higher levels of protection against

the pathogen and may also reduce the risk of vaccine-associated side effects.



Despite these advantages, there are also some disadvantages associated with protein
subunit vaccines. One of the main disadvantages is that they may require multiple doses to achieve
full immunity "°-"2, This is because the purified proteins or fragments used in these vaccines may
not elicit as strong of an immune response as whole virus vaccines.

Additionally, these vaccines may require adjuvants, which are substances that help to boost
the immune response 37, Adjuvants can increase the cost and complexity of the vaccine
production process. However, ongoing research and development in this area are likely to lead to
new and improved vaccine options in the future.

In conclusion, protein subunit vaccines have played an important role in the prevention of
infectious diseases. These vaccines offer several advantages over traditional whole virus vaccines,
including increased safety and the ability to target specific components of the pathogen. While
there are some challenges associated with the production and deployment of protein subunit
vaccines, ongoing research and development in this area are likely to lead to new and improved

vaccine options in the future.

1.1.3 Viral Vectored

Viral vector vaccines are promising vaccine platform that utilizes a weakened or modified
virus to deliver antigens from the target pathogen to the immune system. By using a viral vector,
the vaccine can generate a stronger (increased antibody secretion and cell-mediated response),
durable, and more specific immune response than traditional subunit or inactivated vaccines. This
approach has been particularly successful in the development of vaccines against viruses such as

Ebola and COVID-19.
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The development of viral vector vaccines begins with the selection of an appropriate viral
vector. Viruses such as adenoviruses, poxviruses, and vesicular stomatitis virus (VSV) are
commonly used as vectors due to their ability to infect a wide range of host cells, their capacity
for genetic modification, and their ability to induce strong immune responses "°. The target antigen
is then inserted into the viral vector genome using recombinant DNA technology 6. There are
advantages to using viral vectors as a vaccine platform. Firstly, viral vectors have a high capacity
to accommaodate foreign genetic material, allowing for the delivery of large or complex antigens
that may be difficult to produce using other vaccine platforms 7778, Secondly, viral vectors are
highly immunogenic, which means they can activate a strong and durable immune response ">7":78,
Thirdly, viral vectors can be engineered to target specific cells or tissues, which can improve
vaccine efficacy and reduce side effects ">"’®, Fourthly, a key advantage of viral vector vaccines
is their ability to mimic the natural infection process, which enhances the body's immune response
75,77,78_

The most used viral vectors for vaccine development are adenoviruses, which are common
viruses that cause non-severe respiratory and gastrointestinal infections in humans "®"°. Adenoviral
vectors are modified to remove genes that cause disease, or immune dysregulation, and replace
them with genetic material encoding the antigen of interest. When the modified adenoviral vector
infects cells, the genetic material is taken up by the cells, and the antigen is produced, triggering a
strong immune response.

Other viral vectors used for vaccine development include VSV, measles virus, and
modified vaccinia virus Ankara (MVA) ". Each viral vector has its advantages and limitations,
and the choice of viral vector depends on the specific antigen and the intended use of the vaccine.

The viral vector vaccine is produced by growing the modified virus in cell culture and purifying
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the virus particles 883, The purified virus is then used as the vaccine, which is administered to
patients via injection or intranasal administration. Once inside the body, the virus infects host cells
and presents the target antigen to immune cells, triggering an immune response. Multiple factors
can affect the production of viral vectors, including the choice of host cells, the efficiency of the
transfection process, and the purification process. Host cells for viral vector production can be
mammalian or insect cells, and each has its advantages and disadvantages. Mammalian cells, such
as HEK?293 or CHO cells, are often used to produce viral vectors because they can produce high
yields of virus particles and can perform post-translational modifications to the viral vector
proteins, which can improve vaccine efficacy *°. The purification process for viral vectors involves
multiple steps, including filtration, ultracentrifugation, and chromatography 882, Each step helps
to remove contaminants and impurities from the viral vector preparation, ensuring the purity and
potency of the final vaccine product. Quality control tests are also performed on the viral vector
vaccine to ensure that it meets regulatory standards for safety, efficacy, and purity.

In the case of Ebola, viral vector vaccines were developed using a chimpanzee adenovirus
(ChAd) vector, VSV, adenovirus serotype 26 (Ad.26), and MVA expressing the Ebola virus
glycoprotein 84, All vaccines demonstrated immunogenicity in phase 1 trials, inducing both
humoral and cellular immune responses in vaccinated individuals 88, In a subsequent phase 3
trial, the vaccine VSV-based vaccine was found to be highly effective, with a 97.5% efficacy rate
in individuals vaccinated 87, This vaccine was approved by the European Medicines Agency in
2019, becoming the first vaccine against Ebola to receive regulatory approval 88892 The two-
dose Ad.26 and MV A-based Ebola vaccines received approval from the European Union in July

2020, although a phase 3 trial has yet to be concluded %%,
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For influenza, viral vector vaccines have been developed using different vectors, including
adenovirus, VSV, and MVA %11 These vaccines typically express the hemagglutinin (HA)
protein from the influenza virus, which is the primary target of influenza-specific antibodies %11,
In preclinical studies, these vaccines have demonstrated efficacy against multiple strains of the
influenza virus and have shown the ability to induce long-lasting immune responses **-1**. Clinical
trials have also shown that these vaccines are safe and immunogenic, although further research is
needed to fully evaluate their efficacy 112114,

Despite their effectiveness in inducing a robust immune response, viral vector vaccines
have disadvantages. One of the main disadvantages is the potential for pre-existing immunity to
the viral vector used in the vaccine *%12°, Since most individuals have been exposed to natural
viral infections or prior vaccination, they may have developed immunity to the vector. This pre-
existing immunity can lead to a reduced immune response to the vaccine antigen and limit the
efficacy of the vaccine %12°, Another disadvantage of viral vector vaccines is the potential for
vector-mediated adverse events. For instance, the adenovirus vector used in the COVID-19
vaccine has been associated with rare cases of blood clots, leading to the suspension of the vaccine
in some countries 121126,

Furthermore, the manufacturing process for viral vector vaccines can be complex and time-
consuming, which can lead to delays in the production and distribution of the vaccine ’®. This delay
can be detrimental, especially during disease outbreaks when a rapid response is required to
prevent further spread.

Viral vector vaccines have become an essential tool in the fight against infectious diseases.
The use of viral vectors to deliver vaccine antigens has proven to be effective in inducing robust

immune responses against a wide range of pathogens, such as Ebola, influenza, and COVID-19.
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However, the manufacturing process for these vaccines can be complex and time-consuming. The
distribution of these vaccines can also be challenging due to the need for cold chain storage.
Additionally, pre-existing immunity to the viral vector, and the potential for vector-mediated
adverse events, are significant disadvantages of this platform. Despite these challenges, viral
vector vaccines remain a critical tool in the fight against infectious diseases and will continue to

play a vital role in future vaccination programs.

1.2 Next-Generation Vaccine Development

Traditional vaccine approaches outlined in the previous sections have been highly effective
tools in the fight against infectious diseases. However, their limitations have necessitated the
development of next-generation approaches. The slow and laborious development nature of whole-
virus vaccines, along with their limited broad-spectrum immunity, have made them less than ideal
for rapidly evolving, and emerging, respiratory viruses. While traditional protein subunit vaccines
were a landmark improvement in historical vaccine development, there has been a need to develop
more immunogenic approaches for greater induction of neutralizing antibodies and increased
immunity longevity. In terms of viral vector vaccine development, preexisting immunity to the
viral vector, along with safety concerns, has severely hampered clinical translation.

To address these limitations and challenges in traditional vaccine approaches, a new era of
next-generation vaccine development has emerged. Next-generation vaccines aim to improve
immunogenicity, specificity, safety, speed of vaccine development, and the ability to provide long-

lasting immunity to a broad spectrum of pathogens. These novel vaccine platforms include
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messenger RNA (mRNA) vaccines, structured-based protein design, and alternative vaccine
administration routes.

MRNA vaccines represent a new frontier in vaccine technology that utilizes synthetic
nucleic acid molecules to encode and express viral proteins in the host cell. mMRNA vaccines have
been successful in the development of vaccines for COVID-19, with the advantage of rapid design
and production, enhanced immunogenicity, and the ability to induce potent and long-lasting
immune responses. However, challenges such as storage and distribution at low temperatures
along with waning immunity, necessitating multiple doses may hinder their widespread use.

Structure-based protein design is another emerging technology that combines advances in
cryo-electron microscopy (cryoEM) and deep learning algorithms to design stable and highly
immunogenic viral proteins that can induce strong immune responses. This technology has shown
promising results in the development of vaccines against influenza, respiratory syncytial virus
(RSV), and COVID-19; with the potential to provide better coverage against antigenically diverse
strains and reduce the risk of vaccine escape mutants.

Alternative vaccine administration routes, such as intranasal and intradermal, are also being
explored as potential alternatives to traditional intramuscular injection. Intranasal administration
routes have the advantage of inducing strong mucosal immunity, which is particularly important
for respiratory pathogens that enter through the nasal cavity. Additionally, intranasal and
intradermal vaccine administration may provide needle-free and painless delivery, improve
vaccine coverage, and increase vaccine accessibility in low-resource settings. Intradermal
vaccination through microneedle array (MNA) has the additional advantages of inducing greater

immunity than the traditional intramuscular injection, along with increased vaccine stability at
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room temperature and potential self-application by the vaccinee without the need for trained
medical personnel.

Overall, next-generation vaccine development represents a promising direction in the fight
against infectious diseases, with the potential to provide more effective and accessible vaccines
for a wide range of pathogens. The following subchapters will discuss in detail the advances in
MRNA vaccines, structure-based protein design, and alternative vaccine administration routes,

along with their current status, challenges, and prospects.

1.2.1 mRNA

MRNA vaccines have garnered significant attention as a promising next-generation class
of vaccines. They are developed using genetic material, specifically messenger RNA (mMRNA),
which encodes the instructions to produce a viral protein 2. The mRNA is delivered to host cells,
where it is translated to produce the viral protein *?7. This protein is recognized as foreign by the
immune system, which in turn triggers an immune response. This protein serves as an antigen that
stimulates the immune system to produce a response, including the production of neutralizing
antibodies 1?8, In the event of future exposure to the actual pathogen, the immune system is primed
to quickly recognize and neutralize the pathogen.

MRNA vaccines represent a novel approach to vaccination. Unlike traditional vaccines that
rely on the use of attenuated or inactivated pathogens or recombinant proteins, mMRNA vaccines
use genetic material in the form of messenger RNA to produce an immune response. MRNA
vaccines work by instructing cells to produce a fragment of the virus, such as the spike protein of
SARS-CoV-2, which triggers an immune response in the body 28, The development of mMRNA
technology has a rich history dating back decades. In the 1990s, researchers first began to explore
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the potential of MRNA as a therapeutic agent, but progress was slow due to technical challenges
such as rapid degradation of mMRNA in the body and inefficient delivery to target cells 12910, In
the early 2000s, advances in RNA chemistry and nanotechnology helped to overcome these
hurdles, leading to the development of more stable and efficient MRNA molecules **!. Researchers
began to explore the use of MRNA as a vaccine platform, as it offered advantages over traditional
vaccine technologies such as live attenuated or inactivated pathogens. In 2005, researchers at the
University of Pennsylvania published a seminal study demonstrating the feasibility of using
mRNA to induce immune responses against infectious diseases 2. Since then, the field of MRNA-
based vaccines has advanced rapidly, with companies including Moderna and BioNTech
developing mRNA-based vaccines for a range of infectious diseases. The success of the mMRNA-
based COVID-19 vaccines from Moderna and BioNTech represents a major milestone in the field,
demonstrating the potential of mRNA technology to rapidly respond to emerging infectious
diseases and provide a new platform for the development of next-generation vaccines 133-1%,

The manufacturing of mMRNA vaccines involves numerous critical steps, starting from the
design of the mRNA sequence, through to its production, purification, and formulation. The entire
process is complex and involves specialized equipment, skilled personnel, and rigorous quality
control measures. The process is also relatively cost-intensive compared to other vaccine
platforms. Once the mMRNA sequence has been designed, it is synthesized in the laboratory using
an RNA polymerase from a DNA template 2% This involves the stepwise addition of
nucleotides to the growing mRNA chain, guided by the mRNA sequence yielding a single-stranded
MRNA molecule that is ready for downstream processing. The synthesized mRNA is typically
contaminated with residual reagents, nucleotides, and other impurities that can interfere with its

function or elicit an immune response. To remove these contaminants, the mRNA is subjected to
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rounds of purification using high-performance liquid chromatography (HPLC) ?°. This process
separates the mRNA from other impurities based on its size, charge, and hydrophobicity. The
resulting purified mRNA is then ready for formulation which is the process of packaging the
MRNA into a lipid nanoparticle (LNP) carrier that will protect it from degradation and facilitate
its delivery into cells. LNPs are composed of a mixture of lipids and cholesterol that self-assemble
into a spherical particle around the mRNA 2131 This provides a protective shell that can shield
the mRNA from the harsh extracellular environment and allow it to be taken up by cells through
endocytosis 3. The formulation process involves mixing the mRNA with the LNP components,
sonication to form the particles, and purification to remove excess lipids and other impurities. Once
the mRNA vaccine has been formulated it is filled into vials and then subjected to quality control
tests for the antigen content, mMRNA concentration, particle size, and sterility. Manufacturing of
MRNA vaccines is a complex process that involves multiple critical steps, including mRNA
synthesis, purification, formulation, and filling. The process requires specialized equipment,
skilled personnel, and rigorous quality control measures to ensure that the final product is safe,
effective, and of high quality. Despite the challenges, MRNA vaccines have emerged as a
promising new platform for the development of vaccines against a wide range of infectious
diseases and other conditions.

MRNA vaccines offer multiple advantages over traditional vaccine platforms, with their
most significant advantage being their rapid development timeline. mMRNA vaccines can be
designed and synthesized quickly, allowing for a timelier response to emerging pathogens 7.
Additionally, mRNA vaccines are highly adaptable and can be easily modified to target new
variants of a virus. This was particularly important in the case of COVID-19, where mRNA

vaccines were developed and authorized for emergency use within a year of the emergence of
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SARS-CoV-2 27, mRNA vaccines are highly effective, with both the Pfizer-BioNTech and
Moderna vaccines demonstrating efficacy rates of over 90% in clinical trials, although the waning
immunity over time has been a concern 371, The success of the mRNA-based COVID-19
vaccines from Moderna and BioNTech represents a major milestone in the field, demonstrating
the potential of mMRNA technology to rapidly respond to emerging infectious diseases and provide
a new platform for the development of next-generation vaccines. Influenza has also been one of
the primary targets for MRNA vaccine research due to the high variability of the virus and the need
for annual vaccine updates %14, Clinical trials have shown promising preliminary results for
mRNA-based influenza vaccines, with some studies demonstrating improved protection compared
to traditional influenza vaccines %14,

Along with COVID-19 and influenza viruses, MRNA vaccines targeting flaviviruses are
currently being developed. Flaviviruses are a group of viruses that are responsible for many
diseases in humans, including dengue fever, Zika virus, and yellow fever. One of the major
challenges in developing a vaccine for flaviviruses is the fact that they are highly variable and can
rapidly mutate, making it difficult to produce a vaccine that is effective against all strains. Despite
these challenges, significant progress has been made in the development of mRNA vaccines for
flaviviruses. Zika virus mRNA vaccines have shown the potential in producing strong and
protective immune responses in preclinical studies 42143, The same has been shown for dengue
virus mRNA vaccines 1414 While the development of mMRNA vaccines for flaviviruses is still in
its early stages, the promising results from these studies suggest that they may become an important
tool in the fight against these diseases. Further research is needed to determine the safety and
efficacy of these vaccines in humans, but the early results suggest that they could play an important

role in the prevention of flavivirus infections.
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In conclusion, mMRNA vaccines have emerged as a promising solution for infectious
diseases due to their high efficacy rates and rapid development timelines. While still relatively
new, mMRNA vaccines have shown great potential in clinical trials and have been successfully
deployed against COVID-19. Research on mRNA vaccines against other pathogens, such as
flaviviruses, has also shown promising results, with preclinical studies demonstrating robust
immune responses. The ability to rapidly develop and produce mRNA vaccines, without the need
for live pathogens, makes this platform a valuable tool in the fight against infectious diseases. As
with any vaccine platform, challenges remain, such as the need for extreme cold chain storage and
the potential side effects of immunization. However, the benefits of mMRNA vaccines suggest that

they will continue to play an important role in future vaccination programs.

1.2.2 Structure-Based Protein Design

The use of structure-based protein design (SBPD) has led to the development of highly
effective vaccines against the respiratory syncytial virus (RSV) and the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19. SBPD is a rapidly
advancing field that has revolutionized the development of new vaccines utilizing the three-
dimensional structure of proteins to design novel vaccine antigens that are optimized for
immunogenicity and efficacy 6. This process involves the use of high-resolution imaging
techniques such as cryo-electron microscopy (cryoEM) to determine the structure of the target
protein. Once the protein structure has been elucidated, computational modeling and experimental
tools can be used to design mutations that stabilize the protein in its most immunogenic structural

conformation 46,
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One notable application of SBPD is the development of vaccines for RSV, a leading cause
of severe lower respiratory tract infection in infants and young children ¥4/~ It is a major cause
of illness in young children and can be particularly dangerous in premature babies and children
with underlying medical conditions 140, Despite efforts over several decades, the development
of a vaccine against RSV has been challenging due to the virus's complex structure and the
difficulty in inducing an effective immune response against it 4. The RSV fusion (F) protein is
the primary target for RSV vaccines, and the protein undergoes a structural transition from a pre-
fusion to a post-fusion conformation during the virus-host cell fusion process %, In the 1960s, a
formalin-inactivated RSV vaccine was developed and tested in clinical trials, but it led to severe
disease upon natural infection in infants, resulting in two deaths and the hospitalization of many
others 2, Later, a live attenuated RSV vaccine was developed and tested in clinical trials but also
resulted in severe respiratory disease in some recipients '*3. These setbacks led to a long hiatus in
RSV vaccine development, and the need for a safe and effective RSV vaccine remained unmet.

Recent advances in SBPD have enabled the development of a new generation of RSV
vaccines. The key to success in these efforts has been the use of cryo-EM to visualize the structure
of the RSV F protein, which is responsible for viral entry into host cells **. Cryo-EM allows
researchers to study the protein in its native state, which is critical for understanding its structure
and function. Using cryo-EM, researchers have been able to identify key structural elements of the
RSV F protein that are necessary for stabilizing the protein in its prefusion conformation **°. By
presenting RSV F protein in the prefusion context, it allowed for the induction of an immune
response that is effectively able to neutralize RSV through replicating the F structure before virus-
host cell binding and fusion. By introducing specific mutations into the protein sequence,

researchers have been able to stabilize the F protein in its prefusion conformation, leading to the
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development of highly effective RSV vaccines >, Clinical trials of these new RSV vaccines
have shown promising results. In a phase Il clinical trial, a prefusion-stabilized RSV F protein
nanoparticle protein subunit vaccine (RSVpreF) was found to have an efficacy of 85.7% in
preventing more severe disease primary endpoint of lower respiratory tract illness (LRTI-RSV)
defined by analysis of three or more RSV-associated symptoms in healthy older adults 7%, The
vaccine was also found to be safe and well-tolerated, with no vaccine-related serious adverse
events reported %161 Recently, in a phase 3 trial in pregnant women, RSVpreF was found to have
a vaccine efficacy of 81.8% in infants within 90 days of birth against medically attended LRTI-
RSV 162, These results are encouraging and suggest that SBPD-based RSV vaccines have the
potential to address an unmet medical need and improve public health outcomes.

In addition to its successful application in RSV vaccine development, SBPD has also been
applied in the development of vaccines against coronaviruses, including Middle East respiratory
syndrome coronavirus (MERS-CoV) and SARS-CoV-2.

In the case of MERS-CoV, initial attempts to develop a vaccine were hindered by the lack
of knowledge about the virus's structure and immunogenicity. However, with the discovery of the
spike (S) protein as the primary target for neutralizing antibodies, researchers were able to utilize
SBPD to engineer stabilized versions of the protein that could elicit a strong immune response 63,
Specifically, a trimeric version of the S protein was developed by introducing proline mutations
that locked the protein into the prefusion conformation, which is more stable and more closely
resembles the structure of the protein on the virus surface 3. This trimeric protein, known as
MERS-CoV-2p, was found to elicit strong neutralizing antibody responses in animal studies and

has advanced to phase | clinical trials 6.
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The lessons learned from the development of MERS-CoV vaccines were instrumental in
the rapid development of SARS-CoV-2 vaccines utilizing SBPD. The SARS-CoV-2 S protein
shares significant structural similarities with the MERS-CoV S protein, and early studies on
SARS-CoV-2 demonstrated the importance of stabilizing the protein in the prefusion conformation
to elicit strong neutralizing antibody responses %4, Utilizing cryo-EM, researchers were able to
determine the structure of the SARS-CoV-2 S protein in the prefusion conformation, providing a
blueprint for SBPD efforts 164, The Pfizer-BioNTech and Moderna mRNA vaccines for SARS-
CoV-2 also utilize SBPD by incorporating 2 proline mutations, based on the MERS vaccines trials,
that stabilize the prefusion conformation of the S protein and demonstrated high efficacy rates in
clinical trials 3134137138  Additionally, further stabilized proteins with increased proline
substitutions and increased spike protein secretion, known as HexaPro and HexaPro-Fc, were
found to elicit strong neutralizing antibody responses in animal studies and are currently in phase
| clinical trials 165166,

Deep learning approaches have revolutionized the field of protein structure prediction,
offering a promising avenue for accelerating SBPD-based vaccine design by potentially
circumventing the time needed to resolve protein structures through cryo-EM. One such example
is Rosetta Fold, a software suite that employs a combination of computational algorithms and
experimental data to predict protein structures with previously unseen high levels of accuracy *¢’.
In the context of vaccine design, Rosetta Fold can be used to model protein structures and identify
potential antigenic epitopes for the design of novel vaccines. Similarly, Alpha Fold, a deep
learning-based protein structure prediction tool has also shown promising results. Alpha Fold's
approach leverages a neural network to predict the distance between pairs of amino acids in a

protein sequence, allowing it to accurately predict protein structure with a high degree of accuracy
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18 By employing these deep learning-based tools in conjunction with experimental data,

researchers can rapidly and accurately design novel vaccines with a high likelihood of success.
Deep learning-based approaches for vaccine design are an emerging field with promising
potential. Despite being in its infancy, preliminary and preclinical studies have demonstrated the
ability of these approaches to design multi-epitope vaccines %174 Deep learning-based
approaches have the potential to accelerate SBPD-based vaccine design and facilitate the
development of effective vaccines against various infectious diseases. However, more research is
required to optimize these approaches for vaccine design and to ensure their safety and efficacy in
human clinical trials. As such, the field of deep learning-based approaches for vaccine design is
an exciting area of research with the potential to revolutionize the development of vaccines against

infectious diseases.

1.2.3 Alternative Administration Strategies

Traditionally, vaccines have been administered through intramuscular injections.
However, in recent years, alternative routes of vaccine administration have gained significant
attention due to their potential benefits such as ease of administration, improved patient
compliance, and enhanced immune response. Intranasal and intradermal vaccine administration
are two such alternative strategies that have shown promising results in preclinical and clinical
studies. Intranasal vaccination involves delivering the vaccine directly into the nasal cavity, while
intradermal vaccination involves delivering the vaccine into the dermal layer of the skin. These
alternative routes of vaccine administration have shown potential for inducing strong and long-
lasting immune responses, making them attractive options for the development of novel vaccines
against a variety of infectious diseases. In this section, we will explore the current state of research
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on intranasal and intradermal vaccination and discuss their potential as alternative vaccine

administration strategies.

1.2.3.1 Intranasal

Intranasal vaccination is a promising alternative to traditional parenteral routes for vaccine
administration. It offers advantages, including the ability to induce mucosal immune responses
that can prevent infection at the site of pathogen entry, such as the respiratory tracts which are
particularly important for highly variable respiratory pathogens >, Additionally, intranasal
vaccines have the potential to provide broader protection against both homologous and
heterologous strains of a pathogen, as well as offer a more convenient and painless method of
vaccination 17’

Intranasal vaccine administration offers multiple advantages over traditional injection-
based approaches. The nasal cavity is an attractive site for vaccination due to its abundant supply
of antigen-presenting cells (APCs), such as dendritic cells, macrophages, and B cells 1818, These
APCs are responsible for capturing, processing, and presenting antigens to T cells, which initiate
an adaptive immune response. The nasal mucosa contains a rich network of lymphatic vessels,
which enables efficient transport of vaccine antigens to draining lymph nodes and induction of
antigen-specific immune responses 178180 Additionally, the nasal mucosa is enriched in
specialized lymphoid tissue, such as nasopharynx-associated lymphoid tissue (NALT), which has
been shown to play a critical role in mucosal immune defense 81182,

Intranasal vaccination also induces the production of secretory immunoglobulin A (slgA),
a class of antibodies that plays a key role in protecting mucosal surfaces from infection. slgA can
neutralize pathogens and prevent their attachment to host cells, thereby limiting the spread of

infection 183183184 Moreover, slgA can bind to pathogens and transport them across mucosal
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surfaces, leading to their clearance by other components of the immune system 85187 |n addition
to slgA, intranasal vaccination can stimulate the production of systemic and mucosal memory
responses. Memory B and T cells generated by intranasal vaccination can persist for long periods
and provide rapid protection upon re-exposure to the pathogen 88,

Despite the advantages of intranasal vaccination, there are also limitations and challenges
associated with this route of administration. One potential concern is the lack of systemic T-cell
response induced by intranasal vaccination, as studies have found intramuscular vaccination
elicited stronger cellular immune responses than intranasal vaccination 718, The potential
transport of vaccine from the nasal cavity to the brain is also a safety concern, especially with live
virus and viral vector vaccines . Additionally, the amount of antigen that can be delivered by
intranasal administration is limited, which may affect the strength and duration of the immune
response. Another potential limitation is the variability in the size and shape of the nasal cavity
between individuals, which may impact the distribution and uptake of vaccine antigens.

Intranasal vaccines targeting influenza have been studied extensively and have shown
promise in preclinical and clinical trials. For instance, a live attenuated influenza vaccine (LAIV)
administered intranasally has been licensed for use in the United States and other countries 2.
Studies have demonstrated that LAIV can elicit both systemic and mucosal immune responses,
providing long-lasting protection against influenza infection 1%21%, Intranasal LAIV has also been
shown to be effective in children and has been approved for use in individuals aged 2-49 years
193195 Furthermore, the intranasal administration of LAIV is well-tolerated and associated with
fewer side effects than the injectable influenza vaccine %,

Intranasal vaccines targeting SARS-CoV-2, the virus responsible for COVID-19, have also

been investigated. In preclinical studies, intranasal vaccination with multiple different vaccine
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platforms, including mMRNA, viral vectored vaccines, and protein vaccines, have been shown to
induce robust neutralizing antibody responses and T cell responses, as well as prevent viral
replication in the lungs of mice infected with SARS-CoV-2 33177.182197.198 'Aqditionally, intranasal
administration of the S protein antigen of SARS-CoV-2 has been shown to induce protective
immunity in animal models, suggesting the potential of intranasal vaccines as a viable strategy for
preventing COVID-19 199-202,

Other respiratory pathogens, such as RSV and pneumococcus, have also been targeted with
intranasal vaccines, showing high potential in preclinical studies along with safety and
immunogenicity in early-phase clinical trials 2°-2%, Overall, the intranasal administration of
vaccines targeting respiratory pathogens has shown great potential for providing protective
immunity and preventing the spread of infectious diseases. While challenges remain for
widespread clinical translation, intranasal vaccines remain an attractive tool for inducing mucosal

immunity to halt the transmission of respiratory pathogens.

1.2.3.2 Intradermal

Intradermal (ID) vaccination is a novel and emerging vaccination strategy that targets the
immune cells located in the skin to induce strong and durable immune responses against the
antigen. The skin is the largest organ of the human body, and it contains various immune cells,
including Langerhans cells, dermal dendritic cells, and memory T cells, which play a crucial role
in triggering the immune response against invading pathogens 2°72%, Compared to traditional
intramuscular (IM) vaccination, ID vaccination requires lower doses of vaccine antigens due to
the higher density of immune cells in the skin 2°%-12, This approach also has the potential to induce
both systemic and local immunity, making it an attractive option for vaccines targeting respiratory

pathogens, such as influenza and SARS-CoV-2.
27



One promising approach for ID vaccination is the use of microneedle arrays (MNA), which
are minimally invasive devices that painlessly penetrate the skin to deliver vaccines directly to the
immune cells in the skin (Figure 1). MNAs consist of an array of tiny needles that are only a few
hundred micrometers in length and can be made from a variety of materials, such as metals,
ceramics, and polymers 233214 The manufacturing of MN arrays is achieved using different
techniques, including micro-molding, atomic spray drying, and 3D printing 2*>%1¢, Micro-molding
involves casting a polymer material into a mold containing microneedle features and then
removing the solidified material from the mold 2'%2%6, Atomic spray drying involves using a nozzle
to spray a liquid formulation of the MNA material onto a substrate, where it solidifies into a dry,
powdery form 215216 3D printing involves depositing layers of MNA material onto a substrate
using a computer-controlled printer 226, These different techniques offer varying levels of

precision, scalability, and cost-effectiveness for MN array production.

Solid MN Coated MN Dissolving MN  Hollow MN

stratum comeum
viable epidermis

dermis

Figure 1: Methods of drug delivery to the skin using microneedles (MN). Microneedles are first applied to the
skin (A) and then used for drug delivery (B). Solid microneedles are used as a pretreatment, after which drug can
diffuse through residual holes in skin from a topical formulation (solid MN). After insertion of drug-coated

microneedles into the skin, the drug coating dissolves off the microneedles in the aqueous environment of the skin
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(coated MN). Drug-loaded microneedles are made of water-soluble or biodegradable materials encapsulating drug
that is released in the skin upon microneedle dissolution (dissolving MN). Hollow microneedles are used to inject
liquid formulations into the skin (hollow MN). 1. Kim, Y.-C., Park, J.-H. & Prausnitz, M. R. Microneedles for drug
and vaccine delivery. Advanced Drug Delivery Reviews 64, 1547-1568 (2012). Copyright © 2012 Elsevier B.V. All

rights reserved. Use with permission.

Dissolvable microneedle array (DMNA) patches have emerged as an attractive alternative
to traditional MNA patches due to their potential advantages of controlled antigen release (Figure
1). DMNA patches consist of arrays of solid microneedles that are made of biocompatible, water-
soluble polymers, such as polyvinylpyrrolidone (PVP), carboxymethyl cellulose, or hyaluronic
acid, that can dissolve upon skin insertion (Figure 1) 215217218 Thijs means that there is no need
for needle removal after application, reducing the risk of needle-stick injuries and biohazardous
waste. Additionally, the dissolution of the microneedles in the skin allows for the controlled release
of the vaccine, resulting in a more effective and efficient immune response. The use of DMNA
patches also eliminates the need for cold chain storage, simplifying the logistics of vaccine
distribution and administration, particularly in resource-limited settings 2. Overall, the
development of DMNA patches represents an exciting advancement in the field of microneedle-
based vaccine delivery, with the potential to improve vaccine efficacy, safety, and accessibility.

One example of an intradermal vaccine currently in use is the intradermal polio vaccine,
which uses a fractional dose of inactivated poliovirus delivered using a needle-free jet injector or
a needle and syringe 220, Studies have shown that this approach induces a robust immune
response and could help accelerate the eradication of polio in regions where the disease is still
endemic 21%22°, Another example is the DMNA patch-based vaccine for the SARS-CoV-2 virus,

which is currently in development 217, The DMNA patch is made using micro-molding technology
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and is loaded with a recombinant spike protein antigen 2*’. Preclinical studies have shown that the
MNA patch elicits strong antibodies against the SARS-CoV-2 virus 2%,

The advantages of intradermal vaccination using MNA arrays include their ease of use,
painlessness, and the potential for self-administration. MNAs also have the potential to enhance
vaccine stability and reduce the need for cold chain storage and transportation. MNAs also can
achieve similar, or greater immune responses, than that of traditional IM injection with lower
doses, allowing for dose sparing. However, MNA arrays also have some limitations, such as the
need for specialized manufacturing and time-extensive micro-molding manufacturing techniques
which are not compatible with large-scale pharmaceutical production. DMNA as a means for
controlled vaccine release is an attractive tool for increasing the immune response to vaccination
while circumventing needle removal and disposal, allowing for self-application by the vaccinee.
Although there are some limitations to MNA, including the potential for skin irritation and the
need for specialized equipment, intradermal vaccination using MNA holds great promise for the
development of effective and convenient vaccine delivery systems for a wide range of infectious

diseases.

1.3 Beta Coronaviruses

BetaCoronaviruses are a genus of enveloped, positive-sense RNA viruses that belong to
the family Coronaviridae and are known to cause mild to severe respiratory illnesses in humans
and animals (Figure 2). The first human BetaCoronavirus to cause substantial human morbidity
and mortality, Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), emerged in 2002

and caused a global outbreak of Severe Acute Respiratory Syndrome (SARS) 224222, After which
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another severe human BetaCoronavirus, the Middle East Respiratory Syndrome Coronavirus
(MERS-CoV), emerged in 2012 and caused subsequent outbreaks in the Middle East and South
Korea 2?1223, The recent emergence of SARS-CoV-2 in late 2019, causing the COVID-19
pandemic, has highlighted the importance of understanding the virology and pathogenesis of
BetaCoronaviruses.

BetaCoronaviruses are spherical viruses with a diameter of approximately 80-160 nm.
They have a helical nucleocapsid that contains a single-stranded, positive-sense RNA genome of
approximately 27-32 kilobases ??%. The genome contains several open reading frames (ORFs) that
encode structural and non-structural proteins 22, The structural proteins include the spike (S),
envelope (E), membrane (M), and nucleocapsid (N) proteins, while the non-structural proteins are

involved in viral RNA replication and transcription 22,
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Figure 2: The Coronavirus family. Phylogenetic tree of betacoronaviruses and their subgenera. Nguyen, L. C. et
al. SARS-CoV-2 Diverges from Other Betacoronaviruses in Only Partially Activating the IRE1o/XBP1
Endoplasmic Reticulum Stress Pathway in Human Lung-Derived Cells. mBio 13, e02415-22 (2022). Creative

Commons Attribution 4.0 International license. https://creativecommons.org/licenses/by/4.0/

SARS-CoV-2 is a Betacoronavirus that is closely related to SARS-CoV (Figure 2). The
virus has a genome length of approximately 29.9 kb and encodes for 4 structural proteins, including
the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins 2. The S protein
mediates viral entry by binding to the human receptor, angiotensin-converting enzyme 2 (ACE2)
221 The virus also utilizes the host proteases, such as furin and transmembrane protease, serine 2
(TMPRSS?2), for S protein priming, which enhances viral infectivity. SARS-CoV-2 has a higher
transmission rate compared to SARS-CoV and can cause severe respiratory illness, leading to high

mortality rates, especially in elderly and immunocompromised individuals 22,
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MERS-CoV is also a Betacoronavirus that has a genome length of approximately 30 kb
and encodes for 4 structural proteins, including the spike (S), envelope (E), membrane (M), and
nucleocapsid (N) proteins %2223, The S protein of MERS-CoV binds to the human receptor,
dipeptidyl peptidase 4 (DPP4), which is expressed on the surface of human cells 22222, The virus
also utilizes the host protease, furin, for S protein priming, similar to SARS-CoV-2. MERS-CoV
causes severe respiratory illness, leading to high mortality rates, especially in individuals with
underlying medical conditions 221223,

SARS-CoV-2 and MERS-CoV share multiple similarities, including their Betacoronavirus
classification, genome organization, and utilization of furin cleavage site for S protein priming
(Figure 2) 221222, However, they differ in their primary human receptor. While SARS-CoV-2
utilizes ACE2 for entry, MERS-CoV utilizes DPP4 (Figure 3) 22223, This difference in receptor
utilization likely contributes to the differences in their clinical presentation and disease severity.
Additionally, while both viruses can cause severe respiratory illness, the mortality rate of MERS-

CoV is higher compared to SARS-CoV-2 221:223,
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Figure 3: Different coronaviruses use a variety of receptors for viral attachment and entry. In the upper panel,
various coronaviruses from four major genera, alpha-, beta-, gamma-, and delta-coronavirus, are in the dashed line
boxes. In the lower panel, distinct receptors on the surface of host cell mediates the viral entry of the specific
coronavirus. Coronaviruses: PRCV porcine respiratory coronavirus, TGEV porcine transmissible gastroenteritis
coronavirus, PEDV porcine epidemic diarrhea coronavirus, MERS-CoV Middle East respiratory syndrome
coronavirus, MHV mouse hepatitis coronavirus, BCoV bovine coronavirus, IBV avian infectious bronchitis
coronavirus, PdCV porcine delta-coronavirus. Host cell receptors: APN aminopeptidase N, CEACAM1
carcinoembryonic antigen-related cell adhesion molecule 1, DPP4 dipeptidyl peptidase 4, ACE2 angiotensin-
converting enzyme 2, ASGPR asialoglycoprotein receptor. Zhang, Q. et al. Molecular mechanism of interaction
between SARS-CoV-2 and host cells and interventional therapy. Sig Transduct Target Ther 6, 1-19 (2021). Creative

Commons Attribution 4.0 International license. https://creativecommons.org/licenses/by/4.0/.

In conclusion, BetaCoronaviruses have caused significant public health concerns over the
last two decades, with the emergence of SARS-CoV-2 and MERS. These viruses share many
similarities in their genomic organization, structural proteins, and receptor binding mechanisms,

which have allowed them to cross to be causes of significant mortality and morbidity in humans.
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The rapid global spread of SARS-CoV-2 highlights the urgent need for the effective and timely
development of vaccines to control and prevent future outbreaks. In the following subsections, we
will discuss the virology, pathogenesis, and current approaches to combating SARS-CoV-2 and
MERS, to gain a deeper understanding of the similarities and differences between these two

viruses, and to identify potential strategies for future prevention.

1.3.1 SARS-CoV-2

SARS-CoV-2 emerged in Wuhan, China in late 2019 and is the cause of the global,
ongoing, COVID-19 pandemic. The COVID-19 pandemic has caused over 762 million confirmed
cases and over 6.8 million deaths worldwide, as of April 2023%%4, The genome of SARS-CoV-2 is
a single-stranded, positive sense RNA genome approximately 30 kilobases in length???22, The
genome consists of ORFs encoding for non-structural proteins involved in RNA replication while
the structural proteins of SARS-CoV-2 include the S, E, M, and N proteins (Figure 4)?2222, The
spike protein has been the focus of currently approved COVID-19 vaccines, and of various

COVID-19 vaccines in development, due to its role in viral infection of host cells??®.
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Figure 4: Schematic diagrams of the SARS-CoV-2 virus particle and genome. (A) Four structural proteins of
SARS-CoV-2 include Spike protein (S), Membrane protein (M), Nucleocaspid protein (N), and Envelope protein (E).
(B) The genome includes ORFla-ORF1b-S-ORF3-E-M-ORF6-ORF7 (7a and 7b)-ORF8-ORF9b-N in order. Sixteen
nonstructural proteins (nsp1-11, 12-16) are encoded by ORF1a and ORF1b, respectively, and six accessory proteins
were delineated. Plpro papain like protease, 3CLPro 3C-like proteinase, RARp RNA-dependent RNA polymerase, Hel
Helicase, S encodes NTD N-terminal domain, RBD receptor-binding domain, SD1 subdomain 1, SD2 subdomain 2,
FL fusion loop, HR1 heptad repeat 1, HR2 heptad repeat 2, TM transmembrane domain. Dotted line indicates S1/S2
and S2' site cleavage by Furin and TMPRSS2. Zhang, Q. et al. Molecular mechanism of interaction between SARS-
CoV-2 and host cells and interventional therapy. Sig Transduct Target Ther 6, 1-19 (2021). Creative Commons

Attribution 4.0 International license. https://creativecommons.org/licenses/by/4.0/.

The S protein of SARS-CoV-2 is a type 1 trimeric transmembrane glycoprotein that is
composed of two subunits, S1 and S2, which allow for viral attachment to the host cell receptor
and fusion to the host cellular membrane (Figure 4) 22226 The S1 subunit contains the receptor-
binding domain (RBD) that engages with the host cell receptor angiotensin-converting enzyme 2

(ACE2), while the S2 subunit mediates membrane fusion (Figure 4) 15227 The S protein is heavily
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glycosylated, with approximately 22 N-linked glycosylation sites per protomer, which helps shield
it from host immune surveillance 22622, The S protein undergoes conformational changes upon
host cell binding, leading to cleavage by host proteases, including furin, at a specific site between
the S1 and S2 subunits, which is thought to increase the efficiency of viral entry into host cells
(Figure 4) 2023 |t has been demonstrated that antibodies targeting the S protein can block the
binding of SARS-CoV-2 to the cell receptor, allowing the S protein to be a focal target of vaccine
development 232723 Of particular interest is the investigation of including more conserved regions
of SARS-CoV-2, such as the N protein, in vaccine strategies to combat emerging variants. The
primary function of the SARS-CoV-2 N protein is to package the viral genome, replication, and
transcription 27, The N protein is a phosphoprotein that binds to the viral RNA genome and forms
the ribonucleoprotein (RNP) complex, which is the basic unit of viral replication %24, The N
protein has a modular structure, with two main domains: the N-terminal RNA-binding domain
(NTD) and the C-terminal dimerization domain (CTD) 2824, The NTD is responsible for RNA
binding and is highly positively charged, while the CTD mediates N protein dimerization, which
is necessary for RNP formation 23240, The N protein is more conserved than the S protein, with
90% amino acid homology, and also accumulates fewer mutations over time 243242 The N protein
also contains key T cell epitopes for SARS-CoV-2 immunity 24324, The E and M proteins of
SARS-CoV-2 interact together to make up the viral membrane and are not focal targets of vaccines
in development 246:247,

SARS-CoV-2 pathogenesis involves a complex interplay of viral and host factors that can
determine the severity and clinical outcomes of COVID-19. The virus primarily infects respiratory
epithelial cells lining the upper and lower respiratory tract through binding human ACE2 receptors

226232 The virus then starts to replicate and form new virions, using host-cell machinery, leading
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to cell death and tissue damage 2*%. The viral replication process induces an inflammatory immune
response from the host which can lead to greater tissue damage and the potential of a cytokine
storm 2#, The severity of COVID-19 is highly influenced by age of the infected and the presence
of comorbidities such as hypertension, cardiovascular disease, diabetes, and obesity 248, Severe
cases of COVID-19 are usually the result of systemic hyper inflammation, caused by cytokine
storm, leading to acute respiratory distress syndrome (ARDS) and multi-organ dysfunction 2%,
Imbalance in the coagulation system is also seen in severe COVID-19, associated with low platelet
counts and immunothrombosis 248,

Although approved COVID-19 vaccines have been effective in reducing mortality and
morbidity caused by SARS-CoV-2 infection, the emergence of new variants that can evade the
preexisting immunity to SARS-CoV-2 has raised concerns about their long-term efficacy.
Furthermore, the uneven distribution of vaccines worldwide has resulted in many low to middle-
income countries being left without access to variant-specific vaccines that are better suited for the
evolving SARS-CoV-2 variant landscape 1324925, This highlights the need for the development of
vaccines that can provide broad protection against a range of SARS-CoV-2 variants, as well as the
importance of the equitable distribution of vaccines to mitigate the risk of further virus evolution
and spread 113249250 Since its emergence in late 2019, SARS-CoV-2 has continuously evolved,
at a higher-than-expected rate, giving rise to multiple variants with multiple genetic mutations and
various phenotypic properties, including increased transmissibility, virulence, and immune escape
250,251 The emergence of these variants has raised concerns about the efficacy of current vaccines
and the potential for future outbreaks.

In conclusion, SARS-CoV-2 is a highly infectious virus that has resulted in one of, if not

the worst, pandemics in modern human history. The virus uses the S protein to bind to host cells
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via the ACE2 receptor and replicates leading to cell death. Hallmarks of severe COVID-19 are
systemic inflammation, cytokine storm, and coagulation imbalances disease which is associated
with the presence of one or more comorbidities in infected persons. Ongoing research efforts are
aiming to characterize the long-term effects of SARS-CoV-2 infection along with formulating

vaccines that may better fight immune evasive viral variants.

1.3.2 MERS

Middle East Respiratory Syndrome (MERS) is a coronavirus that was first identified in
Saudia Arabia in 2012 %2, As of March 2023, there have been 2,604 laboratory-confirmed cases
of MERS-CoV infection, with 936 deaths reported to the World Health Organization and a
mortality rate of around 36% 2°2. The majority of cases have occurred in the Middle East, but cases
have also been reported in other regions, including Europe and Asia 2°3. Like SARS-CoV-2,
MERS-CoV is a single-stranded, positive sense RNA virus, but its genome is slightly larger at
approximately 30.1 kilobases 221223253 MERS-CoV has a similar genome structure to SARS-CoV-
2, with ORFs encoding non-structural proteins involved in RNA replication and structural proteins
including the spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins 221223253 The
S protein of MERS-CoV is a trimeric transmembrane glycoprotein that mediates viral entry into
host cells by binding to the host cell receptor dipeptidyl peptidase 4 (DPP4) 221.2232%3 Similar to
the S protein of SARS-CoV-2, the S protein of MERS-CoV has been the focus of vaccine
development due to its role in viral entry into host cells. MERS-CoV is primarily transmitted from
dromedary camels to humans, although human-to-human transmission has also been reported in
healthcare settings 2. The MERS-CoV S protein has a shorter receptor binding domain (RBD)
than that of SARS-CoV-2, which may contribute to its lower transmissibility 2°*. The MERS-CoV
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spike protein is highly glycosylated, which may play a role in immune evasion with the S protein
of MERS being slightly more glycosylated than the S protein of SARS-CoV-2 with approximately
23 N-linked glycosylation sites per protomer, assisting in masking immunogenic protein epitopes
from host humoral immune responses 228:22°2%_ Additionally, MERS S has a region of high glycan
density that leads to the formation of oligomannose-type glycan clusters, not seen in SARS CoV
2% Mutations in the MERS-CoV spike protein have been shown to alter its receptor binding
specificity, suggesting that it has the potential to adapt to new host species or increase
transmissibility in humans 2. Other MERS structural proteins, such as N, E, and M proteins, serve
a similar role and function as they do in SARS-CoV-2 such as assisting in viral replication and
making up the viral membrane 25728,

As mentioned above, MERS has a much greater mortality rate (approximately 35-36%)
than COVID-19 (approximately 5.6% in July 2020) . Studies have found MERS-CoV-2 was
closely related to bat-associated coronaviruses and is considered to be derived from bats, such as
SARS. It has also been established that dromedary camels serve as an intermediate host of MERS-
CoV and can be transmitted from camels to humans 2%°. MERS is primarily a respiratory virus,
and its pathogenesis is similar to other coronaviruses such as SARS-CoV-2. The virus enters the
body through the inhalation of respiratory droplets containing the virus or through contact with
contaminated surfaces 2%°. Once inside the body, MERS primarily targets the respiratory tract,
specifically the lower respiratory tract. The virus infects the epithelial cells lining the airways and
causes inflammation, leading to symptoms such as fever, cough, and shortness of breath 2. In
severe cases, MERS can cause pneumonia, ARDS, and kidney failure. Comparative analysis of
SARS-CoV-2 and MERS infection in young and aged cynomolgus macaques uncovered

differences in viral infection and subsequent pathogenesis 26!, SARS-CoV-2 antigens were
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detected in the nasal mucosae but not detected for SARS-CoV or MERS infection possibly
explaining the increased transmission of SARS-CoV-2 by increased nasal tropism in a study by
Rockx et al 26!, Additionally, MERS-CoV-2 primarily infects type Il pneumocytes in cynomolgus
macaques with both SARS-CoV and SARS-CoV-2 also infecting type | pneumocytes 25, This
finding may explain why hyaline membrane formulation is a hallmark of SARS and COVID-19
but not frequently reported for MERS 251,

Vaccine development for MERS has been ongoing since the virus was first identified in
2012 but has been hampered by a lack of financial commitment to advance effective vaccines 2.
Multiple vaccine candidates have been developed, including viral vector vaccines, DNA vaccines,
mRNA, and protein subunit vaccines 20263265 Most of these vaccines target the S protein of
MERS, which is the main target of neutralizing antibodies. There have been promising results
early-phase clinical trial results for MERS viral vector vaccines using ChAd and MVA vectors
with these being the most advanced vaccine candidates to date 266-27°, However, there is currently

no licensed vaccine for MERS, and more research is needed to develop effective vaccines that can

provide long-term protection against the virus.

1.4 The Landscape of COVID-19 Vaccine Development

The landscape of COVID-19 vaccine development has been rapidly evolving since the
onset of the pandemic. As of March 30, 2023, there are over 382 COVID-19 vaccines in
development with 183 in clinical development and 199 in pre-clinical development 2%, As of
March 4, 2023, there have been 50 vaccines approved by at least one country and made available

for use outside of clinical trials 2. There are currently 11 vaccines that have been granted
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Emergency Use Listing (EUL) by the World Health Organization (WHO) for use in preventing
COVID-19. These vaccines include Pfizer-BioNTech, Moderna, Johnson & Johnson,
AstraZeneca, Sinopharm, Sinovac, Covishield, Bharat Biotech's Covaxin, and the protein subunit
vaccines Novavax and CoronaVac.

The Pfizer-BioNTech vaccine is a mRNA vaccine that requires two doses and has shown
an efficacy rate of 95% in clinical trials **’. Moderna's mRNA vaccine also requires two doses and
has shown an efficacy rate of 94.1% **8, Johnson & Johnson's vaccine, which uses a viral vector,
requires a single dose and has shown an efficacy rate of 72% in the US and 66% globally 273274,
The AstraZeneca vaccine, which also uses a viral vector, requires two doses and has shown an
efficacy rate of 70% on average 2°. Sinopharm and Sinovac, both of which are inactivated virus
vaccines, have been approved for emergency use in several countries 2’277, Covishield, a version
of the AstraZeneca vaccine produced in India, has also been approved for emergency use 278,
Bharat Biotech's Covaxin, an inactivated virus vaccine, has been approved for emergency use in
India 2’°. Novavax, a protein subunit vaccine, has shown an efficacy rate of 89.3% in clinical trials
and has been approved for emergency use in multiple countries 2.

Assessing the preclinical efficacy and safety of these vaccines requires multiple
approaches. Animal models have been used to evaluate immune responses and protection against
the virus, for investigation of candidate vaccines before use in humans. Humoral immunity, to
produce virus-specific antibodies, is also a key factor in vaccine efficacy, and studies have been
conducted to measure the levels and durability of these antibodies highlighting their importance in
preventing viral infection. Cellular immunity, which includes T-cell responses, is important for
controlling viral infection, and these responses have been studied in clinical trials as well. Finally,

challenge studies, in which vaccinated animals are deliberately exposed to the virus to test
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protection, have been conducted to further evaluate vaccine efficacy. These methods are crucial in
determining the effectiveness of the vaccines against the virus, as well as any potential adverse

effects.

1.4.1 Animal Models

The use of animal models has been crucial in the rapid development and employment of
vaccines against COVID-19, providing valuable insights into vaccine immunogenicity before
testing in humans. In COVID-19 vaccine development, two of the most used animal models are
mice and non-human primates (NHPs). Alternative models such as hamsters and ferrets also
provide valuable information through modeling transmission of the virus, with a range of age-
dependent clinical outcomes from mild sublethal disease in younger aged models and severe to
lethal disease in older aged models.

Mice represent a convenient animal model for vaccine investigation due to their small size,
ease of handling, and availability of genetic strains with specific immunological differences.
BALB/c and C57BL/6 mice strains are the most commonly used for vaccine investigation due to
their high responsiveness to immunization along with commonality throughout scientific
literature, leading to a wealth of immunological data for these strains. BALB/c mice have been
known to produce a Th2-biased immune response with high levels of antibody production,
specifically 1gG1 production 21282, C57BL/6 mice are known to produce a Thl-biased immune
response with high levels of cellular immunity and higher levels of 1gG2a antibody response 8%
283 It has been observed that wild-type SARS-CoV-2 does not efficiently infect mice due to the
low binding affinity of the viral spike protein to the mouse ACE2 receptor 284, Therefore,
researchers have used alternative methods to study SARS-CoV-2 infection and evaluate vaccine

43



candidates’ protection against disease in mice. One approach has been to use a mouse-adapted
strain of SARS-CoV-2, which has been genetically modified to enhance its binding affinity to the
mouse ACE2 receptor 2°. Another approach has been to use transgenic mice that express the
human ACE2 receptor, which allows for more efficient infection and replication of the virus 28,
Additionally, recent studies have shown that some SARS-CoV-2 variants with mutations in the
spike protein, such as the N501Y mutation, are able to infect mice without the need for additional
modifications 267-28°_ These alternative methods have allowed for the evaluation of vaccine
candidates and the study of SARS-CoV-2 pathogenesis in mice.

NHPs are commonly used as preclinical models to evaluate the safety and efficacy of
vaccines and therapeutics for infectious diseases, including SARS-CoV-2 2%2% NHPs are a
valuable model due to their genetic similarity to humans and their susceptibility to SARS-CoV-2
infection 2°4?%, Rhesus macaques are an advantageous NHP model because of their availability
and large body size, allowing for easier blood collection and tissue sampling. Other nonhuman
primate species, such as African green monkeys and cynomolgus macaques, have also been used
294-2% Multiple studies have demonstrated the utility of RMs as a preclinical model for SARS-
CoV-2 vaccine development 2°42%, For example, macaques have been used to evaluate the
immunogenicity and the correlates of protection, as well as the protective efficacy of various
vaccine platforms, including viral vector-based vaccines, mMRNA vaccines, and protein subunit
vaccines,133292.293297-300 Moreover, the use of NHP models can provide critical insights into the
mechanisms of vaccine-induced immunity, including the kinetics, specificity, and durability of the

immune responses.
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1.4.2 Humoral Immunity

Assessing humoral immunity is a crucial aspect of COVID-19 vaccine development as
antibody responses can prevent infection. IgG and IgA antibodies have been determined to be key
players in preventing SARS-CoV-2 infection and are routinely measured to assess humoral
responses to vaccines. 1gG is the most abundant immunoglobulin in sera and is involved in long-

term protection against infection and disease %

. 1gG facilitates protection through multiple
mechanisms such as 1gG-mediated binding of the pathogen, agglutination, opsonization, and
allowing recognition by other phagocytic immune cells 3%, IgG also activates the complement
system allowing for antibody-dependent cell-mediated cytotoxicity (ADCC) 3. IgA antibodies
are the most abundant immunoglobulin in the mucosae and are involved in mucosal defense
against infection 3%, IgA can bind pathogens and lead to agglutination, opsonization, and ADCC
for mucosal clearance of pathogens, such as IgG 3.

Th bias is an important consideration in assessing humoral immunity to candidate vaccines
and is primarily done by measuring the titers of 1gG subclasses, 1gG1 and IgG2a. IgG1l is
associated with a Th2 bias, which is characterized by the production of cytokines that promote
antibody production and humoral immunity 22, In contrast, 1gG2a is associated with a Th1 bias,
which is characterized by the production of cytokines that promote cell-mediated immunity 282,
Understanding the Th bias induced by a vaccine is critical, as it can influence the type of immune
response generated and therefore the efficacy of the vaccine. Th2 bias can be associated with
vaccine-associated enhanced respiratory disease (VAERD), a phenomenon observed in some

animal models and during SARS-CoV vaccine trials 3%2203, Therefore, it is important to strive for

the balanced induction of Thl and Th2 responses. In the context of vaccines, protein subunit
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vaccines tend to skew towards a Th2 bias and therefore must be assessed with immune modulating
approaches in humans, such use of an adjuvant, to skew towards a balanced Th1 Th2 response 3%,

Neutralizing antibodies are another important aspect of humoral immunity that can protect
against viral infections by preventing viral entry into host cells. These antibodies bind to the viral
spike protein and block its interaction with the host receptor. The assessment of neutralizing
antibodies is typically done using live virus neutralization assays or pseudotype neutralization
assays. In the live virus neutralization assay, the ability of antibodies to neutralize the virus is
measured by incubating the virus with the antibodies and then assessing viral replication. In the
pseudotype neutralization assay, a pseudovirus that expresses the viral spike protein is used instead
of the live virus. The ability of the antibodies to neutralize the pseudovirus is measured by
assessing its ability to enter host cells. As a conventional pseudo-neutralizing test, measurement
of a competitive immunoassay for quantifying inhibition of the spike-ACE2 interaction can be
used as a surrogate for traditional virus-based plaque reduction neutralizing assay and reported in
a high level of concordance and correlation (>96%) 3053,

Correlates of protection are measurable immunological parameters that can predict
protection against disease. The level of neutralizing antibodies is currently the most widely
accepted correlate of protection against COVID-19 97-310 |n general, high levels of neutralizing
antibodies indicate a high likelihood of protection against infection or disease. The level of IgG
antibodies against the S protein has also been shown to be a correlate of protection, with higher
titers of 1gG antibodies indicating greater protection against COVID-19 307-31° However, it is
important to note that the protective threshold for neutralizing antibodies and 1gG antibodies has

not been definitively established and may vary between individuals and populations. The
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assessment of humoral immunity is an important part of vaccine development and evaluation, as

it helps to determine the efficacy and potential protection provided by a vaccine.

1.4.3 Cellular Immunity

Assessing cellular immunity is another crucial aspect of COVID-19 vaccine development
playing a significant role in controlling viral infections by eliminating infected cells and secreting
inflammatory cytokines. T cell response have been shown to play a critical role in COVID-19
immunity and protection 243311-317_ Cellular responses to COVID-19 have also been shown to be
important for induction of long-term immunity 3. The T cell response mainly consists of CD4*
and CD8" T cells, with CD4* T cells provide help to B cells to generate antibody responses, and
CD8"* T cells involved in directly killing infected cells.

Assessing the activation of T cells can be done by measuring the levels of cytokines
produced in response to a viral antigen (i.e., peptide stimulation) by T cells, such as interferon-
gamma (IFN-y), interleukin-2 (IL-2), and tumor necrosis factor-alpha (TNF-a). These cytokines
are produced by activated T cells and are critical for controlling viral infections. Flow cytometry
can be used to measure activation, proliferation, phenotype, and memory status of T cells through
characterization of CD markers and cytokines. Correlates of protection for cellular immunity are
not well established for COVID-19. However, it has been shown that the presence of SARS-CoV-
2-specific T cells in convalescent individuals correlates with protection against reinfection 3. In
the context of long covid and in populations that are at high risk of SARS-CoV-2 morbidity and
mortality, T cell responses have been shown to play an important role 311312319321 These studies

suggest that the assessment of cellular immunity is important for understanding the immune
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response to COVID-19 vaccines and may provide additional levels of protection beyond

neutralizing antibodies.

1.5 Specific Aims

SPECIFIC AIMS: Worldwide vaccine equity continues to be a major hurdle for resolving

the Coronavirus Disease 2019 (COVID-19) pandemic, with many low to middle income countries
struggling to obtain and distribute currently approved vaccines. Protein subunit vaccine
formulations using recombinant DNA technology (RDT) are ideal for worldwide distribution due
to their relative stability at room temperature, low price per dose, and excellent safety profile. RDT
has made it possible to take immunogenic viral protein sequences, and, by use of a plasmid,
transfect these sequences into cells to allow those cells to produce the subunit vaccine. Using RDT,
we can express the SARS-CoV-2 S1 subunit of the spike protein. The S1 subunit includes the
receptor binding domain (RBD) which has become the focal antigen in all candidate and approved
COVID-19 vaccine formulations, as it is responsible for binding the virus to cells and is a main
target of neutralizing antibodies. These neutralizing antibodies target the trimeric, class I fusion
protein spike, and block infection of susceptible cells. Due to being able to block infection,
neutralizing antibodies have been hypothesized to be a correlate of protection against COVID-19
infection and severe disease. A current issue with SARS-CoV-2 protein subunit vaccine
formulations is the lack of induction of neutralizing antibodies. | aim to investigate novel
techniques to improve SARS-CoV-2 protein subunit vaccine formulation through characterization
of the impact of the native trimeric antigen structure, inclusion of integrated adjuvant peptide,

investigation of immunostimulatory vaccination routes, and deconstruction of the S1 subunit to
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identify the roles of each portion of the antigen. I will also investigate the creation of a chimeric
spike protein using the SARS-CoV-2 RBD in a Middle Eastern Respiratory Syndrome (MERS)
S1 scaffold. MERS is a Betacoronavirus, such as SARS-CoV-2, that is more neutralization
sensitive, yielding high microneutralization titers post vaccination. Using the MERS S1 as a
scaffold to present SARS-CoV-2 RBD may overcome the lack of SARS-CoV-2 neutralizing

antibodies. My central hypothesis is that COVID-19 protein subunit vaccine neutralizing antibody

induction can be increased through inclusion of a foldon domain and an adjuvant peptide, while

being further improved through harnessing a neutralization-sensitive MERS S1 scaffold.

Aim 1: Identification of optimal SARS-CoV-2 protein subunit vaccine antigen formulation
to overcome lack of neutralizing antibody induction.

1a. Elucidate differences between a monomeric subunit antigen and native trimeric subunit
antigens through inclusion or exclusion of T4 fibritin foldon domain and determine the impact of
integrated adjuvant TLR4 agonist peptide RS09.

1b. Investigate impact of vaccine administration routes on induction of humoral and
cellular immune response by comparing intramuscular, intranasal, and intradermal vaccine
administration of each antigen.

1c. Deconstruct S1 subunit of SARS-CoV-2 spike protein to identify antigen portions that

maximize 1gG and neutralizing antibody production.
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Aim 2: Development of chimeric spike protein including SARS-CoV-2 RBD in MERS S1
scaffold.

2a. Create chimeric spike proteins that have RBD of SARS-CoV-2 in MERS S1 scaffold
with optimized subunit antigen formulation.

2b. Test immunogenicity of chimeric spike proteins in BALB/c mice through
quantification of SARS-CoV-2 S1 specific endpoint IgG antibody titer, neutralizing and cross-

neutralizing antibody titers, and cell mediated response.
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2.0 A Single Subcutaneous or Intranasal Immunization with Adenovirus-based SARS-

CoV-2 Vaccine Induces Robust Humoral and Cellular Immune Responses In Mice

Text from this chapter has been modified from the publication: Kim, E., Weisel F.J.,
Balmert, S.C., Khan, M.S., Huang, S., Erdo, G., Kenniston, T.W., Carey, C.D., Joachim, S.M.,
Conter, L.J., Weisel, N.M., Okba, N.M.A., Haagmans, B.L., Percivalle, E., Cassaniti, I., Baldanti,
F., Korkmaz, E., Shlomchik, M.J., Falo, L.D., Gambotto, A#. A single subcutaneous or intranasal
immunization with adenovirus-based SARS-CoV-2 vaccine induces robust humoral and cellular
immune responses in mice. European Journal of Immunology 51, 1774-1784 (2021). #

corresponding author. PMID: 33772778

2.1 Introduction

Outbreaks caused by coronaviruses represent an unprecedented global health challenge.
Previous coronavirus outbreaks, Severe Acute Respiratory Syndrome (SARS) and Middle East
Respiratory Syndrome (MERS), have been a cause of substantial morbidity and mortality 322324,
The ongoing COVID-19 outbreak, caused by Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), constitutes a major threat to public health and global eco-nomic growth 325-3%,
COVID-19, which first emerged in late 2019, was declared a global pandemic by the World Health
Organization on March 11, 2020, and has claimed approximately 2.7 million lives as of March 15,
2021. Despite public health concerns presented by coronaviruses, progress in the development of

therapeutics and vaccines for coronaviruses has been slow until recently.
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To prevent the spread of COVID-19, safe and effective vaccines that induce potent and
long-lasting virus-specific immune responses are needed 217329332 Betacoronaviruses (Beta-
CoVs), such as SARS-CoV-2, are enveloped, positive-sense, sSRNA viruses 2433, BetaCoVs
encode the envelope, nucleocapsid, membrane, and spike (S) proteins 343%° Among these
components, the spike protein has received considerable attention due to its proven role in the virus
infection process 3. The S protein of the viral envelope comprises two subunits, S1 and S2, that
function in viral attachment to the host cell receptor and in fusion to the cells, respectively 336337,
For instance, the S protein on the envelope of SARS-CoV-2 binds to the cell receptor angiotensin
converting enzyme 2 (ACE2) and facilitates viral entry 33733 Importantly, it has been
demonstrated with the two preceding Beta-CoVs (SARS-CoV and MERS-CoV) that antibodies
targeting the S protein can block the binding of these viruses to the cell receptor, rendering the S
protein an attractive target for vaccine development to elicit virus-specific neutralizing antibody
responses, and in turn, protective immunity against coronaviruses 3*°. Indeed, vaccine candidates
based on the viral S protein have been previously developed for SARS-CoV and MERS-CoV,
establishing the immunogenicity of the S protein of Beta-CoVs %4242, Furthermore, our previous
efforts on the development of vaccines against MERS-CoV and SARS-CoV have shown that
vaccine candidates targeting the S1 subunit are capable of generating efficacious neutralizing
antibody responses 3433% More recently, we have also presented that skin-targeted S1 subunit
protein vaccines induce antigen-specific antibody responses against MERS-CoV and SARS-CoV-
2 217 As such, the literature suggests that the S1 subunit is an important target for vaccine
candidates against coronaviruses.

Remarkable progress in the fields of molecular biology and biotechnology has enabled

production of novel vaccines to combat infectious diseases 3*°-34’. Recombinant DNA technology
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has proven a viable approach due to its versatility, cost-effectiveness, and logistic advantages 34

%1 Genetic immunization based on recombinant DNA or mRNA vaccines, where the intracellular
delivery of nucleic acids enables the synthesis of a rationally selected antigen of pathogens to elicit
virus-specific protective immunity, has been investigated toward combatting infectious diseases
127,331,345,352—356_

Engineered viral vectors have been an attractive alternative to nonviral transgene
expression ¥ Adenovirus (Ad)-vectored vaccines encoding a target antigen gene have been
increasingly used for their demonstrated capacity to induce both humoral and cellular immune
responses %363, The promising immunogenicity of Ad vaccines has been shown in several animal
models and there are a number of Ad-based vaccine candidates against a myriad of pathogens
currently being evaluated in clinical trials 1636436 Interestingly, our previous studies have
demonstrated that Ad-vectored vaccines expressing SARS-CoV-S1 and MERS-CoV-S1 antigens
generate potent and efficacious antibody responses, making recombinant Ad-based vaccines an
appealing candidate against emerging coronaviruses diseases 3433, Importantly, several Ad-based
SARS-CoV-2 vaccine candidates have recently emerged with promising results in large clinical
trials %737° prompting the approval of a number of Ad-based SARS-CoV-2 vaccines for
emergency use. In addition to the prevailing Ad serotype (Ad5), Ad26 and a chimpanzee
adenovirus have been used for development of SARS-CoV-2 vaccines to overcome pre-existing
Ad immunity %6730 Interestingly, recent clinical studies have demonstrated the promising
immunogenicity of intramuscularly delivered Ad5-vectored COVID-19 vaccines encoding the
gene for the full S protein 3673¢8, Despite the unprecedented progress with Ad-based SARS-CoV-
2 vaccines, there is still an important need for development of alternative Ad-based vaccine

candidates for COVID-19 and other infectious diseases, as well as for investigation of the different
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administration routes with new adenoviral vaccine candidates to enable sustainable global
immunization programs.

Here, we describe the development of an Ad-vectored SARS-CoV-2 vaccine candidate for
COVID-19 immunization. Based on our experience with Ad-based vaccines for prior BetaCoVs
(SARS-CoV and MERS-CoV) 273 \we designed and constructed a recombinant type 5 Ad vector
encoding the gene for theSARS-CoV-2-S1 subunit antigen (Ad5.SARS-CoV-2-S1). We evaluated
the immunogenicity of the developed Ad vaccine in BALB/c mice through S.C. injection or I.N.
delivery to test its ability to induce antigen-specific humoral and cellular immune responses and
investigated virus-specific neutralization activity of the generated antibodies. Our study
demonstrates the rational design and development of an Ad-based SARS-CoV-2 vaccine that is
capable of eliciting robust and durable SARS-CoV-2-specific immune responses in mice,
supporting the further development of recombinant adenovirus vaccines against COVID-19 and

other emerging infectious diseases.

2.2 Results

2.2.1 Adenoviral SARS-CoV-2-S1 Vaccine

To produce E1/E3 deleted, replication-deficient, human type 5 adenovirus expressing
SARS-CoV-2-S1 protein, we generated pAd/SARS-CoV-2-S1 by subcloning the codon-optimized
SARS-CoV-2-S1 gene into the shuttle vector, pAd (GenBank U62024) at Sall & Notl sites. Next,
Ad5.SARS-CoV-2-S1 (Ad5.S1) was created by loxP homologous recombination (Fig.5). To

detect SARS-CoV-2-S1 expression driven by the generated Ad candidate, the serum-free
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supernatants from A549 cells infected with Ad5.S1 were characterized by SDS-PAGE and
Western blot analysis. The recombinant SARS-CoV-2-S1 proteins (both positive control and
Ad5.S1-infected cells) were recognized by the polyclonal antibody at the expected glycosylated
monomer molecular weights of about 110 kDa, while no expression was detected in the mock-

infected cells (Fig. 5B).
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Figure 5: Adenoviral-vectored SARS-CoV-2-S1 vaccine. A shuttle vector carrying the codon-optimized SARS-
CoV-2-S1 gene encoding N-terminal 1-661 was designed as shown in the diagram. The vector was used to generate
recombinant type 5 replication-deficient adenoviruses (Ad5) by homologous recombination with the adenoviral
genomic DNA. ITR, inverted terminal repeat; RBD, receptor binding domain. (B) Detection of the SARS-CoV-2-S1
protein by western blot with the supernatant of A549 cells infected with Ad5.SARS-CoV-2.S1 (Ad5.51) (10 MOI)
using antispike protein of SARS-CoV rabbit polyclonal antibody (lane 2). Mock (AdW5)-infected cells were treated
the same and used as a negative control (lane 1). As a positive control, 100 ng of recombinant SARS-CoV-2-S1 (Sino
biological, 1-685 amino acids with ten histidine tag) was loaded (lane 3). The supernatants were resolved on SDS-

10% polyacrylamide gel after being boiled in 2% SDS sample buffer with B-ME.

2.2.2 SARS-CoV-2-S1-Specific Antibody Endpoint Titers

To evaluate the immunogenicity of the constructed Ad5.SARS-CoV-2-S1 vaccine, we first
determined antigen-specific 1gG, 1gG1, and IgG2a antibody endpoint titers in the sera of
vaccinated mice (either via LN. delivery or S.C. injection) and control mice (PBS or Ady5
immunized groups). Serum samples, collected from all mice before immunization (Week 0) and
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subsequent weeks after vaccination, were serially diluted to determine SARS-CoV-2-S1-specific
IgG, 1gG1, and IgG2a endpoint titers for each immunization group using ELISA (Fig. 6). Results
suggest that both I.N. and S.C. immunization induced significantly increased S1-specific IgG,
lgG1, and IgG2a endpoint titers as early as 2 weeks after a single vaccination with Ad5.SARS-
CoV-2-S1 compared to unimmunized groups (Fig. 6A-C, p < 0.05, Kruskal-Wallis test, followed
by Dunn's multiple comparisons) and the elicited IgG, 1gG1, and IgG2a antibody responses
remained significantly higher with respect to control groups through week 24 (maximum length
of the study to date) (Fig. 6). Together, these results indicate that a single immunization with
Ad5.SARS-CoV-2-S1 via either S.C. delivery or I.N. administration is capable of generating
robust and long-lived S1-specific antibody responses, and the choice of the route of vaccine

administration (S.C. or 1.N.) had no significant effect on the generated antibody endpoint titers.
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Figure 6: Antigen-specific antibody responses in mice immunized with adenoviral vectored SARS-CoV-2-S1

vaccine. BALB/c mice were immunized S.C. or I.N. with 1.5 x 10%° vp of Ad5.SARS-CoV-2-S1 (Ad5.S1) or Ad¥S5,

while mice were immunized subcutaneously with PBS as a negative control. On weeks 0, 2, 4, 6, 8, 12, and 24 after

vaccination, the sera from mice were collected, diluted, and SARS-CoV-2-S1-specific antibodies were quantified by

ELISA to determine the (A) 1gG (weeks 0, 2, 4, 6, 8, 12, and 24), (B) 1gG1 (weeks 0, 2, 4, 6, and 24), and (C) 1gG2a

(weeks 0, 2, 4, 6, and 24) endpoint titers. Horizontal lines indicate geometric mean antibody titers. Significance was

determined by Kruskal-Wallis test, followed by Dunn's multiple comparisons (*p < 0.05). Representative data are

from one of two independent experiments (n = 5 mice per group for each experiment).

2.2.3 Antigen-Specific B-Cell Responses

To support the generation of long-lasting antibody responses against SARS-CoV-2 with

our Ad-based vaccine, we performed studies to investigate vaccination-induced GC reactions. GC
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reactions are highly associated with generation of long-lived, high affinity antibody forming cells
(AFC) and, hence, long-term humoral immunity. Mice were immunized with Ad5.SARS-CoV-2-
S1, and S1-specific GC reactions and antibody-secreting plasma cells in the BM were measured
through flow cytometry and ELISpot, respectively. I.N. and S.C. vaccination resulted in significant
S1-specific GC reactions in cervical and axillary LNs of immunized mice, respectively, (Fig. 7A-
D). As expected, neither S.C. vaccination with Ad5.SARS-CoV-2-S1, nor any of the control
immunization groups induced GC reactions in cervical LNs (Fig. 7A), whereas I.N. vaccination
with Ad5.SARS-CoV-2-S1 produced S1-specific B cells with GC phenotype in cervical LNs in
eight out of ten mice, with Ig isotype switch to 1IgG1 and 1gG2a (Fig. 7A and B). Nine out of ten
mice vaccinated by S.C. injection of Ad.SARS-CoV-2-S1 displayed S1-specific GC B cells in
axillary LNs, with induced class switch to IgG1 and lgG2a (Fig. 7C and D), whereas I.N.
immunization with Ad.SARS-CoV-2-S1 did not result in GC reactions in axillary LNs (Fig. 7C).
Preliminary results from ELISpot analysis showed that both I.N. and S.C. vaccination produced
S1-specific antibody-producing plasma cells in the BM of immunized mice. Collectively, these
results show that S.C. and I.N. immunization with Ad5-SARS-CoV-2-S1 are capable of forming
significant antigen-specific GC reactions in draining LNs, which yielded detectable antigen-
specific plasma cells in the BM of immunized mice, thereby suggesting that our Ad5.SARS-CoV-
2-S1 vaccine has the potential to generate durable humoral immune effector cells, such as long-

lived plasma cells.
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Figure 7: Antigen-specific humoral responses in mice immunized with Ad5.SARS-CoV-2-S1. Formation of GC
reactions and lg isotype switching in draining LNs. BALB/c mice were vaccinated S.C. or I.N. with 1.5 x 10° vp of
Ad5.SARS-CoV-2-S1 (Ad5.S1) or Ad¥5, while mice were immunized S.C. with PBS as a negative control. Cervical
and axillary LNs were harvested 14 days after I.N. and S.C. vaccination and single-cell suspensions of LNs were
stained and analyzed by flow cytometry to determine the frequencies of S1-specific GC-B cells and their IgM, IgG1,
and 1gG2a isotype distribution. (A) S1-specific GC B cells in cervical LNs. (B) IgM, 1gG1, and IgG2a isotype
distribution of S1-specific B cells in cervical LNs. (C) S1-specific GC B cells in axillary LNs. (D) %GC of S1* B cells
in A and C were calculated as %CD95* CD38" of live CD19* S1*, and frequencies of isotype-specific GC B-cell
subsets in B and D were calculated as %lsotype* of live CD19* S1* CD95* CD83 cells. Results are mean + SD.

Groups were compared by one-way Welch's ANOVA, followed by Dunnett's T3 multiple comparisons, and significant
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differences are indicated by *p < 0.05. Data are from two independent experiments (n = 5 mice per group for each

experiment) that are indicated by circles or triangles.

2.2.4 Antigen-Specific Cellular Immune Responses

To evaluate antigen-specific cellular immune responses induced by a single immunization
of BALB/c mice with Ad5.SARS-CoV-2-S1, we investigated S1-specific cellular immunity in
mice after vaccination by quantifying antigen-specific IFN-y* CD8" and CD4" T-cell responses
through intracellular cytokine staining (ICS) and flow cytometry. Results suggest that both I.N.
and S.C. immunization elicited significantly enhanced systemic S1-specific CD8" and CD4" T-
cell immunity compared to control groups. (Fig. 8, p < 0.05, one-way Welch's ANOVA, followed
by Dunnett's T3 multiple comparisons). Interestingly, S.C. vaccination induced significantly
increased systemic S1-specific IFN-y* CD8" T-cell responses compared to I.N. immunization.
(Fig. 8, p < 0.05, one-way Welch's ANOVA, followed by Dunnett's T3 multiple comparisons).
Taken together, these findings indicate that a single vaccination with Ad5.SARS-CoV-2-S1 via
either S.C. delivery or I.N. administration is capable of generating robust systemic S1-specific
cellular immune responses, and the choice of the route of vaccine administration (S.C. or I.N.) has

a significant effect on the Ad5.SARS-CoV-2-S1 vaccine-induced CD8" T-cell responses.

60



>

15+ .
o
tg —_
O 104
i
o
+
>
Z 54
L
=
Q-
B 1s- —
+3 o
O 0.4+ 9
°
'I':.‘_ o
Z 0.2 A
E ‘k
n.n-m r A
w (@] = ) =
m 7! = 7 =
o W wn — »
> 3 o g
g 2 g %
{ ‘i

Figure 8: Antigen-specific cellular responses in mice immunized with Ad5.SARS-CoV-2-S1. BALB/c mice were
immunized S.C. or I.N. with 1.5 x 10° vp of Ad5.SARS-CoV-2-S1 (Ad5.S1) or Ad¥S5, or subcutaneously with PBS
as a negative control. Twelve days after vaccination, splenocytes were isolated and stimulated with SARS-CoV-2 S1
PepTivator, followed by intracellular cytokine staining (ICS) and flow cytometry to identify SARS-CoV-2 S1-specific
T cells. Frequencies of SARS-CoV-2 S1-specific (A) CD8* IFN-y* and (B) CD4* IFN-y* T cells, presented after
subtracting background responses detected in corresponding unstimulated splenocyte samples. Results are mean +
SD. Groups were compared by one-way Welch's ANOVA, followed by Dunnett's T3 multiple comparisons, and
significant differences are indicated by *p < 0.05. Data are from two independent experiments (n = 5 mice per group

for each experiment) that are indicated by circles or triangles.
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2.2.5 SARS-CoV-2 Neutralizing Antibody Titers

To evaluate the functional quality of vaccine-generated antigen-specific antibodies, we
used a microneutralization assay (NTgo) to test the ability of sera from immunized mice to
neutralize the infectivity of SARS-CoV-2. Sera, collected from all mice 8 and 12 weeks after
vaccination, were tested for the presence of SARS-CoV-2-specific neutralizing antibodies, and the
results are shown in Fig. 9. As expected, there were no detected neutralizing antibody responses
in the sera of mice immunized with PBS or Ady5 control groups, while SARS-CoV-2-
neutralizating antibodies were detected in mice immunized by either I.N. delivery or S.C. injection
of Ad5.SARS-CoV-2-S1 both 8 and 12 weeks after vaccination. The resulting SARS-CoV-2-
neutralizing activity on weeks 8 and 12 after I.N. and S.C. immunization was statistically
significant (Fig. 9, p < 0.05, Kruskal-Wallis test, followed by Dunn's multiple comparisons)

compared to PBS control, with no significant differences with respect to each other.

62



Week 8 Week 12

40-
* 0k * %k
‘a‘.
5 20+ o O O
= o o)
€ 104 Q o 00/
=
- (o] —
0 —
0 54 00 @ 00 O
o
=
Z <51 0@ e ®®e® 0 O
T 7 17 1 T 1©r 1 17T 1
88ZQ3Z 2QZgE
n_u_)LD‘_x— ﬂ_u-)'-n‘_‘_
S =20 @ S 2 0 @
T V4 wn v
2 <83 TS
< < < <

Figure 9: Neutralizing antibody responses in mice immunized with Ad5.SARS-CoV-2 S1. BALB/c mice were
immunized S.C. or I.N. with 1.5 x 10'° vp of Ad5.SARS-CoV-2-S1 (Ad5.S1) or Ad¥S5, while mice were immunized
subcutaneously with PBS as a negative control. Neutralizing antibodies in serum of mice 8 or 12 weeks after
immunization were measured using a microneutralization assay (NTgo) with SARS-CoV-2. Serum titers that resulted
in a 90% reduction in cytopathic effect compared to the virus control were reported. Horizontal lines represent
geometric mean neutralizing antibody titers. Groups were compared by Kruskal-Wallis test at each time point,
followed by Dunn's multiple comparisons. Significant differences relative to the PBS control are indicated by *p <
0.05. The minimal titer tested was 5, and undetectable titers (those with NTg serum titers < 5) were assigned a value

of 2.5. Data are from a single experiment (n =5 mice per group).
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2.3 Materials and Methods

2.3.1 Construction of Recombinant Adenoviral Vectors

The coding sequence for SARS-CoV-2-S1 amino acids 1 to 661 of full length from
BetaCoV/Wuhan/IPBCAMS-WH-05/2020 (GISAID accession id. EP1_ISL_403928) flanked with
Sall & Notl was codon-optimized using the UpGene algorithm for optimal expression in
mammalian cells ** and synthesized (GenScript). pAd/SARS-CoV-2-S1 was then created by
subcloning the codon-optimized SARS-CoV-2-S1 gene into the shuttle vector, pAdlox (GenBank
U62024), at Sall/Notl sites. Subsequently, replication-deficient human recombinant serotype 5
adenovirus vector (Ad5.SARS-CoV-2-S1) was generated by loxP homologous recombination and

purified 343,372,373

2.3.2 SDS-PAGE and Western Blot

To evaluate the infectivity of the constructed recombinant adenoviruses, A549 (human
lung adenocarcinoma epithelial cell line) cells were transduced with a MOI of 10 of Ad5.SARS-
CoV-2-S1. At 6 h after infection, cells were washed three times with PBS, and then incubated with
serum-free media for 48 h. The supernatants of A549 cells transduced with Ad5.SARS-CoV-2-S1
were subjected to SDS-PAGE and Western blot. Briefly, after the supernatants were boiled in
Laemmli sample buffer containing 2% SDS with beta-mercaptoethanol (B-ME), the proteins were
separated by Tris-Glycine SDS-PAGE gels and transferred to nitrocellulose membrane. After
blocking for 1 h at room temperature (RT) with 5% nonfat milk in PBS-T, rabbit anti-SARS-CoV

spike polyclonal antibody (1:3000) (Sino Biological) was added and incubated overnight at 4°C
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as primary antibody, and HRP-conjugated goat anti-rabbit IgG (1:10 000) (Jackson
immunoresearch) was added and incubated at RT for 2 h as secondary antibody. After washing
three times with PBS, the signals were visualized using ECL Western blot substrate reagents and
Amersham Hyperfilm (GE Healthcare). Mock (AdW¥5)-infected A549 cells and 100 ng of
recombinant SARS-CoV-2-S1 (Sino biological, 1-685 amino acids with ten histidine tag) were

used as negative and positive controls, respectively.

2.3.3 Animals and Immunization

BALB/cJ mice (n =5 animals per group in each independent experiment unless otherwise
noted) were vaccinated by either S.C. injection or I.N. delivery of 1.5 x 10*° viral particles (vp) of
AdY¥5 (a null Ad5 vector control) or, Ad5.SARS-CoV-2-S1, or by S.C. injection of PBS as a
negative control. Mice were bled from retro-orbital vein at weeks 0, 2, 4, 6, 8, 12, and 24 after
immunization, and the obtained serum samples were diluted and used to evaluate S1-specific
antibodies by ELISA. Serum samples obtained on weeks 8 and 12 after vaccination were also used
for microneutralization (NT) assay. Mice were maintained under specific pathogen-free conditions
at the University of Pittsburgh, and all experiments were conducted in accordance with animal use
guidelines and protocols approved by the University of Pittsburgh's Institutional Animal Care and

Use (IACUC) Committee.

2.3.4 ELISA

Sera from all mice were collected prior to immunization (week 0) and every two weeks

(weeks 2, 4, 6) after immunization and evaluated for SARS-CoV-2-S1-specific 1gG, 1gG1, and
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IgG2a antibodies using ELISA 2. Further, sera from all mice collected at weeks 8, 12, and 24
after immunization were tested for SARS-CoV-2-S1-specific 1gG antibodies using ELISA for
long-term humoral responses. Sera collected at week 24 after vaccination were also tested for
SARS-CoV-2-S1-specific 1gG1 and 1gG2a antibodies using ELISA. Briefly, ELISA plates were
coated with 200 ng of recombinant SARS-CoV-2-S1 protein (Sino Biological) per well overnight
at 4°C in carbonate coating buffer (pH 9.5) and then blocked with PBS-T and 2% BSA for 1 h.
Mouse sera were diluted in PBS-T with 1% BSA and incubated for 72 h. After the plates were
washed, anti-mouse 1gG-HRP (1:2000, SantaCruz) or anti-mouse IgM-HRP (1:5000, Jackson
Immunoresearch) were added to each well and incubated for 1 h. The plates were washed three
times, developed with 3,3’5,5’-tetramethylbenzidine, and the reaction was stopped. Next,
absorbance was determined at 450 nm using a plate reader. For IgG1 and 1gG2a ELISAs, mouse
sera were diluted in PBS-T with 1% BSA and incubated for 72 h. After the plates were washed,
biotin-conjugated 1gG1 and 1gG2a (1:1000, eBioscience) and streptavidin alkaline phosphatase
(1:500, PharMingen) were added to each well and incubated for 1 h. The plates were washed three
times and developed with para-nitrophenylphosphate, and the reaction was stopped and

absorbance at 405 nm was determined using a plate reader.

2.3.5 Flow Cytometry Analysis for Humoral Immune Responses

In order to address the humoral immune response, mice were sacrificed 14 days after
vaccination and single cell suspensions of draining LNs were analyzed by flow cytometry,
adhering to the recently published guidelines 3’4 We biotinylated SARS-CoV-2-S1 protein, which
allowed us to use it as “bait” in flow cytometric analysis to identify antigen-specific B cells,
formation of GC reactions, and immunoglobulin isotype switching in draining LNs. Lymph nodes
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were disrupted by crushing them between frosted glass slides in staining buffer (SB; PBS/2%FCS/
2 mM EDTA). Single cell suspensions were subjected to viability staining using Zombie NIR
fixable viability dye [FVD] (BioLegend) for 15 min on ice and then incubated with anti-
CD16/CD32 Abs in SB for 5 min on ice to block Fc receptors. Cells were then stained in SB with
antibodies against CD19-BV786 (clone 1D3), CD38-Al594 (clone 90), CD95-PE-Cy7 (clone Jo2),
IgM-AI680 (clone B7-6), 1gG1-V450 (clone A-85), 1gG2a-Al488 (goat polyclonal; Southern
Biotech), and biotinylated-SARS-CoV-2-S1. Cells were washed and stained with Streptavidin PE
(PROzyme) for 15 min and then washed and fixed with 1% PFA over night at 4°C before data
acquisition (0.5-1 x 10° cells per flow stain) on the Cytek™ Aurora Cytometer (Cytek
Biosciences). For flow cytometric analysis, SARS-CoV-2-S1-specific GC B cells were defined as
live singlets (fixable viability dye™9) and consecutively gated as SARS-CoV-2-S1P%, CD19P%,

CD38"9, CD95P* using the software FlowJo Version 10.

2.3.6 ELISpot for Antibody-Secreting Cells

The frequency of SARS-CoV-2-specific antibody producing cells in the BM of mice was
determined by ELISpot assay 6 weeks after immunization using our established and previously
published methods *>%78, Briefly, 4-HBX plates were coated as described for ELISA assays, and
nonspecific binding was blocked with RPMI media containing 5% FCS. Cells were plated at the
indicated density and incubated at 37°C for 5 h. Secondary Ab (anti-mlgG-alkaline phosphatase;
Southern Biotech) was detected using 5-bromo-4-chloro-3-indolyl phosphate substrate (BCIP;
Southern Biotech) in 0.5% low melting agarose (Fisher Scientific). Spots were counted using a

binocular on a dissecting microscope and the detected numbers of IgG anti-SARS-CoV-2-S1
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AFCs were calculated per million BM cells. The picture of the ELISpot plate was prepared in

Photoshop.

2.3.7 Flow Cytometry Analysis for Cellular Immune Responses

Antigen-specific T-cell responses in the spleen of BALB/c mice immunized as described
above were analyzed 12 days after immunization by flow cytometry, adhering to the recently
published guidelines 4. A number of previous studies also investigated systemic cellular immune
responses induced by Ad-based vaccines in the spleen of mice at day 12 postimmunization
363377378 Splenocytes isolated from vaccinated and PBS control mice were stimulated with
PepTivator SARS-CoV-2-S1 (a pool of S1 MHC class I- and MHC class Il-restricted peptides) for
6 h in the presence of protein transport inhibitors (Brefeldin A + Monensin) for the last 4 h.
Unstimulated cells were used as negative controls. Cells were stained with antibodies for CD4
(GK1.5, BUV395, BD Biosciences), CD8b (H35-17.2, BUV737, BD Biosciences), and a (FVD,
eFluor 780, eBioscience), followed by ICS using a Fix & Perm Cell Permeabilization Kit
(Invitrogen) and IFN-y antibody (XMG1.2, BV421, BD Biosciences). Data were collected and
analyzed using a BD LSR Il cytometer and FlowJo v10 software (BD Biosciences). Frequencies
of IFN-y* cells from unstimulated controls were subtracted from corresponding peptide-stimulated

samples, and any negative values set to zero.

2.3.8 SARS-CoV-2 Microneutralization Assay

Neutralizing antibody (NT-ADb) titers against SARS-CoV2 were defined according to the

following protocol 3793, Briefly, 50 uL of sample from each mouse, in different dilutions, were
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added in two wells of a flat bottom tissue culture microtiter plate (COSTAR, Corning Incorporated,
NY 14831, USA), mixed with an equal volume of 50 TCID50 of a SARS-CoV2 chinese strain
isolated from a symptomatic chinese patient, previously titrated and incubated at 33°C in 5% CO..
All dilutions were made in Eagle's Minimum Essential Medium with addition of 1% penicillin,
streptomycin, and glutamine and 5 y/mL of trypsin. After 1 h incubation at 33°C 5% CO, 3 x 10*
VERO E6 cells [VERO C1008 (Vero 76, clone E6, Vero E6); ATCC® CRL-1586™] were added
to each well. After 72 hours of incubation at 33°C 5% CO2 wells were stained with Gram's crystal
violet solution (Merck KGaA, 64271 Damstadt, Germany) plus 5% formaldehyde 40% m/v (Carlo
ErbaSpA, Arese (MI), Italy) for 30 min. Microtiter plates were then washed in running water.
Wells were scored to evaluate the degree of cytopathic effect (CPE) compared to the virus control.
Blue staining of wells indicated the presence of neutralizing antibodies. Neutralizing titer was the
maximum dilution with the reduction of 90% of CPE. A positive titer was equal or greater than
1:5. Sera from mice before vaccine administration were always included in microneutralizaiton

(NT) assay as a negative control.

2.3.9 Statistical Analysis

Statistical analyses were performed using GraphPad Prism v9 (San Diego, CA). Antibody
endpoint titers and neutralization data were analyzed by Kruskal-Wallis test, followed by Dunn's
multiple comparisons. B- and T-cell data were analyzed by one-way Welch's ANOVA, followed
by Dunnett's T3 multiple comparisons. Significant differences are indicated by *p < 0.05.

Comparisons with nonsignificant differences are not indicated.
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2.4 Discussion

Sustainable immunization programs against SARS-CoV-2 and other novel coronaviruses
require cost-effective, patient-friendly, rapidly scalable, and clinically feasible vaccines that are
capable of inducing long-term immunity after a single immunization. To address this continuing
demand, our study presents the development of an Ad-based COVID-19 vaccine (Ad5.SARS-
CoV-2-S1) and its immunogenicity in mice. Current leading Ad-based SARS-CoV-2 vaccines,
Oxford-AstraZeneca, Janssen, CanSinoBio, and Sputnik V COVID-19 vaccines, encode the gene
for full-length SARS-CoV-2 spike protein and are administered intramuscularly, whereas our
vaccine encodes the gene for SARS-CoV-2-S1 subunit and is being tested for its immunogenicity
via I.N and S.C administration. A single immunization of BALB/c mice via either I.N. or S.C.
delivery of our Ad5.SARS-CoV-2-S1 vaccine elicited robust S1-specific humoral and cellular
immune responses, where 1.N. administration represents a minimally invasive option. Further
improvements could be achieved with different immunization regimens including homologous or
heterologous prime-boost vaccination strategies 823, For instance, intracutaneous vaccination
with microneedle arrays, which have been shown to deliver a broad range of recombinant DNA or
protein vaccines, with or without adjuvants, could be utilized to achieve different prime-boost
immunization strategies 384387,

In support of long-lasting S1-specific antibody responses, our mechanistic studies suggest
that a single vaccination of BALB/c mice via either I.N. administration or S.C. delivery of
Ad5.SARS-CoV-2-S1 was capable of forming antigen-specific GC reactions and inducing Ig
isotype switches to 1gG1 and IgG2a in GCs in the corresponding draining LNs 14 days after
vaccination. Further, these Ig-isotype switched GC reactions in draining LNs likely enabled the

generation of S1-specific antibody-secreting plasma cell responses in the BM of immunized mice
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6 weeks after immunization, as GCs are typically the source of long-lived humoral immune
effector cells ensuring sustained antibody production %3738 These results are promising and
support the use of Ad5.SARS-CoV-2-S1 vaccine against COVID-19 to induce antigen-specific
GC reactions, leading to the generation of long-lived plasma cells and mutated memory B cells in
response to a single vaccination.

We also analyzed S1-specific T-cell responses in the spleen of mice to investigate the
capacity of Ad5.SARS-CoV-2-S1 administered by either S.C. or I.N. routes to elicit antigen-
specific systemic cellular immune responses. A single vaccination via either I.N. or S.C. delivery
of Ad5.SARS-CoV-2-S1 was capable of generating significant systemic cellular immune
responses compared to unimmunized control groups. In agreement with a previous report 38,
vaccination via S.C. route was more efficient in inducing systemic S1-specific CD8" T-cell
responses compared to L.N. delivery. Our future work will include more comprehensive
investigation of these differences to establish the impact of the route of Ad5.SARS-CoV-2-S1
administration on antigen-specific cellular immune responses. In addition, we will study the
magnitude, kinetics, and types of S1-specific cellular immune responses in different organs, such
as lungs and various draining LNs, to provide additional insight into the quality, breadth, and
durability of protective T-cell responses induced by Ad5.SARS-CoV-2-S1 vaccine.

Neutralization assays are pivotal for testing the quality of the immunization-induced
antibodies in terms of their ability to reduce the amount of infectious virus titer in culture. Here,
we used a microneutralization test (NTgo) to evaluate the function of the generated antibodies in
the sera of immunized mice and showed that a single immunization using either I.N. delivery or
S.C. injection of Ad5.SARS-CoV-S1 vaccine was capable of inducing significant SARS-CoV-2-

neutralizing antibody titers at weeks 8 and 12 after vaccination with respect to control groups. If
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needed, it may be possible to further improve neutralizing antibody responses with different prime-
boost vaccination strategies. Further, clinical translation of Ad vaccines has been predominantly
hampered by pre-existing immunity against the viral capsid, which diminishes vaccine efficacy
3% Notably, a recent study demonstrated that intramuscular immunization with a recombinant type
5 adenovirus vaccine encoding the gene for the full spike protein could overcome the pre-existing
vector immunity 7. Thus, immunization with Ad-based vaccines could be a feasible alternative
to combat emerging infectious respiratory diseases including COVID-19.

BALB/c mice have been widely used to investigate the immunogenicity of different
vaccines against coronaviruses 21727434335 thereby representing a reliable model for the
immunogenicity testing of Ad5.SARS-CoV-2-S1. The rational design and construction of our
Ad5.SARS-CoV-2-S1 vaccine resulted in promising immune responses in BALB/c mice;
however, it will still be important to test the immunogenicity of Ad5.SARS-CoV-2-S1 in different
mouse strains and especially in larger animal models to extrapolate these responses to human
studies. Our future studies will include animal challenge models with more detailed T- and B-cell
studies. Two recent studies have investigated viral replication and clearance after challenge in
rhesus macaque and guinea pig models and demonstrated promising results 3935, We are currently
working on the development and validation of a transgenic hACE2 mouse model to perform
protection studies in the future.

In sum, our Ad-based vaccine induces significant antigen-specific humoral and cellular
immune responses against SARS-CoV-2. These results suggest that Ad-based vaccines have the
potential to be versatile candidates for the induction of virus-specific protective immune responses

against COVID-19 and other emerging infectious diseases.
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3.0 Adenovirus-Vectored SARS-CoV-2 Vaccine Expressing S1-N Fusion Protein

Text from this chapter has been modified from the publication: Khan, M. S., Kim E.,
McPherson, A., Weisel, F.J., Huang, S., Kenniston, T.W., Percivalle, E., Cassaniti, I., Baldanti, F.,
Meisel, M., Gambotto, A#. Adenovirus-vectored SARS-CoV-2 vaccine expressing S1-N fusion

protein. Antibody Therapeutics 5, 177-191 (2022). # corresponding author. PMID: 35967905

3.1 Introduction

The ongoing COVID-19 pandemic, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), continues to have a large impact on public health across the globe
326,321,391 COVID-19 first emerged in 2019, was declared a global pandemic by the World Health
Organization on 11 March 2020, and has since claimed approximately 5.6 million lives as of 24
January 2022. Vaccination continues to be one of the most effective public health interventions to
curb infectious diseases and their impact on human, and animal, health 4. Currently approved
COVID-19 vaccines have been a key tool in fighting this pandemic; however, they have been
hampered by worldwide distribution inequalities that have left many low to middle income
countries without access 13+249392-3% Wjth many countries now distributing a COVID-19 booster
to those already vaccinated, global vaccine inequality is at risk of increasing further 3%¢-3%°, Global
vaccine inequality has, and will continue to, lead to new SARS-CoV-2 variants that may be able

to escape natural and vaccine acquired immunity 251400402 Tq this effect, new COVID-19 vaccines
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are needed, which are better suited for worldwide vaccination and incorporate strategies to target
more conserved regions of SARS-CoV-2, to combat new viral variants.

Beta coronaviruses (BetaCoVs), such as SARS-CoV-2, are enveloped, positive sense,
ssRNA viruses 247333, BetaCoVs encode the envelope, nucleocapsid (N), membrane, and spike (S)
proteins 3343%, The spike protein has been the focus of currently approved COVID-19 vaccines,
and of various COVID-19 vaccines in development, due to its role in viral infection of host cells
338 The S protein composed of two subunits, S1 and S2, that allow for viral attachment to the host
cell receptor and in fusion to the host cellular membrane 3333, |t has been demonstrated that
antibodies targeting the S protein can block the binding of SARS-CoV-2 to the cell receptor,
allowing the S protein to be a focal target of vaccine development 236:307:309339:403 Qur previously
published reports on vaccines against not only SARS-CoV-2, but also SARS-CoV-1 and MERS,
have shown the ability of S1 subunit targeting vaccines to generate neutralizing antibody response
189,217:343.344 " Our previous efforts have established the immunogenicity of S1-based BetaCoVs
vaccines through both Adenoviral (Ad)-vectored vaccines and subunit recombinant protein
vaccines. Most recently, we have described an Ad-vectored SARS-CoV-2 vaccine expressing S1
alone generating a robust immune response in BALB/cJ mice . We have also presented skin-
targeted S1 subunit protein vaccines that induce antigen-specific antibody responses against
MERS-CoV and SARS-CoV-2 27,

Of particular interest is the investigation of including more conserved regions of SARS-
CoV-2, such as the N protein, in vaccine strategies to combat emerging variants. The primary
function of the SARS-CoV-2 N protein is to package the viral genome 2. The N protein is more
conserved than the S protein, with 90% amino acid homology, and also accumulates fewer

mutations over time #1242 The N protein also contains key T-cell epitopes for SARS-CoV-2
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immunity 243245, The literature suggests potential for an S1- and N-based COVID-19 vaccine that
incorporates the neutralizing antibody response to S1 with the conserved T-cell response to N. One
concern with including other SARS-CoV-2 proteins, outside of S, is that it will reduce the S-
specific antibody response and reduce the neutralizing antibody response against SARS-CoV-2.
This manuscript thoroughly investigates the impact of including N, as a SIN fusion antigen, on
S1-specific antibody response, S1-specific 1gG isotype switch, and neutralization response against
live SARS-CoV-2, adding crucial information for next-generation SARS-CoV-2 vaccines.

Adenovirus (Ad)-vectored vaccines have been investigated thoroughly due to their ability
to induce a balanced humoral and cellular immune response %362, Our previous studies using Ad-
vectored vaccines expressing SARS-CoV-2-S1, SARS-CoV-1-S1, and MERS-S1 have illustrated
the potential for Ad-based vaccines against coronavirus diseases. Indeed, there have been a number
of Ad-based SARS-CoV-2 (including Ad5, Ad26, and chimpanzee adenovirus vectors) vaccines
that have shown promising results in clinical trials “**. The Ad5-vectored COVID-19 vaccine,
CanSino Convidicea Vaccine (Ad5-nCoV), encoding for the full S protein has also shown
promising immunogenicity when delivered intramuscularly and has been approved by multiple
countries 367388405 Although there has been remarkable progress of Ad-based COVID-19
vaccines, there is still a need for investigation of novel vaccine strategies, such as including the N
protein, or homologous and heterologous prime-boost strategies, which induce sustained immunity
against SARS-CoV-2 variants.

Here, we describe the development of multiple Ad-vectored and subunit recombinant
protein SARS-CoV-2 vaccine candidates against COVID-19. We designed and constructed a
recombinant type 5 Ad vector encoding for a fusion protein SIN subunit antigen (Ad5.SARS-

CoV-2-S1N). We evaluated the immunogenicity of a single immunization, along with homologous
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and heterologous prime-boost immunization, of this vaccine in BALB/cJ mice through multiple
delivery routes including intranasal (I.N.) delivery, subcutaneous (S.C.) injection, and
intramuscular (1.M.) injection. We investigated the ability of Ad5.SARS-CoV-2-S1N to induce
antigen-specific humoral and cellular immune responses and investigated the virus-specific
neutralization activity of the generated antibodies. Our study demonstrates the development of an
Ad-based SARS-CoV-2 vaccine, along with heterologous boost using subunit recombinant SARS-
CoV-2 vaccine, that can induce robust and durable SARS-CoV-2 specific immune response in

mice, which is sustained against Beta (B.1.351) and Gamma (P.1) SARS-CoV-2 variants.

3.2 Results

3.2.1 Adenoviral SARS-CoV-2 S1N Vaccine

To produce E1/E3 deleted replication-deficient human type 5 adenovirus expressing
SARS-CoV-2-S1 protein, we generated pAd/SARS-CoV-2-SIN by subcloning the codon-
optimized SARS-CoV-2-S1 and wild-type Nucleoprotein gene into the shuttle vector, pAd
(GenBank U62024) at Sall and Notl sites. Next, Ad5.SARS-CoV-2-S1N (Ad5.S1N) was created
by loxP homologous recombination (Fig. 10A). To detect SARS-CoV-2-S1 expression driven by
the generated Adenoviral candidate, the serum-free supernatants from A549 cells infected with
Ad5.S1N were characterized by SDS-PAGE and western blot analysis. The recombinant SARS-
CoV-2-S1N proteins (Ad5.SIN infected cells) were recognized by the polyclonal S1 and N
antibody at the expected glycosylated monomer molecular weights of about 150 kDa (Fig. 10B

and C).
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Figure 10: Adenoviral-vectored SARS-CoV-2-S1N vaccine. (A) A shuttle vector carrying the codon-optimized
SARS-CoV-2-S1 gene encoding N-terminal 1-661 along with full Nucleoprotein was designed as shown in the
diagram. The vector was used to generate recombinant type 5 replication-deficient adenoviruses (Ad5) by homologous
recombination with the adenoviral genomic DNA, shown by the BioRender illustration of Ad5.SARS-CoV-2-S1N.
ITR, inverted terminal repeat. (B) Detection of the SARS-CoV-2-S1IN fusion protein by western blot with the
supernatant of A549 cells infected with Ad5.SARS-CoV-2.S1IN (Ad5.S1N) using S1 SARS-CoV-2 rabbit polyclonal
antibody (lane 1). As a positive control, supernatant of A549 cells infected with Ad5.SARS-CoV-2.S1 (Ad5.S1) was
loaded (lane 2). As a negative control, supernatant of A549 cells infected with an empty vector (Ad¥5) was loaded
(lane 3). (C) Detection of the SARS-CoV-2-S1N fusion protein by western blot with the supernatant of A549 cells
infected with Ad5.SARS-CoV-2.SIN (Ad5.S1N) using N SARS-CoV-2 rabbit polyclonal antibody (lane 1). As a
negative control, supernatant of A549 cells infected with Ad5.SARS-CoV-2.S1 (Ad5.S1) was loaded (lane 2). As a
negative control, supernatant of A549 cells infected with an empty vector (Ad¥5) was also loaded (lane 3). The

supernatants were resolved on SDS-10% polyacrylamide gel after being boiled in 2% SDS sample buffer with 3-ME.
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Figure 11: Antigen-specific antibody responses in mice immunized with adenoviral-vectored SARS-CoV-2-S1N
vaccine. BALB/c mice (n = 5 mice per groups) were immunized intranasally (IN) or subcutaneously (SC) with
5 x 100 v.p. of Ad5.SARS-CoV-2-S1N (Ad5.S1N), Ad5.SARS-CoV-2-S1 (Ad5.S1), or empty Ad5 vector as negative
control (Ad¥Y5). On weeks 2, 4, 6, and 8 after vaccination, the sera from mice were collected, serially diluted (200x),
and tested for the presence of SARS-CoV-2-S1-specific (A) 1gG and (B) 1gG1 & IgG2 antibody levels at the indicated
time points by ELISA. (C) Serum from immunized mice was tested neutralizing antibodies using a plaque reduction
neutralization test (PRNT) SARS-CoV-2 strain from Wuhan. Serum titers that resulted in a 90% reduction in SARS-
CoV-2 viral plagues (NT90) compared to the virus control are reported at 6 and 8 weeks after immunization,
respectively, and bars represent geometric means. No neutralizing antibodies were detected in serum Ad¥5 control
group. Significance was determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons (*p < 0.05).
Horizontal solid lines represent geometric mean antibody titers. Horizontal dotted lines represent minimum and
maximum dilutions. Results are from a single animal experiment. (N =5 mice per group). ELISA experiments were

conducted twice while neutralizing antibody experiments were conducted once.
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3.2.2 Single-Shot Immunogenicity of Adenoviral SARS-CoV-2 SIN Vaccine

To evaluate the impact of including the N protein of SARS-CoV-2 in vaccine formulation
through a S1IN fusion protein, we first compared the immunogenicity of Ad5.SARS-CoV-2-S1IN
(Ad5.S1N) with our previously published Ad5.SARS-CoV-2-S1 (Ad5.S1), which expresses S1
alone 8, We determined S1-specific IgG, 1gG1, and 1gG2a endpoint titers in the sera of vaccinated
BALB/c]J mice (either via I.N. delivery or S.C. injection) and control mice (Ad¥Y5 immunized
groups). Serum samples, collected from mice at the timepoints indicated, were serially diluted to
determine SARS-CoV-2-S1-specific 1gG, 1gG1, and IgG2a endpoint titers for each immunization
group using ELISA (Fig. 11). Results suggest that both Ad5.S1 and Ad5.S1IN resulted in
comparable S1-specific IgG, 1gG1, and IgG2a endpoint titers (Fig. 11). S.C. injection of Ad5.S1
and Ad5.S1N resulted in significantly increased S1-specific IgG endpoint titers as early as 2 weeks
after a single vaccination, compared to the mock vaccinated group (Fig. 11, p < 0.05, Kruskal-
Wallis test, followed by Dunn’s multiple comparisons). LN. Ad5.S1 and Ad5.SIN SARS-CoV-2-
S1-specific 1gG endpoint titer increased to comparable levels of S.C. injection by week 3 and were
sustained through week 8 (Fig. 11A). Both Ad5.S1 and Ad5.S1N, regardless of immunization
delivery route, resulted in similar 1gG1 and IgG2a endpoint titers indicating a balanced Th1/Th2
response (Fig. 11B). To evaluate the functional quality of vaccine-generated antigen-specific
antibodies, we used a microneutralization assay (NToo) to test the ability of sera from immunized
mice to neutralize the infectivity of SARS-CoV-2. Sera, collected from all mice 6 and 8 weeks
after vaccination, were tested for the presence of SARS-CoV-2-specific neutralizing antibodies
(Fig. 11C). As expected, there was no detected neutralizing antibody response in sera of AdW5
immunized mice. Neutralizing antibodies were detected in Ad5.S1 and Ad5.S1N vaccinated mice

(for both I.N. and S.C. delivery routes) at week 6. Neutralizing antibody response for I.N. delivery
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was greater in magnitude for both Ad5.S1 and Ad5.S1N, when compared to S.C. injection, with
S.C. injected mice having low to undetectable neutralizing antibodies by week 8 (Fig. 11C).
Next, we evaluated the antigen-specific cellular immune response induced by the single
immunization. We investigated S1- and N-specific cellular immunity in mice after vaccination by
quantifying IFN-y* CD8" and CD4" T-cell responses through intracellular cytokine staining (ICS)
and flow cytometry. Results suggest that I.N. delivery of either Ad5.S1 or Ad5.S1N did not induce
increased systemic S1-specific or N-specific CD8" T cell immunity, when compared to I.N. Ad¥5
control groups (Fig. 12). However, S.C. vaccination induced increased systemic S1-specific IFN-
y* CD8" T-cell responses for both Ad5.S1 and Ad5.S1N. S.C. vaccination of Ad5.S1 and Ad5.S1N
resulted in significantly increased S1-specific IFN-y" CD8" T-cell response when compared to
both ILN. Ad¥5 and S.C. Ad¥5 (Fig. 12A, p < 0.05, one-way Welch’s ANOVA, followed by
Dunnett’s T3 multiple comparisons). S1-specific IFN-y* CD8* T-cell response for S.C. vaccinated
Ad5.S1N mice were significantly higher than in S.C. vaccinated Ad5.S1 mice (Fig. 12A, p < 0.05,
one-way Welch’s ANOVA, followed by Dunnett’s T3 multiple comparisons). However, S.C.
vaccinated Ad5.S1IN mice did not have significantly higher N-specific IFN-y* CD8* T-cell
response when compared to S.C. vaccinated Ad5.SIN (Fig. 12A, p > 0.05, one-way Welch’s
ANOVA, followed by Dunnett’s T3 multiple comparisons). There was no significant increase in
S1-specific or N-specific IFN-y* CD4* T-cell response in vaccinated groups when compared to
controls (Fig. 12B, p > 0.05, one-way Welch’s ANOVA, followed by Dunnett’s T3 multiple
comparisons). In sum, these finding indicate that a single vaccination with Ad5.S1 or Ad5.S1N,
via either S.C. injection or I.N. delivery, results in a robust S1-specific 1gG response, with a
balanced 1gG1/IgG2a ratio. The choice of the route of vaccine administration (S.C. or I.N.)

influences both SARS-CoV-2 neutralizing antibodies and S1-specific CD8" T-cell responses. Most
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importantly, inclusion of the N protein, through Ad5.S1N, results in a significantly higher

induction of S1-specific CD8" T-cells when compared to Ad5.S1.
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Figure 12: Antigen-specific cellular responses in BALB/c mice immunized with Ad5.SARS-CoV-2-S1 and
Ad5.SARS-CoV-2 SIN. BALB/c mice were immunized S.C. or I.N. with 5 x 10 v.p. of Ad5.SARS-CoV-2-S1
(Ad5.S1), Ad5.SARS-CoV-2-S1IN (Ad5.SIN), or AdW¥5. Ten days after vaccination, splenocytes were isolated and
stimulated with SARS-CoV-2 S1 and SARS-CoV-2 Nucleoprotein PepTivator, followed by ICS and flow cytometry
to identify SARS-CoV-2 S1 and Nucleoprotein-specific T cells (see Supporting Information for complete gating
strategy). (A) Frequencies of SARS-CoV-2 S1 and Nucleoprotein-specific CD8+ IFN-y*. Results are mean + SD. (B)
Frequencies of SARS-CoV-2 S1 and Nucleoprotein-specific CD4* IFN-y*. Groups were compared by one-way
Welch’s ANOVA, followed by Dunnett’s T3 multiple comparisons, and significant differences are indicated by *p <
0.05. Unstimulated controls are represented by circles, Nucleoprotein stimulated samples (N peptide) are represented
by squares, and S1 peptide stimulated samples (S peptide) are represented by triangles. Results are from a single

animal experiment. (N = 5 mice per group). This experiment was conducted once.
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3.2.3 Immunogenicity of Homologous and Heterologous Prime-Boost Vaccination Strategy

To evaluate the ability to further increase neutralizing antibody and cellular immune
response to vaccination with Ad5.SIN, we investigated prime-boost strategies leveraging
homologous and heterologous strategies. Prime-boost vaccination strategies have been shown to
increase the quantity, durability, and quality of the immune response to vaccination and have been
employed for numerous types of vaccines 4%, Figure 13A outlines the prime-boost vaccination
strategies used. Homologous prime-boost of Ad5.S1N using differing vaccination routes (I.N. and
S.C.) was done to circumvent Ad5 vector immunity induced by prime immunization, which has
been shown to limit the effectiveness of Ad5 vectored vaccines 17497, We also evaluated a
heterologous prime-boost group that was primed S.C. with Ad5.S1IN and boosted with 15 pg of
recombinant subunit S1 WT protein. Heterologous prime-boost strategies have been shown to be

more immunogenic than homologous prime-boost regimens, necessitating its investigation 46:408-

410
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Figure 13: Homologous and heterologous prime-boost vaccination with Ad5.SARS-CoV-2-S1IN (Ad5.SIN)
using differing vaccination routes along with recombinant S1 protein (rS1). (A) Schematic layout of mice (N=5
mice per group) vaccinations. Group 1 served as control with SC Ad¥5 (1 x 10'° v.p.) prime and IN Ad¥5 (1 x 10%°
v.p.) boost. Group 2 primed with SC Ad.SIN (1 x 10% v.p.) and IN Ad.SIN (1 x 10% v.p.) boost. Group 3 primed
with IN Ad.SIN (1 x 10% v.p.) and SC Ad.S1N boost (1 x 10*° v.p.). Group 4 primed with SC Ad.SIN (1 x 10*°v.p.)
and SC non-adjuvanted rS1 boost (15 pg). On weeks 3 and 6 after vaccination, the sera from mice were collected,
serially diluted (200x), and tested for the presence of SARS-CoV-2-S1-specific (B) IgG antibody levels. (C) Week 6
sera were tested for the presence of IgG1 and 1gG2 antibody levels. (D) Week 6 serum from immunized mice was
tested for neutralizing antibodies using a plaque reduction neutralization test (PRNT) with three different SARS-CoV-
2 strains from Wuhan, South Africa (Beta B.1.351), or Brazil (Gamma P.1). Neutralization of Wuhan strain
represented by circle, neutralization of Beta B.1.351 represented by square, and neutralization of Gamma P.1
represented by triangle. Serum titers that resulted in a 90% reduction in SARS-CoV-2 viral plaques (NT90) compared
to the virus control are reported at 6 weeks after immunization and bars represent geometric means. No neutralizing

antibodies were detected in serum PBS control group (not shown). Significance was determined by Kruskal-Wallis
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test followed by Dunn’s multiple comparisons (*p < 0.05). Horizontal lines represent geometric mean antibody titers.
Horizontal dotted lines represent minimum and maximum dilutions. Results are from a single animal experiment.
(N =5 mice per group). ELISA experiments were conducted twice while neutralizing antibody experiments were

conducted once.

We determined S1-specific 1gG, 1gG1, and IgG2a endpoint titers in the sera of prime-boost
vaccinated BALB/cJ mice (either via I.N. delivery or S.C. injection) and control mice (AdY¥S5
immunized groups). Serum samples, collected from mice at the timepoints indicated, were serially
diluted to determine SARS-CoV-2-S1-specific 1gG, 1gG1, and 1gG2a endpoint titers for each
immunization group using ELISA (Figure 13). Interestingly, I.N. prime and S.C. boost Ad5.S1N
(Group 3), along with Ad5.SIN S.C prime and S.C. rS1 boost (Group 4), mice resulted in
significantly higher IgG at weeks 3 and 6 when compared to control group (Group 1), while S.C.
prime and S.C. boost Ad5.S1IN (Group 2) did not (Figure 13B, p < 0.05, Kruskal-Wallis test,
followed by Dunn’s multiple comparisons). IgG1 and IgG2a endpoint titers were relatively
balanced for experimental groups; however, Group 3 and Group 4 IgG1l endpoint titers were
statistically significant when compared to Group 1; while Group 2 and Group 4 IgG2a endpoint
titers were statistically significant when compared to Group 1 (Figure 13C, p < 0.05, Kruskal-
Wallis test, followed by Dunn’s multiple comparisons). We used a microneutralization assay
(NToo) to test the ability of sera from immunized mice to neutralize the infectivity of SARS-CoV-
2. The ability of sera to neutralize Beta (B.1.351) and Gamma (P.1) variants was also investigated.
Sera, collected from all mice at 6 weeks after prime vaccination, were tested for the presence of
SARS-CoV-2-specific neutralizing antibodies (Figure 13D). Neutralizing antibodies were
detected in Group 2, Group 3, and Group 4, which were sustained, or increased, against Beta and

Gamma variants. Group 2 had the lowest neutralizing antibody response when compared to Group
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3 and Group 4 (Figure 13D). Prime-boost vaccination resulted in approximately 3-fold greater
NTgo serum titers when compared to single-shot immunization. We then evaluated the antigen-
specific cellular immune response induced by homologous and heterologous prime-boost
immunization.

We investigated S1-specific and N-specific cellular immunity in Group 1, Group 2, and
Group by quantifying IFN-y* CD8" and CD4" T-cell responses through ICS and flow cytometry 8
weeks post prime vaccination. Results suggest that route of both prime and boost vaccination has
an impact on both systemic S1-specific and N-specific CD8* T-cell immunity. Although S.C. and
I.N. boost of Ad5.S1N resulted in S1-specific CD8" T-cell immunity, this was not significant when
compared to empty vector control (Figure 14A, p > 0.05, one-way Welch’s ANOVA, followed
by Dunnett’s T3 multiple comparisons). No N-specific CD8" T-cell immunity was detected for
S.C. prime and I.N. boost of Ad5.S1N vaccinated mice. However, I.N. prime and S.C. boost of
Ad5.S1N resulted in systemic S1-specific CD8" T-cell immunity with S1-specific CD8* IFN-y*
amounts being significantly higher when compared to empty vector control (Figure 14A, p <0.05,
one-way Welch’s ANOVA, followed by Dunnett’s T3 multiple comparisons). While there was an
induction in both S1-specific and N-specific IFN-y" CD4" T-cell response in I.N. prime and S.C.
boost of Ad5.S1N vaccinated groups, it was not statistically significant when compared to controls
(Figure 14B, p > 0.05, one-way Welch’s ANOVA, followed by Dunnett’s T3 multiple
comparisons). Taken together, these findings indicate that prime-boost vaccination with Ad5.S1N
results in higher S1-specific IgG, 19gG1, 1gG2a, and neutralizing response when compared to single
immunization alone. The neutralizing ability was robust with I.N. prime and S.C. boost of

Ad5.S1N, along with S.C. Ad5.SIN prime and S.C. rS1 boost. Prime-boost vaccination of
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Ad5.S1N indicated the choice of vaccine administration order (S.C. or I.N.) impacted S1-specific

and N-specific CD8" T-cell response.
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Figure 14: Antigen-specific cellular responses in BALB/c mice heterologous prime-boost immunized with
Ad5.SARS-CoV-2 SIN. BALB/c mice were immunized as follows: Group 1 served as control with SC Ad¥5
(1 x 10% v.p.) prime and IN Ad¥5 (1 x 10%° v.p.) boost. Group 2 prime SC Ad.SIN (1 x 10'° v.p.) and IN Ad.S1N
(1 x 10'° v.p.) boost. Group 3 prime IN Ad.SIN (1 x 10%° v.p.) and SC Ad.SIN (1 x 10% v.p.) boost. Eight weeks
after initial vaccination, 5 weeks post boost, splenocytes were isolated and stimulated with SARS-CoV-2 S1 and
SARS-CoV-2 Nucleoprotein PepTivator, followed by ICS and flow cytometry to identify SARS-CoV-2 S1 and
Nucleoprotein-specific T cells (see Supporting information for complete gating strategy). (A) Frequencies of SARS-
CoV-2 S1 and Nucleoprotein-specific CD8+ IFN-y*. (B) Frequencies of SARS-CoV-2 S1 and Nucleoprotein-specific
CD4* IFN-y*. Results are mean + SD. Groups were compared by one-way Welch’s ANOVA, followed by Dunnett’s
T3 multiple comparisons, and significant differences are indicated by *p < 0.05. Unstimulated controls are represented
by circles, Nucleoprotein stimulated samples (N peptide) are represented by squares, and S1 peptide stimulated
samples (S peptide) are represented by triangles. Results are from a single animal experiment. (N = 5 mice per group).

This experiment was conducted once.
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3.2.4 Immunogenicity of Heterologous Prime-Boost Vaccination with Ad.S1N and Variant

Specific Recombinant S1 Subunit Protein

Due to the robust antibody response to S.C. Ad5.S1N prime and S.C. rS1 boost in Figure
13, we aimed to further compare the immunogenicity of recombinant monomeric S1 subunit
vaccine formulation. Figure 15A outlines the prime-boost vaccination strategies investigated with
prime-boost of 15 ug rS1 WT, rS1 B.1.351, a combination of rS1 WT & rS1 B.1.351, and
Ad5.SIN. A key advantage of harnessing heterologous prime-boost vaccination, with Ad5-
vectored and recombinant subunit vaccines, is circumventing anti-Ad5 vector immunity induced
by prime immunization **"4%, Due to not having to account for Ad5 vector immunity following
prime immunization, along with the clinical familiarity with I.M. injection of vaccines, all mice

were vaccinated intramuscularly.
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Figure 15: Homologous and heterologous intramuscular prime-boost vaccination with variant-specific
recombinant S1 proteins (rS1) and Ad5.SARS-CoV-2-S1N (Ad5.SIN). BALB/c mice (n =5 mice per groups) were
immunized and boosted intramuscularly with 15 pg of Wuhan rS1 (rS1 WT), South Africa rS1 (rS1 B.1.351), mixture
of Wuhan rS1 and South Africa rS1 (rS1 WT+B.1351), or 1 x 10 v.p. of Ad5.SARS-CoV-2-S1N (Ad5.S1N), while
mice were immunized intramuscularly with PBS as a negative control. (A) Schematic layout of mice (N =5 mice per
group) vaccinations. Group 1 prime and homologous boost 15 pg rS1 WT. Group 2 prime and homologous boost 15
pg rS1 B.1.351. Group 3 prime and homologous boost 15 pg rS1 WT+B.1.351. Group 4 prime 15 pg rS1 WT and
heterologous boost 15 pg rS1 B.1.351. Group 5 prime 1 x 10'° v.p. Ad5.SIN and heterologous boost 15 pg rS1 WT.
Group 6 prime 1 x 10*° v.p. Ad5.S1N and heterologous boost 15 pg rS1 B.1.351. Antigen-specific antibody responses
in mice immunized. On weeks 3,5, and 7 after vaccination, the sera from mice were collected, serially diluted (200x),
and tested for the presence of SARS-CoV-2-S1-specific (B) IgG and (C) IgG1l and IgG2a antibody levels at the
indicated time points by ELISA. Significance was determined by Kruskal-Wallis test followed by Dunn’s multiple
comparisons (*p < 0.05). Horizontal lines represent geometric mean antibody titers. Horizontal dotted lines represent
minimum and maximum dilutions. Results are from a single animal experiment. (N = 5 mice per group). ELISA

experiments were conducted twice while neutralizing antibody experiments were conducted once.
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Serum samples, collected from mice at the timepoints indicated, were used to determine
S1-specific 1gG, IgGl, and IgG2a endpoint titers for each immunization group using ELISA
(Figure 15A). Heterologous Ad5.S1N prime with either WT rS1 or B.1.351 rS1 boost (Group 5
and Group 6) resulted in statistically different IgG at week 3 when compared to PBS vaccinated
group (Figure 15B, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons).
Groups vaccinated with rS1 protein, both WT and B.1.351 (Group 1 through Group 4), regardless
of heterologous or homologous prime-boost, resulted in lower IgG endpoint titers that were not
statistically different from control group at week 3 and, in some cases, significantly lower than
Group 5 and Group 6 at week 5 and week 7 (Figure 15B, p < 0.05, Kruskal-Wallis test, followed
by Dunn’s multiple comparisons). Interestingly, mice vaccinated with monomeric rS1 proteins
(Group 1 through Group 4) showed a skew towards to a IgG1 dominant response rather than the
balanced IgG1 and IgG2a response in Ad5.S1N primed groups (Group 5 and Group 6) (Figure
15C). To evaluate the functional quality of vaccine-generated antigen-specific antibodies, we used
a microneutralization assay (NTeo) to test the ability of sera from immunized mice to neutralize
the infectivity of SARS-CoV-2. The ability of sera to neutralize Beta (B.1.351) and Gamma (P.1)
variants was also investigated. Sera, collected from all mice at 7 weeks after prime vaccination,
were tested for the presence of SARS-CoV-2-specific neutralizing antibodies (Figure 16).
Neutralizing antibodies were detected against WT, Beta, and Gamma, albeit relatively low, for
monomeric rS1 vaccinated groups (Group 1 through Group 4) (Figure 16). However, Ad5.S1N
prime & rS1 WT boost (Group 5) and Ad5.S1N prime & rS1 B.1.351 boost (Group 6) resulted in
the greatest amount of neutralizing capacity, which was not diminished against Beta (B.1.351) or
Gamma (P.1). Due to the robust humoral response elicited by Group 5 and Group 6, along with

the importance of long-lasting humoral response for protection against SARS-CoV-2 infection,
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mice were bled monthly, and on week 29 Group 1, Group 2, Group 5, and Group 6 were sacrificed
to investigate the long-lived S1-specfic and N-specific antibody-forming cells in the bone marrow
(Figure 17) #1414 As expected, PBS vaccinated mice did not induce any S1-specfiic or N-specific
antibody-producing plasma cells in the bone marrow (Figure 17). Group 1, Group 2, Group 5, and
Group 6 had S1-specific 1gG secreting spots, with Group 5 and Group 6 having significantly higher
number of spots than PBS vaccinated mice (Figure 17A, p < 0.05, Kruskal-Wallis test, followed
by Dunn’s multiple comparisons). Indeed, only Group 5 and Group 6 had N-specific 1gG secreting
spots with a significant difference from PBS, Group 1, and Group 2 mice (Figure 17B, p < 0.05,

Kruskal-Wallis test, followed by Dunn’s multiple comparisons).
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Figure 16: Neutralizing antibody responses in mice 7 weeks post heterologous prime-boost immunization.
Group 1 prime and homologous boost 45 pg rS1 WT. Group 2 prime and homologous boost 15 pg rS1 B.1.351. Group
3 prime and homologous boost 15 pg rS1 WT+B.1.351. Group 4 prime 15 pg rS1 WT and heterologous boost 15 pg
rS1 B.1.351. Group 5 prime 1 x 10%° v.p. Ad5.S1N and heterologous boost 15 pug rS1 WT. Group 6 prime 1 x 10°

v.p. Ad5.SIN and heterologous boost 15 pg rS1 B.1.351. Serum from immunized mice was tested for neutralizing
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antibodies using a plaque reduction neutralization test (PRNT) with three different SARS-CoV-2 strains from Wuhan,
South Africa (Beta B.1.351), or Brazil (Gamma P.1). Neutralization of Wuhan strain represented by circle,
neutralization of Beta B.1.351 represented by square, and neutralization of Gamma P.1 represented by triangle. Serum
titers that resulted in a 90% reduction in SARS-CoV-2 viral plaques (NT90) compared to the virus control are reported
7 weeks post initial vaccination, and bars represent geometric means (N = 5 mice per group). Results are from a single
animal experiment. No neutralizing antibodies were detected in serum PBS control group (not shown). This

experiment was conducted once.
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Figure 17: Analysis of long-term persistent antibody forming responses in the bone marrow of immunized mice.
Mice were immunized as follows: Group 1 prime and homologous boost 15 pg rS1 WT. Group 2 prime and
homologous boost 15 pg rS1 B.1.351. Group 5 prime 1 x 10*° v.p. Ad5.SIN and heterologous boost 15 ug rS1 WT.
Group 6 prime 1 x 101° v.p. Ad5.S1N and heterologous boost 15 pg rS1 B.1.351. Mice injected with PBS only served
as negative controls. 29 weeks after immunization, S1-specific and N-specific antibody-forming cells in the bone
marrow of mice were analyzed using ELISpot. (A) Quantification of SARS-CoV-2 S1-specific antibody forming cells
in the bone marrow of immunized mice. (B) Quantification of SARS-CoV-2 N-specific antibody forming cells in the
bone marrow of immunized mice. Data are from a single experiment (n = 5 per group). This experiment was conducted

once.
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3.3 Materials and Methods

3.3.1 Construction of Recombinant Adenoviral Vectors

The coding sequence for SARS-CoV-2-S1 amino acids 1 to 661 of full-length from
BetaCoV/Wuhan/IPBCAMS-WH-05/2020 (GISAID accession id. EP1_ISL_403928) flanked with
Sall & BamH I-6H-Not | was codon-optimized using the UpGene algorithm for optimal expression
in mammalian cells and synthesized (GenScript) ref. 2020 EBioM *'*. pAd/SARS-CoV-2-S1 was
then created by subcloning the codon-optimized SARS-CoV-2-S1 gene into the shuttle vector,
pAdlox (GenBank U62024), at Sal I/Not I sites. The coding sequence of N (GenBank NC_045512)
having Sac | & Sal I in 5" end and Not | & Apa | in 3' end was synthesized and cloned in Sac I/Apal
sites in pCMV-3Tag-4A generated in pPCMV3/SARS-CoV-2-N (GenScript). For the construction
of pAd/SARS-CoV-2-S1IN, BamH I-6H-Not | of pAd/SARS-CoV-2-S1 was replace with
Nucleoprotein gene digested with BamH | & Not | after amplified with NP-S (5'-
GACGGATCCATGTCTGATAATGGACCCC-3) & T7 (5-TAATACGACTCACTATAGGG-
3") primers from pCMV3/SARS-CoV-2-NP. Subsequently, replication-deficient human
recombinant serotype 5 adenovirus vector (Ad5.SARS-CoV-2-S1IN) was generated by loxP

homologous recombination and purified 343371372,

3.3.2 Construction of Recombinant Protein Expressing Vectors

The coding sequence for SARS-CoV-2-S1 amino acids 1 to 661 of full-length from
BetaCoV/Wuhan/IPBCAMS-WH-05/2020 (GISAID accession id. EP1_ISL_ 403928) having C-

terminal tag known as ‘C-tag’, composed of the four amino acids (aa), glutamic acid — proline —
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glutamic acid —alanine (E-P-E-A) flanked with Sall & Notl was codon-optimized using the
UpGene algorithm for optimal expression in mammalian cells and synthesized (GenScript) 3.
The construct also contained a Kozak sequence (GCC ACC) at the 5" end. For B.1.351 variant,
SARS-CoV-2-S1 mutated (Del144; K417N; E484K; N501Y; A570D; D614G) was synthesized
based on above codon-optimized SARS-CoV-2-S1 from Wuhan. pAd/SARS-CoV-2-S1WU and
pAd/SARS-CoV-2-SAS1SA were then created by subcloning the codon-optimized SARS-CoV-
2-S1 inserts into the shuttle vector, pAdlox (GenBank U62024), at Sall/Notl sites. The plasmid

constructs were confirmed by DNA sequencing.

3.3.3 Transient Production of Recombinant Proteins in expi293 Cells

pAd/SARS-CoV-2-S1WU and pAd/SARS-CoV-2-SAS1SA were amplified and purified
using ZymoPURE Il plasmid maxiprep kit (Zymo Research). For Expi293 cell transfection, we
used ExpiFectamie™ 293 Transfection Kit (ThermoFisher) and followed the manufacturer’s
instructions. Cells were seeded 3.0 x 108 cells/ml one day before transfection and grown to 4.5-
5.5 x 10° cells/ml. 1ug of DNA and ExpiFectamine mixtures per 1ml culture were combined and
incubated for 15 min before adding into 3.0 x 108 cells/ml culture. At 20h post-transfection,
enhancer mixture was added, and culture was shifted to 32°C. The supernatants were harvested 5
days post transfection and clarified by centrifugation to remove cells, filtration through 0.8um,
0.45um, and 0.22um filters and either subjected to further purification or stored at 4°C before

purification.
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3.3.4 Purification of Recombinant Proteins

The recombinant proteins named rSIWT (Wuhan) and rS1 B.1.351 were purified using a
CaptureSelect™ C-tagXL Affinity Matrix prepacked column (ThermoFisher) and followed the
manufacturer’s guidelines **°. Briefly, The C-tagXL column was conditioned with 10 column
volumes (CV) of equilibrate/wash buffer (20 mM Tris, pH 7.4) before sample application.
Supernatant was adjusted to 20 mM Tris with 200 mM Tris (pH 7.4) before being loaded onto a
5-mL prepacked column per the manufacturer’s instructions at Sml/min rate. The column was then
washed by alternating with 10 CV of equilibrate/wash buffer, 10 CV of strong wash buffer (20
mM Tris, 1 M NaCl, 0.05% Tween-20, pH 7.4), and 5 CV of equilibrate/wash buffer. The
recombinant proteins were eluted from the column by using elution buffer (20 mM Tris, 2 M
MgCly, pH 7.4). The eluted solution was concentrated and desalted with preservative buffer (PBS)
in an Amicon Ultra centrifugal filter devices with a 50,000 molecular weight cutoff (Millipore).
The concentrations of the purified recombinant proteins were determined by the Bradford assay

using bovine serum albumin (BSA) as a protein standard, aliquoted, and stored at —80°C until use.

3.3.5 SDS-PAGE and Western Blot

To evaluate the infectivity of the constructed recombinant adenoviruses, A549 (human
lung adenocarcinoma epithelial cell line) cells were transduced with a multiplicity of infection of
7.5 (MOI = 7.5) of Ad5.SARS-CoV-2-S1IN, Ad5.SARS-CoV-2-S1, and empty vector control
(AdW5). At 48 hours after infection, cell supernatant was collected. The supernatants of A549 cells
transduced with Ad5.SARS-CoV-2-S1N, Ad5.SARS-CoV-2-S1, and Ad¥W5 were subjected to

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot.
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Briefly, after the supernatants were boiled in Laemmli sample buffer containing 2% SDS with
beta- mercaptoethanol (B-ME), the proteins were separated by Tris-Glycine SDS-PAGE gels and
transferred to nitrocellulose membrane. After blocking for 1 hour at room temperature (RT) with
5% non-fat milk in TBS-T, rabbit anti-SARS-CoV spike polyclonal antibody (1:3000) (Sino
Biological), or rabbit anti-SARS-CoV nucleoprotein (1:3,000) (Sino Biological) was added and
incubated overnight at 4°C as primary antibody, and horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (1:10000) (Jackson immunoresearch) was added and incubated at RT for 1
hours as secondary antibody. After washing, the signals were visualized using ECL Western blot
substrate reagents and iBright 1500 (Thermo Fisher). The full image of the original western blot

used for Fig. 1B and Fig. 1C is available in Supplementary Figure 3.

3.3.6 Animals and Immunization

For single immunization experiment, BALB/cJ mice (n = 5 animals per group in each
independent experiment) were vaccinated by either 1.N. delivery or S.C. injection of 5x10%° viral
particles (v.p.) of AdW¥5 (a null Ad5 vector negative control), Ad5.SARS-CoV-2-S1, or by
Ad5.SARS-CoV-2-S1N. Mice were bled from retro-orbital vein at weeks 0, 2, 4, 6, and 8 after
immunization, and the obtained serum samples were diluted and used to evaluate S1-specific
antibodies by enzyme-linked immunosorbent assay (ELISA). Serum samples obtained on Week 8
and 12 after vaccination were also used for microneutralization (NT) assay. For homologous and
heterologous prime-boost immunization experiment, BALB/cJ mice (n = 5 animals per group in
each independent experiment) were prime or boosted by either I.N. delivery or S.C. injection of
1x10% viral particles (v.p.) of Ad¥5 (a null Ad5 vector negative control), Ad5.SARS-CoV-2-S1IN,

or by 15ug of non-adjuvanted subunit recombinant wild type S1 monomeric protein. Mice were
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bled from retro-orbital vein at weeks 3 and 6 after immunization, and the obtained serum samples
were diluted and used to evaluate S1-specific antibodies by enzyme-linked immunosorbent assay
(ELISA). Serum samples obtained on Week 6 after vaccination were also used for
microneutralization (NT) assay. For heterologous prime-boost immunization experiment,
BALB/cJ mice (n = 5 animals per group in each independent) were prime or boosted
intramuscularly with 15ug of rS1 WT and/or rS1 B.1.351, or by Ad5.SARS-CoV-2-S1N. Mice
were bled from retro-orbital vein at weeks 3, 5, and 6 after immunization, and the obtained serum
samples were diluted and used to evaluate S1-specific antibodies by enzyme-linked
immunosorbent assay (ELISA). Serum samples obtained on Week 6 after vaccination were also
used for microneutralization (NT) assay. Mice were maintained under specific pathogen-free
conditions at the University of Pittsburgh, and all experiments were conducted in accordance with
animal use guidelines and protocols approved by the University of Pittsburgh’s Institutional

Animal Care and Use (IACUC) Committee.

3.3.7 ELISA

Sera from all mice were collected prior to immunization (week 0) and at weeks indicated
after immunization and evaluated for SARS-CoV-2-S1-specific 1gG, 1gG1, and 1gG2a antibodies
using ELISA 8. Briefly, ELISA plates were coated with 200 ng of recombinant SARS-CoV-2-
S1 protein (Sino Biological) per well overnight at 4°C in carbonate coating buffer (pH 9.5) and
then blocked with PBS-T and 2% bovine serum albumin (BSA) for one hour. Mouse sera were
serially diluted in PBS-T with 1% BSA and incubated overnight. After the plates were washed,
anti-mouse 1gG-horseradish peroxidase (HRP) (1:10000, SantaCruz) was added to each well and

incubated for one hour. The plates were washed three times, developed with 3,3°5,5’-
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tetramethylbenzidine, and the reaction was stopped. Next, absorbance was determined at 450 nm
using a plate reader. For 1gG1 and 1gG2a ELISAs, mouse sera were diluted in PBS-T with 1%
BSA and incubated overnight. After the plates were washed, biotin-conjugated IgG1 and 1gG2a
(1:1000, eBioscience) and biotin horseradish peroxidase (Av-HRP) (1:50000, Vector
Laboratories) were added to each well and incubated for 1 hour. The plates were washed three
times and developed with 3,3°5,5’-tetramethylbenzidine, the reaction was stopped, and absorbance

at 450nm was determined using a plate reader.

3.3.8 Flow Cytometry and Analysis for Cellular Immune Responses

Antigen-specific T-cell responses in the spleen of BALB/cJ mice immunized as described
above were analyzed after immunization by flow cytometry, adhering to the recently published
guidelines [81]. Briefly, spleens were mashed and underwent erythrocyte lysis using the Mouse
Erythrocyte Lysing Kit (R&D Systems, WL2000), remaining cells were used for cellular immune
response analysis. Isolated splenocytes from vaccinated and PBS control mice were stimulated
with PepTivator SARS-CoV-2-S1 (a pool of S1 MHC class |- and MHC class Il- restricted
peptides) or SARS-CoV-2-N (a pool of N MHC class |- and MHC class Il- restricted peptides)
overnight in the presence of protein transport inhibitors (Golgi Stop) for the last 4 hours.
Unstimulated cells were used as negative controls. Phorbol myristate acetate (PMA) and
ionomycin stimulated cells served as positive controls. Cell were washed with FACS buffer (PBS,
2 % FCS), incubated with Fc Block (BD Biosciences, 553142) for 5 min at 4 °C, and stained with
surface marker antibody (Ab) stain for 20 min at 4 °C. Surface Abs were used as follows: anti-
CD45 (30-F11, BVv480, BD Biosciences), anti-TCRb (Alexa Fluor® 700, BD Biosciences), anti-
CD4 (GKL1.5, BUV650, Biolegend), anti-CD8a (53-6.7, BUV570, Biolegend). For dead cell

98



exclusion, cells were stained with Zombie NIR Fixable Viability dye (BioLegend) for 10 min at 4
°C and washed in FACS buffer. Intracellular cytokine staining (ICS) was performed on surface
Ab-stained cells by first fixing and permeabilizing cells using the FoxP3 Transcription Factor
Staining Buffer kit (eBioscience, 00-5523-00) following manufacturer’s instructions. Intracellular
staining with anti-IFN-y Ab (XMG1.2, BV605, Biolegend) for 30 min at 4 °C was performed.
Samples were run on an Aurora (Cytek) flow cytometer and analyzed with FlowJo v10 software
(BD Biosciences). Live, antigen-specific, IFN-y producing CD8+ and CD4+ T cells were
identified according to the gating strategy in Supplementary Figure 1. Results for positive and

negative controls are also available in Supplementary Figure 2.

3.3.9 SARS-CoV-2 Microneutralization Assay

Neutralizing antibody (NT-Ab) titers against SARS-CoV2 were defined according to the
following protocol 37930, Briefly, 50 ul of sample from each mouse, in different dilutions, were
added in two wells of a flat bottom tissue culture microtiter plate (COSTAR, Corning Incorporated,
NY 14831, USA), mixed with an equal volume of 100 TCID50 of a SARS-CoV2 wildtype, Beta,
or Gamma variant isolated from symptomatic patients, previously titrated and incubated at 33°C
in 5% CO2. All dilutions were made in EMEM (Eagle's Minimum Essential Medium) with
addition of 1% penicillin, streptomycin and glutamine and 5 y/mL of trypsin. After 1 hour
incubation at 33°C 5%C02, 3x10* VERO EG6 cells [VERO C1008 (Vero 76, clone E6, Vero E6);
ATCC® CRL-1586TM] were added to each well. After 72 hours of incubation at 33°C 5% CO2
wells were stained with Gram’s crystal violet solution (Merck KGaA, 64271 Damstadt, Germany)
plus 5% formaldehyde 40% m/v (Carlo ErbaSpA, Arese (MI), Italy) for 30 min. Microtiter plates
were then washed in running water. Wells were scored to evaluate the degree of cytopathic effect
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(CPE) compared to the virus control. Blue staining of wells indicated the presence of neutralizing
antibodies. Neutralizing titer was the maximum dilution with the reduction of 90% of CPE. A
positive titer was equal or greater than 1:5. Sera from mice before vaccine administration were

always included in microneutralization (NT) assay as a negative control.

3.3.10 ELISpot for Antibody Forming Cells

The frequency of SARS-CoV-2-specific antibody producing cells in the bone marrow of
mice was determined by ELISpot assay 29 weeks after immunization using our established and
previously published methods 37°376, Briefly, 4-HBX plates were coated as described for ELISA
assays, and non-specific binding was blocked with RPMI media containing 5% FCS. dilution
series of cells of each individual bone marrow sample were plated in triplicates and incubated at
37 °C for 5 hours. Secondary Ab (anti-mlgG-alkaline phosphatase; Southern Biotech) was
detected using 5-bromo-4-chloro-3- indolyl phosphate substrate (BCIP; Southern Biotech) in 0.5%
low melting agarose (Fisher Scientific). Spots were counted using a binocular on a dissecting
microscope and the detected numbers of IgG anti-SARS-CoV-2-S1 and anti-SARS-CoV-2-N

antibody forming cells were calculated per million bone marrow cells.

3.3.11 Statistical Analysis

Statistical analyses were performed using GraphPad Prism v9 (San Diego, CA). Antibody
endpoint titers and neutralization data were analyzed by Kruskal-Wallis test, followed by Dunn’s

multiple comparisons, T-cell data were analyzed by one-way Welch’s ANOVA, followed by
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Dunnett’s T3 multiple comparisons. Significant differences are indicated by * p < 0.05.

Comparisons with non-significant differences are not indicated.

3.4 Discussion

More immunization programs against SARS-CoV-2 are urgently needed to battle global
vaccine inequity and new viral variants. Our study presents the development, and analysis in mice,
of an Ad-based COVID vaccine incorporating novel antigen design (Ad5.SARS-CoV-2-S1N).
Currently approved Ad-based SARS-CoV-2 vaccines, such as Oxford-AstraZenca, Janssen,
CansinoBio, and Sputnik V COVID-19 vaccines, encode for full-length SARS-CoV-2 spike
protein and are administered intramuscularly. Our vaccine encodes the gene for SARS-CoV-2-S1
subunit and SARS-CoV-2 N protein through a S1N fusion protein delivered in multiple
administration routes (S.C., LLN., and I.M.). This study also investigates novel prime-boost
immunization strategies leveraging subunit recombinant proteins that are relatively thermostable
3846416 Fyrther improvements could be achieved harnessing intracutaneous vaccination with
microneedle arrays, which have been shown to deliver a wide range of recombinant DNA or
protein vaccines 217-384-386

Our studies suggest that a single vaccination of BALB/cJ mice via either I.N. or S.C.
delivery of 5 x 10%° v.p. Ad5.SARS-CoV-2-S1N was capable of inducing antigen-specific 1gG, Ig
isotype switch, and a moderate neutralizing antibody response. We also show that Ad5.SARS-
CoV-2-S1IN shows a similar Sl1-specific antibody response, and neutralizing response, to
Ad5.SARS-CoV-2-S1. We believe this is important as a concern with including proteins outside

of the SARS-CoV-2 S protein is that it will decrease the antibody response against S. We show
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that this is not the case and that inclusion of N, through S1N fusion antigen, does not reduce S1-
specific antibody responses. S.C. delivery of Ad5.SAR-CoV-2-S1IN induced a significantly
increased S1-specific T cell response, when compared to S.C. delivery of Ad¥5 and S.C. delivery
of Ad5.SARS-CoV-2-S1. We hypothesize that this increased S1-specific T-cell response to
Ad5.SARS-CoV-2-S1IN may be due to the inclusion of N-derived T-cell epitopes, in the fusion
protein, aiding in processing and presentation of S1 by MHC molecules, especially for presentation
to CD8 T cells; however, this needs to be further elucidated through mechanistic studies 31747,
We also illustrate that this immunogenicity can be improved by homologous prime-boost
strategies, using either S.C. or I.N. delivery. Particularly immunogenicity can further be improved
through heterologous prime-boost, with traditional I.M. injection, using subunit recombinant S1
protein. Priming with low dose (1 x 10* v.p.) of Ad5.SIN and boosting with either WT
recombinant rS1 or B.1.351 recombinant rS1 induced a robust neutralizing response, which was
sustained against immune evasive variants, and a long-lived antibody-forming cell response in the
bone marrow 29 weeks post vaccination. Interestingly, boosting with B.1.351 recombinant rS1 did
not increase the neutralizing response to SARS-CoV-2 Beta variant virus when compared to
boosting with WT recombinant rS1. The results are promising and support the use of a
heterologous prime-boost immunization routine using Ad5.S1IN and subunit recombinant S1
protein to induce antigen-specific humoral and cellular responses, leading to generation of long-
lived plasma cells, and a potent CD8" T-cell response. For the subunit recombinant S1 protein
anti- gens, it is important to note that these are non-adjuvanted monomeric S1 proteins, which may
explain the relatively poor neutralization breadth seen after prime-boost vaccination in Figure 16
for Groups 1-4. Our results suggest that monomeric non-adjuvanted subunit recombinant S1

protein can serve as an immunostimulatory booster and induces a robust neutralizing response to
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SARS-CoV-2 variants. We believe that this also emphasizes the potential for currently approved
protein subunit vaccines that incorporate adjuvants or nanoparticle design, such as NVX-coV2373.
This is critical information as COVID-19 booster demand is rapidly increasing across the globe.
A booster platform using recombinant S1 protein would be thermostable, easy to manufacture, and
affordable; lending it to be a preferred method to achieve global COVID-19 vaccine equity.

An important limitation regarding our findings concerning intranasal vaccination of
Ad5.SARS-CoV-2-S1N is that we did not investigate key mucosal immunity aspects, such as IgA
production. Indeed, mucosal immunity plays an important role in preventing SARS-CoV-2
infection 48, Our future studies will not only investigate mucosal IgA and IgM production post
intranasal administration but also mechanistically investigate the Kkinetics of intranasal
immunization through isolation of tissues in closer proximity to the nasal cavity. Particularly, the
lack of induction of CD4* and CD8" T-cell response to intranasal vaccination could be attributed
to isolating splenocytes, rather than mucosa-associated lymph node tissue (MALT) or conducting
bronchoalveolar lavage (BAL). In our future studies, we will isolate MALT and lung tissue post
intranasal vaccination to investigate the localized cellular immune response post intranasal
immunization. Our future studies will also include conducting BAL on intranasally immunized
mice to better investigate local immunity.

We believe that the increasing CD8" T-cell response through including the N protein in
vaccine formulation will not only help by introducing more conserved regions of SARS-CoV-2 to
the immune system, potentially allowing for resistance against emerging variants, but will also
assist in viral clearance. This is particularly important in the context of long COVID and in
populations that are at high risk of SARS-CoV-2 morbidity and mortality where the T-cell

response has been shown to play an important role 311312319321 \while previous clinical translation
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of Ad vaccines has been hampered by pre-existing immunity against the Ad viral capsid, CanSino
Convidicea Vaccine (Ad5-nCoV), encoding for the full S protein, was able to overcome pre-
existing vector immunity while using intramuscular immunization 738 Immunization with Ad-
based vaccines, such as Ad5.S1N, could be an important tool to combat COVID-19 global vaccine
inequality and the emergence of immune evasive SARS-CoV-2 variants. These finding concerning
the immunogenicity of the S1N fusion antigen also adds knowledge to general COVID-19 vaccine
approaches as S1IN can be expressed through other vaccine vectors, such a mRNA or DNA
technologies.

BALB/cJ mice have historically been used to investigate numerous different coronavirus
vaccines and represent a reliable model for testing of immunogenicity of Ad5.SARS-CoV-2-S1N
211.274343 - However, it is difficult to extrapolate our results in BALB/cJ mice to potential
immunogenicity in humans. Particularly, our findings on the potency of S1- and N-specific T-cell
response to Ad5.SARS-CoV-2-S1N vaccination may not directly translate to responses in humans
due to the differences in human leukocyte antigen (HLA) and mouse major histocompatibility
complex (MHC). The difference in HLA and MHC may explain the lack of N-specific T-cell
response after vaccination, as N-derived epitopes may be less able to bind to mouse MHC than
S1-derived epitopes. The lack of CD4 T-cell responses may also be explained by the model
organism, BALB/cJ mice, which have been shown to have an abrogated CD4 T-cell response when
compared to C57BL/6 mice 2. To this effect, future studies will use more translatable animal
models such as hACE2 mice and rhesus macaques. Our future studies will also include animal
challenge models with live SARS-CoV-2 virus to investigate protection against infection and
death. Along with these studies, we will also harvest axillary and cervical lymph nodes to

investigate the specific kinetics and location of T-cell immunity post intramuscular vaccination.
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Taken together, this study illustrates the potential of Ad5.SARS-CoV-2-S1N as it induces
significant antigen-specific humoral and cellular immune responses against SARS-CoV-2.
Particularly, heterologous prime-boost vaccine with low dose Ad5.SARS-CoV-2-S1N along with
subunit recombinant S1 protein have the potential to induce a very effective virus-specific immune

response against COVID-19 and emerging SARS-CoV-2 variants.
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4.0 Trivalent Variant-Specific SARS-CoV-2 S1 Subunit Protein Vaccination Induces Broad

Humoral Immune Responses in BALB/c Mice

Text from this chapter has been modified from the publication: Khan, M. S., Kim, E.,
Huang, S., Kenniston, T. W. & Gambotto, A#. Trivalent SARS-CoV-2 S1 Subunit Protein
Vaccination Induces Broad Humoral Responses in BALB/c Mice. Vaccines 11, 314 (2023). #

corresponding author. PMID: 36851191

4.1 Introduction

The current COVID-19 pandemic, caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), continues to have a significant impact on human and animal health
globally 327400418 The COVID-19 pandemic has over 637 million cases, 6.5 million deaths, with
12.9 billion COVID-19 vaccine doses administered across the human population, as of 29
November 2022 24, Approved COVID-19 vaccines have been a vital tool in reducing mortality
and morbidity caused by SARS-CoV-2 infection. However, emerging immune-evasive SARS-
CoV-2 variants, fueled by worldwide COVID-19 vaccine distribution inequalities, have left many
low to middle income countries without access to variant-specific vaccines better suited for the
evolving SARS-CoV-2 variant landscape 113249250 particularly, Delta (B.1.617.2), Omicron
(BA.1), and Omicron sub lineages (BA.2, BA.4, BA.5, etc.) have shown to have the greatest
resistance to vaccine-induced and infection-acquired immunity, leading to significant COVID-19

infection waves 250:251.420-422
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The spike (S) protein of SARS-CoV-2 has been the main target of currently approved
COVID-19 vaccines and of most COVID-19 vaccines in development 33, The S protein mediates
virus binding and infection of susceptible cells through interaction with host receptor angiotensin-
converting enzyme 2 (ACE?2) 33, The S protein is composed of two subunits, the S1 subunit which
contains the receptor binding domain (RBD) that binds to ACE2, and the S2 subunit that allows
for cell fusion and viral entry 22’423 |t has been well established that antibodies targeting the S
protein, and the RBD within the S1 subunit, are able to block the binding of SARS-CoV-2 to the
cell receptor and prevent infection of susceptible cells 236307:339403:424 protein subunit vaccine
approaches against COVID-19 are highly favorable for worldwide equitable distribution due to
their low cost per dose, relative thermostability, and excellent safety profile 3846416425 Qyr
previously published reports on vaccines against SARS-CoV-1, Middle-East respiratory syndrome
coronavirus (MERS-CoV), and SARS-CoV-2 have demonstrated the ability of S1 subunit
targeting vaccines to generate neutralizing antibody responses against Beta coronaviruses
217,343,344,426,427_

Of particular interest is the investigation of novel COVID-19 vaccines, which may be able
to induce broader antibody responses against multiple variants through multivalent vaccine
immunization. A multivalent vaccine is a traditional approach used to increase antigen coverage
against ever-changing pathogens such as COVID-19 428430 However, it is necessary to investigate
whether increasing valency of COVID-19 vaccines decreases the overall potency of the immune
response or abrogates the per-variant host-antibody response. Indeed, a bivalent COVID-19
vaccine approach, through the mRNA platform, has been shown to have increased immunogenicity
when compared to the monovalent approach in humans “31. Trivalent vaccine approaches have

been shown to increase immunogenicity of various vaccines, especially in the context of influenza
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432-4%6  Ppreclinical trivalent COVID-19 vaccines have also been shown to have increased
immunogenicity when compared to monovalent approaches; however, these studies did not
incorporate SARS-CoV-2 Omicron BA.1 variant of concern (VOC), an important piece of
information explored by our study 43443°,

Here, we compared the immunogenicity of wild-type Wuhan spike S1 (WU-S1RS09cg),
Delta variant-specific spike S1 (Delta S1-RS09cg), and Omicron variant-specific spike S1 (OM
S1-RS09cg) subunit protein vaccines delivered either as a monovalent antigen or a combination
of the three in trivalent antigen form (Wu/Delta/OM S1-RS09cg). We found that while monovalent
vaccination resulted in substantial humoral response against S, a trivalent approach induced a
broader humoral response with more coverage against antigenically distinct variants particularly
in the context of monovalent Omicron-specific S1. The trivalent approach of Wu/Delta/OM S1-
RS09cg showed increased ACE2 binding inhibition, and increased S1 IgG endpoint titer at early
timepoints, against Wuhan and Delta S than monovalent OM S1-RS09cg. Our studies demonstrate
the utility of protein subunit vaccines against COVID-19 and contribute insights into the impact
of variant-specific COVID-19 vaccine approaches on the immune response in the context of the

current SARS-CoV-2 variant landscape.

4.2 Results

4.2.1 Design and Expression of Recombinant Proteins

Recombinant proteins of SARS-CoV-2-S1, pAd/S1 Wu, pAd/S1 Delta, pAd/S1 Omicron

(BA.1) were generated by subcloning the codon-optimized SARS-CoV-2-S1 gene having C-tag
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into the shuttle vector, pAd (GenBank U62024) at Sall and Notl sites (Fig. 18). To determine
SARS-CoV-2-S1 expression and purity post C-tagXL affinity matrix purification, proteins were
separated by 10% SDS-PAGE and assessed by silver staining (Fig. 18B). The purified recombinant
proteins WU S1-RS09cg (lane 1), Delta S1-RS09cg (lane 2), and Omicron S1-RS09cg (lane 3)
were visualized at their expected glycosylated monomeric molecular weights of about 110 kDa
under the denaturing reduced conditions. The proteins were also recognized by a polyclonal anti-

spike SARS-CoV-2 antibody through western blot (Fig. 18C).
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Figure 18: Construction of recombinant SARS-CoV-2-S1 protein expressing plasmid. (A) Shuttle vector carrying
the codon-optimized wild-type (Wuhan), Delta variant, and Omicron variant (BA.1) SARS-CoV-2-S1 gene encoding
N-terminal 1-661 with c-tag (EPEA) was designed as shown in the diagram. ITR: inverted terminal repeat; RBD:
receptor binding domain. (B) Silver-stained reducing SDS-PAGE gel of purified Expi293 cell derived Wuhan (WU)

S1-RS09cqg (Lane 1), Delta S1-RS09cg (Lane 2), and Omicron (OM) S1-RS09cg (Lane 3). (C) Detection of the SARS-
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CoV-2-S1 proteins by western blot with purified proteins using anti S SARS-CoV-2 polyclonal antibody; Wuhan

(WU) S1-RS09cg (Lane 1), Delta S1-RS09cg (Lane 2), and Omicron (OM) S1-RS09cg (Lane 3).

4.2.2 Protein Subunit SARS-CoV-2 S1 Vaccines Induce Robust and Cross-Variant Binding

I9gG Responses

To assess the magnitude of the antibody response and the long-term persistence of
immunogenicity, we first determined Wuhan, Delta, and Omicron (BA.1) specific 1gG antibody
endpoint titers (EPT) in the sera of vaccinated mice. Mice were prime and boosted on week 3 with
either 45 pug of WU S1-RS09cg, Delta S1-RS09cg, OM S1-RS09cg, or a trivalent cocktail of the
three antigens (15 pg WU S1-RS09cg, 15 pg Delta S1-RS09c¢g, 15 pug OM S1-RS09cg) in a single
immunization. We collected serum samples from all mice prior to immunization, which were used
set the endpoint titer cutoff for all antibody ELISA’s #¥’. Serum samples collected on weeks 3, 5,
7,9, 12, 16, and 20 after prime immunization were serially diluted to determine SARS-CoV-2-S1-
specific 1gG titers against Wuhan S1 (Fig. 19), Delta S1 (Fig. 20), and Omicron BA.1 (Fig. 21)

for each immunization group using ELISA.
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Figure 19: Wuhan S1-specific 1IgG antibody responses in mice after prime-boost immunization in BALB/c mice.
BALB/c mice (n = 5 mice per groups) were immunized intramuscularly with 45 pg of either WU S1-RS09cg, Delta
S1-RS09cg, OM S1-RS09cg or trivalent WU/Delta/OM S1-RS09cg and received a homologous booster at week 3.
Onweeks 3,5, 7,9, 12, 16, and 20 sera from mice were collected, serially diluted (200x), and tested for the presence
of Wuhan SARS-CoV-2-S1-specific 1gG antibody levels by ELISA. Significance was determined by Kruskal-Wallis

test followed by Dunn’s multiple comparisons (* p < 0.05). Horizontal solid lines represent geometric mean antibody

titers. Serum collected on week 0, prior to immunization, were used to set the ELISA endpoint titer cutoff.
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Figure 20: Delta S1-specific 1gG antibody responses in mice after prime-boost immunization in BALB/c mice.
BALB/c mice (n = 5 mice per groups) were immunized intramuscularly with 45 pg of either WU S1-RS09cg, Delta
S1-RS09cg, OM S1-RS09cg or trivalent WU/Delta/OM S1-RS09cg and received a homologous booster at week 3.
On weeks 3, 5,7, 9, 12, 16, and 20 sera from mice were collected, serially diluted (200x), and tested for the presence
of Delta variant SARS-CoV-2-S1-specific 1gG antibody levels by ELISA. Significance was determined by Kruskal-
Wallis test followed by Dunn’s multiple comparisons (* p < 0.05). Horizontal solid lines represent geometric mean

antibody titers. Serum collected on week 0, prior to immunization, were used to set the ELISA endpoint titer cutoff.
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Figure 21: Omicron (BA.1) Sl-specific 1gG antibody responses in mice after prime-boost immunization in
BALB/c mice. BALB/c mice (n = 5 mice per groups) were immunized intramuscularly with 45 ug of either WU S1-
RS09cqg, Delta S1-RS09cg, OM S1-RS09cg or trivalent WU/Delta/OM S1-RS09cg and received a homologous
booster at week 3. On weeks 3, 5, 7, 9, 12, 16, and 20 sera from mice were collected, serially diluted (200x%), and
tested for the presence of Omicron (BA.1) SARS-CoV-2-S1-specific 1gG antibody levels by ELISA. Significance was
determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons (* p < 0.05). Horizontal solid lines
represent geometric mean antibody titers. Serum collected on week 0, prior to immunization, were used to set the

ELISA endpoint titer cutoff.

Against Wuhan S1, all vaccinated groups had significantly higher geometric mean Wuhan
S1 IgG EPT at week 5 when compared to week 3, illustrating the superior immunogenicity
conferred by boost immunization (Fig. 19, p < 0.05, Kruskal-Wallis test, followed by Dunn’s
multiple comparisons). Interestingly, WU S1-RS09cg vaccinated mice achieved lower geometric

mean Wuhan S1 1gG EPT by week 9 when compared to the other immunization groups (Figure
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2). Indeed, trivalent WU/Delta/OM S1-RS09cg had increased Wuhan S1 1gG EPT when compared
to monovalent OM S1-RS09cg at weeks 3, 5, and 7 (Fig. 19). However, as waning of the immune
response occurred, the trivalent WU/Delta/OM S1-RS09cg vaccinated mice reached similar
geometric mean Wuhan S1 1gG EPT as monovalent OM S1-RS09cg vaccinated mice at week 9
with waning continuing to occur through week 20 (Fig. 19).

Against Delta S1, Delta S1-RS09cg and Wu/Delta/OM S1-RS09cg vaccinated mice had
the highest geometric mean Delta IgG EPT at week 3 (Fig. 20). Only OM S1-RS09cg and
WU/Delta/OM S1-RS09cg vaccinated mice achieved significantly higher geometric mean Delta
S1 1gG EPT at week 5 when compared to week 3 (Fig. 20, p < 0.05, Kruskal-Wallis test, followed
by Dunn’s multiple comparisons). However, at week 5 OM S1-RS09cg vaccinated mice and
Wu/Delta/OM S1-RS09cg vaccinated mice had the greatest geometric mean Delta IgG EPT (Fig.
20). Interestingly, OM S1-RS09cg vaccinated mice and Wu/Delta/OM S1-RS09cg vaccinated
mice Delta S1 IgG antibody response waned less from week 5 through week 20 than the other
immunization groups (Fig. 20).

Against Omicron S1, Delta S1-RS09cg, OM S1-RS09cg, and Wu/Delta/OM S1-RS09cg
vaccinated mice had significantly increased Omicron S1 1gG EPT at week 5 when compared to
week 3 (Fig. 21, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons). Both
OM S1-RS09cg and trivalent Wu/Delta/OM S1-RS09cg vaccinated mice achieved the highest
geometric mean Omicron S1 IgG EPT by week 3 and through week 20 (Fig. 21). A difference
between OM-S1RS09cg and Wu/Delta/OM S1-RS09cg geometric mean Omicron S1 IgG EPT
occurred at week 9, with OM-S1RS09cg vaccinated mice having modestly higher EPT than

trivalent vaccinated mice through week 20 (Fig. 21).
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To assess whether the 1gG antibody response was Thl- or Th2-specific, serum samples
were collected at week 5 and serially diluted to determine Wuhan and BA.1-specific S1, 1gG1
(indicating a Th2 bias) and IgG2a (indicating a Thl bias) endpoint titers for each immunization
group (Fig. 22A-D). Interestingly, against Wuhan S1 all vaccinated mice groups achieved similar
IgG1 and IgG2a geometric mean S1 IgG1 and IgG2a EPT, with no significant differences between
groups (Fig. 22A, B). Differences between vaccine groups were illuminated against BA.1 S1 (Fig.
22C, D). Both OM-S1RS09cg and trivalent WU/Delta/OM S1-RS09cg vaccinated mice had the
greatest geometric mean Omicron-S1 IgG1l EPT than WU S1-RS09cg and Delta S1-RS09cg
vaccinated mice (Fig. 22C, D). OM S1-RS09cg vaccinated mice achieved the highest BA.1 S1
lgG2a geometric mean EPT (Fig. 22C, D). As expected for unadjuvanted protein subunit vaccine
in BALB/c mouse, all vaccinated groups had a trend to a IgG1 dominant IgG response, indicating

a Th2 bias.
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Figure 22: Wuhan and Omicron (BA.1)-specific IgG1 and 1gG2a antibody responses in mice after prime-boost
immunization in BALB/c mice. BALB/c mice (n = 5 mice per groups) were immunized intramuscularly with 45 ug
of either WU S1-RS09cg, Delta S1-RS09cg, OM S1-RS09cqg or trivalent WU/Delta/OM S1-RS09cg and received a
homologous booster at week 3. On weeks 3, 5, 7, 9, 12, 16, and 20 sera from mice were collected, serially diluted
(200x), and tested for the presence of Wuhan and Omicron (BA.1) SARS-CoV-2-S1-specific 1gG1 and IgG2a
antibody levels by ELISA. Significance was determined by Kruskal-Wallis test followed by Dunn’s multiple
comparisons (* p < 0.05). Horizontal solid lines represent geometric mean antibody titers. Serum collected on week
0, prior to immunization, were used to set the ELISA endpoint titer cutoff. (A) Week 5 Wuhan S1 IgG1; (B) Week 5

Wuhan S1 1gG2a; (C) Week 5 BA,1 S1 IgG1; (D) Week 5 BA.1 S1 1gG2a.
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These results suggest that Wuhan S1-RS09cg, Delta S1-RS09cg, OM-S1RS09cg, and
trivalent WU/Delta/OM S1-RS09cg all stimulated a robust IgG binding antibody response in

BALB/c mice against Wuhan S1, Delta S1, and Omicron (BA.1) S1.

4.2.3 ACE2 Binding Inhibition

Competitive immunoassays for quantifying inhibition of the spike-ACE2 interaction have
been shown to correlate well with live-virus neutralizing tests and serve as a convenient multiplex
method to determine the neutralizing capacity of vaccinated sera 305306438439 Tq jnvestigate the
neutralizing capabilities of antibodies induced by vaccination we used the Meso Scale Discovery
(MSD) V-PLEX SARS-CoV-2 (ACE2) Kit. This measures the inhibition of binding between
angiotensin converting enzyme-2 (ACE2) and trimeric spike protein of SARS CoV-2 variants. We
used kit Panel 25 including Wuhan S and spikes from immune evasive variants; BA.1, BA.2, AY .4
(Delta lineage), BA.3, BA.1 + R346K mutation, BA.1 + L52R mutation, B.1.1.7 (Alpha), B.1.351
(Beta), and B.1.1640.2. Sera from vaccinated animals were examined at week 5 and week 7, the
peak of the IgG antibody responses (Figs. 19-21). Fig. 23A, B depict the median ACE2-binding
percent inhibition of each vaccinated mice group sera at week 5 and week 7, respectively. Fig.
23C-F depict each vaccination group ACE2-binding percent inhibition individually; WU-
S1RS09cg vaccinated mice (Fig. 23C), Delta S1-RS09cg vaccinated mice (Fig. 23D), OM-
S1RS09cg vaccinated mice (Fig. 23E), and trivalent WU/Delta/OM S1-RS09cg vaccinated mice
(Fig. 23E). Antibodies blocking ACE2 and trimeric S binding were detected in all vaccination
groups. Interestingly, WU S1-RS09cg vaccinated mice achieved the lowest median ACE2-binding
inhibition against Wuhan S, AY .4 (Delta), B.1.1.7, B.1.351, and B.1.640.2 at weeks 5 and 7 when
compared to other vaccination groups Fig. 23A, B). Delta S1-RS09cg vaccinated mice had a robust
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ACEZ2-binding inhibition response against WU S, AY .4 (Delta), B.1.1.7, B.1.351, and B.1.640.2;
with a diminished response against Omicron (BA.1) and Omicron sub lineages (Fig. 23A, B). OM-
S1RS09cg vaccinated mice had moderate to high median ACE2 binding inhibition against all S
tested, with robust inhibition of ACE2 binding of Omicron and Omicron sub lineages, when
compared to other vaccination groups at weeks 5 and 7 (Fig. 23A, B). Trivalent WU/Delta/OM
S1-RS09cg, when compared to the monovalent counterparts, had increased coverage of median
ACE-2 binding inhibition against all variants tested (Fig. 23A, B). Notably, when comparing OM
S1-RS09cg vaccinated mice to trivalent WU/Delta/OM S1-RS09cg vaccinated mice, trivalent
vaccinated mice had greater median ACE2-binding percent inhibition against WU S, BA.2, AY .4

(Delta), BA.1 + R346K, B.1.1.7, B.1.351, and B.1.640.2 (Fig. 23A, B).

118



Week 5 Week 7

-
8
(v o)
=
8

-o- WU S1-RS09cg -o- WU S1-RS09cg
-o- DELTA S1-RS09cg -~ DELTA S1-RS09cg
-e- OM S1-RS09cg -~ OM S1-RS09cg

-3

o
o
e o

ACE2 Binding
Percent Inhibition
ACE2 Binding
Percent Inhibition

— WU/DELTA/OM — WU/DELTA/OM
0 S1-RS09cg 40 S1-RS09cg
20 20
- T T ¥ T T T T T T T - T T l T l T T T T T
3o oY AP P St A A oY W oY AR o é"ﬁ'“b o
R XX v o"qu AN\ & e" n}* NS
N AR O G
O &
WU S1-RS09¢cg OM S1-RS09cg
C = Week 5 D 03 Week 5
100 100
= Week 7 0 Week 7
< <
MWLM
o2 22
52 ég P H n “l”l
3 i ' gl
oE 4 ﬁl il qE 40
o8 o8
2 <g
& 20 2 20
....................
S e *be’ﬁa“e y"" S < o \;‘Pe"}s““*.\f"&n’@\?f’\@“m
LRt o & (TN
& o’ & &
Delta S1-RS09cg WU/Delta/OM $1-RS09cg
E = Week 5 F 0= Week5
100
l 3 Week 7 i 3 Week 7
o§ @ ﬂﬂ il oF o ] ﬂ i i i
€3 s
E% 60 i :gi; 60
m = o=
QE 40 |I l' NE 40
Q8 il Il 28
& 20 & 20
....................
R F 0 Y I N
& XX e’a" ‘% o Rl S F X S.&‘:&;¢@;”&
" Y
&

v.
Q,Y' <

Figure 23: Percent ACE2 binding inhibition of neutralizing antibodies against SARS-CoV-2 variant elicited by
monovalent and trivalent immunization in BALB/c mice. Antibodies in sera capable of neutralizing the interaction
between SARS-CoV-2 Wuhan, BA.1, BA.2, AY .4 (Delta lineage), BA.3, BA.1 + R346K mutation, BA.1 + L52R
mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2. variant spike and ACE2 were examined in all animals at
week 5 and week 7. (A) Per immunization group median ACE2 binding percent inhibition of WU S1-RS09cg
vaccinated mice (blue dots), Delta S1-RS09cg vaccinated mice (red dots), OM S1-RS09cg vaccinated mice (green
dots), and OM S1-RS09cg vaccinated mice (purple dots) at week 5 against each SARS-CoV-2 variant. (B) Per
immunization group median ACE2 binding percent inhibition of WU S1-RS09cg vaccinated mice (blue dots), Delta
S1-RS09cqg vaccinated mice (red dots), OM S1-RS09cg vaccinated mice (green dots), and OM S1-RS09cg vaccinated
mice (purple dots) at week 7 against each SARS-CoV-2 variant. Figure 23C-F depict each vaccination group
individual mice ACE2-binding percent inhibition against all variants at week 5 (blue box and whisker plot) and week
7 (red box and whisker plot). Figure 23C WU S1-RS09cqg elicited antibodies percent ACE2 binding inhibition. Figure
23D Delta S1-RS09cq elicited antibodies percent ACE2 binding inhibition. Figure 23E OM S1-RS09cg elicited

antibodies percent ACE2 binding inhibition. Figure 23F WU/Delta/OM S1-RS09cqg elicited antibodies percent ACE2
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binding inhibition. Box and whisker plots represent the median and upper and lower quartile (box) with min and max

(whiskers).

To combine the data on Wuhan, Delta, and Omicron (BA.1) S binding 1gG EPT and ACE2-
percent binding inhibition we plotted the respective mean values at week 5 against each other (Fig.
24A-C). In the context of Wuhan S, Delta S1-RS09cg and trivalent WU/Delta/OM S1-RS09cg
vaccinated mice grouped together with the highest mean S1 IgG EPT and mean ACE2 binding
inhibition (Fig. 24A). Against Delta S, Delta S1-RS09cg and trivalent WU/Delta/OM S1-RS09cg
vaccinated mice group together with the highest mean S1 IgG EPT and mean ACE2 binding
inhibition (Fig. 24B). For BA.1 S, OM S1-RS09cg and trivalent WU/Delta/OM S1-RS09cg
vaccinated mice grouped together with the highest mean S1 1gG EPT and mean ACE2 binding

inhibition (Fig. 24C).
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Figure 24: Variant-specific binding 1gG and ACE2-percent binding inhibition in BALB/c mice. Wuhan, Delta,
and Omicron (BA.1) S binding 1gG mean EPT and mean ACE2-percent binding inhibition per variant plotted against
the respective mean values at week 5. (A) Wuhan Week 5 binding 1gG and ACE2-percent binding inhibition; (B)
Delta Week 5 binding 1gG and ACE2-percent binding inhibition; (C) BA.1 Week 5 binding 1gG and ACE2 percent

binding inhibition.
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Taken together, a prime and boost of non-adjuvanted recombinant S1 protein subunit
vaccine induced a robust humoral antibody response against SARS-CoV-2 in BALB/c mice.
Particularly, trivalent WU/Delta/OM vaccinated mice induced a broad and cross-reactive
neutralizing antibodies against SARS-CoV-2 variants with increased breadth when compared to

monovalent WU S1-RS09cg, Delta S1-RS09cg, and OM S1-RS09cg vaccinated mice.

4.3 Materials and Methods

4.3.1 Construction of Recombinant Protein Expressing Vectors

The coding sequence for SARS-CoV-2-S1 amino acids 1 to 661; having C-terminal tag
known as ‘C-tag’, composed of the four amino acids (aa), glutamic acid-proline-glutamic acid-
alanine (E-P-E-A) flanked with Sal I & Not | was codon-optimized using UpGene algorithm for
optimal expression in mammalian cells 21731, The construct also contained a Kozak sequence
(GCCACC) at the 5’ end. The plasmid, pAd/SARS-CoV-2-S1 was then created by subcloning the
codon-optimized SARS-CoV-2-S1 inserts into the shuttle vector, pAdlox (GenBank U62024), at

Sal I/Not I sites. The plasmid constructs were confirmed by DNA sequencing.

4.3.2 Transient Production in expi293 Cells

pAd/S1RS09cg proteins were amplified and purified using ZymoPURE Il plasmid
maxiprep kit (Zymo Research). For Expi293 cell transfection, we used ExpiFectamieTM 293

Transfection Kit (ThermoFisher, Waltham, MA, USA) and followed the manufacturer’s
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instructions. Cells were seeded 3.0 x 106 cells/mL one day before transfection and grown to 4.5—
5.5 x 106 cells/mL. 1 pg of DNA and ExpiFectamine mixtures per 1 mL culture were combined
and incubated for 15 min before adding into 3.0 x 106 cells/mL culture. At 20 h post-transfection,
enhancer mixture was added, and culture was shifted to 32 °C. The supernatants were harvested 5
days post transfection and clarified by centrifugation to remove cells, filtration through 0.8 pum,
0.45 pm, and 0.22 um filters and either subjected to further purification or stored at 4 °C before

purification.

4.3.3 Purification of Recombinant Proteins

The recombinant proteins were purified using a CaptureSelect™ C-tagXL Affinity Matrix
prepacked column (ThermoFisher) and followed the manufacturer’s guideline *°. Briefly, The C-
tagXL column was conditioned with 10 column volumes (CV) of equilibrate/wash buffer (20 mM
Tris, pH 7.4) before sample application. Supernatant was adjusted to 20 mM Tris with 200 mM
Tris (pH 7.4) before being loaded onto a 5-mL prepacked column per the manufacturer’s
instructions at 5 mL/min rate. The column was then washed by alternating with 10 CV of
equilibrate/wash buffer, 10 CV of strong wash buffer (20 mM Tris, 1 M NacCl, 0.05% Tween-20,
pH 7.4), and 5 CV of equilibrate/wash buffer. The recombinant proteins were eluted from the
column by using elution buffer (20 mM Tris, 2M MgClz, pH 7.4). The eluted solution was
concentrated and desalted with preservative buffer (PBS) in an Amicon Ultra centrifugal filter
devices with a 50,000 molecular weight cutoff (Millipore). The concentrations of the purified
recombinant proteins were determined by the Bradford assay using bovine serum albumin (BSA)

as a protein standard, aliquoted, and stored at —80°C until use.
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4.3.4 SDS-PAGE, Silver Staining, and Western Blot

The purified proteins were subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), Silver Staining, and Western blot. Briefly, after the supernatants
were boiled in Laemmli sample buffer containing 2% SDS with beta- mercaptoethanol (B-ME),
the proteins were separated by Tris-Glycine SDS-PAGE gels and transferred to nitrocellulose
membrane. After blocking for 1 h at room temperature (RT) with 5% non-fat milk in TBS-T, rabbit
anti-SARS-CoV spike polyclonal antibody (1:3000) (Sino Biological), or rabbit anti-SARS-CoV
nucleoprotein (1:3000) (Sino Biological) was added and incubated overnight at 4 °C as primary
antibody, and horseradish peroxidase (HRP)-conjugated goat anti-rabbit 1gG (1:10,000) (Jackson
immuno research) was added and incubated at RT for 1 hs as secondary antibody. After washing,
the signals were visualized using ECL Western blot substrate reagents and iBright 1500 (Thermo

Fisher).

4.3.5 Animals and Immunization

At week 0 female BALB/c mice (n = 5 animals per group) were bled from retro-orbital
vein and primed with 45 pg of either WU S1-RS09cg, Delta S1-RS09cg, OM S1-RS09cg, or
trivalent WU/Delta/OM S1-RS09cg. Mice were bled on week 3 and received a homologous
booster of 45 pug. Mice were bled on week 5, 7, 9, 12, 16, and 20. Mice were maintained under
specific pathogen-free conditions at the University of Pittsburgh, and all experiments were
conducted in accordance with animal use guidelines and protocols approved by the University of

Pittsburgh’s Institutional Animal Care and Use (IACUC) Committee.
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4.3.6 ELISA

Sera from all mice were collected prior to immunization (week 0) and at weeks indicated
after immunization and evaluated for SARS-CoV-2-S1-specific 1gG, 1gG1, and 1gG2a antibodies
using ELISA 2%, Briefly, ELISA plates were coated with 200 ng of recombinant SARS-CoV-2-
S1 protein per well overnight at 4 °C in carbonate coating buffer (pH 9.5) and then blocked with
PBS-T and 2% bovine serum albumin (BSA) for one hour. For ELISA coating antigens, Wuhan
S1 was purchased from Sino Biological, Delta S1cg was produced by our lab, and Omicron S1-
RS09cg was used to elucidate Omicron (BA.1) specific response. Mouse sera were serially diluted
in PBS-T with 1% BSA and incubated overnight. After the plates were washed, anti-mouse 19G-
horseradish peroxidase (HRP) (1:10,000, SantaCruz, Dallas, Texas, USA) was added to each well
and incubated for 60 min. The plates were washed three times, developed with 3,3'5,5'-
tetramethylbenzidine, and the reaction was stopped. Next, absorbance was determined at 450 nm
using a plate reader. For 1gG1 and 1gG2a ELISAs, mouse sera were diluted in PBS-T with 1%
BSA and incubated overnight. After the plates were washed, biotin-conjugated 1gG1 and 1gG2a
(1:1000, eBioscience, San Diego, CA, USA) and biotin horseradish peroxidase (Av-HRP)
(1:50,000, Vector Laboratories, Newark, CA, USA) were added to each well and incubated for 1
h. The plates were washed three times and developed with 3,3'5,5'-tetramethylbenzidine, the
reaction was stopped, and absorbance at 450 nm was determined using a plate reader. ELISA data

graphed is relative to preimmunization sera, using week 0 sera as the standardized cutoff.
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4.3.7 ACE2 Blocking Assay

Antibodies blocking the binding of SARS-CoV-2 spike including Wuhan and spikes from
immune evasive variants; BA.1, BA.2, AY.4 (Delta lineage), BA.3, BA.1 + R346K mutation,
BA.1 + L452R mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2 to ACE2 were detected
with a V-PLEX SARS-CoV-2 Panel (ACE2) Kit (Meso Scale Discovery (MSD) according to the
manufacturer’s instructions. The assay plate was blocked for 30 min and washed. Serum samples
were diluted (1:20) and 25 pL were transferred to each well. The plate was then incubated at room
temperature for 60 min with shaking at 700 rpm, followed by the addition of SULFO-TAG
conjugated ACE2, and continued incubation with shaking for 60 min. The plate was washed, 150
uL MSD GOLD Read Buffer B was added to each well, and the plate was read using the QuickPlex
SQ 120 Imager. Electrochemiluminescent values (ECL) were generated for each sample. Results
were calculated as % inhibition compared to the negative control for the ACE2 inhibition assay,
and % inhibition is calculated as follows: % neutralization = 100 x (1 — (sample signal/negative

control signal)).

4.3.8 Statistical Analysis

Statistical analyses were performed using GraphPad Prism v9 (San Diego, CA, USA).
Antibody endpoint titers and neutralization data were analyzed by Kruskal-Wallis test, followed
by Dunn’s multiple comparisons. Significant differences are indicated by * p < 0.05. Comparisons

with non-significant differences are not indicated.
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4.4 Discussion

As SARS-CoV-2 variants continue to emerge more vaccination platforms against SARS-
CoV-2, which induce a broader immune response covering multiple variants, will be necessary
250.251,420.422,438.440 Eyrther, as COVID-19 booster doses are distributed, it will be critical to ensure
that global vaccine equity is met 3%3%  Protein subunit vaccines are ideal for worldwide
distribution due to their excellent safety, low cost, scalability, and thermostability 34246, Protein
subunit vaccine platforms can be further improved through use of alternative vaccine delivery
methods such as intranasal or intradermal vaccination, with microneedle arrays 274, The
versatility of protein subunit vaccines lends to their utility for mass distribution and vaccination.

In this study, we demonstrate the robust antibody response elicited by our unadjuvanted S1
protein subunit vaccine in BALB/c mice. Wuhan S1-RS09cg, Delta S1-RS09cg, OM-S1RS09cqg,
and trivalent WU/Delta/OM S1-RS09cg vaccinated mice all elicited a robust 1gG binding antibody
response against Wuhan S1, Delta S1, and Omicron (BA.1) S1. Particularly, trivalent
WU/Delta/OM S1-RS09cg vaccinated mice mounted cross-reactive ACE2 binding inhibiting
antibodies against SARS-CoV-2 variants with increased breadth when compared to monovalent
WU S1-RS09cg, Delta S1-RS09cg, and OM S1-RS09cg vaccinated mice. We believe that this
gives credence to investigating SARS-CoV-2 vaccines that are multivalent to expand variant
specific immune responses. Our data also suggests that increasing valency of SARS-CoV-2
vaccines may not reduce magnitude of the individual variant immune response, a key added piece
of information for development of next-generation SARS-CoV-2 vaccines. A particularly
unexpected result of our study is the low immunogenicity of our WU S1-RS09cg vaccine against
Wuhan S1, and other VOCs, when compared to Delta and OM S1-RS09cg. Indeed, Delta and

Omicron (BA.1) mutations in S have been shown to increase pathogenicity and S fusogenicity,
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along with increased ACE2 binding to S, when compared to wild-type Wuhan SARS-CoV-2
440,442-445 '\We hypothesize that this increased ACE2 binding by Delta and Omicron S may explain
the increased immunogenicity exhibited by Delta and OM S1-RS09cg when compared to Wuhan
S1-RS09cg, however, this will need to be explored further. Furthermore, Omicron BA.1 spike
G446S mutation has been shown to potentiate antiviral T-cell recognition which may further
explain the increased immunogenicity demonstrated by our OM S1-RS09cg and trivalent vaccine
candidates #4°.

The 1gG isotype of the induced IgG antibodies skew to be 1gG1 dominant, indicating a
Th2-type bias. Indeed, BALB/c mice are the prototypical Th2-type mouse strain which
necessitates the investigation of this protein subunit vaccine in additional animal models to
examine the risk of vaccine-associate enhanced respiratory disease (VAERD) #’. Our previous
research has suggested that a booster of unadjuvanted subunit vaccine after an Adenoviral prime
vaccine might avoid Th2-based immune response and the occurrence of VAERD %%, Indeed, there
have been numerous Adenoviral vector vaccine platforms used in the SARS-CoV-2 pandemic and
constitute a large population necessitating variant-specific boosting 3%, Further so, the Th1- and
Th2-type immune response may be further augmented using an adjuvant. In the context of SARS-
CoV-2 vaccines there have been numerous adjuvants that have shown beneficial effects on
immunogenicity 30639399440 Interestingly, a AS01-like adjuvanted SARS-CoV-2 subunit vaccine
enhanced Thl-type IgG2a isotype and IFN-y secreting T cell immune responses in BALB/c mice
when compared to unadjuvanted control 448,

An important limitation regarding our study is the lack of T-cell immunity investigation
and SARS-CoV-2 challenge, which were not performed to assess the protection ability of our

vaccine constructs. S-specific binding antibodies were positively correlated with S-specific T-cell
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responses indicating induction of T cell immune response by our vaccine constructs #°. We chose
to focus on the induction of antibodies because they are the hypothesized correlate of protection
against severe COVID-19 #?4, Furthermore, prior studies have shown the positive correlation and
high concordance between binding antibodies and traditional virus-based microneutralization tests
427 Our past work has also shown the positive correlation between the MSD ACE2 binding
inhibition and virus-based microneutralization tests *?’. As a conventional and multiplex test,
measurement of competitive immunoassay for quantifying inhibition of the spike-ACE2
interaction can serve as a surrogate for traditional virus-based microneutralization tests with high
levels of correlation 3%5206:438 Qur future studies will probe the protection ability elicited by our
monovalent and trivalent vaccines through challenge studies using BALB/c mice and K18-hACE2
mice. The BALB/c mouse model of SARS-CoV-2 infection only supports infection of SARS-
CoV-2 variants that carry the N501Y variant, necessitating the use of hACE2-transgenic mice to
evaluate protection efficiency against other variants “*°.

Overall, this study illustrates the potential of subunit protein vaccine targeting SARS-CoV-
2-S1 as it induces significant induction of humoral immune responses against SARS-CoV-2 even
without adjuvant. Particularly, immunizing with trivalent WU/Delta/OM S1-RS09cg increased
binding antibodies and ACE2-binding inhibiting antibodies against SARS-CoV-2 variant spikes
versus monovalent approaches. Furthermore, combining our protein subunit protein vaccine
targeting SARS-CoV-2-S1 with an immunostimulatory adjuvant should provide even higher levels
of immunogenicity when compared to the unadjuvanted studies presented here. Our findings
support the use of trivalent Wuhan, Delta, and Omicron targeting COVID-19 vaccines to increase

variant antigenic coverage.
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5.0 SARS-CoV-2 S1 Subunit Booster Vaccination Elicits Robust Humoral Immune

Responses in Aged Mice

Text from this chapter has been modified from the publication: Kim, E., Khan, M.S.,
Ferrari, A., Huang, S., Sammartino, J.C., Percivalle, E., Kenniston, T.W., Cassaniti, |., Baldanti,
F., Gambotto, A.#. SARS-CoV-2 S1 Subunit Booster Vaccination Elicits Robust Humoral

Immune Responses in Aged Mice. Microbiology Spectrum. In Press. # corresponding author.

5.1 Introduction

SARS-CoV-2 was identified as the causative agent of coronavirus disease 2019 (COVID-
19) in December 2019, leading to a pandemic of COVID-19. The COVID-19 pandemic has
resulted in 761 million confirmed cases, 6.8 million reported deaths, and the administration of 13.2
billion vaccine doses worldwide (until March 21, 2023) 24, Six vaccines targeting the spike (S)
protein SARS-CoV-2 (BNT162b2; AZD1222; Ad26.COV2.S; mRNA-1273; NVX-CoV2373;
Ad5-nCoV) have been approved by the World Health Organization (WHO), greatly reducing the
rate of severe disease and death “1. However, the evolution of SARS-CoV-2 has given rise to
multiple variants, including SARS-CoV-2 variants of concern (VOCs), such as Alpha (B.1.1.7),
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Omicron (B.1.1.529), and the most recent
Omicron subvariant (XBB.1.5). These variants are characterized by potential for increased
transmissibility, ability to escape neutralizing antibodies, and reduced effectiveness of

vaccinations or antibody treatment 4°2,
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It is clear that age is the most significant risk factor for death due to COVID-19 453-4%5,
Recent reports suggested that individuals over 65 years old account for 80% of COVID-19
hospitalizations and have a 20-fold higher COVID-19 fatality rate compared to those under 65
years old %48 Among elderly individuals, those aged 80 years or more are at the highest risk of
severe COVID-19 “*°. Furthermore, elderly individuals have been found to have poor
neutralization, which may be due to lower serum IgG level, lower somatic hypermutation in B cell
selection, and lower IL-2-producing CD4*Tcell help compared to younger individuals. All of these
factors can be overcome by booster vaccination 4°, These findings are consistent with previous
studies showing lower immune responses in aged mice vaccinated with ChAdOx1 nCov-19
compared to younger mice, which was improved by booster dosing 46,

The entry of coronaviruses into host cells is mediated by the interaction between the
receptor binding domain (RBD) of the viral S protein and the host receptor angiotensin-converting
enzyme 2 (ACE2) through the upper and lower respiratory tracts 337462, Neutralizing antibodies
against SARS-CoV-2 are effective at blocking this interaction to prevent infection 463464,
Competitive immunoassay for quantifying inhibition of the spike-ACE2 interaction show a high
level of concordance with neutralizing test 3°53%, \VOCs have mutations or deletions in the spike
protein, with some mutations occurring in the RBD, resulting in the highest resistance to vaccine-
induced and infection-acquired immunity. In response to the rapid evolution of SARS-CoV-2 and
the global circulation of VOCs, booster injections have been considered to protect against
breakthrough infections of new emerging variants. The evaluation of booster immunization has
been investigated in mice, non-human primates, and humans #4%461:464-466 The findings suggested
that the level of neutralizing antibodies is correlated with the vaccine efficacy for both mRNA and

adenovirus vectored vaccines, and there is likely potential efficacy after boosting 49%467-469 Of
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note, ChAdOx1-mRNA vaccination was safe and enhanced immunogenicity compared to
ChAdOx1-ChAdOx1 vaccination, highlighting that heterologous prime-boost regimens may offer
immunological advantages to elicit strong and long-lasting protection acquired with currently
available adenovirus-based vaccines #/°#72, Overall, a heterologous booster administration has
been considered a solution to protect elderly people from breakthrough infections of new emerging
variants.

In our previous study, we assessed the immunogenicity of an adenovirus-based
vaccine expressing SARS-CoV-2-S1 (Ad5.S1) in mice. We found that a single immunization with
Ad5.S1, via subcutaneously (SC) injection or intranasal (IN) delivery, induced robust humoral and
cellular immune responses *°. Here we conducted a follow-up study to assess the long-term
persistence of immunogenicity and the booster effect of a subunit vaccine in aged mice. For the
subunit vaccine, recombinant protein S1 of SARS-CoV-2 Beta (B.1.351) (rS1Beta) was selected
because it showed the greatest breakthrough infections against the Wuhan-based vaccines 473474
before the COVID-19 waves caused by Omicron variants, which have shown even higher levels
of vaccine escape lately. In the present study, we evaluated that mice vaccinated with Ad5.S1 had
high titers of anti-S1 antibodies one year after immunization compared to PBS-immunized mice.
A booster with the rS1Beta subunit vaccine was effective in stimulating strong, long-lived S1-
specific immune responses and inducing significantly high cross-neutralizing antibodies against

SARS-CoV-2 variants.
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5.2 Results

5.2.1 Construction and Expression of Recombinant Proteins

To produce recombinant proteins of SARS-CoV-2-S1, pAd/S1Beta was generated by
subcloning the codon-optimized SARS-CoV-2-S1Beta gene with a C-tag into the shuttle vector,
pAd (GenBank U62024) at Sall & Notl sites (Fig. 25A). To determine whether rS1Beta proteins
were expressed from the plasmid, Expi293 cells were transfected with pAd/S1Beta or pAd as a
control. At 5 days after transfection, the supernatants of Expi293 cells were characterized by a
sandwich ELISA using monoclonal antibodies pair against SARS-CoV-2 Wuhan (WU) (Fig. 25B)
and Western blot analysis (Fig. 25C). As shown in Figure 1B, the titer of recombinant rS1Beta
proteins expressed in Expi293 cells was approximately 7.3 mg/L based on a standard of rSIWU
and about 40.0 mg/L based on a standard of rS1Beta, while rS1Beta protein was not detected in
the Expi293 cells transfected with control pAd. The rS1Beta protein was separated by a 10% SDS-
PAGE and recognized by a polyclonal anti-spike of SARS-CoV-2 antibody at the expected
glycosylated monomeric molecular weights of approximately 110 kDa under the denaturing
reduced conditions, while no expression was detected in the mock-transfected cells (Fig. 25C).
The purified rS1Beta protein, using C-tagXL affinity matrix, was determined by silver staining

(Fig. 25D).
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Figure 25: Construction of recombinant SARS-CoV-2-S1Beta protein expressing plasmid. (A) The diagram

showed a shuttle vector carrying the codon-optimized SARS-CoV-2-S1 gene of Beta (1.351.1) variants encoding N-

terminal 1-661 with C-tag (EPEA). The amino acid changes in the SARS-CoV-2-S1 region of this study are also

shown. ITR: inverted terminal repeat; RBD: receptor binding domain. (B) The titer of recombinant SARS-CoV-2-S1

proteins was determined by sandwich ELISA with the supernatant of Expi293 cells transfected with pAd/SARS-CoV-

2-S1Beta (pAd/S1Beta) based on the standard of rS1Wuhan (WU) (white box) or rS1Beta (grey box). (C) The

detection of the SARS-CoV-2-S1 proteins was done by western blotting with the supernatant of Expi293 cells

transfected with pAd/S1Beta using a rabbit anti-spike of SARS-CoV-2 polyclonal antibody (lane 2). As a negative

control, mock-transfected cells were treated the same (lane 1). The supernatants were resolved on SDS-10%

polyacrylamide gel after being boiled in 2% SDS sample buffer with B-ME. (D) The purified Expi293 cell-derived

rS1Beta (300ng) was analysed by silver-stained reducing SDS-PAGE gel.
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5.2.2 Rapid Recall of S1-Specific Binding Antibodies After a Booster

In our previous study, we evaluated the immunogenicity of the adenoviral vaccine until
week 24 18 To assess the long-term persistence of immunogenicity, we first determined antigen-
specific 1gG antibody endpoint titers in the sera of vaccinated mice (Ad5.S1 immunized groups
either via I.N. delivery or S.C. injection) and control mice (PBS or Ady5 immunized groups) at
week 52, one year after prime vaccination (Fig. 26A). As shown in Fig. 26B, significantly high
titers of anti-S1 IgG antibodies were present in Ad5.S1 vaccinated mouse groups (G4, p = 0.0016
and G5, p = 0.0365) even after one year of vaccination as compared to Ad¥5-vaccinated mouse
groups (G2 and G3) or PBS group (G1). To assess the booster effect of the subunit vaccine, we
collected serum samples from all mice before booster immunization (W52) and immunized
animals with 15 pg of rS1Beta intramuscularly at weeks 52 (60 weeks old) post-prime and
collected sera in subsequent weeks until weeks 28 post-boost (Fig. 26A). , The endpoint titers of
IgG against the S1 subunit of the spike protein (anti-S1) binding antibodies were examined by
ELISA (Fig. 26B). More binding antibodies were detected significantly in Ad5.S1 vaccinated
mouse groups (G4 and G5) compared to Ad¥5-vaccinated mouse groups (G2 and G3) or PBS
group (G1) until week 28 (p < 0.05) after a booster vaccination. The change of geometric mean
titers (GMT) of IgG end point titer in G4 and G5 compared to those at week 0 were the same as
32-fold at week 2 post-boost, and diverged to 55.7-fold and 18.4-fold at week 4 post-boost,
respectively. Interestingly, the peak of IgG end point titer showed at week 4 post-boost in G4,
while it showed at week 2 post-boost in G5. These recalls were faster after a booster vaccination
with rS1Beta subunit vaccine when compared with 1gG endpoint titer after prime (week 6 post-
prime vs. week 2 or 4 post-boost) 8. Furthermore, the elicited 1gG antibody responses after a

booster lasted longer, through week 28 post-boost (maximum length of the study to date), than
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after a prime, as shown by the comparison with 1gG endpoint titers at week 28 post-prime (W28)

or post-boost (W80). The GMT of IgG endpoint titers of the mouse group primed SC (G4) was

high compared to that of the mouse group primed IN (G5).
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Figure 26: Prime-boost immunization of SARS-CoV-2 adenoviral vaccine-subunit proteins in BALB/c mice.
(A) Schedule of immunization and blood sampling for 1gG endpoint titration, and explanation of animal groups.
BALB/c mice were primed with 1.5 x 10'° vp of adenoviral vaccine (Ad5.S1 or AdW5) SC or IN, and with PBS as a
negative control at 8 weeks old, and boosted with 15 pg of SARS-CoV-2-S1Beta recombinant proteins intramuscularly
at a one-year interval (60 weeks old). The black and blue numbers represent weeks after prime and boost
immunization, respectively. The immune responses were assessed at weeks 0, 2, 4, 6, 8, 16, and 28 post-boost (N=5

per group, except G4 at week 80 N=4). Reciprocal serum endpoint dilutions of SARS-CoV-2-S1-specific antibodies
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were measured by ELISA to determine the (B) IgG (at weeks 0, 2, 4, 6, 8, 16, and 28) from G1 (peach circle), G2
(light pink circle), G3 (light blue circle), G4 (pink triangle), and G5 (blue square), (C) 1gG1 and (D) 1gG2a (at weeks
0, 2, 4, and 28 post-boost) from G1, G4, and G5. Horizontal lines represent geometric mean antibody endpoint titers
(GMT). Significance was determined by Kruskal-Wallis test, followed by Dunn's multiple comparisons (*p < 0.05).

Grey asterisks in Fig.2 represent statistical differences compared with G1 (PBS group).

Serum samples collected at weeks 0, 2, 4, and 28 post-boost were serially diluted to
determine SARS-CoV-2-S1-specific IgG1 and IgG2a endpoint titers for each immunization group,
indicating a Th2- or Thl-like response, respectively, using ELISA (Fig. 26C and D). The
induction of S1-specific IgG1 and 1gG2a antibodies was significant and similar in G4 and G5 after
a booster shot, indicating a balanced Th1/Th2 response. Although there were no significant
differences between Sl-specific 1gG1l and IgG2a responses at week 0 compared to Gl1,
significantly different IgG1 and 1gG2a responses were observed in G4 (p < 0.001 at weeks 2 and
4; p < 0.05 at week 28) than those in G5 (p < 0.05 at weeks 2, 4, and 28) after a booster, when
compared with G1. Interestingly, 1gG2a (Th1) responses were recalled faster than 1gG1 (Th2) in
both G4 and G5 (peak at week 2 vs. week 4 post-boost, respectively). The results suggest that a
booster immunization with rS1Beta subunit vaccine induced significantly increased S1-specific
IgG, 1gG1, and IgG2a endpoint titers, which were recalled quickly (Fig. 26B to D, p < 0.05,
Kruskal-Wallis test, followed by Dunn's multiple comparisons). Furthermore, the elicited IgG,
IgG1, and IgG2a antibody responses remained significantly high with respect to control groups
through week 28 post-boost (maximum length of the study to date) compared to post-prime (Fig.
26). Together, these results suggest that a booster could generate robust, balanced, and long-lived
S1-specific antibody responses in aged mice primed with Ad5.S1 via either S.C. delivery or I.N.

administration one year ago.
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5.2.3 Neutralizing Antibody Levels After a Booster

To evaluate the presence of long-term and booster-generated SARS-CoV-2-specific
neutralizing antibodies, we used a microneutralization assay (VNTgo) to test the ability of sera
from immunized mice to neutralize the infectivity of SARS-CoV-2 variants, including Wuhan,
Beta (B.1.351), and Delta (B.1.617.2) variants, as shown in Fig. 27A. SARS-CoV-2-neutralizating
antibodies were detected in Ad5.S1 vaccinated groups (G4 and G5) even after one year of prime
vaccination, with no significant differences compared to PBS group (G1). The geometric mean
titers (GMT) of VNTgo in G4 and G5 were 33.7 and 28.6 against Wuhan, 20.5 and 31.8 against
Beta (B.1.351), and 8.7 and 10.8 against Delta at week O (at week 52 post-prime), respectively.
This result clearly showed low neutralization against the Delta (B.1.617.2) variant compared to
other the variants.

After booster vaccination, the SARS-CoV-2 neutralizing activities at weeks 2 and week 4
were statistically significant (Fig. 27A, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple
comparisons) compared to the control groups, with no significant differences between each other.
The fold change of GMT of VNTgo against Wuhan, Beta (B.1.351), and Delta (B.1.617.2) in G4
compared to those at week 0 were 14.7-, 19.5-, and 12.4-fold at week 2, and 11.8-, 19.5-, and 15.5-
fold at week 4, respectively (Fig. 27B). Those from G5 were 11.5-, 4.9-, 6.1-fold at week 2, and
7.6-, 6.3-, 3.6-fold at week 4, respectively. These fold changes of VNTg GMT were statistically
significant in G4 against all variants, with no significant differences compared to G5. Interestingly,
the highest fold change was against Beta (B.1.351) in G4, while it was against Wuhan in G5. There
were no detected neutralizing antibody responses in the sera from mice immunized with Ad¥S5-

vaccinated groups (G2 and G3) after booster (data not shown).
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Figure 27: Neutralizing antibody responses in mice after a boost. BALB/c mice (n=5 mice per group) were prime-
immunized SC or IN with 1.5x10'° vp of Ad5.SARS-CoV-2-S1 (Ad5.51), with PBS as a negative control at 8 weeks
old and boosted with 15 pug of SARS-CoV-2-S1Beta recombinant proteins IM at week 52 post-prime (60 weeks old).
(A) Neutralizing antibody titers from G1 (peach circle), G4 (pink triangle), and G5 (blue square) against SARS-CoV-
2 Wuhan, Beta (B.1.351), and Delta (B.1.617.2) variants were measured using a VNTgo at weeks 0, 2, and 4 post-
boost. Serum titers resulting in a 90% reduction in cytopathic effect compared to the virus control were reported.
Horizontal lines represent geometric mean neutralizing antibody titers. Groups were compared by Kruskal-Wallis test
at each time point, followed by Dunn’s multiple comparisons. Significant differences are indicated by asterisks (*p <
0.05). The minimal titer tested was 10, and undetectable titers (those with NTg serum titers < 10) were assigned a
value of 5. Grey asterisks represent statistical differences compared with PBS group (G1). (B) Fold change of VNTg
GMT against Wuhan, Beta (B.1.351), and Delta (B.1.617.2) in G4 and G5 after a booster (weeks 2 and 4, grey and

black box, respectively), relative to those of pre-booster (week 0, white box).
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To assess the correlations between the levels of S1-binding IgG endpoint titers and
neutralizing antibodies, we performed correlation analyses on log-transformed data. We found a
positive correlation between S1-binding 1gG titers and VNTgo in all animals from G1, G4, and G5
at weeks 0, 2, and 4 post-boost (Spearman’s correlation coefficients: r = 0.9177 (95% ClI: 0.8462-
0.9567) for Wuhan, r = 0.9498 (95% CI: 0.9047-0.9738) for Beta, r = 0.8875 (95% CI: 0.7925-
0.9404) for Delta). The highest to lowest correlation between S1-binding IgG endpoint titers and
neutralizing antibodies were for Beta, Wuhan, and Delta, respectively, with Beta being a subunit

vaccine booster variant.

5.2.4 ACE2 Binding Inhibition

Additional tests were conducted to evaluate the ability of serum antibodies to inhibit the
binding between ACE2 and the trimeric spike protein of SARS-CoV-2 variants. We used V-PLEX
SARS-CoV-2 (ACE2) Kit Panel 18, which included Wuhan, Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P.1), Delta (B.1.617.2), Zeta (P.2), Kappa (B.1.617.1), New York (B.1.516.1), India
(B.1.617 and B.1.617.3). Antibodies’ ability to neutralize the interaction between spike of SARS-
CoV-2 variants and ACE2 were examined in all animals from G4 (Fig. 28A) and G5 (Fig. 28B)
at weeks 0, 6, 28, 54, and 80 post-prime at a dilution 1:100. The ACEZ2 inhibitory activities of the
sera from G4 against all variants were on average 13.2% + 6.98, 13.3% + 6.83, 94.9% + 6.80, and
52.9%+36.47 at weeks 6, 28, 54, and 80, respectively. Those from G5 were on average
14.7% +4.82, 14.7%+ 10.87, 74.1% + 25.38, and 25.2% + 18.11, respectively, with 6.4% +2.65
at week 0. Overall, the median percent inhibition was lower for all variants compared to Wuhan
wild type. Interestingly, the difference for all variants reached statistical significance in both G4
and G5 groups at week 2 post-boost when compared to week 0 (Fig. 28A and B). The inhibitions
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against Wuhan and Alpha (B.1.1.7) spike by vaccine-induced antibodies at week 80 were
significantly different compared to week 0 in only G4. The increase and decrease in percent
inhibition towards the different variants followed the same trend for both groups. The highest and
lowest percent inhibition of neutralizing antibodies compared to Wuhan was observed for Alpha

(B.1.1.7) and Delta (B.1.617.2), respectively.
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Figure 28: Percent ACE binding inhibition of neutralizing antibodies against SARS-CoV-2 variants. Antibodies
in sera capable of neutralizing the interaction between SARS-CoV-2 Wuhan, Alpha (B.1.1.7), Beta (B.1.351), Gamma
(P.1), Delta (B.1.617.2), Zeta (P.2), Kappa (B.1.617.1), New York (B.1.516.1), India (B.1.617 and B.1.617.3) variants
spike and ACE2 were examined in all animals from G4 (A) and G5 (B) at week 0 (peach), 6 (green), 28 (blue), 54
(pink), and 80 (purple) post-prime. Serum samples were diluted in 1:100 before adding the V-PLEX plates. Box and

whisker plots represent the median and upper and lower quartile (box) with min and max (whiskers). There is no
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significance difference among all the variants at same time points, neither before nor after a booster. Asterisks

represent statistical differences compared with pre-immunized sera.

To further assess the neutralizing capabilities of antibodies after a booster against Omicron
(BA.1) and its sub-variants, we used MSD V-PLEX SARS-CoV-2 (ACE2) Kit Panel 25, which
includes Wuhan, Omicron (BA.1), Omicron sub-variants (BA.2, BA.3, BA.1+R346K,
BA.1+L452R), Delta lineage (AY.4), Alpha (B.1.1.7), Beta (B.1.351), and France (B.1.640.2)
(Fig. 29). The ACE2-binding inhibitions of sera from G4 and G5 were examined at week 54 (at
week 2 post-boost) and compared to preimmunized sera at a 1:100 dilution (Fig. 29A). The ACE2-
binding inhibitions of antibodies from G4 sera at week 54 were significantly increased when
compared to week O for all Omicron variants at 1:100 dilution, while antibodies from G5 sera
showed very low ACE2-binding inhibition. Only for the spikes of Wuhan, Delta, Alpha, Beta, and
France, were they significantly increased when compared to week 0. To further investigate boost-
induced neutralizing activities against Omicron variants from G5 sera, mouse sera were diluted to
1:25 (Fig. 29B). The ACE2-binding inhibition of G5 week 54 sera was significantly increased
when compared to week 0 sera for BA.1+L452R spike at a 1:25 dilution. While not statistically
significant when compared to week 0, G5 sera demonstrated moderate ACE2-binding inhibition
for BA.1, BA.2, BA.3, and BA.1+R346K spikes. The ACE2 inhibitory activities of G5 week 54
sera against BA.1, BA.2, BA.3, BA.1+R346K, and BA.1+L452R variants were on average
6.4% +3.38, 13.1%+16.29, 13.5%+8.81, 9.7% +2.18, and 28.4% + 12.24, at a 1:100 dilution
and 54.5% +22.15, 61.1% £30.66, 60.2% +27.51, 41.3% +20.13, and 70.4% +16.58, at a 1:25

dilution, respectively.
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Figure 29: Percent ACE binding inhibition of neutralizing antibodies against SARS-CoV-2 Omicron variants.
Antibodies in sera capable of neutralizing the interaction between SARS-CoV-2 Wuhan, Omicron (BA.1), Omicron
sub-variants (BA.2, BA.3, BA.1+R346K, BA.1+L452R), Delta lineage (AY.4), Alpha (B.1.1.7), Beta (B.1.351), and
France (B.1.640.2) variants spike and ACE2 were examined at week 0 (peach) and weeks 54 from G4 (pink) and from
G5 (purple) post-prime. Serum samples were diluted in (A) 1:100 and (B) 1:25 before adding the V-PLEX plates. Box
and whisker plots represent the median and upper and lower quartile (box) with min and max (whiskers). Asterisks

represent statistical differences compared with pre-immunized sera.

After receiving a booster, ACE2 binding inhibition and VNTgo increased significantly
against Wuhan, Beta (B.1.351), and Delta (B.1.617.2) compared to the pre-vaccinated sera, with
no differences found among the variants. To determine correlations between levels of ACE2

inhibition and levels of neutralizing antibodies, we performed correlation analyses on ACE2
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inhibition of 1:100 diluted mice sera and log-transformed VNTgo data of Wuhan, Alpha (B.1.1.7),
and Delta (B.1.617.2). We found a positive correlation between V-PLEX ACE?2 inhibition and
VNTg in all animals from G1, G4 and G5 at week 2 post-boost (Spearman’s correlation
coefficients, r = 0.9025 (95% CI: 0.8190-0.9486, p <0.0001) (Fig. 30). Spearman’s correlation
coefficients were lower when the analysis was performed with 1:400 diluted mouse sera (r =
0.7802 (95%CI: 0.6132-0.8804, p <0.0001). Changes in ACE2-binding inhibition at weeks 6, 28,
54, and 80 post-prime against the Wuhan spike protein were dependent on dilution factor, showing
a similar pattern with other variants. Taken together, a single dose of non-adjuvanted recombinant
S1 protein subunit vaccine as a booster induced broadly cross-reactive neutralizing antibodies
against a wide range of SARS-CoV-2 variants, including Omicron, in aged mice primed with
Ad5.S1 SC, and neutralizing antibody titer was correlated with the inhibition of spike-ACE2

binding.
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Figure 30: Correlation between the VNT90 and ACE2 binding inhibition. The correlation between VNTg (L0g2)
against Wuhan, Beta (B.1.351), and Delta (B.1.617.2) and ACEZ2 binding inhibition (%) of 1:100 diluted sera from all
animals from G1 (peach circle), G4 (pink triangle), and G5 (blue square) at week 2 post-boost is shown. The lines
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represent the regression line of all samples. Each symbol represents an individual mouse. Correlation analysis and

calculation of Spearman’s correlation coefficients were performed using GraphPad Prism v9.

5.3 Materials and Methods

5.3.1 Construction of Recombinant Protein-Expressing Vectors

The coding sequence for SARS-CoV-2-S1 amino acids 1 to 661 21" was mutated at del144;
K417N; E484K; N501Y; A570D; D614G and a C-terminal tag known as ‘C-tag’, composed of the
four amino acids (aa), glutamic acid—proline—glutamic acid-alanine (E-P-E-A) flanked with Sal |
& Not I, was added. The sequence was also codon-optimized using the UpGene algorithm for
optimal expression in mammalian cells 3! and synthesized by GenScript. The construct also
included a Kozak sequence (GCCACC) at the 5" end. The plasmid pAd/SARS-CoV-2-S1Beta was
created by subcloning the codon-optimized SARS-CoV-2-S1Beta inserts into the shuttle vector
pAdlox (GenBank U62024) at Sal I/Not I sites. The plasmid constructs were confirmed by DNA

sequencing.

5.3.2 Transient Production in epi293 Cells

The pAd/SARS-CoV-2-S1Beta was amplified and purified using ZymoPURE I plasmid
maxiprep kit (Zymo Research). For transfection of Expi293 cell, we used ExpiFectamie™ 293
Transfection Kit (ThermoFisher) and followed the manufacturer’s instructions. Cells were seeded
3.0 x 10° cells/ml one day before transfection and grown to 4.5~5.5 x 10° cells/ml. A mixture of

Iug of DNA and ExpiFectamine per 1ml culture was prepared and incubated for 15 min before

145


https://www.sciencedirect.com/topics/medicine-and-dentistry/glutamic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/proline
https://www.sciencedirect.com/topics/medicine-and-dentistry/alanine

adding it to the culture at a density of 3.0 x 108 cells/ml. At 18-22 h post-transfection, an enhancer
mixture was added, and the culture was shifted to 32°C. The supernatants were harvested at 5 days
post-transfection and clarified by centrifugation to remove cells, followed by filtration through
0.8um, 0.45um, and 0.22um filters. The supernatants were either subjected to further analysis of
SDS-PAGE, western blotting, and purification or stored at 4°C before purification, as previously

described 189217,

5.3.3 Purification of Recombinant Proteins

The recombinant proteins, named rS1Beta, were purified using a CaptureSelect™ C-tagXL
Affinity Matrix prepacked column (ThermoFisher), followed the manufacturer’s guidelines.
Briefly, the C-tagXL column was conditioned with 10 column volumes (CV) of equilibrate/wash
buffer (20 mM Tris, pH 7.4) before sample application. The supernatant was adjusted to 20 mM
Tris with 200 mM Tris (pH 7.4) before being loaded onto a 5-mL prepacked column per the
manufacturer’s instructions with 5 ml/min rate. The column was then washed by alternating with
10 CV of equilibrate/wash buffer, 10 CV of strong wash buffer (20 mM Tris, 1 M NaCl, 0.05%
Tween-20, pH 7.4), and 5 CV of equilibrate/wash buffer. The recombinant proteins were eluted
from the column by using elution buffer (20 mM Tris, 2 M MgCl,, pH 7.4). The eluted solution
was concentrated and desalted with preservative buffer (PBS) in an Amicon Ultra centrifugal filter
device with a 50,000 molecular weight cutoff (Millipore). The concentration of the purified
recombinant proteins was determined by the BCA protein assay kit (Thermo Scientific) using
bovine serum albumin (BSA) as a protein standard, separated by reducing SDS-PAGE, and

visualized by silver staining.
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5.3.4 Animals and Immunization

At week 52 (60 weeks old) post-prime, female BALB/c mice (n = 5 animals per group)
primed with adenovirus-based COVID-19 vaccine (Ad5.S1) at 8 weeks old ® were boosted
intramuscularly with 15 pg of rS1Beta in the thigh or PBS as a negative control. Mice were bled
from retro-orbital vein at weeks 0, 2, 4, 8, 10, 16, and 28 after booster immunization, and the
obtained serum samples were diluted and used to evaluate S1-specific antibodies by enzyme-
linked immunosorbent assay (ELISA). Serum samples obtained on weeks 0, 2, and 4 post-boost
were also used for VNT assay. Since aged mice develop spontaneous leukemias and other tumors,
the dedicated veterinarians oversee the animals' physical and psychological health and ruled out
mouse having disease that may influence immune responses. Indeed, one mouse of G4 at W80 was
ruled out at week 28 post-boost (88 weeks old), because it was euthanized due to the tumor. Mice
were maintained under specific pathogen-free conditions at the University of Pittsburgh, and all
experiments were conducted following animal use guidelines and protocols approved by the

University of Pittsburgh’s Institutional Animal Care and Use (IACUC) Committee.

5.3.5 ELISA

To evaluate the expression of SARS-CoV-2S1Beta recombinant protein, ELISA plates
were coated with chimeric MAb 40150-D003 (1:750, Sino Biological) overnight at 4°C in
carbonate coating buffer (pH 9.5) and then blocked with PBS containing 0.05% Tween 20 (PBST)
and 2% bovine serum albumin (BSA) for one hour. The supernatants of Expi293™ cells
transfected with pAd/SARS-CoV-2-S1Beta was diluted 1:40 in PBS-T with 1% BSA and along

with standard control protein 40591-V08H (rS1H, Sino Biological) or purified rSARS-CoV-
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2S1Beta were incubated overnight at 4°C. After the plates were washed, chimeric MAb 40150-
D001 HRP conjugated secondary antibody (1:10000, Sino Biological) was added to each well and
incubated for one hour. The plates were then washed three times and developed with 3,3°5,5°-
tetramethylbenzidine, and the reaction was stopped with 1M H2SO4 and absorbance at 450 nm was
determined using an ELISA reader (Molecular Devices SPECTRAmMax).

To investigate the immunogenicity of SARS-CoV-2S1Beta recombinant protein, 1gG,
lgG1, and IgG2a endpoint titers were measured using a laboratory developed ELISA, as

previously described 217,217,426

5.3.6 SARS-CoV-2 Microneutralization Assay

Neutralizing antibody (NT-Ab) titers against SARS-CoV-2 were defined according to the
following protocol 3% Briefly, 50 pl of sample from each mouse, starting from 1:10 in a twofold
dilution, were added in two wells of a flat bottom tissue culture microtiter plate (COSTAR,
Corning Incorporated, NY 14831, USA), mixed with an equal volume of 100 TCIDso of a SARS-
CoV-2 Wuhan, Beta, or Delta strain isolated from symptomatic patients, previously titrated, and
incubated at 33°C in 5% CO.. All dilutions were made in EMEM (Eagle's Minimum Essential
Medium) with the addition of 1% penicillin, streptomycin and glutamine and 5 y/mL of trypsin.
After 1 hour incubation at 33°C 5% CO, 3 x 10* VERO E6 cells [VERO C1008 (Vero 76, clone
E6, Vero E6); ATCC® CRL-1586™] were added to each well. After 72 h of incubation at 33°C
5% CO2 wells were stained with Gram’s crystal violet solution (Merck KGaA, 64271 Damstadt,
Germany) plus 5% formaldehyde 40% m/v (Carlo ErbaSpA, Arese (MlI), Italy) for 30 min.
Microtiter plates were then washed in running water. Wells were scored to evaluate the degree of
cytopathic effect (CPE) compared to the virus control. Blue staining of wells indicated the presence
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of neutralizing antibodies. Neutralizing titer was the maximum dilution with a reduction of 90%
of CPE. A positive titer was equal to or greater than 1:10. The GMT of VNTgo endpoint titer was
calculated with 5 as a negative shown <10. Sera from mice before vaccine administration were

always included in VNT assay as a negative control.

5.3.7 ACE2 Blocking Assay

Antibodies blocking the binding of SARS-CoV-2 spike variants (Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P.1), Delta (B.1.617.2), Zeta (P.2), Kappa (B.1.617.1), New York (B.1.516.1),
India (B.1.617 and B.1.617.3) to ACE2 were detected with a V-PLEX SARS-CoV-2 Panel 18
(ACE2) Kit (Meso Scale Discovery (MSD)) according to the manufacturer’s instructions. For the
ACE2-binding inhibitions to Omicron variants, we used MSD V-Plex SARS-CoV-2 ACE2 Kit
Panel 25 including Wuhan, Omicron (BA.1), Omicron sub-variants (BA.2, BA.3, BA.1+R346K,
BA.1+L452R), Delta lineage (AY.4), Alpha (B.1.1.7), Beta (B.1.351), and France (B.1.640.2).
The assay plate was blocked for 30 min and washed. Serum samples were diluted (1:25, 1:100 or
1:400) and 25 pl were transferred to each well. The plate was then incubated at room temperature
for 60 min with shaking at 700 rpm, followed by the addition of SULFO-TAG conjugated ACE2,
and continued incubation with shaking for 60 min. The plate was washed, 150 ul MSD GOLD
Read Buffer B was added to each well, and the plate was read using the QuickPlex SQ 120 Imager.
Electrochemiluminescent values (ECL) were generated for each sample. Results were calculated
as % inhibition compared to the negative control for the ACE2 inhibition assay, and % inhibition

is calculated as follows: % neutralization = 100 X (1 — (sample signal/negative control signal)).
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5.3.8 Statistical Analysis

Statistical analyses were performed using GraphPad Prism v9 (San Diego, CA). Antibody
endpoint titers and neutralization data were analyzed by Kruskal-Wallis test, followed by Dunn’s
multiple comparisons. Significant differences are indicated by * p < 0.05. Comparisons with non-
significant differences are not indicated. Correlations between the V-PLEX ACE2 blocking and
VNTgo or IgG endpoint titers and VNTge were determined using correlation analysis and

calculation of Spearman coefficients and 95% confidence interval (95% CI).

5.4 Discussion

We previously reported that a single immunization of BALB/c mice (8 weeks old) via
either I.N. or S.C. delivery of our adenovirus-based COVID-19 vaccine (Ad5.S1) elicited robust
S1-specific humoral and cellular immune responses in mice. In this study, we demonstrated the
long-term persistence of immunogenicity after prime vaccination for up to one year. Additionally,
we demonstrate that a booster of non-adjuvanted rS1Beta in aged mice (60 weeks old) primed with
Ad5.S1 one year ago induces robust, balanced, and long-lasting IgG antibodies and neutralizing
antibodies, that broadly cross-react with SARS-CoV-2 variants and corelate with ACE2-spike
interaction inhibition.

There were very low antibody responses in the sera from mice immunized with Ad¥YS5-
vaccinated groups (G2 and G3) after a subunit booster injection at week 52, which might be
explained by the age of the mice at the time of single immunization (Fig. 26A). Indeed, vaccinated

aged mice elicited a lower level of immune responses compared to vaccinated young mice, which
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was found to be due to a low frequency of IgG- and IFN-y-secreting cells in vaccinated aged mice
475 These results were parallel to previous findings that older individuals have lower immune
responses to approved COVID-19 vaccine than younger individuals 458460475476 'Egpecially, lower
serum IgG levels of SARS-CoV-2 in elderly people were due to a lower proportion of peripheral
spike-specific memory B cells 4,

We have not compared the immune responses between the young and aged mice using the
same immunogens and delivery routes. However, based on our previous experiment with
Ad5.SIN-rSIWU or Ad5.SIN-rS1Beta (prime IM-boost IM regimen of 3 weeks interval in 6
weeks old mice), the GMT of IgG endpoint titer at W2 and W4 post-boost was increased 9.2-fold
and 16.0-fold, respectively, compared to those at week 0 in both groups “%. In case of long interval
of one year in this manuscript, the change of GMT of IgG endpoint titer in G4 and G5 (Ad5.S1-
rS1Beta, prime SC or IN-boost IM regimen of 52 weeks interval in 60 weeks old mice) was 32-
fold at week 2 and diverged to 55.7-fold and 18.4-fold at week 4 post-boost, respectively,
compared to those at week 0. These abundant and fast recalls might be from memory B cells. This
finding could be partially explained by previous research that longer intervals between SARS-
CoV-2 infection and vaccination may promote a better humoral immune response in individuals
previously infected with SARS-C-V-2 477 Additionally, spike-specific memory B cells are more
abundant 6 months post-symptomatic onset compared to 1 month 48, and memory B cells against
SARS-CoV-2 spike actually increased between 1 month and 8 months after infection 47°. It might
be necessary to allow a certain amount of time for antibody somatic mutation, memory B cell
clonal turnover, and the development of monoclonal antibodies that are exceptionally resistant to

SARS-CoV-2 RBD mutations, including those found in the VOCs 48,
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Although there were no significant differences between the groups mice primed with
Ad5.S1 SC or IN delivery, the group primed via SC showed long-lasting and higher GMT after a
booster injection than the group primed via IN (Fig. 26A). These differences could be attributed
to more systemic exposure of Ad particles upon SC delivery compared to IN delivery, as well as
potentially enhanced innate immune responses by the relatively invasive SC injections. However,
it is not guaranteed that SC injection will be better than IN delivery for protection against existing
and newly emerging SARS-CoV-2 variants. Various studies have reported that vaccines delivered
IN elicited superior mucosal immunity compared to the intramuscular injection and were efficient
in protecting against the virus and reducing viral transmission 199298480481 ‘Moreover, a recent
study of adjuvanted S1 subunit vaccines primed-boosted intramuscularly or primed
intramuscularly-boosted IN in rhesus macaques reported that the mucosal vaccine demonstrated
outstanding protection in both upper and lower respiratory tracts by clearing the input virus more
efficiently through higher dimeric IgA and IFN-a. in bronchoalveolar lavage (BAL) fluid, although
intranasal boosting elicited weaker T cell and lower neutralizing antibody titers 2%,

In this study, the high titer of serum S1-binding IgG was investigated for up to 28 weeks
after a booster in aged mice that were primed with Ad5.S1 one year ago. Although the limits of
IgG duration in mice may not reflect those measured in non-human primates or humans, this result
implied that humoral immunity might be long-lasting after a booster, because IgG titers at 28
weeks post-boost in G4 and G5 were approximately 6-fold and 1.7-fold higher than those at 28
weeks post-prime, respectively. Indeed, boosting dramatically enhanced humoral and cell-
mediated immune responses in aged mice *’°. Likewise, one of the approved COVID-19 vaccine,
Ad26.COV2.S, which is a single-shot regimen vaccine protecting against severe COVID-19,

induced durable immune responses detected up to 8 months after vaccination in humans %82, The
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protection of two doses of MRNA BNT162b2 vaccine waned considerably after 6 months in
humans. However, infection-acquired immunity boosted with vaccination remained high for more
than 1 year after infection 483,

Subunit vaccine booster elicited both high S1-specific IgG1 and 1gG2a subclass antibodies
in aged mice primed with Ad5.S1, indicating a balanced Th1/Th2 response (Fig. 26B and C). In
constant subunit vaccine alone induced high IgG1 with lower 19gG2a leading to a possibility of
vaccine-associated enhanced respiratory disease (VARED) 3%, Indeed, VARED-like pulmonary
immunopathology related to Th2-based immune responses was observed in animals vaccinated
with whole-inactivated SARS-CoV vaccines °23%, |n this study, a high level of neutralizing
antibodies and the balanced Th1/Th2 immune response were induced, suggesting that a booster of
subunit vaccine after an adenoviral prime vaccine might avoid Th2-based immune response and
the occurrence of VAERD.

Neutralization assay was frequently used as a correlate of protection following vaccination
403,467-469.484 Here, we used a microneutralization test (VNT) to evaluate the function of the
antibodies generated in the sera of immunized mice. The titer of neutralizing antibodies
dramatically increased after a booster and neutralized other variants of Beta and Gamma (Fig. 27).
Our future studies will include the evaluation of the neutralization effect against the Omicron
variant. Notably, a recent study demonstrated that the boosted immune response by mRNA
BNT162b2 can neutralize Omicron variant #’®. If needed, it may be possible to further improve
neutralizing antibody responses with a booster of Omicron BA.5 rS1 subunit vaccine to overcome
emerging SARS-CoV-2 infections. Neutralizing antibodies against SARS-CoV-2 are effective at
blocking spike-ACE2 binding to prevent infection 463464 As a conventional pseudo-neutralizing

test, the measurement of a competitive immunoassay for quantifying the inhibition of the spike-
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ACE2 interaction can be used as a surrogate for the traditional virus-based plaque reduction
neutralizing assay and has reported a high level of concordance and correlation (>96%) >3, |n
this study, we assessed animal immune response for blocking spike-ACE2 binding using the V-
PLEX neutralization kit and showed that a booster of aged mice primed with Ad5.S1 could induce
significant blocking in the binding of ACE2 to spike of a wide range of SARS-CoV-2 variants,
including Omicron variants (Fig. 28 and 29), which was correlated with VNTgo (Fig. 30). In
addition, our future work will include further investigation in VNTg to the spike of Omicron
variants.

Here we have demonstrated the booster effect of the non-adjuvanted subunit vaccine.
However, an adjuvanted subunit booster strategy is likely to have a beneficial effect for protection,
particularly against distant variants such as Omicron BA.5. In fact, in non-human primates, the
AS03-adjuvanted CoV2 preS dTM (B.1.351) induced higher neutralizing antibody titers against
the Beta variant compared to the animal group that received the non-adjuvanted vaccine in the
mRNA-primed cohort 466, The AS01-like adjuvanted SARS-CoV-2 subunit vaccine enhanced the
Th1 type-1gG2a isotype, neutralizing antibodies, and IFN-y-secreting T cell immune responses in
both young and aged mice **8. Moreover, the combination of recombinant S protein and adjuvant
CoVaccine HT ™ induced a balanced IgG subtype antibody response %4,

Two limitations of this study were the absence of T-cell immunity testing a cellular
immunity and SARS-CoV-2 challenge to assess the protection efficiency of a booster vaccination.
However, various studies have previously reported that T-cell immunity was activated after a
booster 298449485486 Homologous and heterologous boosters in healthcare workers who had
received a priming dose of Ad26.COV2.S COVID-19 vaccine resulted in higher levels of T-cell

responses than the non-booster group, although T-cell response was significantly larger with
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mRNA-based vaccines (91%) than with the homologous booster (72%) 4°. Additionally, a booster
dose of MRNA BNT162b2 elicits robust T-cell responses that cross-recognized SARS-CoV-2
Omicron variant in aged mice #®. Not only mRNA vaccine, but also adenoviral vectors or
adjuvanted protein subunit vaccines enhanced cellular immune response in aged mice after a boost
461487 Furthermore, S-specific T-cell responses were positively correlated with the presence of S-

specific binding antibodies #4°

, implying the induction of a robust T cell immune response after
the rS1beta booster in this study.

As our study does not define protection ability against SARS-CoV-2 variants by the
challenge, it needs to be investigated in the future. In a Syrian hamster model of virus transmission,
a prime-boost vaccine strategy using subunit vaccine (Spike HexaPro + cationic liposomal
adjuvant) showed effective protection against SARS-CoV-2 infection %41, although antibodies for
ACE2-inhibition using MSD panel 19 ACE2 competition assay were lower than those from G4
and G5 at week 2 post-boost. Notably, a recent study was performed a protection experiment
against SARS-CoV-2 Omicron variant in aged BALB/c mice boosted with mRNA vaccine 6.
This natural mouse model of SARS-CoV-2 infection by assessing viral replication and
histopathological changes in the lung does not require genetic modification of mice or viruses.
However, this wild mouse animal model only supports infection of SARS-CoV-2 variants that
carry the N501Y mutation, including Alpha, Beta, Gamma, and Omicron 4*°. Therefore, it is still
important to use K18-hACE2 and other hACE2-transgenic mice to investigate the pathogenicity
of different SARS-CoV-2 variants 2%,

Overall, our study evaluated the effect of a booster in aged mice after priming of adenoviral

vaccines as a pre-clinical model of elderly people immunized with the current approved COVID-

19 vaccines. Our findings may have implications for further study of using recombinant protein
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S1BA.5 subunit vaccine as a booster to enhance cross-neutralizing antibodies against new

emerging variants of concern.
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6.0 Tetravalent SARS-CoV-2 S1 Subunit Protein Vaccination Elicits Robust Humoral and

Cellular Immune Responses in SIV-Infected Rhesus Macaque Controllers

Text from this chapter has been modified from the publication: Khan, M.S.*, Kim E.*, Le
Hingrat, Q., Kleinman, A., Ferrari, A., Sammartino, J.C., Percivalle, E., Xu, C., Huang, S.,
Kenniston, T.W., Cassaniti, |., Baldanti, F., Pandrea, I., Gambotto, A.#, Apetrei, C#. Tetravalent
SARS-CoV-2 S1 Subunit Protein Vaccination Elicits Robust Humoral and Cellular Immune
Responses in SIV-Infected Rhesus Macaque Controllers. 2023.03.15.532808 Preprint at

https://doi.org/10.1101/2023.03.15.532808 (2023). * co-first author. # co-corresponding author.

6.1 Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has had an unprecedented impact on global
health, economy, and society. The COVID-19 pandemic consisted of over 675 million cases, with
6.5 million deaths, and 13 billion COVID-19 vaccine doses administered across the human
population, as of February 3" 2023 2%, Although approved COVID-19 vaccines have been
effective in reducing mortality and morbidity caused by SARS-CoV-2 infection, the emergence of
new variants that are able to evade the immune response has raised concerns about their long-term
efficacy. Furthermore, the uneven distribution of vaccines worldwide has resulted in many low to
middle income countries being left without access to variant-specific vaccines that are better suited

for the evolving SARS-CoV-2 variant landscape. This highlights the need for the development of
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vaccines that can provide broad protection against a range of SARS-CoV-2 variants, as well as the
importance of equitable distribution of vaccines to mitigate the risk of further virus evolution and
spread 113249250 Since its emergence in late 2019, SARS-CoV-2 has continuously evolved, at a
higher-than-expected rate, giving rise to multiple variants with multiple genetic mutations and
various phenotypic properties, including increased transmissibility, virulence, and immune escape
250,251 The emergence of these variants has raised concerns about the efficacy of current vaccines
and the potential for future outbreaks. Therefore, there is a critical need to develop effective
vaccines that can provide broad and durable protection against SARS-CoV-2 and its variants.
SARS-CoV-2 variants such as B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 (Gamma) have exhibited
substantial increases in immune escape from wildtype (WU) vaccine or infection induced
immunity 488489,

The spike (S) protein of SARS-CoV-2 has been the main target of currently approved
COVID-19 vaccines and of most COVID-19 vaccines in development 2. S protein allows for
virus binding and infection of susceptible cells through interaction with host receptor angiotensin-
converting enzyme 2 (ACE2) 33, The S1 subunit of the S protein contains the receptor binding
domain (RBD) that binds with ACE2, while the S2 subunit allows for cell fusion and viral entry
221423 |t has been widely acknowledged that antibodies targeting the S protein, particularly those
binding to the RBD, are able to block the binding of SARS-CoV-2 to the cell receptor and prevent
infection of susceptible cells 236:307339.403424 " \we have previously demonstrated the
immunogenicity of S1 subunit targeting vaccines against various Beta-coronaviruses including
SARS-CoV-1, SARS-CoV-2, and MERS 217:343:344:426,427,490

A focus for next-generation SARS-CoV-2 vaccine design is the investigation of novel

vaccines which may be able to induce a broader immune response effective against multiple
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SARS-CoV-2 variants. A multivalent vaccine is a traditional approach used to increase antigen
immunity coverage against multi-variant viruses such as SARS-CoV-2. We have previously
demonstrated the immunogenicity of a trivalent protein subunit vaccine in BALB/c mice *°, Here,
we assessed our S1 protein subunit vaccine, at an increased valency to tetravalent, in an advanced
animal model more closely related to humans. Nonhuman primates (NHPs) are commonly used as
preclinical models to evaluate the safety and efficacy of vaccines and therapeutics for infectious
diseases, including SARS-CoV-2 2%-2%  \We employed a rhesus macaque (RM) model of
controlled simian immunodeficiency virus (SIV) infection to evaluate the immunogenicity of a
tetravalent SARS-CoV-2 S1 protein subunit vaccine delivered with AddaVax adjuvant. Controlled
SIV infection in RMs mimic a situation of chronic viral infection which can be encountered in
humans, which may influence the development of immune responses to vaccination. Indeed, some
studies reported lower SARS-CoV-2 antibody responses for people living with HIV 449, Several
studies have demonstrated the utility of RMs as a preclinical model for SARS-CoV-2 vaccine
development. For example, macaques have been used to evaluate the immunogenicity and the
correlates of protection, as well as the protective efficacy of various vaccine platforms, including
viral vector-based vaccines, mMRNA vaccines, and protein subunit vaccines 133:292:293,297-300
Moreover, the use of NHP models can provide critical insights into the mechanisms of vaccine-
induced immunity, including the kinetics, specificity, and durability of the immune responses.
Here, we evaluated the immunogenicity of a tetravalent SARS-CoV-2 vaccine approach
with S1 subunit protein vaccine targeting Wuhan S1, B.1.1.7 (Alpha), B.1.351 (Beta), and P.1
(Gamma). We chose these variants because, at the time of the start of the study, they represented
a diverse and relevant set of SARS-CoV-2 strains that were circulating in different regions of the

world and had distinct mutations in the spike protein, which is the main target of neutralizing
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antibodies. We found that vaccination induced robust humoral and cellular immune responses
which resulted in antibodies capable of blocking ACE2 binding to 15 different SARS-CoV-2
variants, including multiple Omicron variants. Vaccination also induced antibodies that were able
to block SARS-CoV-2 infection of susceptible cells by live wild-type (WU), Beta, and Delta
variant viruses. We profiled the lymphocyte response to immunization for 2 months post initial
prime vaccination through quantifying the number of T and B cells, investigating markers of T-
cell activation, and memory subsets in peripheral blood mononuclear cells (PBMCs) and showed
robust immune activation, primarily after boost immunization. We were also able to measure a
spike-specific CD4" T-cell response in the PBMC’s of RMs 42 days post-prime immunization,
although, no CD8" T-cell response was found. Our study further demonstrates the immunogenicity
of protein subunit vaccines against SARS-CoV-2 targeting the S1 subunit of the spike protein
while also contributing insights on approaches to further increase valency of currently approved

COVID-19 vaccines.

6.2 Results

6.2.1 Design and Expression of Recombinant Proteins

To produce recombinant proteins of SARS-CoV-2-S1 pAd/S1Wu, pAd/S1Alpha,
pAd/S1Beta, and pAd/S1Gamma were generated by subcloning the codon-optimized SARS-CoV-
2-S1 gene having C-tag into the shuttle vector, pAd (GenBank U62024) at Sal | and Not 1 sites
(Fig. 31A). Variant-specific mutations for B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 (Gamma)

SARS-CoV-2 recombinant S1 proteins are outlined. To determine SARS-CoV-2-S1 expression
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from each plasmid, Expi293 cells were transfected with pAd/ SIWU, pAd/S1Alpha, pAd/S1Beta,
and pAd/S1Gamma or pAd as a control. At 5 days after transfection, the supernatants of Expi293
cells were characterized by Western blot analysis. As shown in Fig. 31B, each S1 recombinant
proteins were recognized by a polyclonal anti-spike of SARS-CoV-2 Wuhan antibody at the
expected glycosylated monomeric molecular weights of about 110 kDa under the denaturing
reduced conditions, while no expression was detected in the mock-transfected cells (lanel). The
purified rSIWU, rS1Apha, rS1Beta, and rS1Gamma proteins using C-tagXL affinity matrix were

determined by silver staining (Fig. 31C).

SARS-CoV-2-S1Alpha |-epen
| |
69-70del 144del N501Y | D614G
SARS-CoV-2-S1Beta | |-epea
| | | T
144del K417N I N501Y | D614G
E484K A570D
SARS-CoV-2-S1Gamma | |‘EPEA
1]l | | | | [
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Figure 31: Construction and expression of tetravalent recombinant SARS-CoV-2-S1 proteins. (A) A shuttle
vector carrying the codon-optimized four variants of SARS-CoV-2-S1 gene encoding N-terminal 1-661 with c-tag

(EPEA) was designated as shown in the diagram. Amino acid changes in the SARS-CoV-2-S1 region of in this study
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is shown. ITR: inverted terminal repeat; RBD: receptor binding domain. (B) Detection of the SARS-CoV-2-S1
proteins by western blot with the supernatant of Expi293 cells transfected with pAd/SIWU (lane2), pAd/S1Alpha
(lane3), pAd/S1Beta (lane4), and pAd/S1Gamma (lane5), respectively, using rabbit anti spike of SARS-CoV Wuhan
polyclonal antibody. As a negative control, mock-transfected cells were treated the same (lane 1). (C) Purified
proteins, rSIWU (lanel), rS1Alpha (lane2), rS1Beta (lane3), and rS1Gamma (lane4), isolated by c-tag affinity
purification were separated by SDS-PAGE and visualized by silver staining. Molecular weight marker (MW marker)

is indicated on the left.

6.2.2 Binding Antibody and Cross-Variant Live Virus Neutralizing Antibody Response

Prior to immunization, RMs were infected with a simian immunodeficiency virus (SIV)
that naturally infects African green monkeys (SIVsab) 4%, This virus is completely controlled in
RMs %% in spite of retaining the replicative abilities *®. At the time of SARS-CoV-2
immunization, the RMs were controlling SIVsab for over a year. Upon prime and boost
immunization, SIVsab viral loads remained undetectable suggesting no SIV activation upon
vaccination. RMs were primed and boosted on week 3 with 60 g total of rSIWU, rS1Apha,
rS1Beta, and rS1Gamma, 15 ug of each antigen, mixed with 300 pl of AddaVax™, squalene-
based oil in water nano-emulsion adjuvant (Fig. 32A). To assess the magnitude of the antibody
response we first determined Wuhan IgG antibody endpoint titers (EPT) in the sera of vaccinated
RMs with ELISA. Serum samples collected prior to immunization, week 3, week 7, and week 9-
11 after immunization were serially diluted to determine SARS-CoV-2-S1-specific IgG titers
against Wuhan S1 using ELISA (Fig. 32B). RMs had detectable anti-S1 binding antibody response
prior to immunization (Fig 32B), however, no neutralizing antibody response was found (Fig.
32C). S1-specific IgG titers were statistically increased at week 7 and week 9-11 when compared

to week 0 (Fig. 32B, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons). To
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evaluate the functional quality of vaccine-generate antigen-specific antibodies, we used a
microneutralization assay (NTgo) to test the ability of sera from immunized RMs to neutralize the
infectivity of SARS-CoV-2. Sera, collected from RMs on week 3 (prior to booster immunization)
and week 7 (4 weeks post boost) after primary immunization were tested for the presence of SARS-
CoV-2-specific neutralizing antibodies with live SARS-CoV-2 Wuhan, Beta, and Delta viruses
(Fig. 32C). High levels of neutralizing antibodies were detected in sera at week 3 and week 7
against Wuhan, Beta, and Delta SARS-CoV-2 variants (Fig. 32C) and showed a similar pattern
with IgG endpoint titers in each RM. Furthermore, the geometric mean titers (GMT) of
neutralizing antibodies at week 7 against the Wuhan, Beta, and Delta strain were increased with
6.4-, 5.4-, 3.2-fold compared at week 3, respectively, while only neutralizing antibody response
against live Wuhan SARS-CoV-2 at week 7 was significantly increased when compared to
preimmunized sera (Fig. 32C, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple
comparisons). Neutralization against highly immune-evasive Beta and Delta SARS-CoV-2
variants of concern (VOC) were found at slightly lower levels than Wuhan at both week 3 and
week 7 (Fig. 32C). While Beta VOC S1 was included in the tetravalent immunization regimen,
Delta VOC was not, highlighting the diverse response induced by tetravalent immunization in

RMs.
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Figure 32: Antigen-specific antibody responses in rhesus macaques immunized with tetravalent SARS-CoV-2
rS1 protein subunit vaccine. (A) Schedule of immunization and blood sampling for IgG end point titration. Rhesus
macaques (N=5) were immunized with 60ug of tetravalent rS1 proteins of Wuhan, B.1.1.7 (Alpha), B.1.351 (Beta),
and P.1 (Gamma) [15ug of each antigen] mixed with AddaVax adjuvant then administered to RMs arm at week 0 and
3. Syringes indicated the timing of immunization and the red drops denote times at which blood was drawn. The red
crosses showed euthanized times of each RM. (B) Sera were diluted and SARS-CoV-2-S1-specific antibodies were
quantified by ELISA to determine the IgG endpoint titer. The IgG titers at each time points were showed in each RM.
The bars represent geometric mean with geometric SD. (C) Neutralizing antibodies in serum of mice prior to
immunization, along with week 3 and week 7 post immunization were measured using a microneutralization assay
(NTg) with SARS-CoV-2 Wuhan, Beta, and Delta. Serum titers that resulted in 90% reduction in cytopathic effect

compared to the virus control were reported. Horizontal lines represent geometric mean titers. Groups were compared
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by Kruskal-Wallis test at each time point, followed by Dunn’s multiple comparisons. Significant differences are

indicated by *p < 0.05. N = 5 rhesus macaques per group for each experiment.

6.2.3 Potent ACE2 Binding Inhibition Effective Against 15 Different SARS-CoV-2 VOC’s

Spikes

For further insight into the neutralizing capabilities of antibodies induced by vaccination
we used the Meso Scale Discovery (MSD) V-PLEX SARS-CoV-2 (ACE2) Kit to measure the
inhibition of binding between angiotensin converting enzyme-2 (ACE2) and trimeric spike protein
of SARS CoV-2 variants. Initially, we used kit Panel 18 including Wuhan S and spikes from
variants; Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617, B.1.617.2), Zeta (P.2),
Kappa (B.1.617.1), B.1.526.1, B.1.617, and B.1.617.3 (Fig. 33). Sera from vaccinated RMs were
examined at week 7, due to that being the peak of measured IgG binding antibody response and
compared to preimmunized sera (Fig. 32A, Fig. 33). Antibodies blocking ACE2 and trimeric S
binding of all variants, by over 90% inhibition, were detected in all 1:10 diluted RM sera at Week
7 (Fig. 33). Week 7 sera ACE2 binding inhibition for RMs was significantly increased, when
compared to preimmunized sera, for Wuhan, B.1.1.7, B.1.351, P.1, B.1.617.2, P.2, B.1.617.1,

B.1.526.1, B.1.617, and B.1.617.3 Spike (Fig. 33, p < 0.05, Mann-Whitney Test).
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Figure 33: Percent ACE2 binding inhibition of neutralizing antibodies against SARS-CoV-2 variants.
Antibodies in sera (diluted 1:10) capable of neutralizing the interaction between SARS-CoV-2 Wuhan, Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Zeta (P.2), Kappa (B.1.617.1), New York (B.1.516.1),
India (B.1.617 and B.1.617.3) variants spike and ACE2 were examined in all animals preimmunization and Week 7
post prime immunization with V-PLEX SARS-CoV-2 Panel 18. Groups were compared by Kruskal-Wallis test at
each time point, to preimmunized sera control, followed by Dunn’s multiple comparisons. Significant differences are

indicated by *p < 0.05. N = 5 rhesus macaques per group for each experiment.

To assess the neutralizing capabilities of RM vaccine induced antibodies against Omicron
(BA.1) VOC, and Omicron sub-variants (BA.2, BA.3, BA.1+R346K, BA.1+L452R) we used
MSD V-Plex SARS-CoV-2 ACE2 Kit Panel 25 (Fig. 34). Panel 25 includes SARS-CoV-2 Wuhan,
BA.1, BA.2, AY .4, BA.3, BA.1+R346K, BA.1+L452, B.1.1.7, B.1.351, and B.1.640.2 trimeric
spike. Sera from vaccinated RMs were examined at week 3, week 7, and week 9-11 post

vaccination and compared to preimmunized sera at a 1:10 dilution (Fig. 34A) and 1:100 dilution
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(Fig 34B). Week 7 and Week 9-11 RM sera ACE2-binding inhibition were significantly increased
when compared to preimmunized sera for Wuhan, AY.4 (Delta lineage), BA.1+L452R, B.1.1.7,
B.1.351, and B.1.640.2 VOC spikes at 1:10 dilution (Fig. 34A, p < 0.05, Kruskal-Wallis test,
followed by Dunn’s multiple comparisons). Week 7 RM sera ACE2-binding inhibition were
significantly increased when compared to preimmunized sera for BA.1 VOC spike at 1:10 dilution
(Fig. 34A p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons).While not
statistically significantly increased when compared to preimmunized RM sera; RMs demonstrated
moderate ACE2-binding inhibition for BA.2, BA.3, and BA.1+R346K VOC spikes weeks 7 and
9-11 post immunization at 1:10 dilution (Fig. 34A, p > 0.05, Kruskal-Wallis test, followed by
Dunn’s multiple comparisons). To further interrogate the vaccine-induced neutralizing capabilities
of RMs, we further substantially diluted RM sera to 1:100 (Fig. 34B). Week 7 RM 1:100 diluted
sera ACE-2 binding inhibition was significantly increased when compared to preimmunized sera
for Wuhan, AY .4, B.1.1.7, B.1.351, B.1.640.2 VOC spikes (Fig. 34B, p < 0.05, Kruskal-Wallis
test, followed by Dunn’s multiple comparisons). At 1:100 dilution, RM sera did not have ACE-2
binding inhibition above preimmunized sera for BA.1, BA.2, BA.3, BA.1+R346K, BA.1+L452R
VOC spikes (Fig. 34B). Results suggest the necessity of the booster immunization to induce potent
and cross variant recognizing antibodies. Results also suggest that vaccination induced antibodies
that are able to potently recognize and block ACE2 binding of a wide range of SARS-CoV-2

variants spikes by week 7 post prime immunization.
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Figure 34: Percent ACE2 binding inhibition of neutralizing antibodies against Omicron SARS-CoV-2 variants.
Antibodies in sera, diluted (A) 1:10 and (B) 1:100 capable of blocking the binding of SARS-CoV-2 spike including
Wuhan and spikes from immune evasive variants; BA.1, BA.2, AY.4 (Delta lineage), BA.3, BA.1+R346K mutation,
BA.1+L452R mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2 to ACE2 were detected with a V-PLEX

SARS-CoV-2 Panel 25. Groups were compared by Kruskal-Wallis test at each time point, to preimmunized sera
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control, followed by Dunn’s multiple comparisons. Significant differences are indicated by *p < 0.05. N = 5 rhesus

macaques per group for each experiment.

6.2.4 Longitudinal Lymphocyte Dynamics and Cell-Mediate Immune Response to

Vaccination Shows Immune Activation Primarily Observed After Boost

To investigate the kinetics and magnitude of immune responses induced by the tetravalent
SARS-CoV-2 vaccine, we monitored the peripheral blood mononuclear cells (PBMCs) of
vaccinated rhesus macaques over a 60-day period. PBMCs are a mixture of different immune cell
types, including T cells and B cells, and are a useful tool for investigating the immune response to
vaccination in vivo.

Fig. 5 shows the dynamics of CD3" T-cells (Fig. 35A), CD4" T-cells (Fig. 35B), CD8" T-
cells (Fig. 35C), and CD20" B cell (Fig. 35D) counts over 60 days. We observed increases in all
T-cell subsets (CD3", CD4*, and CD8") and B cells (CD20") after the prime and especially after
the boost, demonstrating clear increases for all subsets, with the CD8" T cell count showing the

greatest increase after boost immunization compared to the other cell types.
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Figure 35: CD3, CD4, CD8, and CD20 cell counts post immunization and boost. Absolute counts of immune cells
in whole blood and immunophenotyping of circulating immune cells were determined by flow cytometry. 50 ul of
whole blood were added to a TruCount tube (BD Biosciences) containing an antibody mix, allowing to precisely
quantify (A) CD45" cells, (B) CD4*, (C) CD8" T cells, and (D) CD20" B cells in blood per pl. PMBC’s from RMs
were collected and analyzed on Days -1, 3, 7, 10, 14, 21, 24, 28, 31, 35, 42, 49, and 64 days post prime immunization.

Individual results for each RM are depicted.

Fig. 36 shows the fraction of activating and proliferating CD4* and CD8* T cells. We used
the activation markers CD69 and HLDR and CD38, as previously described in the literature 4%~
4% \We also used Ki-67 as a marker for cell proliferation. CD69* CD4* T-cell induction was mainly
observed in RM177 (Fig. 36A). Ki67" CD4" T cells showed moderate increases in percentage after
boost vaccination (Fig. 36B). HLA-DR* CD38" CD4" T-cells showed activation post prime and

boost with a return to near baseline by Day 40 (Fig. 36C). The fraction of CD69" CD8" T-cells
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increased in all RMs post prime and boost, with most starting to return to prevaccination levels at
day 60 (Fig. 36D). The induction of Ki-67* CD8" T-cells was primarily seen at day 40
postimmunization (Fig. 36E), while HLA-DR* CD38" CD8" T-cell activation was mainly seen in
RM175 and RM176 at different timepoints (Fig. 36F). However, the induction of HLA-DR™
CD38" CD8" T cells was not as robust as that of CD69" CD8" T cells and Ki-67" CD8" T cells

(Fig. 36F, Fig. 36D, Fig. 36E).
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Figure 36: CD4 CD8 T cell activation post immunization and boost. Whole peripheral blood was stained with
fluorescently labeled antibodies for CD4*, CD8*, CD69*, Ki-67*, and HLA-DR* to investigate CD4 and CD8
activation induced by vaccination with flow cytometry. (A) Frequencies of CD4* CD69* T cells, (B) Frequencies of

CD4* Ki-67* T cells, (C) Frequencies of CD4* HLA-DR* CD38" T cells, (D) Frequencies of CD8* CD69" T cells, €
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Frequencies of CD8* Ki-67* T cells, and (F) Frequencies of CD8* HLA-DR* CD38* T cells. PMBC’s from RMs were
collected and analyzed on Days -1, 3, 7, 10, 14, 21, 24, 28, 31, 35, 42, 49, and 64 days post prime immunization.

Individual results for each RM are depicted.

Fig. 37 shows the changes in the distribution of T-cell memory subsets over time. We
defined naive, central memory (CM), and effector memory (EM) T cells using CD28" and CD95"
markers. Naive T cells are CD28" CD95™9, CM T-cells are CD28" CD95", and EM T cells are
CD28™% CD95". We observed that both CD4" and CD8" central memory T cells (Fig. 37A &
37D), along with naive CD4" naive CD8" T cells (Fig. 37C & 37F), decreased in abundance after
prime and boost, while CD4" and CD8" effector memory T cells (Fig. 37B & 37E) increased in
abundance after prime boost. This finding suggests that the tetravalent S1 protein vaccine induces
a shift towards an effector memory phenotype and away from a central memory phenotype, which

may be beneficial in generating a rapid and robust response to vaccination.
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Figure 37: T cell memory subset dynamics and induction post immunization and boost. Whole peripheral blood
was stained with fluorescently labeled antibodies for CD4*, CD8*, CD28* and CD95*. Memory subsets were defined
naive, central memory (CM), and effector memory (EM) T cells using CD28* and CD95* markers. Naive T cells are
CD28*CD95-, CM T cells are CD28*CD95*, and EM T cells are CD28-CD95". (A) Frequencies of CD4* CM T cells,
(B) Frequencies of CD4* EM T cells, (C) Frequencies of CD4* Naive T cells, (D) Frequencies of CD8* CM T cells,
(E) Frequencies of CD8* EM T cells, and (F) Frequencies of CD8* Naive T cells. PMBC’s from RMs were collected
and analyzed on Days -1, 3, 7, 10, 14, 21, 24, 28, 31, 35, 42, 49, and 64 days post prime immunization. Individual

results for each RM are depicted.

Intracellular cytokine staining was performed to evaluate the spike-specific T-cell
responses in CD4* and CD8" T cells after stimulation with a spike peptide pool at day 0 and day

42 postvaccination in PBMCs (Fig. 38). We tested for interferon-gamma (IFN-y), interleukin-2
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(IL-2), and tumor necrosis factor-alpha (TNF-a) cytokine staining. Only RM212 induced an IFN-
v CD4"* T-cell response, while no such response was observed in the other four RMs (Fig. 38A).
In Fig. 38B, we observed an induction of IL-2 CD4" T-cell response in RM212 and to a lesser
extent in RM101, but not in the other three RMs. Fig. 38C shows an induction of TNFa CD4* T-
cell response in RM212, RM176 and, to a minimal extent, in RM101, RM175, and RM177.
Notably, we were not able to detect a spike specific CD8* T-cell response at day 0 or day 42 post
vaccination (data not shown). RM212 mounted a robust CD4" T-cell response for all three
cytokines at day 42. These results suggest that there is a variable induction of cytokine responses

in CD4" T cells among different RMs at day 42 postvaccination.
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Figure 38: Spike-specific CD4+ T cell responses at Day 0 and Day 42 post immunization in PBMC’s. PBMC’s
collected prior to immunization and on Day 42 post prime immunization were stimulated with PepTivator SARS-
CoV-2-S1 (apool of S1 MHC class I-and MHC class 11— restricted peptides), followed by intracellular staining (ICS)
and flow cytometry to identify SARS-CoV-2 S1 specific T cells. (A) Frequencies of SARS-CoV-2 S1 CD4* IFN-y*
T cells. Individual results for each RM are depicted. (B) Frequencies of SARS-CoV-2 S1 CD4* IL-2* T cells.
Individual results for each RM are depicted. (C) Frequencies of SARS-CoV-2 S1 CD4" TNFa T cells. Individual
results for each RM are depicted. Day 0 PBMC responses are indicated by solid circle. Day 42 PBMC responses are

indicated by solid triangle.

Overall, the use of PBMC’s allowed for the unique assessment of the dynamics of immune
activation after vaccination. The results showed a clear increase in T-cell counts and activation
after boost immunization, with the CD8" T-cell counts showing the greatest increase. The use of

CD markers allowed for the differentiation of T-cell subsets and their activation status, with the
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CD8" T cells expressing either CD69 or Ki-67 CD8" T cells showing the most robust dynamics.
Additionally, there was evidence of a functional spike-specific CD4" T-cell response in RMs at
day 42 post vaccination, albeit in the context of no CD8* T-cell response: These findings highlight
the potential of this vaccine candidate to induce a robust cellular immune response, which is critical

for controlling viral infections.

6.3 Materials and Methods

6.3.1 Construction of Recombinant Protein Expressing Vectors

The coding sequence for SARS-CoV-2-S1 amino acids 1 to 661 of full-length from
BetaCoV/Wuhan/IPBCAMS-WH-05/2020 (GISAID accession id. EPI_ISL_ 403928) having C-
terminal tag known as ‘C-tag’, composed of the four amino acids (aa), glutamic acid-proline-
glutamic acid-alanine (E-P-E-A) flanked with Sal | & Not | was codon-optimized using the
UpGene algorithm for optimal expression in mammalian cells "' and synthesized (GenScript).
The construct also contained a Kozak sequence (GCCACC) at the 5’ end. For Alpha variant
(B.1.1.7), SARS-CoV-2-S1 mutated Del69-70; Del144; N501Y; A570D; D614G was synthesized.
Also, Beta variant (B.1.351) of SARS-CoV-2-S1 (Dell44; K417N; E484K; N501Y; A570D;
D614G) and Gamma variant (P.1) of SARS-CoV-2-S1 (L18F; T20N; P26S; D138Y; R190S;
K417T; E484K; N501Y; H655Y) were synthesized based on above codon-optimized SARS-CoV-
2-S1 Wuhan. pAd/S1WU, pAd/S1Alpha, pAd/S1Beta, and pAd/S1Gamma, were then created by

subcloning the four variants of codon-optimized SARS-CoV-2-S1 inserts into the shuttle vector,
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pAdlox (GenBank U62024), at Sal I/Not I sites. The plasmid constructs were confirmed by DNA

sequencing.

6.3.2 Transient Production in expi293 Cells

pAd/SIWU, pAd/S1Alpha, pAd/S1Beta, and pAd/S1Gamma, were amplified, and purified
using ZymoPURE Il plasmid maxiprep kit (Zymo Research). For Expi293 cell transfection, we
used ExpiFectamie™ 293 Transfection Kit (ThermoFisher) and followed the manufacturer’s
instructions. Cells were seeded 3.0 x 10° cells/ml one day before transfection and grown to 4.5-
5.5 x 108 cells/ml. 1pg of DNA and ExpiFectamine mixtures per 1ml culture were combined and
incubated for 15 min before adding into 3.0 x 10° cells/ml culture. At 20 h post-transfection,
enhancer mixture was added, and culture was shifted to 32°C. The supernatants were harvested 5
days post transfection and clarified by centrifugation to remove cells, filtration through 0.8 pm,
0.45 pm, and 0.22 um filters and either subjected to further purification or stored at 4°C before

purification.

6.3.3 SDS-PAGE and Western Blot

To evaluate the expression of S1 from the plasmids, Expi293 cells were transfected with
pAd/SIWU, pAd/S1Alpha, pAd/S1Beta, and pAd/S1Gamma, respectively. At 5 days after
transfection, 10 ul each supernatant of Expi293 cells was subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot as previously described 27
Briefly, after the supernatants were boiled in Laemmli sample buffer containing 2% SDS with

beta-mercaptoethanol (3-ME), the proteins were separated by Tris-Glycine SDS-PAGE gels and
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transferred to nitrocellulose membrane. After blocking for 1 hour at room temperature (RT) with
5% non-fat milk in PBST, rabbit anti-SARS-CoV Wuhan spike polyclonal antibody (1:3000) (Sino
Biological) was added and incubated overnight at 4 °C as primary antibody, and horseradish
peroxidase (HRP)-conjugated goat anti-rabbit 1gG (1:10000) (Jackson immunoresearch) was
added and incubated at RT for 2 hours as secondary antibody. After washing three times with

PBST, the signals were visualized on an iBright FL 1500 Imager (ThermoFisher).

6.3.4 Purification of Recombinant Proteins

The recombinant proteins named rS1IWU, rS1Alpha, rS1Beta, and rS1Gamma were
purified using a CaptureSelect™ C-tagX L Affinity Matrix prepacked column (ThermoFisher) and
followed the manufacturer’s guidelines. Briefly, The C-tagXL column was conditioned with 10
column volumes (CV) of equilibrate/wash buffer (20 mM Tris, pH 7.4) before sample application.
Supernatant was adjusted to 20 mM Tris with 200 mM Tris (pH 7.4) before being loaded onto a
5-mL prepacked column per the manufacturer’s instructions at 5 ml/min rate. The column was
then washed by alternating with 10 CV of equilibrate/wash buffer, 10 CV of strong wash buffer
(20 mM Tris, 1 M NaCl, 0.05% Tween-20, pH 7.4), and 5 CV of equilibrate/wash buffer. The
recombinant proteins were eluted from the column by using elution buffer (20 mM Tris, 2 M
MgCly, pH 7.4). The eluted solution was concentrated and desalted with preservative buffer (PBS)
in an Amicon Ultra centrifugal filter devices with a 50,000 molecular weight cutoff (Millipore).
The concentrations of the purified recombinant proteins were determined by the BCA protein assay
kit (ThermoFisher) and separated by reducing SDS-PAGE and visualized by silver staining. The

rest proteins were aliquoted and stored at —80°C until use.
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6.3.5 ELISA

Sera from all rhesus macaques were collected prior to immunization and on weeks 3 and 7
after immunization. Sera was evaluated for SARS-CoV-2 S1-specific 1gG using ELISA. ELISA
plates were coated with 200 ng of recombinant SARS-CoV-2-S1 protein (Sino Biological) per well
overnight at 4°C in carbonate coating buffer (pH 9.5) and then blocked with PBS-T and 2% bovine
serum albumin (BSA) for one hour. Rhesus macaque sera was inactivated at 64°C for 40 minutes,
then diluted in PBS-T with 1% BSA and incubated overnight. After the plates were washing, anti-
monkey 1gG-horseradish peroxidase (HRP) (1:50000, Sigma) were added to each well and
incubated for one hour. The plates were washed three times, developed with 3,3°5,5’-
tetramethylbenzidine, and the reaction was stopped with 1M H>SOs4. Next, absorbance was

determined at 450nm using a plate reader (Molecular Devices SPECTRAmMax).

6.3.6 Animals and Immunizations

At week 0, male RMs (n=5 animals per group) were bled and primed with 60 pg of
tetravalent rS1 proteins of Wuhan, B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 (Gamma) [15ug of
each antigen]. Total volume of 300 ul of antigen was mixed with 300 ul of AddaVax adjuvant
then administered to RMs (600 pl injection volume). RMs were bled on week 3 and received a
homologous booster of 60 ug of tetravalent rS1 proteins. RMs were bled on weeks 7. RMs were
also bled and serially euthanized after week 9 post-prime vaccination: on day 0 (RM177), 1

(RM175), 6 (RM176), 8 (RM101), and 15 (RM175). PMBC’s from RMs were collected and

analyzed on Days -1, 3, 7, 10, 14, 21, 24, 28, 31, 35, 42, 49, and 64 days post prime immunization.
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RMs were maintained under specific pathogen-free conditions at the University of Pittsburgh, and
all experiments were conducted in accordance with animal use guidelines and protocols approved

by the University of Pittsburgh’s Institutional Animal Care and Use (IACUC) Committee.

6.3.7 SARS-CoV-2 Microneutralization Assay

Neutralizing antibody (NT-Ab) titers against SARS-CoV-2 were defined according to the
following protocol 3% Briefly, 50 pl of sample from each mouse, starting from 1:10 in a twofold
dilution, were added in two wells of a flat bottom tissue culture microtiter plate (COSTAR,
Corning Incorporated, NY 14831, USA), mixed with an equal volume of 100 TCID50 of a SARS-
CoV-2 Wuhan, Beta, or Delta strain isolated from symptomatic patients, previously titrated, and
incubated at 33°C in 5% CO.. All dilutions were made in EMEM (Eagle’s Minimum Essential
Medium) with addition of 1% penicillin, streptomycin and glutamine and 5 y/mL of trypsin. After
1 hour incubation at 33°C 5% CO2, 3x10* VERO E6 cells [VERO C1008 (Vero 76, clone ES,
Vero E6); ATCC® CRL-1586™] were added to each well. After 72 hours of incubation at 33°C
5% CO2 wells were stained with Gram’s crystal violet solution (Merck KGaA, 64271 Damstadt,
Germany) plus 5% formaldehyde 40% m/v (Carlo ErbaSpA, Arese (M), ltaly) for 30 min.
Microtiter plates were then washed in running water. Wells were scored to evaluate the degree of
cytopathic effect (CPE) compared to the virus control. Blue staining of wells indicated the presence
of neutralizing antibodies. Neutralizing titer was the maximum dilution with the reduction of 90%
of CPE. A positive titer was equal or greater than 1:10. The geometric mean titers (GMT) of NTgo
end point titer were calculated with 4 as a negative shown <10. Sera from mice before vaccine

administration were always included in microneutralizaiton (NT) assay as a negative control.
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6.3.8 ACE2 Blocking Assay

Antibodies blocking the binding of SARS-CoV-2 spike variants (Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P.1), Delta (B.1.617.2), Zeta (P.2), Kappa (B.1.617.1), New York (B.1.516.1),
India (B.1.617 and B.1.617.3)) to ACE2 were detected with a V-PLEX SARS-CoV-2 Panel 18
(ACE2) Kit (Meso Scale Discovery (MSD) according to the manufacturer’s instructions.
Antibodies blocking the binding of SARS-CoV-2 spike including Wuhan and spikes from immune
evasive variants; BA.1, BA.2, AY.4 (Delta lineage), BA.3, BA.1+R346K mutation, BA.1+L452R
mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2 to ACE2 were detected with a V-PLEX
SARS-CoV-2 Panel 25 (ACE2) Kit (Meso Scale Discovery (MSD) according to the
manufacturer’s instructions. Serum samples were diluted (1:10 and 1:100). The assay plate was
blocked for 30 min and washed. Serum samples were diluted (1:10 for P18; 1:10 & 1:100 for P25)
and 25 pl were transferred to each well. The plate was then incubated at room temperature for 60
min with shaking at 700 rpm, followed by the addition of SULFO-TAG conjugated ACE2, and
continued incubation with shaking for 60 min. The plate was washed, 150 ul MSD GOLD Read
Buffer B was added to each well, and the plate was read using the QuickPlex SQ 120 Imager.
Electrochemiluminescent values (ECL) were generated for each sample. Results were calculated
as % inhibition compared to the negative control for the ACE2 inhibition assay, and % inhibition

is calculated as follows: % neutralization = 100 x (1 — (sample signal/negative control signal).

6.3.9 Flow Cytometry

Absolute counts of immune cells in whole blood and immunophenotyping of circulating

immune cells were determined by flow cytometry. First, 50 pl of whole blood were added to a
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TruCount tube (BD Biosciences) containing an antibody mix, allowing to precisely quantify
CD45" cell counts in blood, as well as CD4* and CD8" T cells, and CD20* B cells. Whole
peripheral blood was stained with fluorescently-labeled antibodies (all purchased from BD
Bioscience, San Jose, CA, USA, unless noted otherwise): CD3 (clone SP34-2, VV450), CD4 (clone
L200, APC), CD8 (clone RPA-T8, PE-CF594), CD28 (clone CD28.2, PE-Cy7), CD38 (clone AT-
1, FITC) (Stemcell), CD45 (clone D058-1283, PerCP), CD69 (clone FN50, APC-H7), CD95
(clone DX2, FITC), HLA-DR (clone L243, PE-Cy7), Ki-67 (clone P56, PE). For intracellular
staining, cells were fixed and permeabilized with 1X BD Fix/Perm, before being stained for Ki-
67. Flow cytometry acquisitions were performed on an LSRFortessa flow cytometer (BD

Biosciences), and flow data were analyzed using FlowJo® v10.8.0 (TreeStar, Ashland, OR, USA).

6.3.10 Spike-Specific Intracellular Staining

Antigen-specific T-cell responses in the PBMC’s of RMs immunized as described above
were analyzed after immunization by flow cytometry, adhering to the recently published guidelines
189426 pBMCs collected prior to immunization and on Day 42 post prime immunization were
stimulated with PepTivator SARS-CoV-2-S1 (a pool of S1 MHC class |- and MHC class -
restricted peptides) overnight in the presence of protein transport inhibitors (Golgi Stop) for the
last 4 hours. Unstimulated cells were used as negative controls. Phorbol myristate acetate (PMA)
and ionomycin stimulated cells served as positive controls. Cell were washed with FACS buffer
(PBS, 2 % FCS), incubated with Fc Block (BD Biosciences, 553142) for 5 min at 4°C, and stained
with surface marker antibody (Ab) stain for 20 min at 4°C. Surface Abs were used as follows:
CD3-Vv450 (SP34-2, V450, BD Biosciences), CD4-APC (L200, APC, BD Biosciences), and
CD8ab-PE-CF594 (RPA-T8, PE-CF594, BD Biosciences). For dead cell exclusion, cells were

182



stained with Zombie NIR Fixable Viability dye (BioLegend) for 10 min at 4°C and washed in
FACS buffer. Intracellular cytokine staining (ICS) was performed on surface Ab-stained cells by
first fixing and permeabilizing cells using the FoxP3 Transcription Factor Staining Buffer Kit
(eBioscience, 00-5523-00) following manufacturer’s instructions. Intracellular staining with IFNy-
FITC (4S.B3, FITC, BD Biosciences), IL2-PE (MQ1-17H12, PE, BD Biosciences), and TNFa-
AF700 (Mab11, AF700, BD Biosciences). Samples were run on an Aurora (Cytek) flow cytometer

and flow data were analyzed using FlowJo® v10.8.0 (TreeStar, Ashland, OR, USA).

6.4 Discussion

We evaluated the immunogenicity and efficacy of a tetravalent COVID-19 vaccine
candidate based on the spike S1 protein of SARS-CoV-2 in an NHP model of controlled SIV
infection. RMs infected with SIVsab from African green monkeys are able to control viral
replication and disease progression through maintaining a healthy immune system, unlike HIV-1
in humans %°*. The SIVsab-infected RMs in this study were elite controllers for about a year prior
to SARS-CoV-2 immunization.

There were weaker band in western blot of the supernatant after a transient transfection
with pAd/S1Alpha, pAd/S1Beta, and pAd/S1Gamma compared with pAd/SIWU (Fig. 31B),
which might be explained by the usage of anti-spike of SARS-CoV-2 Wuhan as a primary
antibody. Indeed, no big differences were observed in yield pre or post C-tag purification of each
recombinant proteins after transient transfection by sandwich ELISA with standard of each

purified rS1 proteins.
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Our vaccine formulation induced high levels of binding antibodies against the Wuhan
strain of SARS-CoV-2, as well as neutralizing antibodies against live B.1.351 (Beta), and
B.1.617.2 (Delta) VOC (Fig. 32). The sera of vaccinated RMs exhibited potent ACE2-binding
inhibition capabilities against a suite of SARS-CoV-2 VOC spikes including Omicron (BA.1) and
Omicron subvariants (BA.2, BA.3, BA.1+R246K, and BA.1+L452R) (Fig. 33 & Fig. 34). These
findings are consistent with previous studies demonstrating the immunogenicity and cross-
reactivity of COVID-19 vaccines NHP models 292:293:297-300,499

Importantly, the vaccine candidate also induced cellular immune responses, including T
cell responses, which have been shown to play a critical role in COVID-19 immunity and
protection 243311317 ‘We investigated the cellular immune response to the tetravalent SARS-CoV-
2 vaccine in vaccinated RMs, using a range of markers to examine T-cell subsets and activation
status. The results showed that all T-cell subsets and B cells increased after the prime and
especially after the boost, with the CD8" T-cell count showing the greatest increase after boost
immunization compared to other cell types (Fig. 35). We demonstrate that the tetravalent S1
subunit protein COVID-19 vaccine candidate induces CD4* and CD8" T-cell activation, as
indicated by increased expression of CD69, HLA-DR, CD38, and Ki-67 activation and
proliferation markers on both T-cell subsets (Fig. 36). The distribution of T-cell memory subsets
over time was also investigated, revealing a decrease in abundance of both CD4" and CD8* central
memory T cells, along with CD4* and CD8" naive T cells after prime and boost (Fig. 37). In
contrast, CD4" and CD8" effector memory T cells increased in abundance after prime boost,
indicating a shift towards an effector memory phenotype and away from a central memory
phenotype induced by the tetravalent S1 protein vaccine (Fig. 37). Furthermore, intracellular

cytokine staining was performed to evaluate the spike-specific responses of CD4* and CD8" T
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cells after stimulation with a spike peptide pool (Fig. 38). Cytokine staining for IFN-y, IL-2, and
TNF-o was tested and a variable induction of cytokine responses by CD4" T cells among different
RMs at day 42 postvaccination was observed (Fig. 38). However, no spike-specific response of
the CD8" T cells was detected at day 0 or day 42. It is possible that the spike-specific CD8" T cells
were present, but were not detected by the intracellular staining assay, as this assay may not be
sensitive enough to detect low-frequency antigen-specific CD8" T cells. It is also possible that the
undetectable spike-specific CD8" T-cell response at day 42 post-vaccination was related to the
time-point used, which was too late after boost, such as the vaccine-specific T cells had already
started to wane in abundance, as shown by Arunachalam et al 5. Altogether, our study
demonstrates that the tetravalent S1 protein vaccine candidate was able to induce a robust SARS-
CoV-2-specific immune response in RMs, which is promising for future development and testing
of COVID-19 vaccines in humans.

The results of our study have important implications for COVID-19 vaccine development
and implementation in humans. The vaccine candidate induced not only humoral immune
responses but also cellular immune responses, which have been shown to be important for long-
term immunity 38, The use of RMs as an animal model for studying vaccine efficacy has been
widely accepted in the scientific community 33291292501 ‘Here we have used RM controllers based
on the rationale that SIV controllers have a nearly healthy immune system (able to control SIV
replication) %4, We also wanted to assess whether the induction of T-cell activation at the effector
sites would result in a burst of SIV replication. Such a boosting of SIV was reported to occur after
administration of vectorized vaccines %2, The use of NHP models has been shown to be highly

informative for predicting vaccine efficacy in humans 593504,
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The results showed that the vaccine induced both humoral and cellular immune responses
against SARS-CoV-2, including neutralizing antibodies, ACE2 blocking antibodies, and T-cell
responses. Furthermore, the vaccine candidate was able to generate Omicron variant binding and
ACE2 blocking antibodies without specifically vaccinating with Omicron, suggesting the potential
for broad protection against emerging variants 402421:445505506 Thjs is particularly significant given
the emergence of highly diverged SARS-CoV-2 variants, such as Omicron, which have raised
concerns about vaccine efficacy and the need for updated vaccines 402421:505507  Apother significant
feature of the vaccine candidate is its tetravalent composition, which targets the spike proteins of
four different SARS-CoV-2 variants. This approach has the potential to provide broad protection
against multiple SARS-CoV-2 variants, as well as to minimize the risk of immune escape and
emergence of new variants.

Protein subunit vaccines are known for their safety, ease of large-scale production, and
distribution, and have been used in other successful vaccine campaigns, such as the hepatitis B
vaccine 425503508509 This makes protein subunit vaccines an ideal candidate for worldwide vaccine
equity, particularly for countries that may not have access to the more complex mRNA or viral
vector vaccine platforms. Furthermore, the ability to store and transport protein subunit vaccines
at a relatively low temperature (-20°C to 4°C) , compared to the ultra-low temperature required
for mRNA vaccines, makes their distribution and administration easier in resource-limited settings
1510 The protein subunit platform is also amenable to alternative routes of administration, such
as intradermal delivery, which has been shown to increase immunogenicity in other vaccine studies
208217511512 '1n summary, the tetravalent S1 protein subunit vaccine represents a promising vaccine
candidate against SARS-CoV-2, particularly for populations that may not have access to other

vaccine platforms and could potentially be further optimized to enhance its immunogenicity.
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However, it should be noted that this study has limitations. The sample size was small and
we did not perform a SARS-CoV-2 virus challenge in our vaccinated RMs to fully assess vaccine
efficacy 2°3°%, While our results show promising immune responses to the tetravalent SARS-CoV-
2 vaccine in RMs, a virus challenge would have provided further insights into the effectiveness of
the vaccine in preventing infection and disease. Additionally, our study did not evaluate the
durability of the antibody response generated by the vaccine over a longer period. Studies have
shown that antibody responses to SARS-CoV-2 vaccines may wane over time, which highlights
the importance of evaluating the longevity of vaccine-induced immunity 413513517 Finally, we did
not assess mucosal immunity in our study, which is an important aspect of immune protection
against respiratory viruses like SARS-CoV-2. Mucosal immunity may provide an additional layer
of protection against infection and transmission, and future studies should investigate the mucosal
immune response to the tetravalent SARS-CoV-2 vaccine 135298:418518,519

The tetravalent S1 subunit protein COVID-19 vaccine candidate evaluated in this study
contained SARS-CoV-2 S1 antigens from the Wuhan strain, as well as the B.1.1.7 variant, B.1.351
variant, and P.1 variant. Our study demonstrates that this vaccine candidate can induce both
humoral and cellular immune responses, as evidenced by increased cell counts in both T and B
cells, and the production of neutralizing and cross-reactive antibodies, as well as ACE2 blocking
antibodies and T cell responses. It is important to note that the RMs used in this study were infected
with SIVsab and controlled the infection for a year prior to immunization. The ability of these
animals to control the SIVsab infection, without reactivation of virus upon immunization, while
mounting immune responses to the vaccine candidate, further demonstrates the potential of this
vaccine candidate to provide robust protection against SARS-CoV-2, even in individuals with pre-

existing conditions. Moreover, the tetravalent composition of the vaccine candidate has significant
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implications for COVID-19 vaccine development and implementation, with the potential to
provide broad protection against multiple SARS-CoV-2 variants and to minimize the risk of

immune escape and emergence of new variants.
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7.0 Development of Chimeric Spike Protein Vaccines for SARS-CoV-2 and MERS

7.1 Introduction

The recent SARS-CoV-2 outbreak has had a profound impact on human health,
underscoring the ongoing pandemic threat posed by Betacoronaviruses. The COVID-19 pandemic,
first declared by the World Health Organization on March 11, 2020, has resulted in approximately
6.9 million deaths as of May 15, 2023. Similarly, Middle East Respiratory Syndrome (MERS) is
a Betacoronavirus that was first identified in Saudia Arabia in 2012 %2, As of March 2023, there
have been 2,604 laboratory-confirmed cases of MERS-CoV infection, with 936 deaths reported to
the World Health Organization and a mortality rate of around 36% 2°2. Although most cases have
occurred in the Middle East, MERS-CoV has also been reported in other regions, including Europe
and Asia 2%,

Betacoronaviruses, a genus of enveloped, positive-sense RNA viruses within the
Coronaviridae family, are known to cause varying degrees of respiratory illnesses in humans and
animals. The first human BetaCoronavirus to cause substantial human morbidity and mortality,
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), emerged in 2002 and caused a
global outbreak of Severe Acute Respiratory Syndrome (SARS) 22222, This was followed. By the
emergence of the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) in 2012, resulting
in subsequent outbreaks in the Middle East and South Korea 222?22, The recent emergence of
SARS-CoV-2 in late 2019, responsible for the COVID-19 pandemic, has further highlighted the
urgency of understanding the virology and pathogenesis of BetaCoronaviruses. Developing a

vaccine targeting both SARS-CoV-2 and MERS-CoV would significantly enhance protection
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against the pandemic potential of Betacoronaviruses, potentially inducing broad S1-targeting
antibodies and increasing the potency of SARS-CoV-2 protein vaccines.

To effectively prevent the spread of BetaCoronaviruses, it is crucial to develop safe and
effective vaccines capable of eliciting potent and durable virus-specific immune responses 217:32%-
332 Betacoronaviruses (Beta-CoVs), such as SARS-CoV-2 and MERS, are enveloped, positive-
sense, sSRNA viruses 247333, BetaCoVs encode the envelope, nucleocapsid, membrane, and spike
(S) proteins 234335 Among these components, the spike protein has garnered significant attention
due to its proven role in the virus infection process 3%¢. The trimeric class | fusion transmembrane
S glycoprotein of the viral envelope is comprised of two subunits, S1 and S2, that function in viral
attachment to the host cell receptor and in fusion to the cells, respectively 33¢3%", For instance, the
S protein on the envelope of SARS-CoV-2 binds to the cell receptor angiotensin-converting
enzyme 2 (ACE2) and facilitates viral entry 3733, The S protein of MERS-CoV is also a trimeric
transmembrane glycoprotein that mediates viral entry into host cells, however, by binding to the
host cell receptor dipeptidyl peptidase 4 (DPP4) 221223253 Qur previous efforts on the development
of vaccines against SARS-CoV, MERS-CoV, and SARS-CoV-2 have shown that vaccine
candidates targeting the S1 subunit are capable of generating efficacious neutralizing antibody
responses 3433 \We have also presented that skin-targeted S1 subunit protein vaccines induce
antigen-specific antibody responses against MERS-CoV and SARS-CoV-2 2%,

SARS-CoV-2 and MERS-CoV share various similarities, including their Betacoronavirus
classification, genome organization, and utilization of furin cleavage site for S protein priming
221,223 However, they differ in their primary human receptor. While SARS-CoV-2 utilizes ACE2
for entry, MERS-CoV utilizes DPP4 221223 This difference in receptor utilization likely contributes

to the differences in their clinical presentation and disease severity. Additionally, while both
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viruses can cause severe respiratory illness, the mortality rate of MERS-CoV is higher compared
to SARS-CoV-2, with MERS having a mortality rate of approximately 35-36% and COVID-19
approximately 5.6% in July 2020 221:223.259,

Although approved COVID-19 vaccines demonstrated effectiveness in reducing mortality
and morbidity caused by SARS-CoV-2 infection, the emergence of new variants that can evade
the preexisting immunity to SARS-CoV-2 has raised concerns about their long-term efficacy.
Moreover, the uneven distribution of vaccines worldwide has resulted in many low to middle-
income countries being left without access to variant-specific vaccines that are better suited for the
evolving SARS-CoV-2 variant landscape 32420 This situation underscores the need for the
development of vaccines that can provide broad protection against a range of SARS-CoV-2
variants, as well as the importance of the equitable distribution of vaccines to mitigate the risk of
further virus evolution and spread 113249250 Qur laboratory has previously described in the
literature the robust neutralizing antibody-inducing capabilities of both protein subunit and viral
vector MERS and SARS-CoV-2 vaccines expressing S1. MERS, while displaying different
disease Kkinetics and cellular receptors, shares homology in the spike protein with SARS-CoV-2.
Notably, MERS S1 vaccines exhibit potent neutralizing capability, while our SARS-CoV-2 S1
vaccine candidates show relatively low neutralizing ability. To address this limitation, we propose
a novel approach utilizing the MERS S1 as a scaffold to present the RBD of SARS-CoV-2 which
may overcome the deficiency in SARS-CoV-2 neutralizing antibodies. Alternatively, employing
the SARS-CoV-2 RBD in a MERS S1 scaffold may induce a broad array of antibodies targeting
the hybrid S1, which could potentially protect against a wider range of SARS-CoV-2 variants and

MERS. Additionally, there is potential for a hybrid SARS-CoV-2 and MERS S1 to allow for a
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multi-Betacoronavirus vaccine, the first of its kind, and may better inform future universal

Betacoronavirus vaccine design.

7.2 Results

7.2.1 Design and Expression of Recombinant Proteins

Recombinant proteins of SARS-CoV-2 and MERS S1, pAd/MERS RBD in SARS-CoV-2
S1 (MersRBDS2 Chimera), pAd/SARS-CoV-2 RBD in MERS S1 (SARS2RBDMers Chimera),
pAd/SARS-CoV-2 S1 (SARS2 S1), and pAd/MERS S1 were generated by subcloning the codon-
optimized S1 gene having C-tag and TLR4 agonist peptide RS09 into the shuttle vector, pAd
(GenBank U62024) at Sall and Notl sites. To determine S1 expression and purity post C-tagXL
affinity matrix purification, proteins were separated by 10% SDS-PAGE and assessed by western
blot and silver staining (Fig. 39). The purified recombinant proteins, MERS RBDS2 S1 (lane 1),
SARS2RBDMers S1 (lane 2), SARS-CoV-2 S1 (lane 3), and MERS S1 (lane 4) were visualized
at their expected glycosylated monomeric molecular weights of about 110 kDa under the
denaturing reduced conditions (Fig. 39A). The proteins, MERS RBDS2 S1 (lane 1),
SARS2RBDMers S1 (lane 2), MERS S1 (lane 3), and SARS-CoV-2 S1 (lane 4) were also
recognized by anti-spike SARS-CoV-2 antibodies or anti-spike MERS antibodies through western
blot (Fig 39B). Mice were prime and boosted on weeks 3 and 6 with either 10 pg of MERS RBDS2
S1, SARS2RBDMers S1, SARS-CoV-2 S1 (WU S1), or MERS S1 (Fig. 39C and 39D).

Adenovirus vectored MERS targeting vaccines using either an Ad5 human adenovirus
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(Ad5.MERS-S1) or chimpanzee adenovirus (ChAd.MERS-S1) were also included as positive

MERS controls at a dose of 1x10%*°v.p. and were only boosted once at week 3.
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Figure 39: Design and expression of MERS SARS-CoV-2 chimeric S1. (A) Silver-stained reducing SDS-PAGE
gel of purified Expi293 cell-derived; MERS RBDS2 S1 (lane 1), SARS2RBDMers S1 (lane 2), SARS-CoV-2 S1 (lane
3), and MERS S1 (lane 4). (B) Detection of the SARS-CoV-2-S1 proteins by western blot with purified proteins using
anti-S SARS-CoV-2 polyclonal antibodies (top) and detection of the MERS proteins by western blot with purified
proteins using anti-S MERS polyclonal antibodies (bottom); MERS RBDS2 S1 (lane 1), SARS2RBDMers S1 (lane
2), MERS S1 (lane 3), and SARS-CoV-2 S1 (lane 4). (C) AlphaFold V2 protein structure prediction of recombinant
proteins with MERS portions in green and SARS-CoV-2 portions in cyan. (D) Diagram of immunization schedule for

in-vivo immunogenicity assessment.

7.2.2 SARS-CoV-2 and MERS Binding Antibody Responses

We collected serum samples from all mice before immunization, which were used set the

endpoint titer cutoff for all antibody ELISA’s **”. Serum samples collected on weeks 3, 6, and 9
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after prime immunization were serially diluted to determine SARS-CoV-2-S1-specific (Fig. 40)

and MERS-S1-specific 1gG titers (Fig. 41) for each immunization group using ELISA.
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Figure 40: SARS-CoV-2 binding 1gG response. BALB/c mice (n = 5 mice per group) were immunized
intramuscularly with 10 ug of either MERS RBDS2 S1, SARS2RBDMers S1, SARS-CoV-2 S1, or MERS S1 and
received a homologous booster at week 3 and week 6. Ad5.MERS-S1 and ChAd.MERS-S1 was given at a dose of
1x10%° v.p. and was only boosted once at week 3. On weeks 3, 6, and 9 sera from mice were collected, serially diluted
(200x), and tested for the presence of Wuhan SARS-CoV-2-S1-specific 1gG antibody levels by ELISA. Significance
was determined by the Kruskal-Wallis test followed by Dunn’s multiple comparisons (* p < 0.05). Horizontal solid

lines represent geometric mean antibody titers. Serum collected on week 0, before immunization, was used to set the

ELISA endpoint titer cutoff.
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Figure 41: MERS IgG binding 1gG response. BALB/c mice (n =5 mice per group) were immunized intramuscularly
with 10 pg of either MERS RBDS2 S1, SARS2RBDMers S1, SARS-CoV-2 S1, or MERS S1 and received a
homologous booster at week 3 and week 6. Ad5.MERS-S1 and ChAd.MERS-S1 was given at a dose of 1x10% v.p.
and was only boosted once at week 3. On weeks 3, 6, and 9 sera from mice were collected, serially diluted (200x),
and tested for the presence of MERS-S1-specific 1gG antibody levels by ELISA. Significance was determined by the
Kruskal-Wallis test followed by Dunn’s multiple comparisons (* p < 0.05). Horizontal solid lines represent geometric
mean antibody titers. Serum collected on week 0, before immunization, was used to set the ELISA endpoint titer

cutoff.

Against Wuhan SARS-CoV-2 S1, all solely MERS targeting vaccine antigens (MERS S1-
RS09cg, Ad5.MERS-S1, and ChAd.MERS-S1) expectedly elicited the least amount of SARS-

CoV-2 IgG antibodies. At week 3; MerRBDS2 S1-RS09cg, WU S1-RS09cg, and Ad5.MERS-S1
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had significantly greater geometric mean SARS-CoV-2 IgG EPT than MERS S1-RS09cqg (Fig. 40,
p <0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons). At week 6; MersRBDS2
S1-RS09cg had significantly greater geometric mean SARS-CoV-2 IgG EPT than MERS S1-
RS09cg and ChAd.MERS-S1 (Fig. 40, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple
comparisons). Similarly, at week 6 WU S1-RS09cqg also had significantly greater geometric mean
SARS-CoV-2 IgG EPT than MERS S1-RS09cg and ChAd.MERS-S1 (Fig. 40, p < 0.05, Kruskal-
Wallis test, followed by Dunn’s multiple comparisons). Following the second homologous booster
dose at week 6; at week 9 MersRBDS2 S1-RS09cg and WU S1-RS09cg achieved the highest
SARS-CoV-2 1gG EPT (Fig. 40). MersRBDS2 S1-RS09cg had significantly greater geometric
mean SARS-CoV-2 IgG EPT than MERS S1-RS09cqg at week 9 (Fig. 40, p < 0.05, Kruskal-Wallis
test, followed by Dunn’s multiple comparisons). Likewise, WU-S1RS09cg had significantly
greater geometric mean SARS-CoV-2 IgG EPT than MERS-S1RS09cg, Ad5.MERS-S1, and
ChAd.MERS-S1 at week 9 (Fig. 40, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple
comparisons). At weeks 6 and 9, WUuRBDMers S1-RS09cg had the third greatest geometric mean
SARS-CoV-2 IgG EPT, following WU S1-RS09cg and MersRBDS2 S1-RS09cg, indicating
induction of SARS-CoV-2 immunity, however, was not statistically significantly increased versus
MERS constructs (Fig. 40, p > 0.05, Kruskal-Wallis test, followed by Dunn’s multiple
comparisons). These results suggest that both SARS-CoV-2 and MERS chimeric constructs,
MersRBDS2 S1-RS09cg and WuRBDMers S1-RS09cg, were able to elicit SARS-CoV-2 IgG
antibodies with MerRBDS2 Chimera S1-RS09cg being at a greater degree.

Against MERS S1; WuURBDS2 S1-RS09cg, MERS S1-RS09cg, and Ad5.MERS-S1
elicited the highest geometric mean MERS-1gG EPT at weeks 3, 6, and 9 (Fig. 41). Specifically at

week 3, MERS-S1RS09cg and Ad5.MERS.S1 had significantly greater geometric mean MERS-
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IgG EPT than MersRBDS2 S1-RS09cq (Fig. 41, p < 0.05, Kruskal-Wallis test, followed by Dunn’s
multiple comparisons). At week 3, Ad5.MERS-S1 also had significantly greater geometric mean
MERS-1gG EPT than WU S1-RS09cg (Fig. 41, p < 0.05, Kruskal-Wallis test, followed by Dunn’s
multiple comparisons). At week 6, both MERS S1-RS09cg and Ad5.MERS-S1 had significantly
greater geometric mean MERS-1gG EPT than MersRBDS2 S1-RS09cg and WU S1-RS09cg (Fig.
41, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons). At week 9,
WuRBDMers S1-RS09cg, MERS S1-RS09cg, and Ad5. MERS-S1 achieved similarly high levels
of MERS S1 1gG (Fig. 41). WuRBDMers S1-RS09cg, MERS S1-RS09cg, and Ad5.MERS-S1
achieved significantly greater geometric mean MERS-1gG EPT than MersRBDS2 S1-RS09cg
(Fig. 41, p < 0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons). These results
suggest that placing the SARS-CoV-2 Wuhan RBD in MERS S1 was able to elicit MERS-specific
IgG antibodies to a similar EPT as solely MER S1-RS09cg and Ad5.MERS-SL1.

Next, we aimed to investigate the level of IgG binding antibodies that were specific for the
SARS-CoV-2 RBD within the S1 protein, to gauge the potential effect of placing the Wuhan RBD
into a MERS S1 scaffold, in the case of WuRBDMers S1-RS09cqg (Fig. 42). Week 6 (left panel)
and week 9 (right panel) sera were used to gauge SARS-CoV-2 RBD-specific 1gG antibodies using
a Delta variant specific RBD-cg recombinant protein. At week 6 and week 9, both WuRBDMers
S1-RS09cg and WU S1-RS09cg achieved the greatest geometric mean SARS-CoV-2 Delta RBD-
IgG EPT (Fig. 42). Notably, WuRBDMersS2 S1-RS09cg had a greater geometric mean SARS-
CoV-2 Delta RBD-IgG EPT than WU S1-RS09cg (Fig. 42). Specifically, at week 6 both
WuRBDMers S1-RS09cg and WU S1-RS09cg had significantly greater geometric mean SARS-
CoV-2 Delta RBD-1gG EPT than MersRBDS2 S1-RS09cg and MERS S1-RS09cqg (Fig. 42, p <

0.05, Kruskal-Wallis test, followed by Dunn’s multiple comparisons). At week 9, only
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WuRBDMers S1-RS09cg had significantly greater geometric mean SARS-CoV-2 Delta RBD-IgG
EPT than MersRBDS2 S1-RS09cg and MERS S1-RS09cq (Fig. 42, p < 0.05, Kruskal-Wallis test,
followed by Dunn’s multiple comparisons). These data suggest that placing the SARS-CoV-2
RBD in MERS S1 (WuRBDMers S1-RS09cg) was able to effectively increase the RBD-specific

IgG EPT when compared to SARS-CoV-2 S1 alone (WU S1-RS09cqg).
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Figure 42: Delta RBD binding IgG response. BALB/c mice (n =5 mice per group) were immunized intramuscularly
with 10 pg of either MERS RBDS2 S1, SARS2RBDMers S1, SARS-CoV-2 S1, or MERS S1 and received a
homologous booster at week 3 and week 6. Ad5.MERS-S1 and ChAd.MERS-S1 was given at a dose of 1x10%° v.p.
and was only boosted once at week 3. On weeks 6 (left panel) and 9 (right panel) sera from mice were collected,

serially diluted (200x), and tested for the presence of SARS-CoV-2-RBD-specific 1gG antibody levels by ELISA.
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Significance was determined by the Kruskal-Wallis test followed by Dunn’s multiple comparisons (* p < 0.05).
Horizontal solid lines represent geometric mean antibody titers. Serum collected on week 0, before immunization,

was used to set the ELISA endpoint titer cutoff.

7.2.3 ACE2 Binding Inhibition Induced by Hybrid Betacoronavirus S1

Competitive immunoassays for quantifying inhibition of the spike-ACE2 interaction have
been shown to correlate well with live-virus neutralizing tests and serve as a convenient multiplex
method to determine the neutralizing capacity of vaccinated sera 3%>30643843% Tq jnvestigate the
neutralizing capabilities of antibodies induced by vaccination we used the Meso Scale Discovery
(MSD) V-PLEX SARS-CoV-2 (ACE2) Kit. This measures the inhibition of binding between
angiotensin-converting enzyme-2 (ACEZ2) and trimeric spike protein of SARS CoV-2 variants. We
used kit Panel 25 including Wuhan S and spikes from immune evasive variants; BA.1, BA.2, AY .4
(Delta lineage), BA.3, BA.1 + R346K mutation, BA.1 + L52R mutation, B.1.1.7 (Alpha), B.1.351
(Beta), and B.1.1640.2. Sera from vaccinated animals were examined at week 6 and week 9, the
peak of the 1gG antibody responses (Fig. 41 & 42). Fig. 43-46 depict each vaccination group
ACE2-binding percent inhibition individually; MersRBDS2 Chimera S1-RS09cg (Fig. 43),
SARS2RBDMers Chimera S1-RS09cg (Fig. 44), SARS-CoV-2 S1 (WU S1-RS09cg) (Fig. 45),
and MERS S1-RS09cg (Fig. 46). Unfortunately, antibodies blocking ACE2 and trimeric S binding
were not detected at levels above naive sera for MersRBDS2 Chimera S1-RS09cg (Fig. 43),
SARS2RBDMers Chimera S1-RS09cg (Fig. 44) and MERS S1-RS09cg (Fig. 46). Antibodies
blocking ACE2 and trimeric S binding were only detected in WU S1-RS09cg vaccinated mice,
with levels above naive sera against all variant’s spikes (Fig. 45). Interestingly, antibodies

blocking ACE2 and trimeric S binding had the highest median ACE2-binding inhibition against
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Wuhan S, AY .4 (Delta), B.1.1.7, B.1.351, and B.1.640.2 (Fig. 45). Taken together, while a prime
and two boosts of MersRBDS2 Chimera S1-RS09cg and SARS2RBDMers Chimera S1-RS09cg
elicited cross-reactive 1gG binding antibodies against SARS-CoV-2 and MERS, at high levels,

these antibodies were not sufficient to block ACE2 and trimeric SARS-CoV-2 S binding.
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Figure 43: MersRBDS2 chimera S1 ACE2 binding inhibition. Antibodies in sera capable of neutralizing the
interaction between SARS-CoV-2 Wuhan, BA.1, BA.2, AY.4 (Delta lineage), BA.3, BA.1 + R346K mutation, BA.1
+ L52R mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2. variant spike and ACE2 were examined in
MersRBDS2 Chimera S1-RS09cg vaccinated animals at week 6 and week 9. ACE2 binding percent inhibition of
MersRBDS2 Chimera S1-RS09cg vaccinated at week 6 (blue box and whisker plot) and week 9 (red box and whisker
plot) are depicted along with naive control sera (green box and whisker plot). Box and whisker plots represent the

median and upper and lower quartile (box) with min and max (whiskers).
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Figure 44: WuRBDMers S1 chimera ACE2 binding inhibition. Antibodies in sera capable of neutralizing the
interaction between SARS-CoV-2 Wuhan, BA.1, BA.2, AY.4 (Delta lineage), BA.3, BA.1 + R346K mutation, BA.1
+ L52R mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2. variant spike and ACE2 were examined in
WuRBDMers Chimera S1-RS09cg vaccinated animals at week 6 and week 9. ACE2 binding percent inhibition of sera
from WuRBDMers Chimera S1-RS09cg vaccinated mice at week 6 (blue box and whisker plot) and week 9 (red box
and whisker plot) are depicted along with naive control sera (green box and whisker plot). Box and whisker plots

represent the median and upper and lower quartile (box) with min and max (whiskers).
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Figure 45: WU S1RS09cg ACE2 binding inhibition. Antibodies in sera capable of neutralizing the interaction
between SARS-CoV-2 Wuhan, BA.1, BA.2, AY .4 (Delta lineage), BA.3, BA.1 + R346K mutation, BA.1 + L52R
mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2. variant spike and ACE2 were examined in WU S1-RS09cg
vaccinated animals at week 6 and week 9. ACE2 binding percent inhibition of sera from WU S1-RS09cg vaccinated
mice at week 6 (blue box and whisker plot) and week 9 (red box and whisker plot) are depicted along with naive
control sera (green box and whisker plot). Box and whisker plots represent the median and upper and lower quartile

(box) with min and max (whiskers).
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Figure 46: MERS S1-RS09cg ACEZ2 binding inhibition. Antibodies in sera capable of neutralizing the interaction
between SARS-CoV-2 Wuhan, BA.1, BA.2, AY .4 (Delta lineage), BA.3, BA.1 + R346K mutation, BA.1 + L52R
mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2. variant spike and ACE2 were examined in MERS S1-
RS09cg vaccinated animals at week 6 and week 9. ACE2 binding percent inhibition of sera from MERS S1-RS09cg
vaccinated mice at week 6 (blue box and whisker plot) and week 9 (red box and whisker plot) are depicted along with
naive control sera (green box and whisker plot). Box and whisker plots represent the median and upper and lower

quartile (box) with min and max (whiskers).

7.3 Materials and Methods

7.3.1 Construction of Recombinant Protein Expressing Vectors

The coding sequence for Betacoronavirus S1 amino acids 1 to 661; having C-terminal tag
known as ‘C-tag’, composed of the four amino acids (aa), glutamic acid-proline-glutamic acid-
alanine (E-P-E-A) ,along with RSQ09 peptide, flanked with Sal I & Not | was codon-optimized
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using UpGene algorithm for optimal expression in mammalian cells 2731, The construct also
contained a Kozak sequence (GCCACC) at the 5’ end. The plasmids, pAd/MERS RBD in SARS-
CoV-2 S1 (MersRBDS2 Chimera), pAd/SARS-CoV-2 RBD in MERS S1 (SARS2RBDMers
Chimera), pAd/SARS-CoV-2 S1 (SARS2 S1), and pAd/MERS S1 were generated by subcloning
the codon-optimized S1 gene having C-tag and TLR4 agonist peptide RS09 into the shuttle vector,
pAd (GenBank U62024) at Sall and Notl sites. The plasmid constructs were confirmed by DNA

sequencing.

7.3.2 Transient Production in expi293 Cells

Recombinant proteins were amplified and purified using ZymoPURE |1 plasmid maxiprep
kit (Zymo Research). For Expi293 cell transfection, we used ExpiFectamieTM 293 Transfection
Kit (ThermoFisher, Waltham, MA, USA) and followed the manufacturer’s instructions. Cells were
seeded 3.0 x 106 cells/mL one day before transfection and grown to 4.5-5.5 x 106 cells/mL. 1 pg
of DNA and ExpiFectamine mixtures per 1 mL culture were combined and incubated for 15 min
before adding into 3.0 x 106 cells/mL culture. At 20 h post-transfection, enhancer mixture was
added, and culture was shifted to 32 °C. The supernatants were harvested 5 days post transfection
and clarified by centrifugation to remove cells, filtration through 0.8 pm, 0.45 pm, and 0.22 um

filters and either subjected to further purification or stored at 4 °C before purification.

7.3.3 Purification of Recombinant Proteins

The recombinant proteins were purified using a CaptureSelect™ C-tagXL Affinity Matrix

prepacked column (ThermoFisher) and followed the manufacturer’s guideline *°. Briefly, The C-
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tagXL column was conditioned with 10 column volumes (CV) of equilibrate/wash buffer (20 mM
Tris, pH 7.4) before sample application. Supernatant was adjusted to 20 mM Tris with 200 mM
Tris (pH 7.4) before being loaded onto a 5-mL prepacked column per the manufacturer’s
instructions at 5 mL/min rate. The column was then washed by alternating with 10 CV of
equilibrate/wash buffer, 10 CV of strong wash buffer (20 mM Tris, 1 M NacCl, 0.05% Tween-20,
pH 7.4), and 5 CV of equilibrate/wash buffer. The recombinant proteins were eluted from the
column by using elution buffer (20 mM Tris, 2M MgCl, pH 7.4). The eluted solution was
concentrated and desalted with preservative buffer (PBS) in an Amicon Ultra centrifugal filter
devices with a 50,000 molecular weight cutoff (Millipore). The concentrations of the purified
recombinant proteins were determined by the Bradford assay using bovine serum albumin (BSA)

as a protein standard, aliquoted, and stored at —80°C until use.

7.3.4 SDS-PAGE, Silver Staining, and Western Blot

The purified proteins were subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), Silver Staining, and Western blot. Briefly, after the supernatants
were boiled in Laemmli sample buffer containing 2% SDS with beta- mercaptoethanol (B-ME),
the proteins were separated by Tris-Glycine SDS-PAGE gels and transferred to nitrocellulose
membrane. After blocking for 1 h at room temperature (RT) with 5% non-fat milk in TBS-T,
mouse anti-SARS-CoV spike polyclonal antibodies (1:10,000) (from mice immunized with
SARS-CoV-2-S1), or mouse anti-MERS-CoV spike polyclonal antibodies (1:10,000) (from mice
immunized with MERS-CoV-2-S1) was added and incubated overnight at 4 °C as primary
antibody, and horseradish peroxidase (HRP)-conjugated rat anti-mouse IgG (1:10,000) (Jackson
immuno research) was added and incubated at RT for 1 hour as secondary antibody. After washing,
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the signals were visualized using ECL Western blot substrate reagents and iBright 1500 (Thermo

Fisher).

7.3.5 Animals and Immunization

At week 0 female BALB/c mice (n = 5 animals per group) were bled from retro-orbital
vein and primed and boosted on weeks 3 and 6 with either 10 ug of MERS RBDS2 S1,
SARS2RBDMers S1, SARS-CoV-2 S1 (WU S1), or MERS S1 . Adenovirus vectored MERS
targeting vaccines using either a Ad5 human adenovirus (Ad5.MERS-S1) or chimpanzee
adenovirus (ChAd.MERS-S1) were also included as positive MERS controls at a dose of 1x10°
v.p. and were only boosted once at week 3. Mice were bled on week 3,6, and 9. Mice were
maintained under specific pathogen-free conditions at the University of Pittsburgh, and all
experiments were conducted in accordance with animal use guidelines and protocols approved by

the University of Pittsburgh’s Institutional Animal Care and Use (IACUC) Committee.

7.3.6 ELISA

Sera from all mice were collected prior to immunization (week 0) and at weeks indicated
after immunization and evaluated for SARS-CoV-2-S1-specific or MERS-CoV-S1-specific 19G
antibodies using ELISA 2%, Briefly, ELISA plates were coated with 200 ng of recombinant SARS-
CoV-2-S1RS09cg or MERS-CoV-S1RS09cg protein per well overnight at 4 °C in carbonate
coating buffer (pH 9.5) and then blocked with PBS-T and 2% bovine serum albumin (BSA) for
one hour. For ELISA coating antigens, WU S1-RS09cg and MERS S1-RS09cg were produced by

our lab. Mouse sera were serially diluted in PBS-T with 1% BSA and incubated overnight. After
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the plates were washed, anti-mouse 1gG-horseradish peroxidase (HRP) (1:10,000, SantaCruz,
Dallas, Texas, USA) was added to each well and incubated for 60 min. The plates were washed
three times, developed with 3,3'5,5'-tetramethylbenzidine, and the reaction was stopped. Next,
absorbance was determined at 450 nm using a plate reader. ELISA data graphed is relative to

preimmunization sera, using week 0 sera as the standardized cutoff.

7.3.7 ACE2 Blocking Assay

Antibodies blocking the binding of SARS-CoV-2 spike including Wuhan and spikes from
immune evasive variants; BA.1, BA.2, AY.4 (Delta lineage), BA.3, BA.1 + R346K mutation,
BA.1 + L452R mutation, B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.1640.2 to ACE2 were detected
with a V-PLEX SARS-CoV-2 Panel 25 (ACE2) Kit (Meso Scale Discovery (MSD) according to
the manufacturer’s instructions. The assay plate was blocked for 30 min and washed. Serum
samples were diluted (1:20) and 25 pL were transferred to each well. The plate was then incubated
at room temperature for 60 min with shaking at 700 rpm, followed by the addition of SULFO-
TAG conjugated ACE2, and continued incubation with shaking for 60 min. The plate was washed,
150 uL MSD GOLD Read Buffer B was added to each well, and the plate was read using the
QuickPlex SQ 120 Imager. Electrochemiluminescent values (ECL) were generated for each
sample. Results were calculated as % inhibition compared to the negative control for the ACE2
inhibition assay, and % inhibition is calculated as follows: % neutralization = 100 x (1 — (sample

signal/negative control signal)).
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7.3.8 Statistical Analysis

Statistical analyses were performed using GraphPad Prism v9 (San Diego, CA, USA).
Antibody endpoint titers and neutralization data were analyzed by Kruskal-Wallis test, followed
by Dunn’s multiple comparisons. Significant differences are indicated by * p < 0.05. Comparisons

with non-significant differences are not indicated.

7.4 Discussion

The continued evolution of SARS-CoV-2 throughout the COVID-19 pandemic has
enforced the need for next-generation Beta-CoVs vaccines that may induce broader immune
responses against multiple variants 250.251420:422438:440 / Along with SARS-CoV-2, MERS continues
to be a threat to human health, with a large case fatality rate 324, Additionally, if MERS were to be
able to be transmitted from human to human more efficiently it would become a potent threat as
the next, high fatality, pandemic. Therefore, there is a need for a next-generation Beta-CoVs
vaccine approach that may be able to induce immunity to both SARS-CoV-2 and MERS,
potentially increasing the quality and breadth of vaccine-induced antibodies. Protein subunit
vaccines are ideal for worldwide distribution due to their excellent safety, low cost, scalability,
and thermostability 384246, Protein subunit vaccine platforms can be further improved through the
use of alternative vaccine delivery methods such as intranasal or intradermal vaccination, with
microneedle arrays 2441, The versatility of protein subunit vaccines lends to their utility for mass

distribution and vaccination.
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The S protein plays a crucial role in the viral infection process of Beta-CoVs, mediating
viral attachment to host cells and entry, making it a favorable target for Beta-CoV vaccines. We
have demonstrated that targeting the S1 subunit of the S protein can generate potent antibodies,
including neutralizing, responses 89217:343344:427 \\je have demonstrated the efficacy of S1 protein
subunit vaccines in inducing antigen-specific antibody responses against MERS-CoV and SARS-
CoV-2 189217383344 However, the neutralizing quality of SARS-CoV-2 S1 vaccines was relatively
low compared to MERS-CoV S1 vaccines, necessitating a larger dose of SARS-CoV-2 protein
subunit vaccine as opposed to MERS-CoV 89217383427 Tq jnvestigate this limitation, and
potentially enhance neutralizing antibody responses against SARS-CoV-2, we employed a
chimeric approach by placing the SARS-CoV-2 RBD in a MERS-CoV S1 scaffold
(SARS2RBDMers Chimera S1-RS09cg). We also generated a chimeric S1 with MERS-CoV RBD
in a SARS-CoV-2 S1 scaffold (MersRBDS2 Chimera S1-RS09cg). Alternatively, using chimeric
SARS-CoV-2 and MERS-CoV S1 could induce a broad array of antibodies, potentially protecting
a wider range of SARS-CoV-2 variants and MERS-CoV.

In this study, we successfully designed and expressed the recombinant proteins
SARS2RBDMers S1 and MersRBDS2, along with SARS-CoV-2 S1 and MERS S1. We
demonstrate the ability to generate vaccine-induced IgG antibodies that can bind to both SARS-
CoV-2 and MERS-CoV spikes through the use of SARS-CoV-2 MERS-CoV chimeric S1 antigens.
The purified proteins exhibited the expected molecular weights and were recognized by specific
antibodies through western blot analysis, confirming their successful expression and purification.
Mice were prime and boosted on weeks 3 and 6 with either 10 pg of MERS RBDS2 S1,
SARS2RBDMers S1 (WuRBDMers S1), SARS-CoV-2 S1 (WU S1), or MERS S1 (Fig. 39C and

39D). Adenovirus vectored MERS targeting vaccines using either an Ad5 human adenovirus
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(Ad5.MERS-S1) or chimpanzee adenovirus (ChAd.MERS-S1) were also included as positive
MERS controls at a dose of 1x10%*°v.p. and were only boosted once at week 3.

Serum samples collected from immunized mice were tested for SARS-CoV-2-S1-specific
and MERS-S1-specific IgG antibody levels using ELISA at weeks 3, 6, and 9. The solely MERS
targeting vaccine antigens elicited the lowest SARS-CoV-2 IgG antibody responses, as expected
(Fig. 40). MerRBDS2 S1-RS09cg, WuRBDMers S1-RS09cg, and WU S1-RS09cg vaccinated
mice all elicited robust 1gG binding antibody responses against SARS-CoV-2 S1 (Fig. 40).
Particularly, WU S1-RS09cg vaccinated mice achieved the greatest geometric mean SARS-CoV-
2 1gG EPT, followed by MersRBDS2 Chimera S1-RS09cg then WURBDS2 Chimera S1-RS09cg
(Fig. 40). Against MERS-CoV-2-S1; WuRBDMersS2 Chimera S1-RS09cg, MERS S1-RS09cg,
and Ad5.MERS-S1 achieved the greatest geometric mean 1gG EPT (Fig. 41). Notably,
ChAd.MERS-S1 was much less immunogenic than its Ad5.MERS-S1 counterpart (Fig. 41).
Placing the MERS RBD in the SARS-CoV-2 S1 scaffold, MersRBDS2 Chimera S1-RS09cg, was
not sufficient in inducing a potent MERS-CoV-S1 1gG response (Fig. 41). Next, we assessed
SARS-CoV-2 RBD-specific IgG antibody response for insight on the effect of placing the SARS-
CoV-2 RBD ina MERS S1 scaffold. Both WuRBDMers Chimera S1-RS09cg and WU S1-RS09cg
vaccinated mice showed robust 1gG antibody responses against SARS-CoV-2 RBD (Fig. 42).
WuRBDMers Chimera S1-RS09cg vaccinated mice exhibited the greatest geometric mean RBD-
specific 1gG EPT, higher than that of WU S1-RS09cg vaccinated mice (Fig. 42). These data
suggest that WuRBDMers Chimera S1-RS09cg may be an optimal candidate for further
refinement due to its ability to induce both SARS-CoV-2 and MERS-CoV S1-specific 1gG
antibodies. Additionally, WuRBDMers Chimera S1-RS09cg exhibits a greater ability to induce

SARS-CoV-2 RBD-specific antibodies than WU S1-RS09cg.
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To investigate the neutralizing capabilities of antibodies induced by vaccination we utilized
competitive immunoassays to quantify the inhibition of the spike-ACE2 interaction. Such assays
have been shown to correlate well with live-virus neutralizing tests and serve as a convenient
method to determine the neutralizing capacity of vaccinated sera. We utilized the Meso Scale
Discovery (MSD) V-PLEX SARS-CoV-2 (ACE2) Kit, which measures the inhibition of binding
between ACE2 and the trimeric spike protein of SARS-CoV-2 variants. We used kit Panel 25
which includes a panel of SARS-CoV-2 variants, including the Wuhan S strain and BA.1, BA.2,
AY .4 (Delta lineage), BA.3, BA.1 + R346K mutation, BA.1 + L452R mutation, B.1.1.7 (Alpha),
B.1.351 (Beta), and B.1.1640.2 (Figs. 43-46). Unfortunately, antibodies blocking ACE2 and
trimeric spike (S) binding were not detected at levels above naive sera for MersRBDS2 Chimera
S1-RS09cg, SARS2RBDMers Chimera S1-RS09cg, and MERS S1-RS09cg (Figs. 43, 44, and
46). However, antibodies blocking ACE2 and trimeric S binding were detected in mice vaccinated
with WU S1-RS09cqg, with levels above naive sera against all variant spikes (Fig. 45). Currently,
traditional neutralizing tests using live SARS-CoV-2 and MERS-CoV viruses are underway to
further elaborate on the discrepancies versus IgG ELISA binding antibody data and ACE2 binding
inhibition data as we anticipate this data in the near future, to be published alongside this chapter
in an open-access peer-reviewed journal. If live virus neutralizing assays confirm ACE2 binding
inhibition data, that the chimeric antigens do not elicit neutralizing antibodies, then this may be
explained using mix-match Beta-CoV S1’s leading to improper RBD folding or presentation. It
has been demonstrated, particularly for SARS-CoV-2, that the RBD is a fluid structure that
exhibits multiple “up/open” and “down/closed” confirmations that impact antibody neutralization
164,232:336.520 It may be that while SARSRBDMers (WuRBDMers) Chimera S1-RS09cg more

effectively exposes the RBD, it does so in a “closed” confirmation making the induced antibodies
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not effective in blocking ACE2 and trimeric S binding. However, it may also be that the Beta-CoV
chimeric antigens may generate antibodies that can neutralize infection of susceptible cells in a
manner undetectable through competitive immunoassays which quantify the inhibition of the
spike-ACE?2 interaction. Therefore, it is necessary to complete traditional live virus neutralization
assays to fully assess the ability of induced antibodies to neutralize SARS-CoV-2 or MERS-CoV.

An important limitation regarding our study is the lack of T-cell immunity investigation
and SARS-CoV-2 challenge, which were not performed to assess the protection ability of our
vaccine constructs. S-specific binding antibodies were positively correlated with S-specific T-cell
responses indicating induction of T-cell immune response by our vaccine constructs 44°. We chose
to focus on the induction of antibodies because they are the hypothesized correlate of protection
against severe COVID-19 %%, Furthermore, prior studies have shown a positive correlation and
high concordance between binding antibodies and traditional virus-based microneutralization tests
427 Our past work has also shown a positive correlation between the MSD ACE2 binding inhibition
and virus-based microneutralization tests “¥’. As a conventional and multiplex test, the
measurement of a competitive immunoassay for quantifying inhibition of the spike-ACE2
interaction can serve as a surrogate for traditional virus-based microneutralization tests with high
levels of correlation 305306438,

Overall, this study illustrates the potential of chimeric SARS-CoV-2 and MERS-CoV S1
antigens to induce humoral responses that effectively recognize both Beta-CoVs. Particularly,
SARSRBDMers (WuRBDMers) Chimera S1-RS09cg showed potential as a vaccine candidate to
elicit immunity against SARS-CoV-2 and MERS-CoV. Antibodies blocking ACE2 and trimeric
spike (S) binding were not detected at levels above naive sera for MersRBDS2 Chimera S1-

RS09cg, SARS2RBDMers Chimera S1-RS09cg, and MERS S1-RS09cg through an MSD pseudo-
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neutralization assay. Research is currently underway to assess the discrepancies between IgG
binding data and ACE2 binding inhibition data using traditional live-virus neutralization assays.
Furthermore, future research will also investigate T-cell immunity to immunization, especially in

the context of SARSRBDMers (WuRBDMers) Chimera S1-RS09cg.
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8.0 Summary, Future Directions, and Public Health Significance

8.1 Summary

These studies contribute greatly toward understanding and developing novel vaccines
against Betacoronaviruses. | investigated numerous vaccine strategies against both SARS-CoV-2
and MERS-CoV using protein subunit and adenovirus-vectored vaccine approaches. Chapter 2
validates the approach of using the adenovirus-vectored Ad5.S1 vaccine to induce antigen-specific
humoral and cellular immunity. The spike protein of the SARS-CoV-2 virus is identified as an
attractive target for vaccine development, as it plays a crucial role in viral attachment and entry
into host cells. Previous studies on SARS-CoV and MERS-CoV have shown that vaccines
targeting the spike protein can generate protective immune responses. The chapter focuses on the
use of recombinant DNA technology and adenoviral vectors as potential approaches for
developing vaccines against coronaviruses.

Chapter 2 describes the development of an adenoviral vector-based SARS-CoV-2 vaccine
candidate, Ad5.SARS-CoV-2-S1, which encodes the S1 subunit of the spike protein. The
immunogenicity of the vaccine candidate is evaluated in mice through subcutaneous injection and
intranasal delivery. The results show that a single immunization with Ad5.SARS-CoV-2-S1
induces robust and long-lasting antibody responses specific to the S1 antigen. The route of vaccine
administration (subcutaneous or intranasal) does not significantly affect the antibody response,
however, does impact the cellular immune response with subcutaneous administration having a
greater T-cell response than intranasal. The vaccine also induces antigen-specific germinal center

reactions and antibody-secreting plasma cells, suggesting the potential for long-term humoral

214



immune protection. These findings support the further development of recombinant adenovirus
vaccines for COVID-19 and other emerging infectious diseases.

Following the establishment of an Ad5 vectored SARS-CoV-2 vaccine expressing the S1
subunit, I then investigated next-generation vaccine approaches with the inclusion of SARS-CoV-
2 structural protein, N. Chapter 3 of the text discusses the development of multiple Adenoviral
(Ad)-vectored and subunit recombinant protein SARS-CoV-2 vaccine candidates against COVID-
19. It emphasizes the global vaccine inequality and the need for new COVID-19 vaccines that are
better suited for worldwide distribution and capable of targeting more conserved regions of the
virus to combat emerging variants. The chapter explores the role of the spike protein (S) of SARS-
CoV-2 in viral infection and its significance as a target for vaccine development. The inclusion of
more conserved regions of the virus, such as the nucleocapsid protein (N), in vaccine strategies is
investigated due to its potential to enhance immune responses and provide protection against
emerging variants. Previous studies, such as in Chapter 2, using Ad-vectored vaccines expressing
S1 subunits of different coronaviruses have shown promising results. The Ad5-vectored COVID-
19 vaccine, CanSino Convidicea Vaccine (Ad5-nCoV), is mentioned as an example of an Ad-
based vaccine that has demonstrated immunogenicity and received approval in multiple countries.
However, the chapter emphasizes the need for further investigation of novel vaccine strategies,
such as including the N protein or employing heterologous prime-boost strategies, to achieve
sustained immunity against SARS-CoV-2 variants.

Chapter 3 describes the development of an Ad-based SARS-CoV-2 vaccine expressing a
fusion protein of S1 and N subunits (Ad5.SARS-CoV-2-S1N). The immunogenicity of this vaccine
is evaluated in mice through single immunization and homologous or heterologous prime-boost

immunization regimens. Our studies suggest that a single vaccination of BALB/cJ mice via either
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I.N. or S.C. delivery of 5 x 10'° v.p. Ad5.SARS-CoV-2-S1N was capable of inducing antigen-
specific 1gG, g isotype switch, and a moderate neutralizing antibody response. We also show that
Ad5.SARS-CoV-2-S1N shows a similar S1-specific antibody response, and neutralizing response,
to Ad5.SARS-CoV-2-S1. We believe this is important as a concern with including proteins outside
of the SARS-CoV-2 S protein is that it will decrease the antibody response against S. We show
that this is not the case and that inclusion of N, through S1N fusion antigen, does not reduce S1-
specific antibody responses. The results demonstrate that Ad5.SARS-CoV-2-S1IN can induce
robust and durable SARS-CoV-2-specific immune responses in mice, with an increased T-cell
response, specific for S1 and N, than Ad5.SARS-CoV-2-S1. We also illustrate that this
immunogenicity can be improved by homologous prime-boost strategies, using either S.C. or I.N.
delivery. Particularly immunogenicity can further be improved through heterologous prime-boost,
with traditional 1.M. injection, using subunit recombinant S1 protein. Priming with a low dose (1
x 10% v.p.) of Ad5.S1IN and boosting with either WT recombinant rS1 or B.1.351 recombinant
rS1 induced a robust neutralizing response, which was sustained against immune evasive Beta
(B.1.351) and Gamma (P.1) variants of the virus., and a long-lived antibody-forming cell response
in the bone marrow 29 weeks post-vaccination.

After our findings showing the use of recombinant protein S1 as an immunogenic boost
vaccine candidate, in Chapter 3, | then investigated the effect of variant-specific S1 vaccine
approaches, comparing monovalent versus trivalent prime and boost approaches in Chapter 4. |
compared the immune responses induced by monovalent vaccination with wild-type Wuhan spike
S1 (WU-S1RS09cq), Delta variant-specific spike S1 (Delta S1-RS09cg), and Omicron variant-
specific spike S1 (OM S1-RS09cg) proteins to a trivalent vaccine containing all three antigens

(Wu/Delta/OM S1-RS09cg).

216



Chapter 4 results showed that all vaccinated groups had significantly higher 1gG endpoint
titers against their respective antigens after prime and booster immunization. The trivalent vaccine
consistently demonstrated broader antibody responses, greater against heterotypic SARS-CoV-2
variants, compared to the monovalent vaccines. Particularly, trivalent WU/Delta/OM S1-RS09cg
vaccinated mice mounted cross-reactive ACE2 binding inhibiting antibodies against SARS-CoV-
2 variants with increased breadth when compared to monovalent WU S1-RS09cg, Delta S1-
RS09cg, and OM S1-RS09cg vaccinated mice. We believe that this gives credence to investigating
SARS-CoV-2 vaccines that are multivalent to expand variant-specific immune responses. Our data
also suggest that increasing the valency of SARS-CoV-2 vaccines may not reduce the magnitude
of the individual variant immune response, a key added piece of information for the development
of next-generation SARS-CoV-2 vaccines. A particularly unexpected result of our study is the low
immunogenicity of our WU S1-RS09cg vaccine against Wuhan S1, and other VOCs when
compared to Delta and OM S1-RS09cg. Interestingly, the response to the Wuhan-specific S1
antigen waned earlier in the trivalent vaccine group compared to the monovalent Omicron-specific
vaccine group. However, the trivalent vaccine showed superior immune responses against the
Delta and Omicron variants throughout the study period. We found that the trivalent approach
induced a broader humoral response, with increased coverage against antigenically distinct
variants, particularly the Omicron variant. The trivalent vaccine also showed increased ACE2
binding inhibition and higher S1 1gG endpoint titers against Wuhan and Delta variants compared
to the monovalent Omicron-specific vaccine. As expected for the unadjuvanted protein subunit
vaccine in BALB/c mouse, all vaccinated groups had a trend to an 1IgG1 dominant 1gG response,

indicating a Th2 bias.
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Following the results showing substantial immunity conferred by variant-specific S1
subunit vaccine in Chapter 4, we next aimed to investigate the booster effect of variant S1 subunit
vaccine in aged mice that were initially immunized with Ad5.S1 in Chapter 5. The chapter begins
by describing the construction and expression of recombinant proteins of SARS-CoV-2-S1,
specifically the Beta (B.1.351) variant. The study examines the immunogenicity of the adenoviral
vaccine (Ad5.S1) in mice one year after vaccination. The results show that mice vaccinated with
Ad5.S1 had high titers of anti-S1 antibodies even after one year. To assess the booster effect, the
mice were given a booster immunization with the rS1Beta subunit vaccine, and serum samples
were collected at various time points. The analysis reveals that the booster vaccination stimulated
strong and long-lived immune responses, leading to significantly high levels of cross-neutralizing
antibodies against SARS-CoV-2 variants. The chapter also discusses the recall of S1-specific
binding antibodies after the booster. The results demonstrate a rapid recall of binding antibodies,
with higher levels detected in Ad5.S1-vaccinated mouse groups compared to control groups. The
recall response was faster after the booster vaccination compared to the primary vaccination.
Furthermore, the IgG antibody responses after the booster lasted longer, up to week 28 post-boost.

Chapter 5 also investigates the Th1/Th2 response by measuring S1-specific IgG1l and
lgG2a antibodies. The induction of these antibodies was significant and balanced in both the
Ad5.S1-vaccinated groups after the booster shot. In contrast, the subunit vaccine alone induced
high 1gG1 with lower 1gG2a levels, leading to the possibility of vaccine-associated enhanced
respiratory disease (VAERD). In this study, a high level of neutralizing antibodies and a balanced
Th1/Th2 immune response were induced, suggesting that a booster of a subunit vaccine after an
adenoviral Overall, Chapter 5 evaluated the effect of a booster in aged mice after priming with

adenoviral vaccines as a preclinical model of elderly people immunized with the currently
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approved COVID-19 vaccines. the prime vaccine might avoid a Th2-biased immune response and
the occurrence of VAERD.

We next further evaluated our S1 subunit protein vaccine in a more advanced animal
model, rhesus macaques (RMs) with controlled SIV infection, at a tetravalent approach using
AddaVax adjuvant. Chapter 6 evaluated the immunogenicity and efficacy of a tetravalent COVID-
19 vaccine candidate based on the spike S1 protein of SARS-CoV-2 in a non-human primate
(NHP) model of controlled SIV infection. The study used RMs infected with SIVsab, which are
known to control viral replication and disease progression, to assess the immune response to the
vaccine candidate. The results showed that the vaccine candidate induced high levels of binding
antibodies against the Wuhan strain of SARS-CoV-2, as well as neutralizing antibodies against the
B.1.351 (Beta) and B.1.617.2 (Delta) variants of concern (VOC). The sera of vaccinated RMs also
exhibited potent ACE2-binding inhibition capabilities against a suite of SARS-CoV-2 VOC
spikes, including the Omicron variant and its subvariants. These findings were consistent with
previous studies in NHP models, demonstrating the immunogenicity and cross-reactivity of
COVID-19 vaccines. In addition to humoral immune responses, the vaccine candidate also induced
cellular immune responses, including T-cell responses. The study examined T-cell subsets and
activation status and found that all T-cell subsets and B cells increased after vaccination, with the
CD8* T-cell count showing the greatest increase. The vaccine candidate was able to induce CD4*
and CD8" T-cell activation, as indicated by increased expression of activation and proliferation
markers. The distribution of T-cell memory subsets over time revealed a decrease in the abundance
of central memory T cells and naive T cells, while effector memory T cells increased after

vaccination.
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The continued evolution of SARS-CoV-2 and the potential threat posed by MERS have
highlighted the need for next-generation Beta-CoV vaccines capable of inducing broader immune
responses against multiple variants. In Chapter 7, I aimed to enhance the neutralizing antibody
responses against SARS-CoV-2 by employing a chimeric approach, combining elements of the S
proteins from SARS-CoV-2 and MERS-CoV. | successfully designed and expressed recombinant
proteins, including SARS-CoV-2 S1, MERS S1, SARS2RBDMers S1, and MersRBDS2 S1. Mice
were prime and boosted on weeks 3 and 6 with either 10 ug of MERS RBDS2 S1,
SARS2RBDMers S1 (WuRBDMers S1), SARS-CoV-2 S1 (WU S1), or MERS S1. Adenovirus
vectored MERS targeting vaccines using either an Ad5 human adenovirus (Ad5.MERS-S1) or
chimpanzee adenovirus (ChAd.MERS-S1) were also included as positive MERS controls at a dose
of 1x10%°v.p. and were only boosted once at week 3. The chimeric SARS-CoV-2 and MERS-CoV
antigens, SARS2RBDMers S1 and MersRBDS2 S1, demonstrated the ability to generate vaccine-
induced IgG antibodies that could bind to both SARS-CoV-2 and MERS-CoV spikes. Particularly,
SARS2RBDMers S1 had robust 1gG binding antibodies against SARS-CoV-2 and MERS-CoV S1
like that induced by native S1 counterparts, WU S1-RS09cg and MERS-S1RS09cg. WU S1-
RS09cg vaccinated mice achieved the greatest geometric mean SARS-CoV-2 1gG EPT, followed
closely by MersRBDS2 Chimera S1-RS09cg, then WURBDS2 Chimera S1-RS09cg. Against
MERS-CoV-2-S1; WuRBDMersS2 Chimera S1-RS09cg, MERS S1-RS09cg, and Ad5.MERS-S1
achieved the greatest geometric mean IgG EPT. Placing the MERS RBD in the SARS-CoV-2 S1
scaffold, MersRBDS2 Chimera S1-RS09cg, was not sufficient in inducing a potent MERS-CoV-
S1 1gG response.

Next, we assessed SARS-CoV-2 RBD-specific IgG antibody response for insight into the

effect of placing the SARS-CoV-2 RBD in a MERS S1 scaffold. WuRBDMers Chimera S1-
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RS09cg vaccinated mice exhibited the greatest geometric mean RBD-specific 1gG EPT, higher
than that of WU S1-RS09cqg vaccinated mice. These data suggest that WuRBDMers Chimera S1-
RS09cg may be an optimal candidate for further refinement due to its ability to induce both SARS-
CoV-2 and MERS-CoV S1-specific 1gG antibodies. Additionally, WuRBDMers Chimera S1-
RS09cg exhibits a greater ability to induce SARS-CoV-2 RBD-specific antibodies than WU S1-
RS09cg. In terms of neutralizing capabilities, competitive immunoassays were used to measure
the inhibition of the SARS-CoV-2 spike-ACE2 interaction, which correlates with live-virus
neutralizing tests. Antibodies blocking ACE2 and SARS-CoV-2 trimeric spike binding were
detected in mice vaccinated with the SARS-CoV-2 S1-RS09cg antigen, as expected. However,
antibodies blocking ACE2 and spike binding were not detected at levels above naive sera for the
chimeric antigens MersRBDS2 S1-RS09cg, SARS2RBDMers S1-RS09cg, and MERS S1-
RS09cg. Further investigations using live-virus neutralization assays are planned to provide a more
comprehensive understanding of the neutralizing capacity of the induced antibodies.

Overall, Chapter 7 demonstrates the potential of chimeric SARS-CoV-2/MERS-CoV S1
antigens to induce humoral responses capable of recognizing both Beta-CoVs. Particularly,
SARSRBDMers (WuRBDMers) Chimera S1-RS09cg showed potential as a vaccine candidate to
elicit immunity against SARS-CoV-2 and MERS-CoV. Ongoing research aims to address
discrepancies between binding data and ACE2 binding inhibition data and to explore T-cell
immunity in the context of the chimeric antigen.

Taken together, this research presents major advancements in Betacoronavirus vaccine
research. This is done through the use of novel SARS-CoV-2 antigens (S1N and Chimeric MERS
SARS-CoV-2 S1°s), establishment of the S1 subunit of Betacoronaviruses as an optimal target for

vaccine formulation (as opposed to targeting of the whole S as used predominantly in approved
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vaccines worldwide), assessment in a variety of models (young and aged mice along with use of a
RM model with latent SIV infection for insights in vaccine response for immunocompromised
populations), and assessment of multivalent variant specific vaccine approaches. The use of SIN
is an innovative approach for SARS-CoV-2 vaccinology, with the use of S1 and N fusion protein
being the first of its kind and has shown promise in stimulating robust S antibody responses,
neutralizing antibody responses, and increased T-cell response. Additionally, our work focusing
on S1 is a significant advancement especially for the manufacturing of SARS-CoV-2 protein
subunit vaccines as S1 is expressed at upwards of 40mg/L in FreeStyle 293-F cells while whole S-
2P is expressed at 0.5 mg/L and HexaPro whole S expressed at 10.5 mg/L respectively in FreeStyle
293-F cells 164165427 Fyrthermore, my work investigating chimeric MERS and SARS-CoV-2
vaccines is also the first of its kind and has demonstrated promising results so far highlighting a

potential new frontier in next-generation vaccine design.

8.2 Future Directions

To further advance our understanding of the immune response to SARS-CoV-2 and explore
potential strategies for vaccine development, several key areas warrant investigation. Firstly, viral
challenge studies of vaccinated animals, to assess the protective efficacy of our candidate vaccines,
were not performed in any of the chapters presented. Performing viral challenge studies in either
hACE2-mice or wild-type mice, using SARS-CoV-2 variants with the N501Y mutation, would
provide valuable insights into the effectiveness of the presented vaccine candidates against
emerging viral strains. The N501Y mutation has been associated with increased transmissibility in

mice and immune evasion in humans, making it a crucial tool in evaluating our vaccine candidates
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in non-ACE2-transgenic mice. Viral challenge studies are a stringent tool for assessing the possible
effectiveness of candidate vaccines and would be important information on the vaccine candidates
presented here within.

In addition to evaluating systemic immune responses, such as that in the blood (ie:
antibodies), it is important to assess mucosal immunity as a potential correlate of protection against
infection. Mucosal surfaces, such as the respiratory tract and naval cavity, play a critical role in
the initial infection and transmission of SARS-CoV-2. Assessment of mucosal immune responses,
including IgA antibody titers and the characterization of mucosal-associated lymphoid tissue
(MALT) T cell responses, would provide valuable information on the effectiveness of vaccines in
preventing viral entry and replication at the site of infection. Furthermore, investigating the
presence and functionality of lung resident T cells would contribute to our understanding of
adaptive immune responses and their potential role in viral clearance and long-term protection.
Chapters 2 and 3 investigate intranasal approaches to vaccination, however only assess immune
responses found in the blood or spleen, and not at mucosal surfaces.

Another important area of research in Chapter 7 is the evaluation of MERS SARS-CoV-2
chimeric proteins in animals with preexisting SARS-CoV-2 immunity. This investigation would
shed light on the phenomenon of immune imprinting or original antigenic sin, whereby prior
exposure to related viruses influences the immune response to subsequent infections. Assessing
the immune response to these chimeric proteins in animals with preexisting SARS-CoV-2
immunity would provide insights into potential antigenic competition, immune enhancement, or
cross-reactivity effects. Understanding these interactions is crucial for optimizing vaccine
strategies and avoiding potential adverse immune responses in individuals with preexisting

immunity which now constitute a major portion of the human population.
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Moreover, it is essential to conduct comprehensive studies to investigate T-cell immunity
following vaccination and functionality after a large period for recall. While much of the focus has
been on antibody responses, T-cell responses play a pivotal role in viral clearance and long-term
immune memory. Characterizing the breadth, durability, and functionality of T-cell responses,
particularly memory T cells in different organs, would contribute to our understanding of the long-
term protective immune response against SARS-CoV-2 and the potential means for increasing the
longevity of vaccines. Furthermore, investigating the potential cross-reactivity of T-cell responses
between SARS-CoV-2 and other coronaviruses, such as MERS-CoV, could provide insights into
the development of cross-protective vaccines that perform better against immune-evasive viral
variants of SARS-CoV-2.

In conclusion, future research efforts should aim to address the aforementioned areas of
investigation to enhance our understanding of the immune response to SARS-CoV-2 and guide
the development of effective vaccines and therapeutics. By performing viral challenge studies with
emerging variants, assessing mucosal immunity, investigating the immune imprinting
phenomenon, and comprehensively characterizing T-cell responses, we can advance our
knowledge and refine strategies for next-generation Betacoronavirus vaccines. These studies will
contribute to the development of more robust and broadly protective interventions to mitigate the

impact of Betacoronaviruses and potential future coronavirus outbreaks.

8.3 Public Health Significance

The emergence and ongoing threat of SARS-CoV-2 and its associated disease, COVID-19,

highlight the significant public health significance of understanding viral infections and
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developing effective interventions. SARS-CoV-2 has demonstrated its potential to cause
pandemics and public health emergencies, with devastating impacts on global health, economies,
and societal well-being. Currently approved COVID-19 vaccines have made a large impact on
human health; however, they have been hampered by worldwide distribution inequalities that have
left many low to middle-income countries without access 249:327:392-395.521522 \\/jth many countries
now distributing a COVID-19 booster to those already vaccinated, global vaccine inequality is at
risk of increasing 3%¢3%°, Therefore, there is a need for a protein subunit vaccine SARS-CoV-2
platform that is safe, easy to mass produce, and easy to distribute worldwide with less stringent
cold chain necessities 34246, Such a vaccine would assist in, not only vaccinating the unvaccinated
but also boosting already vaccinated individuals as emerging SARS-CoV-2 variants and waning
immunity have decreased protection against infection 25400513,

Chapter 2 of this thesis holds significant public health significance by investigating the
Ad5.S1 vaccine for SARS-CoV-2. Ad5-based vaccines have been extensively studied and utilized
in the development of COVID-19 vaccines. The findings from this chapter can inform the
deployment of Ad5-based vaccines, helping to expand the repertoire of available vaccines and
enhance population-level immunity against COVID-19. Furthermore, this research contributes to
the understanding of viral vector-based vaccine platforms, paving the way for the development of
novel vaccine candidates against emerging pathogens in the future. Chapter 5 of this thesis also
holds important public health significance by investigating the boosting of aged mice primed with
the Ad5.S1 vaccine using the S1 subunit protein vaccine. Aging populations are particularly
vulnerable to severe COVID-19 outcomes, and understanding how vaccination strategies can be
optimized in older individuals is crucial for public health interventions. By assessing the

immunogenicity and efficacy of the S1 subunit vaccine as a booster in aged mice, this research
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provides valuable insights into enhancing immune responses in older populations. These findings
can inform the development of vaccination strategies tailored to the needs of the elderly, ensuring
better protection against SARS-CoV-2 and reducing the burden of severe disease and mortality in
this vulnerable population. Implementing effective vaccination approaches for older individuals is
vital for public health efforts to control the spread of COVID-19 and protect those at the highest
risk of severe illness.

Chapter 3 of this thesis holds significant public health significance by focusing on the
inclusion of the N protein of SARS-CoV-2 in vaccines. The N protein plays a crucial role in viral
replication and immune responses, and its incorporation into vaccines can enhance the breadth and
potency of immune protection against SARS-CoV-2. By investigating the effectiveness of N
protein-integrated vaccines, this research addresses the urgent need for robust and comprehensive
vaccination strategies to combat the ongoing COVID-19 pandemic. The findings from this chapter
can inform the development and optimization of vaccines that offer broad protection against
SARS-CoV-2 variants, contributing to global efforts to control the transmission of the virus and
reduce the burden of COVID-19 on public health systems.

The investigation of trivalent or tetravalent vaccines in Chapters 4 and Chapter 6 holds
significant public health relevance. As SARS-CoV-2 continues to evolve and generate new
variants, there is a critical need to develop vaccines that protect against multiple strains of the
virus. By assessing the immunogenicity and efficacy of trivalent or tetravalent vaccine
formulations, this research addresses the challenge of vaccine strain coverage. Such vaccines have
the potential to confer broader protection, minimizing the risk of breakthrough infections and
reducing the transmission of SARS-CoV-2 within the population. These findings can guide

vaccine development strategies and inform public health policymakers in their decisions on
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vaccine formulations and deployment strategies to achieve optimal population-level immunity
against SARS-CoV-2.

The investigation of vaccine responses in rhesus macaques (RMs) with SIV infection in
Chapter 6 holds particular public health significance by providing insights into vaccine efficacy in
immunocompromised individuals. Understanding how vaccines perform in populations with
underlying immunodeficiencies, such as people living with HIV or other immunocompromising
conditions, is crucial for public health decision-making. The findings from this research can inform
the design and evaluation of vaccines that are effective in individuals with compromised immune
systems, ensuring equitable access to vaccination and optimal protection for vulnerable
populations. Additionally, these insights contribute to our understanding of vaccine responses in
general, shedding light on the complex interplay between the immune system, viral infections, and
vaccine efficacy.

The development of a MERS SARS-CoV-2 vaccine, as explored in Chapter 7, holds
significant public health importance. MERS-CoV has previously caused outbreaks with high
mortality rates, and the potential emergence of a hybrid MERS-SARS-CoV-2 virus poses a severe
public health threat. Investigating the immunogenicity and efficacy of a MERS SARS-CoV-2
vaccine provides valuable knowledge in combating both MERS-CoV and SARS-CoV-2
infections. By developing a vaccine that targets both viruses, this research contributes to pandemic
preparedness and response capabilities, ensuring a proactive approach to mitigating the impact of
potential future outbreaks. Furthermore, a MERS SARS-CoV-2 vaccine can potentially reduce the
risk of zoonotic transmission and minimize the likelihood of cross-species infections, thereby
safeguarding public health and preventing the spillover of deadly coronaviruses into human

populations.
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