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SUMMARY

The ability to design efficacious vaccines for many diseases has been hindered by
existing sequence diversity in pathogen proteins and by newly-acquired mutations that
enable escape from adaptive immune responses. To address these limitations, we have
developed an approach for nanopatterning protein antigens to focus the immune response
on conserved protein regions. This approach combines the site-specific incorporation of
non-canonical amino acids into proteins with chemical modification with polyethylene
glycol (PEG) or other molecules. We will describe the design of a ZIKV vaccine based on
domain Il (DIII) of the viral envelope protein (E). By chemically modifying the protein
surface, we have demonstrated the ability to refocus the immune response to targeted
epitopes on the protein antigen. We also demonstrate the ability to enhance immunogenicity

by the multivalent presentation of nanopatterned antigens on scaffolds.

Also in the context of the Zika virus vaccines, it would be advantageous to design a
vaccine that promotes the generation of broadly neutralizing antibodies. A promising
epitope to target is the Envelope Dimer Epitope (EDE), located at the interface between two
E proteins in a dimer, that is highly conserved among Zika and Dengue viruses. To achieve
this goal, we will demonstrate an approach that we have developed for stabilizing E dimers

on the surface of virus-like particles (VLPSs).

Finally, in response to the current pandemic, we will describe the design of vaccines
presenting the Receptor Binding Domain (RBD) of the Spike protein of the novel SARS-
CoV-2 virus. Furthermore, we will test the ability to use glycans to shield different epitopes

on RBD. This approach could be used to design vaccines that generate a more potent SARS-

Xi



CoV-2-specific neutralizing antibody response, as well as those that can confer protection

against both SARS-CoV and SARS-CoV-2.

Xii



CHAPTER 1. INTRODUCTION

In the early 1900s, infectious diseases were widely prevalent in the United States,
with smallpox, diphtheria, measles, and pertussis claiming tens of thousands of lives every
year [1-3]. Infectious diseases accounted for over 50% of child deaths [4], contributing to
a childhood mortality rate of over 20% before the age of 5 [5]. Thanks to the
groundbreaking work of Edward Jenner — who demonstrated that cowpox could be used
to prevent smallpox [6, 7] — we learned that through medical intervention it was possible
to “train” the immune system to recognize and fight pathogens, and thus the idea of a
vaccine was created. Due to advancements in the areas of immunology and vaccinology,
we can now thank vaccines — and vaccination campaigns — for the eradication of smallpox
worldwide and the elimination of polio in the U.S. Such feats have granted vaccines the

title of one of the greatest achievements of the last century [8].

Simply put, vaccination stimulates the immune system by mimicking an infection
[9, 10]. An infection with a foreign agent first triggers an immediate response by the innate
arm of the immune system. Pattern recognition receptors (PRRs) that are presented on the
surface of phagocytic cells (such as macrophages, granulocytes, and dendritic cells) can
recognize conserved molecular patterns that are shared between viruses, bacteria, and
parasites [1-3]. The binding of these PRRs to a compatible pathogen results in the
production and release of signaling molecules that recruit other innate cells to the site of
infection, and in the opsonization of the pathogen by the phagocytic cell in an attempt to
digest it [4, 5]. All components of the innate immune system work together to try to

contain the infection and, if possible, eliminate it completely [6].



Another important role of the innate immune system is to initiate the activation of
an adaptive immune response, in which T and B lymphocytes play a central role. Unlike
the innate immune response, the adaptive immune response is highly specific to each
individual pathogen. For instance, naive T cells become activated when their receptors
(TCRs) encounter and bind protein fragments displayed on the surface of phagocytes [7]
known as antigen-presenting cells (APCs). APCs present pathogenic peptides on their
surface complexed with one of a set of glycoproteins that together form the major
histocompatibility complex (MHC), which are divided into two classes (MHC | and MHC
IN[8]. The MHC I presents short peptides derived from pathogens that are present in the
cytosol of APCs, and engagement between the peptide:MHC | and TCR leads to the
differentiation of the T cell into cytotoxic T lymphocytes [9], which aid in the destruction
of infected cells. Alternatively, APCs that have engulfed a pathogen and digested it into
fragments, present those on the MHC Il. The engagement between the TCR and the
peptide-displaying MHC I, results in the differentiation of T cells into helper T
lymphocytes, which have the role of regulating other components of the immune response
[7, 10]. A small portion of the differentiated T lymphocytes develops into long-lived

memory T cells [11].

Naive B lymphocytes, on the other hand, can directly recognize and bind to the
soluble pathogen via the interaction between specific pathogenic regions, known as
epitopes, and the cell’s surface receptors (BCRs) [7, 12, 13]. This engagement results in
the pathogen’s internalization, digestion, and peptide presentation on MHC Il on the
surface of B cells [5, 14]. Unlikely other APCs, the goal of antigen-presentation on B cells

is not to activate naive T cells, but to take advantage of T cell’s effector functions. The



binding of helper T cells to the peptide-MHC Il complex on the surface of a B cell [15]
results in the release of cytokines that help trigger B cell activation [5]. This activation is
followed by B cell differentiation into short-lived plasma B cells, which produce
antibodies that bind and, ideally, neutralize the foreign agent as well as memory B cells,

which reside in the lymph nodes [6, 13].

B cells activation can also occur in a T-cell-independent manner, either by the
binding of non-specific antigen motifs to different receptors on a B cell surface, or by the
crosslinking of BCRs [16, 17]. BCR crosslinking can be achieved by antigens that contain
highly repetitive structures and can bind to multiple receptors simultaneously [18, 19].
This results in the phosphorylation of certain receptors and the recruitment of other
molecules that will ultimately lead to the activation of the cell [20]. For a long time, it was
believed that T-independent B cell activation did not result in the generation of memory
B cells. However, recent studies demonstrated that direct antigen activation can generate
both long-lasting plasma B cell and memory B cells [19, 21, 22], both of which can

undergo somatic hypermutation to generate receptors with enhanced antigen affinity [23].

Vaccination is analogous to the primary exposure to a pathogen (or pathogenic
subunits), and would, ideally trigger an immune response that can generate memory
lymphocytes. In the case of a secondary exposure to the pathogen, which in this case
would be a real infection, the previously generated memory B and T cells quickly start to
proliferate, resulting in a more rapid and stronger immune response than the one seen
during the primary exposure [1, 24]. Memory B cells and long-lasting plasma B cells,

specifically, are able to quickly secrete large amounts of higher-affinity antibodies that



can aid in pathogen neutralization [1]. As a result, the pathogen is eliminated before it has

time to infect multiple cells and do damage to the host.

The majority of vaccines that prevent viral or bacterial infections are either live
attenuated or inactivated. Live attenuated vaccines are constituted of a weakened form of
the pathogen that cannot cause the disease. Such vaccines are often easy to produce and
only require one or two doses to generate long-lasting immunity. However, due to the
delicate nature of live attenuated vaccines, preservation might be an issue, along with the
possibility of the pathogen reverting to its original virulent form. Inactivated vaccines, on
the other hand, contain pathogens that have been rendered inactive killed by chemical or
physical means, posing no threat of infection, but often resulting in a weaker immune
response than what is obtained with live attenuated vaccines [9-12]. Subunit vaccines
constitute a third class of vaccines and present only a part of the virus or bacteria, such as
a protein or peptide that is required to generate an immune response. Such vaccines are
safer, since there is no risk of pathogenicity and also allow us to tackle more challenging
diseases, but like inactivated vaccines, they may elicit a weaker immune response than

live attenuated vaccines.

Approaches to vaccine design also have to take into account two other factors —
immune evasion and immunodominance. Several pathogens can evade the immune
system by undergoing mutations, making certain antigens no longer recognizable by
memory B and T cells. Fortunately, not all parts of an antigen mutate at the same rate;
mutations in some regions (e.g., those that affect interaction with the host cell) could
severely hinder the pathogen’s infection ability. As a result, proteins often contain regions

that are highly conserved and that could, theoretically, be recognized by memory



lymphocytes even after several mutation cycles. Therefore, these regions become a very
attractive target in vaccine design. A second factor that one must consider is
immunodominance. The adaptive immune response does not target all parts of a protein
antigen equally; in fact, in several cases, the immunodominant regions — the ones that

elicit the strongest immune response — are not the most conserved regions in the antigen.

A great example of how these factors influence efforts to design effective vaccine
is the extensive work that has been done on the design of vaccines based on the Influenza
Hemagglutinin (HA) protein, which is composed of a highly variable immunodominant
head and a conserved subdominant stalk [25, 26]. Efforts have been made to redirect the
immune response to the conserved stalk in order to promote the generation of antibodies
that can protect against multiple flu strains [27-29] — i.e., a universal flu vaccine.
Refocusing the immune response to selected (usually conserved) epitopes is referred to as
immunofocusing [30, 31]. A number of immunofocusing strategies have been developed,
including protein truncation, antigen resurfacing, and immunosilencing as recently
reviewed [32]. Our focus in this work has been on approaches to engineer protein antigens

based on glycan shielding [28, 33-35] and nanopatterning [36].

1.1  Engineering Protein Antigens to Modulate the Immune Response

Glycosylation has been widely used as a tool to modulate the immunogenicity of
antigens. Glycans can interfere with epitope recognition [13] and sometimes a single
glycosylation site is enough to completely prevent antibody binding [14, 15]. However, a
glycosylation-based approach comes with several limitations since post translational

modifications might have negative effects in protein folding and oligomerization.



The functionalization of protein antigens with Polyethylene Glycol (PEG) has
demonstrated to be an efficient and versatile immunomodulating tool [16, 17]. PEG
moieties containing reactive chemical handles allow for their easy and rapid conjugation
to amino acids, such as attaching PEG-succinimidyl esters to lysines [18] or PEG-
maleimide to free cysteines [19]. Such examples, however, might not allow for specific
selection of the PEGylation site since we are limited by the number of lysines and free
cysteines on the protein. As an alternative, it is possible to better control PEG conjugation

via site-specific incorporation of PEG-reactive unnatural amino acids.

In the past few years, the Kane Lab has worked extensively to apply unnatural
amino acid incorporation and protein PEGylation in the context of antigen
immunomodulation. Under this premise, the Kane Lab has developed and coined the term
nanopatterning, which consists of controlling “on the nanometer scale the chemistry and
topography of the protein surface and its accessibility to components of the immune
system” [20]. Via protein engineering and PEG conjugation, we were able to shield
antigen epitopes and bias the generated immune response upon immunization, redirecting
it towards epitopes with neutralizing potential [20]. In this document, we will use protein
engineering tools including nanopatterning and glycan shielding to design vaccines

against viruses like Zika and SARS-CoV-2.

1.2 Modulating the Immune Response Against Zika Virus and SARS-CoV-2

The Zika Virus (ZIKV) was first isolated in 1947 but it remained dormant for
decades until it resurfaced in 2007 on the Yap Islands. Sporadic outbreaks were reported,

mainly in the Asian and African continents, until French Polynesia and Brazil were



severely hitin 2013 and 2015, respectively. The increase in the number of ZIKV infections
coincided with an increase in the number of registered cases of severe central nervous
systems disorders and poor fetal development, suggesting a possible link between them
and ZIKV. In 2015, Brazil reported a 20x increase [37] in the number of cases of
microcephaly — a fetal neurodevelopmental disorder that results in reduced brain size [38]
- with regions recording near 20 cases per 10,000 births [39]. Such data not only
strengthens the belief that infections with ZIKV can lead to severe neurological damage,
but also that the virus has the ability of crossing the placenta. Additionally, studies [40]
involving the analysis of sera of patients diagnosed with Guillain Barré syndrome (GBS),
an immune-mediated disease that leads to paralysis [41], during the pandemic period
revealed that most patients had ZIKV IgM in their serum. Furthermore, a 14x increase in
GBS cases was recorded in French Polynesia that year [40]. Given the severe potential

effect of Zika infections, a race for the development of a Zika vaccine began.

This development process is, unfortunately, not as straightforward as one would
hope. According to the WHO vaccine roadmap, an ideal Zika vaccine would be
efficacious, affordable, and safe to be administered to women of reproductive age, mainly
pregnant women. Immunization strategies against Zika should be in place not only for the
case of a new pandemic, but also for endemic regions [42, 43]. Although there were
originally over 40 vaccine candidates being evaluated in pre-clinical studies [44], a
vaccine against the virus is still not available. Sixteen candidates are still undergoing or
have completed phase | or 1l clinical trials, but the main issue comes with the next stage

of testing, which involves determining vaccine efficacy. With the decrease in the



incidence of Zika in the last few years, less people are inclined to contract the disease,

making it difficult — and costly - to assess whether the vaccine confers protection or not.

As ZIKV infections become less prevalent, the focus of vaccine research shifts to
new threats, such as the novel Coronavirus. The Novel Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV-2 or nCoV-19) was first detected in the end of 2019
in the Wuhan province in China and it is on the track to becoming one of United States top
killers, with a death count reaching the hundreds of thousands [45, 46]. This virus, which
is related to SARS-CoV and MERS-CoV, has spread quickly throughout the globe and
great efforts have been spent in the development of a vaccine. Unfortunately, as it is the
case with any novel virus, there are a lot of questions surrounding SARS-CoV-2.
Unknowns — like the mutation rate of the virus and the nature and duration of elicited
antibodies — greatly affect vaccine design. A few cases of reinfections with the virus [47]
— that may have already mutated enough to evade pre-existing antibodies — demonstrate
the importance of designing a vaccine that will elicit broadly neutralizing antibodies and

prevent a similar SARS-CoV-2 pandemic from happening again in the future.



CHAPTER 2. NANOPATTERNING ZIKV DIl TO REFOCUS THE

IMMUNE RESPONSE

2.1 Introduction

ZIKV belongs to the Flaviviridae family, which is comprised of over 70 different
single-stranded positive sense RNA viruses [48] that are commonly transmitted to humans
by arthropods [49]. Due to their means of transmission, diseases caused by flaviviruses
are more prominent in tropical regions of the globe, such as Asia and Africa [50]. Some
other well-known members of this family are the Yellow Fever, West Nile, and Dengue
viruses [51]. Flaviviruses are composed of 3 structural proteins - the precursor membrane
(prM), capsid (C) and envelope (E) proteins- and 7 non-structural ones - NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5. Among them, the E glycoprotein has shown to be
crucial during viral infection since it is responsible for host cell binding and entry [52,
53]. Studies have demonstrated that the E protein is the main target of strongly

neutralizing antibodies [49, 54, 55].

Given its role in viral infection, residues of E tend to be conserved [56]. ZIKV and
Dengue Virus (DENV) E proteins, for example, have over 50% of sequence
homology[57], which results in antibody cross-reactivity between the two. This cross-
reactivity, however, does not always correlate with affinity or neutralization potential and
anti-ZIKV antibodies might not bind with the same avidity to Dengue virions and vice-
versa. In reality, such antibodies have the potential to enhance viral infection in a process

known as antibody-dependent enhancement (ADE) [50, 58-60]. ADE is the process in



which pre-existing, cross-reactive, non-neutralizing antibodies can aid viral entry into host
cells. In this case, antibodies generated against DENV, for example, might bind ZIKV but
not at high enough concentration or avidity to neutralize it. This virus-antibody complex
can then be opsonized by myeloid cells via the interaction between the antibody’s Fc
domain and the cell’s Fc receptor [57, 61-63]. Once inside the cell, the virus, which is not
neutralized by the antibodies, can proceed with its replication. Myeloid cells do not have
the receptors that normally allow for viral entry, so this alternative entry method results
in an increased total number of infected cells, which, consequently, leads to increased
viremia and more deadly forms of the disease [50]. This infection enhancement has been
shown to occur between ZIKV and DENV both through in vitro and in vivo experiments

[50, 58-60] and a schematic of the process is illustrated in Figure 1.

ADE becomes a great concern when we look at ZIKV and DENV endemic regions
where a significant portion of the population will encounter one of these two pathogens
during their lifetimes and, consequently, have memory cells that target DENV or ZIKV.
Therefore, it is of the utmost importance to ensure that any vaccine candidate against one
of these viruses elicits an antibody response that will not result in ADE. Such a feat could
be achieved by designing a vaccine that will only elicit ZIKV-specific and neutralizing

antibodies.

The Envelope protein assembles as dimers that coat the surface of the Zika virion
(Figure 2a and Figure 2b) can be subdivided into three domains: DI (yellow), DIl (red),
and DIII (blue), as shown in Figure 2c. DI acts as a hinge, connecting the other two
domains and is the target of most of the serotype-specific antibodies. DII is described as

the dimerization domain [64] since it makes contact with itself when E is in its

10



dimer form, and is the site of the fusion peptide and many cross-reactive epitopes. DIII is
believed to be involved in receptor binding and contains epitopes that elicit ZIKV-specific
neutralizing antibodies [56, 65-67]. Among the three domains, DIII has the lowest degree
of conservation, with only 29% of homology between ZIKV and DENV [67]. The
potential of DIII eliciting antibodies that are not cross-reactive, make this protein an

attractive antigen in the design of a ZIKV vaccine.
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Figure 1. lllustration of the process of antibody dependent enhancement. Cross-reactive
and non-neutralizing antibodies bind to the virus and allow for its opsonization by the
Fc receptor of immune cells. The non-neutralized virus is able to reproduce when inside
the cell. Neutralizing antibodies, on the other hand, prevent viral replication upon
opsonization by the cells. Figure adapted from Heinz and Stiasny, 2017 [68].

11



Figure 2. Structure of the Zika Virus. (a) Crystal Structure of the ZIKV virion (PDB
5IRE) with envelope protein monomers shown in light, medium, and dark grey. (b) Two
E monomers assemble in a head-to-tail orientation to form E dimers. (c) E monomer
with the three domains highlighted: DI (yellow), D11 (red), and D111 (blue)

In a recent study, Zhao et al. [69] identified three very distinct epitopes on DIII
that are targeted by antibodies with varying degrees of neutralization: the Lateral Ridge
(LR), C-C’ loop, and ABDE sheet (Figure 3c). The LR epitope is targeted by antibodies
that have shown neutralization ability in animal models, such as the antibody ZV-67. The
C-C’ loop, on the other hand, is targeted by antibodies like ZV-48, which can neutralize
some viral strains. This is believed to be due to the dynamic structure of flaviviruses,
which are constantly undergoing rearrangement of its surface proteins in a process known
as “viral breathing” [70]. Changes in pH and temperature might lead to reorganization of
the E protein and affect the spacing between E dimers [70, 71]. Depending on the state of

virions and the distance between E proteins, some regions of E might be occluded, and,

12



as a result, some epitopes might be inaccessible to antibodies, which is likely the case of
ZV-48. Lastly, we have the ABDE sheet, which is located on the interface between DIII
and DI. This epitope is not easily accessible in the context of the full virion (Figure 3a)
and antibodies that target it, such as ZV-2, are poorly neutralizing and have shown no
protection in animal models [69]. Given the potential of certain anti-DIII antibodies such
as ZV-48 and ZV-67 to neutralize the virus, it would be advantageous to develop a vaccine

that would promote the generation of these types of antibodies.

In this chapter, we will demonstrate that it is possible to engineer DIII in order to
refocus the immune response towards neutralizing epitopes using our previously
developed nanopatterning tool [36]. We selected residues on all three DIII epitopes that
are crucial for antibody binding, and through a combination of non-canonical amino acid
incorporation and click-chemistry we were able to functionalize DIII with PEG chains.
More specifically, we synthesized and characterized two different nanopatterned DIII
antigens: Sample DIII*, which has been conjugated to two PEG molecules on the ABDE
sheet epitope, blocking binding of ZV-2-like antibodies; and Control-DIII*, which
contains one PEG in the LR epitope and a second PEG on the C-C’ loop epitope, resulting

in inhibition of ZV-67 and ZV-48 binding, respectively.
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ZN-67 ZN-48  ZV-2

Figure 3. Three distinct epitopes found on ZIKV E protein DIII. (a) Crystal structure of
Zika virion with LR (pink), C-C" loop (blue), and ABDE sheet (green) epitopes
highlighted. (b) ZV-67, ZV-48, and ZV-2 bind LR, C-C' loop, and ABDE sheet epitopes,
respectively. (c) Crystal structure of ZIKV's DIl (PDB 5KVG). All three epitopes have
been highlighted, following the same color scheme as in 3a.

To achieve a more robust immune response, we next conjugated our nanopatterned
antigens to multivalent nanoscaffolds such as a Branched-PEG-Scaffold and virus-like
particles (VLPs). It is well-known that multivalent interactions — the ones that occur
between multiple ligands and multiple receptors — may have an order of magnitude higher
avidities than their corresponding monovalent interaction [72, 73]. Multivalency is

extremely important in the context of immunology since multivalent antigens have the
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ability to cluster B cell receptors (BCRs), triggering B cell activation and resulting in

clonal expansion and enhanced antibody production [74, 75].

Nanopatterned D111 antigens were conjugated to these nanoscaffold, characterized,
and used for immunization experiments with mice. Analysis of the serum post
immunization confirmed our ability to refocus the immune response to targeted DIII
epitopes. This result may ultimately help to inform the design of a more effective and safe

ZIKV vaccine.

2.2 Materials and Methods

2.2.1 Synthesis and Cloning of DIII and Scaffolds.

The sequence for wild-type (wt) DIII (Uniprot AOA0X8GJ44), fused to a C-
terminal GGSGG spacer, a SpyTag (AHIVMVDAYKPTK), and a 6xHis-tag, was codon
optimized for expression in E. coli and cloned into pET-28b(+) between the Xbal and
Xhol sites by General Biosystems, Inc. (Durham, NC). The sequence of SpyCatcher
(Uniprot Q8G9G1) was optimized for expression in E. coli with a C-terminal 6xHis-tag
and an additional N-terminal Streptag® Il. Primers to replace the codons corresponding
to amino acids T327, T353, P366, and K397 on DIII, and T56 on SpyCatcher with an
amber TAG codon were purchased from Integrated DNA Technologies (Coralville, 10).
Mutations were done via site-directed mutagenesis (SDM), performed using the Q5-SDM
kit (E0554S, New England Biolabs) following manufacturer’s instructions, yielding the
Sample DIII (327 and 366 mutations), Control DIl (353 and 397), and SpyCatcher-F*
constructs. The DNA encoding wt DIl was trasnformed into BL21(DE3) Competent cells

(NEB C2527H), according to the manufacturer’s recommendations. Plasmids encoding
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for Sample DIIl, Control DIIl, and SpyCatcher-F* was co-transformed

with pEVOLpAzFRS.2.t1 (Addgene #73546) into BL21(DE3).

For the conjugation to the streptavidin-coated VLP (VLP-SA), the sequence for
the C-terminal SpyTag on DIl was replaced by an AviTag [76](GLNDIFEAQKIEWHE)
via SDM. The sequences of two MS2 coat protein monomers (GenBank P03612) were
fused together to generate an MS2 dimer [77, 78] and an AviTag was inserted into the AB
loop between residues 15 and 16 of the second monomer. The DNA was codon optimized
for expression in E. coli and synthesized by GenScript USA Inc. (Piscataway, NJ), and
cloned into pet28b between Ndel and Xhol restriction sites. The AviTagged versions of
wt DIII, Control DI, Sample DIlI, and MS2 were co-transformed into BL21(DE3) with
a plasmid encoding BirA. The plasmid coding for streptavidin, which includes a C-
terminal hexa-glutamic acid tag [79], was procured from Addgene (#46367) and also

transformed in BL21(DE3) cells.

2.2.2 Protein Expression.

Following transformations, all cells were plated overnight on LB-agar plates
containing kanamycin and chloramphenicol. A single colony was picked for a5 mL starter
culture which was further scaled up (after growing for 12-16 hrs) to 1 L of 2xYT media
containing kanamycin and chloramphenicol. Cells were grown at 37 °C until the ODsoo
reached 0.6-0.8. The temperature was reduced to 30 °C (for DIII) or 16 °C (for MS2) and
isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1
mM, in addition to 100 ug of p-azido-L-phenylalanine (F*), and 200 pg of L-arabinose.

Constructs that were co-transformed with pAcm-BirA had biotin added to a final
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concentration of 50 uM during induction as well. Cells were allowed to grow overnight
before harvest. Expression of streptavidin was done in a similar manner, except ampicillin
was used for antibiotic selection and arabinose and F* were omitted during induction. All
cultures were harvested the next day and centrifuged at 7,000 xg for 7 minutes. The cell

pellets were kept frozen until further use.

2.2.3 Solubilization, Refolding, and Purification of DIII Inclusion Bodies.

All DIl variants were expressed as insoluble inclusion bodies and refolded. The
protocol for inclusion body solubilization is described by Nelson et al. [80]. Following the
last wash and centrifugation, the final pellet was weighted and each 1g of pellet was
resuspended in 5 mL of TE Buffer (10 mM Tris pH, 1 mM EDTA, pH 8.0). 3.4 mg of
guanadinium hydrochloride (GdnHCI) and 4 pL of 14.3 M [-mercaptoethanol (BME)
were added per 5 mL of solution to completely unfold the proteins. This was followed by
a 1 hr incubation with mixing at room temperature and a subsequent centrifugation at
12,000 xg for 15 min for the removal of any insoluble particles. The supernatant
was collected and brought to a final volume of 10 mL by adding TE buffer and an

additional 4 pL of BME.

Proteins were refolded in Refolding Buffer (10% Glycerol, 100 mM Tris-HCI, 5.0
mM L-glutathione reduced, 0.5 mM L-glutathione oxidized, 0.5 mM AEBSF, pH 8.6) by
rapid dilution. In brief, 2 mL of the unfolded protein solution were added dropwise (at
approximately 1 mL/min) to 400 mL of cold Refolding Buffer while stirring rapidly. Each

drop was added to the center of the vortex formed by the stirring, as close as possible to
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the stir bar. This process was repeated in 1-hr intervals until all the protein mixture had

been used. This was followed by an overnight incubation at 4°C.

The Refolding Buffer containing the refolded protein was centrifuged at 7,000 xg
for 15 min and filtered through a 0.45 um membrane. Approximately 1 mL of Ni-NTA
resin pre-equilibrated with IMAC Binding Buffer (100 mM Tris, 150 mM NaCl, 20 mM
imidazole, pH 8.0) was added to 400 mL of the filtered solution and incubated with
stirring at 4°C for 1 hr. The solution was then added to a gravity flow column; the Ni-
NTA resin with the bound refolded DIII was retained in the column, while the buffer was

allowed to flow through.

The resin was washed with 20 column volumes (CVs) of IMAC Binding Buffer
and eluted with 2-3 CVs of IMAC EDTA Buffer (IMAC Binding Buffer with 100 mM
EDTA) to strip the resin along with the protein. This was done to decrease the final
volume of eluate. The eluate was dialyzed against phosphate buffered saline (PBS). On
the following day, the dialysis bag was placed on a bed of solid sucrose to facilitate the

removal of the liquid, thus increasing the protein concentration.

2.2.4 Purification of SpyCatcher-F* Protein.

A cell pellet obtained from a 1 L culture was resuspended in 20 mL
of IMAC binding buffer. Lysozyme at a final concentration of 0.5 mg/mL, 125 units of
Benzonase, and sodium deoxycholate (DOC) at a final concentration of 0.1% were added
to the lysate. The dissolved pellet was sonicated for a minimum of 30 min with pulses on
for 3 sec and off for 3 sec. Once the pellet was completely dissolved, the lysate was spun

down at 27,000 xg for 30 min. The pellet was discarded while the supernatant was poured
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over Ni-NTA resin that had been equilibrated with 10 CVs of IMAC Binding Buffer. The
resin was washed thoroughly with IMAC Binding Buffer (approximately 20 CVs) and
eluted with 5 CVs of IMAC Elution Buffer (100 mM Tris, 150 mM NaCl, 400 mM
imidazole, pH 8.0). The eluate was dialyzed overnight against StrepTrap Binding Buffer
(100 mM Tris, 150 mM NaCl, 1 mM EDTA). The SpyCatcher-F* was then purified using
a pre-packed5 mL StrepTrap column (Cytiva) following the manufacturer’s
recommendations. The eluate was buffer exchanged and concentrated using spin
filters. Purity was determined by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE).

2.2.5 Refolding and Purification of Streptavidin.

Streptavidin was expressed, purified, and refolded from bacterial inclusion bodies
as described in [79]. The cell pellet from a 1 L culture was resuspended in 25 mL of Pellet
Suspension Buffer (50 mM Tris, 100 mM NaCl, pH 8.0) containing 250 units of
Benzonase and 25 mg of lysozyme by vortex mixing. The resuspended cells were
incubated at 4°C with stirring for 30 min to 1 hr and were then homogenized for 30 sec.
This was followed by a 3-min sonication with 3 sec on/ off pulses. Once the pellet was
completely dispersed, the mixture was centrifuged at 27,000 xg for 15 min. The
supernatant was discarded, and the cell pellet was resuspended in another 25 mL of Pellet

Suspension Buffer with 25 mg of Lysozyme and the steps above were repeated.

Following the second centrifugation, the pellets were resuspended in 50 mL of
Wash Buffer 1 (50 mM Tris, 100 mM NaCl, 10 mM EDTA, 0.5% v/v Triton-X),

homogenized for 30 sec, and sonicated for 30 sec. The solution was centrifuged at 27,000
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xg for 15 min and the supernatant was discarded. This process was repeated 2-3 more
times, after which the same steps were repeated with Wash Buffer 2 (50 mM Tris, 10 mM

EDTA).

The final pellet was then suspended in 5 mL of Pellet Suspension Buffer and 3.4
g of GdnHCI were added to the mixture to unfold the proteins. This solution was incubated
with stirring for at least 1 hr, after which it was centrifuged at 12,000 xg for 10 min to

remove any insoluble particles.

Proteins present in the GdnHCI mixture were then refolded by rapid dilution. 500
mL of chilled PBS were placed on a stir plate and mixed rapidly until a vortex was formed.
The GdnHCI solution was added dropwise to the center of the vortex. This was followed

by an overnight incubation at 4°C.

The solution was centrifuged at 7,000 xg for 15 min and filtered through a 0.45
pm membrane to remove insoluble particles. Ammonium sulfate was added slowly to a
final concentration of 1.67 M (approximately 40% saturation of ammonium sulfate) and
the mixture was incubated for 3 hr at 4 °C with mixing. The solution was once again
centrifuged for 7,000 xg for 15 min. Unwanted proteins precipitated at this step while
streptavidin remained in solution. Additional ammonium sulfate was added slowly with
stirring until a saturation of approximately 82% was reached (amounts of ammonium
sulfate were experimentally determined). This was followed by an overnight incubation
at 4 °C. The solution was then centrifuged at 17,000 xg for 15 min to precipitate the
streptavidin. The supernatant was discarded and the formed pellet was resuspended in 25

mL of IBAC Binding Buffer (50 mM Sodium Borate, 300 mM NacCl, pH 11). This solution
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was centrifuged for 10 minutes at 12,000 xg and transferred to a new tube for column

purification.

5 mL of Iminobiotin-Sepharose affinity column (Affiland, S.A.) resin were poured
onto a gravity flow column and pre-equilibrated with 5 CVs of IBAC Binding Buffer. The
streptavidin solution was then poured over the resin, which was then washed with 10 CVs
of IBAC Binding Buffer. The protein of interest was eluted with 4 CVs of IBAC Elution
Buffer (20 mM KH2POs, pH 2.2). The eluate was collected and dialyzed against PBS for

long-term storage.

2.2.6 VLP Purification.

The cell pellet from a 1 L culture was resuspended in 100 mL of CaptoCore
Equilibration Buffer (20 mM Tris, pH 9) along with 125 units of Benzonase, 50 mg of
lysozyme, and 1 tablet of a SigmaFast EDTA-free protease inhibitor cocktail. The solution
was incubated for approximately 20 min and DOC was added at a final concentration of
0.1 g/mL. The solution was sonicated for a total of 15 min with 3 sec on/ 3 sec off pulses
and centrifuged for 20 min at 27,000 xg for the removal of cell debris. Four HiScreen
CaptoCore 700 (GE) columns were connected in series, equilibrated with 10 CVs of
CaptoCore Equilibration Buffer, and loaded with 25 mL of the MS2 solution. The columns
were washed with 11 CVs of Equilibration Buffer with 1.8 mL fractions being collected
during this wash. The column was cleaned according to the manufacturer’s
recommendations and equilibrated with 10 CVs of CaptoCore Equilibration Buffer. The
loading and washing process was repeated three more times until all the MS2 had been

purified. Early fractions (5 through 15) were characterized by SDS-PAGE and further
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purified with a Superdex 200 Increase 10/300 GL column (GE). Purified MS2 was further

characterized by dynamic light scattering (DLS).

2.2.7 Protein PEGylation and Biotinylaion.

5k mPEG-DBCO (Nanocs Inc., Boston, MA) was added to concentrated DIl to a
final concentration of 10 mg/mL and incubated at 4°C overnight with mixing. The reaction
was purified with a HiLoad 16/600 Superdex 200 pg (GE) column for product isolation.
1 mL fractions were collected and characterized by SDS-PAGE; fractions containing the
target product were pooled, transferred to a dialysis bag, and concentrated by being placed

on a bed a solid sucrose.

Large amounts of purified SpyCatcher were allowed to react with a 4-arm-PEG-
DBCO (5 kDa per arm) commercially obtained from Nanocs Inc. (Boston, MA). Reagents
were mixed at a 1.7x molar ratio of SpyCatcher per DBCO molecule and allowed to react
overnight at 4 °C with mixing. The reaction was purified with a HiLoad 16/600 Superdex
200 pg column. 2 mL fractions containing a mixture PEG conjugated to 2, 3, and 4
SpyCatcher -F* proteins were collected, combined, and purified again. This process was

repeated until we were able to isolate the 4- and 3-arm products.

For in vitro biotinylation, a biotinyation kit (Avidity, LLC, #BirA500) was used
according to the manufacturer’s recommendations. Biotinylated DIl was purified by
IMAC following the previously described protocol. The eluate was concentrated and
buffer exchanged to PBS via spin filtration. Biotinylated MS2 was isolated by SEC with

a Superdex 200 Increase 10/300 GL column.
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2.2.8 Conjugation of DIII to Branched PEG Scaffold.

Small scale reactions were set up to determine the stoichiometry that resulted in
complete consumption of the Branched PEG Scaffold. Reactions were characterized by
SDS-PAGE and disappearance of the scaffold was monitored. Reactions were then scaled
up, incubated overnight at 4 °C, and purified with a 1 mL StrepTrap column (GE),
according to the manufacturer’s specifications. The eluate was concentrated on a bed of

solid sucrose and dialyzed against PBS.

2.2.9 Conjugation of Streptavidin and DIII to VLPs.

The concentrations of biotinylated MS2 and streptavidin were estimated by BCA
and protein amounts were calculated based on the total mass of VLP available for the
reaction. A 20x molar ratio of streptavidin was transferred to a small glass vial and stirred
rapidly. MS2 was added to the vial in 2.5 pL increments (pipet tips were change before
each addition) until all the MS2 had been used. The reaction was allowed to proceed for
10 minutes before being injected into a Superdex 200 Increase 10/300 GL column for
purification. Fractions containing the reaction product were pooled together, concentrated,
and quantified. For the reaction with biotinylated DIII, the VLP-SA was added at a 1.25x

molar excess to DIII. DIl consumption was monitored by SDS-PAGE.

2.2.10 Expression of Anti-DIII Antibodies.

DNA encoding the light and heavy chain variable regions of ZV-2 (PDB ID:

5KVD), ZVv-48 (PDB ID: 5KVE), and ZV-67 (PDB ID: 5KVG) were optimized for
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mammalian expression and synthesized and cloned in the TGEX-LC and TGEX-HC

vectors by Gene Universal Inc. (Newark, DE).

HEK 293F cells were transfected with the constructs using an ExpiFectamine
Transfection Kit (ThermoFisher Scientific) following the manufacturer’s instructions.
Cells were incubated at 37°C with shaking and harvested between day 5 and 7. Cell
cultures were centrifuged for 5 min at 4,000 xg. The supernatant was collected and
purified using a HiTrap MabSelect SuRe column (GE) following the manufacturer’s

protocol.

2.2.11 ELISA

Proper folding and correct shielding of wt DIl and DIl mutants were confirmed
by enzyme-linked immunosorbent assay (ELISA). 96-well plates were coated with 50 pL
of DIl at 4 pg/mL and incubated at room temperature for 1 hr. This was followed by a 2-
hr incubation with 100 pL of 5% bovine serum albumin (BSA) in PBST buffer (PBS and
0.2% Tween-20). Plates were washed three times with 100 uL PBST and incubated with
50 uL of primary antibodies (ZV-2, ZV-48, and ZV-67) diluted to 1 pg/mL with 1% BSA
in PBST for an additional hour. The plates were once again washed three times with PBST
and incubated for 1 hr with 50 pL of Horseradish Peroxidase (HRP)-conjugated anti-
human antibodies diluted in 1% BSA in PBST. Following incubation, plates were washed
three times with PBST and 50 pL of TMB solution were added. 5 to 10 minutes after TMB
addition, 50 pL of Stop Solution (160 mM sulfuric acid) were added and the absorbance

at 450 nm was measured.

2.2.12 Immunizations
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For immunization with DIl mutants on the Branched PEG Scaffold, 1 pg of the
DIll antigen was brought up to a final volume of 50 uL with PBS. Prior to immunization,
an additional 50 uL of Addavax adjuvant was added to the samples. Mice were immunized
at week 0 with 100 pL of the antigen and adjuvant mixture and two boosts were
administered at four-week intervals following the first injection. Serum was collected on

day 99.

Immunizations with DIIl conjugated to VLP-SA were conducted in a similar
manner. 2 pg of antigen were delivered in combination with Addavax adjuvant in a prime
injection, followed by two boosts six and four weeks apart, respectively. Serum from

individual animals was collected three weeks after the second boost and pooled.

2.2.13 Serum Antibody Titers

Antibody titers were determined by ELISA. A 96-well plate was coated, blocked
with 5% BSA and washed as previously described. 1 pL of serum from individual animals
was diluted in 99 pL of PBST containing 1% BSA, and serially diluted 11 times. 50 uL
of each dilution were then added to the wells. Wells were incubated, washed, and
developed following the previously described ELISA protocol. Titers were determined to
be the last dilution before absorbance dropped below the cutoff value. Cutoff was
calculated as the average absorbance of the control wells (no primary antibody added to

wells) plus three times the standard deviation.

2.2.14 Immunodepletions
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For depletions with PEGylated DIII constructs, 720 pL of Ni-NTA beads were
washed with IMAC Binding Buffer containing 1% BSA and incubated with 250 pg or 66
pg of Sample DII* and Control DI, respectively. Both amounts were estimated to be
in large excess relative to the amount of serum anti-DIIl antibodies. The antigen was
allowed to bind to resin for at least 1 hr at 4 °C. The resin was washed with 10 CVs of 1%
BSA in IMAC Binding Buffer and resuspended in 1 CV of the same buffer forming a resin
slurry. Sera from all four groups were diluted 1,000 times with 1% BSA in IMAC Binding
Buffer. Between 30 and 40 pL of resin slurry were added to the diluted sera and incubated
for 1 hr at 4°C with mixing. Incubation was followed by a 5 min centrifugation at 2,000
xg which resulted in the precipitation of the resin. The supernatants were transferred to a
new tube and mixed with 30 to 40 pL of fresh DIlI-conjugated resin slurry. This process
was repeated 5-7 times. After the final incubation, the sera were centrifuged several times
for the removal of any traces of resin. The depleted sera were tested against wt DIII by

ELISA.

Depletions using streptavidin-shielded DIII were performed in a similar manner.
A DIII variant with a point mutation allowing for F* incorporation on amino acid 327
(DI1-327*) was expressed, refolded, and purified as described previously. DII1-327* was
reacted with a large excess of DBCO-biotin reagent and purified by IMAC, resulting in
DI111-327-b. Streptavidin agarose beads were washed with 1% BSA in PBS and in
incubated with 100 pg of DIII-327-b. 1 uL of serum from each group was diluted in 500
ML of 1% BSA in PBS and incubated with the DI11-327-b-conjugated beads for multiple
centrifugation and incubation cycles. ELISAs were performed to probe binding of the

depleted sera against wt DIII.
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2.3 Results and Discussion

2.3.1 Engineering and Synthesizing Multivalent Nanopatterned DIII Antigens

Our goal was to demonstrate that the bio-orthogonal coupling of PEG chains to
selected epitopes of protein antigens can result in epitope shielding and, consequently, a
refocused immune response upon immunization. This method, which we termed as
“nanopatterning”, was successfully employed to an engineered domain III of Zika’s E
protein. Upon a careful analysis of the footprint of three distinct anti-DIII antibodies, we
selected solvent accessible amino acids that were crucial for antibody binding to DIII. The
codons for the chosen residues were then mutated to an Amber codon (TAG), which has
low usage in E. coli (7%) and rarely terminates essential genes [81] . The synthesis of
orthogonal tRNAs that have the ability to suppress the Amber codon and insert an amino
acid in its place was first reported by Kleina et al. [82]. These orthogonal tRNAs were
further modified to allow for the incorporation of amino acids that are not part of the
genetic code and that can extend the functionality of proteins [83]. In this context, Chin et
al. [84] designed a synthetase for the incorporation of p-azido-L-phenylalanine (F*) —a
phenylalanine analogue that contains a reactive azide group [85]- in response to an Amber
codon. This tRNA and F* pair was used for the synthesis of our mutants, giving them
additional properties due to the presence of the azide group.

DIII’s structure was initially found to be extremely sensitive to mutations and the
incorporation of F* often resulted in misfolded protein. Therefore, several mutation sites
were screened and their effect on folding was analyzed. Initially, amino acids 311, 313,

327, 333, 396, 353, 375, 394, 396, and 397 were mutated to Amber codons. All DIII
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constructs were co-transformed with the pEvol-pAcFRS.2.t1 [86] plasmid in E. coli cells
and expressed in the presence of F*.

Two cysteines in the DIII sequence form a disulfide bond, which is crucial for
proper protein folding. Although we originally attempted expressing DIII in E. coli cells
that have the capacity to refold proteins with multiple disulfide bonds [87], the addition
of mutations in the protein sequence resulted in large amounts of misfolded DIII. As a
result, DI mutants had to be expressed as inclusion bodies, solubilized, and refolded in
vitro. ELISAs were performed following each DIII synthesis to ensure that the refolding
protocol was successful, and that folding was not compromised by the insertion of the
unnatural amino acid. Mutants T327F*/P366F* and T353F*/T397F* showed the best
yield and correct conformation and were thus selected as Sample DIl and Control DI,

respectively.
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Figure 4. Schematic of Click chemistry reaction between azide and DBCO. Figure
retrieved from [88].
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Figure 5. Synthesis of Sample and Control DI11*. Two residues (yellow) on the ZV-2-
binding epitope were mutated to an Amber codon and replaced by F*. The mutant was
conjugated to 5kDa PEG-DBCO chains, resulting in the Sample DII1* antigen. Due to
the shielding of the ZV-2-binding epitope, we expect the immune response to be made up
mostly of ZV-67 and ZV-48 antibodies. Similarly, residues on ZV-48 and ZV-67-binding
epitopes were also replaced by F* and conjugated to PEG, resulting in the Control DIIH*
antigen. As a result, we predict only ZV-2 antibodies to be generated.

Cyclooctynes are very unstable and react readily with azides without the
presence of catalysts [89]. The cycloaddition reaction between the two groups is part of
a class termed “Click chemistry” reactions, which have played a crucial role in the
development of polymer therapeutics [89, 90] once they allow for an easy conjugation of
functionalized polymers to proteins (Figure 4). In our case, the reactivity between the
azide found in F* allowed for the conjugation of the DIII mutants to a

Dibenzocyclooctyne (DBCO)-functionalized 5 kDa (5k) PEG chain, resulting in
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antigens Sample DIII* and Control DINI* (Figure 5). All constructs were purified and

characterized by SDS-PAGE, as shown in Figure 6.

We next synthesized a multivalent version of our DIII antigens with the goal of
enhancing the generated immune response during immunization. The DIII constructs were
conjugated to a novel “Branched-PEG-Scaffold”, which made use of the SpyCatcher
protein and the SpyTag peptide pair originally developed by the Howarth lab [91]. A
domain of the bacterium Streptococcus pyogenes was split into a peptide — the SpyTag —
and a protein — the SpyCatcher — fragment, which, when reacted together, form a stable

isopeptide bond that is resistant to heat and most proteases (Figure 7a).
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Figure 6. Characterization of DIl Antigens by SDS-PAGE. (a) Sample DIII* was
reacted with PEG and purified by SEC. (b) Purified Control and Sample DIII*. (¢)
Purified wild-type (wt) protein.
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We modified the sequence for the SpyCatcher protein to allow for the
incorporation of F* upon expression (SpyCatcher-F*), and a 4-arm PEG-DBCO polymer
(5kDa PEG in each arm) was purchased and allowed to react with SpyCatcher-F*,
generating our multivalent Branched-PEG-Scaffold (Figure 7b). The reaction between the
SpyCatcher-F* and the 4-arm PEG did not reach a yield of 100%, resulting in a mixture of
1, 2, 3, and 4 SpyCatchers proteins per branched PEG molecule (Figure 8). As a result,
several rounds of SEC were required to isolate the desired product. SEC fractions

containing a mixture of the trimer and tetramer products were used for our experiments.
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Figure 7. Schematic of the Synthesis of Multivalent Sample DII1* Antigens. (a) The
SpyCatcher protein (purple) and the peptide SpyTag form an isopeptide bond when
reacted together. (b) The SpyCatcher protein was mutated to allow for the incorporation
of the unnatural amino acid F* and conjugation to a 4-arm PEG-DBCO molecule,
yielding the Branched-PEG-Scaffold. (c) A C-terminal SpyTag was incorporated to the
sequence of DIII. The bond formed between the SpyTag and SpyCatcher allowed for
DII1 conjugation to the Branched-PEG-Scaffold, generating a multivalent DI11 antigen.

32



—— > Tetramer
— " Trimer
Dimer
— ” Monomer

L — .

Figure 8. Purification of Branched PEG Scaffold by SEC. Fractions collected from SEC
were analyzed by SDS-PAGE. Often a mixture of 1, 2, 3, and 4 SpyCatcher proteins per
Branched PEG were seen. Fractions containing mostly the trimer and tetramer product
were combined and used for DIII conjugation

The sequence for the SpyTag peptide was inserted at the C-terminus of DIII to
allow for the conjugation of the proteins to the Branched-PEG-Scaffold (Figure 7c). To
optimize the reaction conditions, the SpyCatcher scaffold was allowed to react with the
DIII antigens at different ratios and unreacted scaffold disappearance was monitored by
SDS-PAGE. Once the optimal stoichiometry was determined, reactions were scaled up
and purified. Sample purity was confirmed by SDS-PAGE (Figure 9a) and binding of ZV-

2, ZV-48, and ZV-67 was probed by ELISA (Figure 9b). The results confirmed shielding
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of the PEG-conjugated epitopes: while all three antibodies bound to wt DIII, the ZV-2
antibody did not bind to Sample DIII*, and both ZV-48 and ZV-67 antibodies did not bind
Control DIII*. None of the three antibodies showed significant binding to bovine serum

albumin (control).
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Figure 9 Characterization of Multivalent DIl Antigens. (a) SDS-PAGE image of
Branched-PEG-Scaffold alone and Branched-PEG-Scaffold conjugated to Sample DII1*
and Control DI11*. (b) Binding of multivalent wt, Sample, and Control DIII* to ZV-67
(pink bars), ZV-48 (cyan bars), and ZV-2 (green bars) antibodies by ELISA.

Having demonstrated the ability of nanopatterning to modulate the recognition of
DIl antigens by anti-DI1I antibodies in vitro, we next tested the antibody response to these

antigens in vivo. In brief, three groups of five BALB/c mice were immunized with 1 pg
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of wt DIII, Sample DIII*, or Control DIII* conjugated to the Branched-PEG-Scaffold. A
prime injection was followed by two boosts four weeks apart. Serum was collected on day

99 and further analyzed.

To determine antibody titers, serial dilutions of pooled sera from each group were
tested against wt DIl by ELISA. Antibody titers are expressed as the area under the curve
(AUC) and are shown in Figure 10. The results demonstrate that all D111 constructs elicited
anti-DIII antibodies. However, the group immunized with Sample DIII* had the lowest
titers among the three DIlI-immunized groups, with almost one order of magnitude
difference between the AUC values obtained for Sample DIII* versus Control DIII*-
immunized animals. Given the low antibody titers, further characterization of sera from

Sample-DIII*-inoculated animals was not possible at this point.
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Figure 10. Antibody Titers Following Immunization with D111 Antigens on Branched-
PEG-Scaffold. Serum collected on day 99 of the experiment was serially diluted and
tested against wt DIII. End-point titers are expressed as Area Under the Curve (AUC)
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and were determined to be the last dilution above the cutoff value (mean of baseline
signal + 3 SD). ****-p<0.0001, ns-not significant.

Such a surprising result could possibly be associated to a low dose and low valency
of the antigens. Given the complexity of the multivalent DIIl synthesis scheme, our
antigen yields were extremely poor, which forced us to perform immunization with a
lower dose than what has been suggested in literature [92, 93]. In addition, our constructs
had a valency of three or four, which might have not been high enough to promote optimal
BCR clustering and yield an enhanced antibody response. To overcome such issues and
to enhance the immunogenicity of the nanopatterned antigens, we next explored the
effects of using a nanoscaffold that for the display of more copies of the protein antigen

on its surface, such as the virus-like particles (VLPs).

2.3.2 Synthesis of Nanopatterned DIl Antigens Displayed on VLPs

The capsid protein of many viruses can spontaneously assemble into nanoparticles
of 20-150 nm in diameter. Although these nanoparticles mimic the organization and
structure of real viruses, they lack viral genetic material, which makes them non-
infections. The presence of repetitive subunits allows for the conjugation of several copies
of antigenic proteins to a single particle, promoting the crosslinking of multiple B cell

receptors at once [94-96].

MS2 is an E. coli-infecting bacteriophage that has been widely studied and used for
vaccine development with high success. Upon expression, 180 copies of the MS2 coat

protein organize into stable noncovalent dimers, which further assemble into an
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icosahedral shell, resulting in a VLP of 22-29 nm radius [78, 97]. Out of the 90 coat protein
dimer copies present on the MS2 surface, 30 of them form symmetric C/C dimer, while
the other 60 form asymmetric pairs referred to as A/B dimers [98-100]. Amino acid
sequences of the coat protein have been previously mutated to incorporate new peptides
and epitopes without compromising the overall VVLP structure [77, 78]. The AB-loop in
particular, has shown to be an attractive site for peptide incorporation, since it “protrudes

prominently from the VLP surface” [78].

We genetically modified the MS2 coat protein sequence to allow for its expression
as a single-chain dimer [78] and introduced an AviTag peptide (GLNDIFEAQKIEWHE)
[76] in the AB loop of the second monomer. By co-transforming plasmids coding for the
engineered MS2 and the enzyme BirA[76] into E. coli cells and expressing them in the
presence of biotin, we were able the obtain high yields of MS2 that had been partially
biotinylated. A commercially available kit was used to fully biotinylate the VLPs in vitro.
DLS measurements showed that the synthesized MS2 VLP had an average radius of 16

nm (Figure 11a).
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Figure 11. Characterization of VLPs. (a) Radius of VLP as measured by DLS. (b)
Characterization of MS2 VLP before and after conjugation to streptavidin by SDS-
PAGE.

Next, we expressed and refolded SA — which had been modified to incorporate a
purification tag — and reacted it with our biotinylated VLPs [79]. After a short incubation,
we were able to see 100% reaction yields, as shown by SDS-PAGE (Figure 11b). The
excess SA was easily removed by SEC and the final product — a VVLP-streptavidin (VLP-
SA) conjugate — was ready to be coupled to additional biotinylated molecules through the

remaining SA’s free biotin binding sites.

An AviTag was inserted on the C-terminal of DIII as a replacement for the SpyTag

without compromising protein folding or expression. The plasmid encoding the enzyme
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BirA [76] was transfected along with the plasmid encoding for the DIIl mutants, and biotin
was added to the media during induction. This allowed for partial biotinylation of the
expressed DIII. Once expressed, DIl was refolded and PEGylated following the method
described in the previous section. Purified PEGylated proteins were further biotinylated
in vitro to bring biotinylation yields close to 100%. Excess biotin was removed by IMAC
and the biotinylated DIII constructs were dialyzed and concentrated. The VLP-SA was
then reacted with DIII at a 1.25 molar excess to ensure complete DIl consumption. This
process is illustrated in Figure 12a. Epitope shielding of DIII antigens conjugated to VLP-
SA was confirmed by ELISA. Figure 12b shows shielding of ZV-2 antibody to Sample
DIII* on VLP-SA while no antibody binding is seen for VLP-SA alone. Conjugation of
Sample DIII* to VLP-SA is demonstrated by SEC shift (Figure 12c) and SDS-PAGE

(Figure 12d).
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Figure 12. Design and characterization of DIII antigens conjugated to Virus-like
Particles. (a) Representative scheme, illustrating the generation of Sample DIII*-VLP-
SA. An Avitag was inserted on the C-terminus of the DIII constructs to allow for the
incorporation of a biotin molecule. The biotinylated DIl antigens were conjugated to
the VLP-SA. (d) Characterization of the binding of ZV-2 (green), ZV-48 (cyan), and ZV-
67 (pink) antibodies to Sample DIII* on VLPs and streptavidin-coated VLPs alone by
ELISA (mean + SD, n = 3). (c) SEC chromatogram of VLP-SA in comparison to Sample
DIII* on VLP-SA. The decrease in the elution volume suggest proper conjugation of the
DI11 antigen to the scaffold. (d) Reaction between biotinylated Sample DI11* and VLP-
SA as shown by SDS-PAGE. The sample was heated prior to analysis, allowing us to
visualize Sample DIII* (top band), MS2 dimer (middle band), and Streptavidin
monomers (bottom band).
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Following characterization, antigens were used for a new immunization
experiment. Inoculations consisted of a prime injection followed by two boosts six and
four weeks apart, respectively. A 2 pg dose of DIII was used in combination with the
Addavax adjuvant. Mice were bled three weeks after the second boost; sera of animals

from the same group were pooled and analyzed.
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Figure 13. Endpoint Antibody Titers Following Immunizations with DIl Antigens on
VLPs. (a) Titers (shown as AUC values) for wt, Sample, and Control DIl1*. (b)
Comparison between endpoint titers obtained from immunizations with Sample DII1*
on Branched-PEG-Scaffold vs. Sample DIII* presented multivalently on VLPs. (****-
p<0.0001).

Antibody titers were determined by probing the binding of serial dilutions of sera
to wt DIIl by ELISA. As shown in Figure 13, there was a noticeable increase in the
antibody titers for the Sample DIII*-immunized group when this antigen was presented

from VLP-SA. Titers for the Sample DIII* on VLP-SA were comparable to the titers
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obtained for the wt DIII and Control DIII* groups (Figure 13a). Additionally, titers for
animals immunized with the Sample DIII* on VLP-SA were one order of magnitude
higher than the titers seen after immunizations with Sample DIII* on the Branched PEG

Scaffold (Figure 13Db).

Immunodepletions were performed to assess whether there was a difference in the
types of anti-DIII antibodies generated in the Sample DII*-immunized group versus the
Control DII*-immunized group and whether refocusing of the antibody response had
occurred. Sample DIII* and Control DII* were immobilized on Ni-NTA beads and
incubated with pooled sera. Large excesses of both nanopatterned DIII proteins were used
to ensure complete antibody depletion from the sera. 96-well plates were coated
with wt DIl and the binding of the depleted sera was probed. Figure 14a and Figure 14b
show a schematic of the expected results of depletion with Sample DIII*. Animals
immunized with Sample DIII* were predicted to produce only ZV-48 and ZV-67-like
antibodies; therefore, depletion with the Sample DIII* antigen should lead to the removal
of the majority of antibodies in the sera. As a result, low binding to wt DIII should be
observed. Immunizations with Control DIII* are expected to elicit mostly ZV-2-like
antibodies, which should not be depleted by Sample DIII*, resulting in higher binding of
the depleted sera to wt DIII. Figure 15b shows the predicted trend following antibody
depletion with Control DIII*. Most antibodies present in the sera of the Sample DIII*-
immunized animals should remain in the solution, while the majority of antibodies in the
sera of mice inoculated with Control DII* should get removed. As a result, depleted sera
from the Sample DIII* group should show a higher binding to wt DIII by ELISA in

comparison to the depleted sera from the Control DII* group.
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As seen in Figure 14c and Figure 15c, the results are consistent with our
predictions. Depletion with Sample DIII* resulted in baseline levels of wt DIII-binding
for the Sample DIII* sera, suggesting removal of the majority of antibodies. Significantly
higher binding was seen for the Control DIII* sera, implying the presence of antibodies
in the serum following a depletion with Sample DIII*. For the depletions with the Control
DIII* antigen, the opposite trend was seen: binding to wt DIII was high for the Sample
DIII* group and near baseline for the Control DIII* group, leading us to conclude that

successful depletion only occurred with the Control DIII* sera.
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Figure 14. Depletion of Sera with Sample DI11*. (a) Sample DIII* was immobilized on
Ni-NTA beads and incubated with serum from Sample DIl1*-immunized animals. The
beads should lead to the depletion of ZV-48 and ZV-67-like antibodies, resulting in the
removal of majority of antibodies in the sample. (b) Sample DIII*-immobilized beads
should not be able to deplete antibodies from sera of animal immunized with Control
DIII*. ZV-2-like antibodies should remain in the sample. (c) Binding of depleted sera
against wt DIl by ELISA. = p<0.0001 determined by Sidak’s multiple comparison
test, n=3.
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Figure 15. Depletion of Sera with Control DI11*. (a) Control DI11* was immobilized on
Ni-NTA beads and incubated with serum from Sample DII1*-immunized animals. ZV-48
and ZV-67-like antibodies should not bind Control DII1* and therefore should not be
depleted. (b) Control DII*-immobilized beads are expected to deplete ZV-2-like
antibodies from sera of animals immunized with Control DIII*. As a result, most
antibodies should be removed from the sample. (c) Binding of depleted sera against wt
DIl by ELISA. ==+ p<0.0001 determined by Sidak’s multiple comparison test, n=3.

An alternative depletion experiment was also performed to further validate our

findings. We expressed a DIII variant containing a point mutation on the ZV-2 epitope
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(T327F*). The mutant was allowed to react with DBCO-biotin to generate DIIl 327-b and
further conjugated to streptavidin-agarose beads (Figure 16a). We reasoned that the bulky
nature of streptavidin would sterically block access of antibodies in the sera to the ZV-2
epitope, allowing the antibodies binding to other parts of the protein to be selectively
depleted. Dilutions of sera were incubated with the DIII 327-b-streptavidin beads and the
binding of the depleted sera to wt DIl was characterized by ELISA. The depletion
schematic and ELISA results are shown in Figure 16b and Figure 16c¢, respectively. The
data are consistent with the findings from the previous depletion experiment. As predicted,
depletion with DIII 327-b resulted in removal of the majority of antibodies from the sera
of the animals immunized with Sample DIII*, a behavior that was not seen for the group
immunized with Control DIII*. These findings further confirm that nanopatterned DIII

antigens can refocus the immune response.

46



Reaction with Conjugation to
a ‘% DBCO-biotin W Streptavidin beads

DIII 327-b on
streptavidin beads

b Sample DIIT*
Seri\
3
W<
~ Y
Control DIIT*
Sera
(& ns
o 1.5- __
2
—e 1'0- * %k %k %k
2
= 051
0 0 i\ wwwwuwl

Depleted with DIII  Not Depleted
327-b

Figure 16. Depletion of sera with sterically shielded DIII confirms refocusing of immune
response. (a) Scheme illustrating the strategy used to generate DIIl-coated Streptavidin
beads. Residue 327 (dark blue) on DIl was replaced by F* and conjugated to DBCO-
biotin, resulting in protein DI 327-b. DI 327-b was immobilized on streptavidin
agarose beads. (b) The DIl 327-b-conjugated streptavidin beads were incubated with
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sera from Sample DI11* and Control DIHI*-immunized animals. Depletion of sera from
mice immunized with VLPs presenting Sample DI11* should result in removal of most
antibodies. ZV-2-like antibodies should remain in the sera from mice immunized with
VLPs presenting Control DIHI* following depletion with DIl 327-b. (c) Binding of
depleted and undepleted sera from Sample DIII* (N) and Control DII* (=) groups to wt
DIl was determined by ELISA. Higher binding is seen for depleted sera from the
Control DIH* group. =+ p<0.0001 determined by Sidak’s multiple comparison test, n=3.

2.4 Conclusions and Future Directions

The presented data allows us to conclude that immunization with multivalent DIII
antigens elicited anti-DI11 antibodies in a mouse model. Moreover, nanopatterning of the
DIl antigens allowed the antibody response to be refocused to targeted epitopes, and the
use of VLPs as a multivalent scaffold resulted in high antibody titers for the nanopatterned
antigens. Nonetheless, the potential of Sample DIII* as an efficacious vaccine is yet to be
determined. Viral challenges following immunizations with Sample DII1* will help assess
the neutralizing potency of the elicited antibodies. If our efforts prove to be successful,
this same nanopatterning strategy could be used for the design and synthesis of other novel

viral vaccines.

Given the promising results obtained from nanopatterning ZIKV DIII antigens, it
would be interesting to assess the ability of our nanopatterning tool to refocus the immune
response on different viral antigens. An ideal candidate for this test would be the Dengue
virus, which is closely related and has a very similar structure to ZIKV. DENV is endemic
in certain regions of the world and according to the WHO there are approximately 390
million cases of Dengue Fever per year [62, 101]. In addition, DENV is subdivided into

four serotypes, which means a single person can become infected up to four times. ADE

48



has been observed to occur after infections with heterologous serotypes, which helps
highlight the importance of developing a vaccine against DENV that will elicit a robust

immune response made up of neutralizing antibodies.

Similarly to ZIKV, distinct epitopes were identified on Domain 111 of DENV E
protein. In brief, the LR and A strand epitopes are targeted by neutralizing antibodies,
while the AB loop and C-C' loop have shown to elicit antibodies with non- or
poorly neutralizing ability. Therefore, it would be beneficial to employ our nanopatterning
strategy to DENV DIII protein in order to refocus the immune response towards the LR
and A strand epitopes. We would follow a similar approach to the one described
previously: replace amino acids on the different DIII epitopes with F*, functionalize the
DIl mutants with DBCO-PEG, and conjugate them to multivalent nanoscaffolds. The
initial stages of this new project have started, and potential mutants have already been
selected and expressed. We are confident on the potential of obtaining successful results

for the nanopatterning DENV antigens as well.
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CHAPTER 3. SYNTHESIZING A ZIKV E PROTEIN DIMER-BASED

VACCINE

3.1 Introduction

As discussed in Aim 1, dimers of the envelope (E) protein coat the surface of the
Zika virus and play a crucial role in viral infection. In the mature and infectious form of
the virus, there are 90 copies of E protein dimers arranged in a head-to-tail orientation [68,
102, 103] (Figure 2b). The E protein is responsible for host cell binding and entry [49]
and is the main target of neutralizing antibodies [54, 55, 104]. As a result, vaccine
development efforts have focused on the E protein, with several candidates having
demonstrated protective efficacy against ZIKV in rodents and non-human primates [105,
106]. However, given the continuing threat posed by DENV and the homology between
the E proteins of ZIKV and DENV, a vaccine that could elicit broadly protective

antibodies against ZIKV and DENV would be a significant accomplishment.

A class of antibodies that target a quaternary epitope on the dimer interface have
demonstrated to be protective against not only multiple ZIKV strains but also against
multiple DENV serotypes [107, 108]. These broadly neutralizing antibodies (bnAbs)
target aregion identified as the Envelope Dimer Epitope (EDE), which is highly conserved
among flaviviruses [57, 108]. Figure 17a shows the crystal structure of the DENV E
protein dimer bound to the ¢8 bnAb, which binds to the EDE [63]. The antibody footprint
on both ZIKV and DENYV dimers is highlighted on Figure 17b, and we can see that this

footprint is made up of residues located on both E monomers. This region is the binding
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site of the viral precursor membrane (prM) protein, which prevents premature exposure
of the fusion loop (FL) — a short peptide on E that becomes exposed during host and viral
membrane fusion [106] — during viral assembly. PrM locks the dimer in place and hinders
conformational changes that can expose the FL, preventing premature membrane fusion
[109, 110] . Given the importance of this mechanism, binding of E to prM is crucial and

results in the high conservation of the amino acids located in this region [68].

Top view

Figure 17. ¢8 antibody binds to an epitope on the E dimer interface. (a) DENV E dimers
(pink) bound to ¢8 antibody (blue), side view and top view. (b) Dimers of DENV E and
ZIKV E protein (grey) with the footprint of c8 highlighted in light green. Figure adapted
from [68].
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Antibodies bound to the EDE epitope play a similar role as prM — they crosslink
the dimer in place and prevent rearrangement and exposure of the FL [54], resulting in
viral neutralization. Considering the potential of E dimers to elicit bnAbs, they serve as a
viable and attractive alternative to using E monomers for immunization. In contrast to the
approach described in Aim 1, where we aim to synthesize vaccines that elicit Zika-specific
neutralizing antibodies, Aim 2 consists of designing and synthesizing a vaccine that has
the potential to protect against Zika and Dengue viruses. We hypothesize that by
delivering ZIKV E dimer conjugated to a multivalent scaffold we can elicit bnAbs that

target ZIKV and DENV.

Stabilization of the E dimers, however, is a major challenge. Even though E is
found as dimers on the viral surface, recombinant E proteins exist in an equilibrium
between the dimer and monomer forms [111]. Although crystallization experiments
suggest that at high enough concentrations the dimer is the dominant state of the protein
[112], this equilibrium shifts towards the monomer if the concentration is decreased or if
the sample is brought to physiological temperatures [112, 113]. This clearly becomes a
problem in a vaccine context, since inside the body these dimers could potentially
disassemble into monomers, preventing the elicitation of broadly neutralizing anti-EDE

antibodies.

Several strategies have been employed to synthesize stable E dimers and yielded
promising results [64, 111, 114]. However, some of them pose severe limitations for
vaccine design. Metz et al.[111], for example, described the synthesis of E dimers via the
immobilization of 6xHis-Tagged E proteins on Ni?*-coated plates to mimic E display on

the ZIKV surface and promote dimer formation. Although efficient in forming dimers,
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this technology could not be easily translated into a vaccine. Conversely, Slon-Camposet
al. [114] and Yang et al. [64] demonstrated the ability to synthesize covalently cross-
linked E dimers, which generated EDE-binding and neutralizing antibodies in in vivo
studies. While their results were promising, their immunizations were performed with
monovalent E dimers, allowing for the exposure of the dimer’s “underside”, a highly
conserved [115] but inaccessible region in the context of the virion (Figure 18). Therefore,
presenting E dimers on the surface of a nanoscaffold could potentially shield the underside

and hinder the generation of antibodies targeting it [115].

top view

Conservation

100% I ] 0%

Figure 18. Amino acid conservation among E proteins of several Flaviviruses. Adapted
from [115]. Left: Top view of E dimer. The highly conserved prM binding site is circled
in pink. Right: The dimer underside shows high amino acid conservation.

Given those considerations, we designed and synthesized a VLP scaffold that

when conjugated to E proteins promotes dimer assembly. This novel strategy could,
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simultaneously, expose the EDE, block the dimer underside, and present a multivalent

version of the antigen to enhance BCR crosslinking and immunogenicity.

3.2  Early Attempts of Dimerizing E Proteins

We pursued a series of different methods to synthesize stable dimers of E, which
showed to be unsuccessful or extremely problematic. Our original approach consisted of
selecting residues on the E monomer, mutating them to cysteines, and allowing the
cysteines to react with maleimide-containing bifunctional cross-linkers. This could be
done in two different ways: either by mutating residues on DIl and joining two monomers
by a very short linker, or by inserting cysteines at the C-terminus of the E monomer and
using a long flexible cross-linker that would allow the two monomers to form a dimer in
a head-to-tail orientation. We originally replaced amino acid L267 on Domain Il with a
cysteine and reacted the E mutants with bifunctional bismaleimide-activated PEG linkers
(BM(PEG)2 and BM(PEG)3). Cysteines and maleimide molecules can be coupled
together by thiosuccinimide bonds in a very specific and efficient reaction [116, 117],
thus, we hypothesized that this reaction would bring two monomers close together and
promote spontaneous dimer formation. A schematic of this process is shown in Figure
19a. The second strategy consisted of introducing a C-terminal cysteine to the E protein
and reacting it with a 10kDa maleimide-PEG-maleimide linker. The cysteine-maleimide
coupling would join the extremities of two E monomers together, while the long linker
would allow the monomers to arrange in the head-to-tail conformation. The schematic for

this approach is also shown in Figure 19b.
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The E protein has been reported to have low expression yields [118], and the
additional mutations to the protein structure resulted in poor expression across several
different cell lines. Furthermore, the insertion of an extra cysteine — in addition to the other
six naturally occurring cysteines on E — caused the formation of incorrectly crosslinked
monomers. While we were optimizing the process, Rouvinski et al. [119] used a similar
approach to form dimers of DENV E proteins, thus, we decided to explore other

approaches for stabilizing ZIKV E dimers.
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Figure 19. Proposed approaches to promote the dimerization of E protein by cross-
linking E monomers. (a) Amino acid 267 (green) was mutated to a cysteine to allow for
conjugation of E with a short mal-PEG-mal linker. This linker would bring the
monomers together and promote dimer formation. (b) A C-terminal cysteine (green) was
incorporated to the sequence of the E protein. This cysteine would be reacted with a
10kDa mal-PEG-mal. The longer linker would allow the monomers to rearrange in the
head-to-tail conformation.

We next explored a dimerization approach that would bring two E monomers
together by attaching them to a SnoopCatcher homodimer. The SnoopCatcher and
SnoopTag pair [120] is analogous to the SpyCatcher/SpyTag pair described in section
2.3.1; when mixed, the SnoopCatcher protein and SnoopTag peptide form an isopeptide
bond resistant to heat and proteases. To form the SnoopCatcher homodimer, we
incorporated an F* at its C-terminus. This modified SnoopCatcher was then allowed to
react with a 5k DBCO-PEG-DBCO molecule via copper-free azide-alkyne cycloaddition.
By fusing a SnoopTag to the C-terminus of E and allowing this protein to react with the
SnoopCatcher homodimers, we were expecting to bring together two individual E proteins

to form anti-parallel dimers. A schematic of the process is shown in Figure 20.

Although we were able to synthesize the SnoopCatcher homodimers in small
amounts and react them with E proteins, the low yields did not allow us to move forward
with this synthesis approach. As a result, we developed an alternative dimer synthesis
method that allowed us to generate multivalent scaffolds presenting E dimers more rapidly

and with better yields. This strategy will be described in more detail in the next section.
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Figure 20. Schematic for a novel synthesis of E protein dimer using the SnoopCatcher
and SnoopTag pair. A SnoopTag (grey) was fused to the C-terminus of E (pink). This
allowed for coupling of E to a SnoopCatcher (green) homodimer, linked by a PEG chain
(yellow). The homodimer was expected to bring the E monomers together to promote
spontaneous dimer formation.
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3.3  Synthesis of E Dimers Conjugated to VLPs

Given the influence of E protein concentration on dimer formation, we
hypothesized that by immobilizing multiple copies of the antigen on a fixed surface we
could achieve a high local concentration of E, thereby promoting spontaneous
dimerization. As a result, this strategy would not be affected by sample dilutions or
changes in temperature. Additionally, we rationalized that by optimizing the distance
between each E monomer, we could bring them close together while ensuring that they
had enough space and flexibility to assemble in the required head-to-tail orientation.
Furthermore, the conjugation of E to a multivalent nanoscaffold would allow us to present
multiple copies of the antigen from a single scaffold, enhancing the immunogenicity,
while simultaneously blocking the underside of the protein that is inaccessible in the

context of the virion.

Given these objectives, we chose an approach that consists of attaching E
monomers to VLPs via a series of linkers in order to bring the E proteins together to form
dimers. More specifically, we conjugated SnoopTagged E proteins to an engineered
SnoopCatcher protein that had been functionalized with a PEG-biotin, allowing for the
attachment of this E-Catcher pair to the VLP-streptavidin scaffold described in Section
2.3.2. We hypothesized that the VLP would provide enough binding sites for E to achieve
a high local concentration of E monomers, while the protein linkers in combination with
the PEG chain would offer flexibility and allow the two E monomers to assemble in an

anti-parallel/ head-to-tail format.
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The process of synthesizing MS2 VLPs and conjugating them to streptavidin
molecules was described previously. We expressed in E. coli a variant of SnoopCatcher
with an F* incorporated at the C-terminus (SnoopCatcher-F*). SnoopCatcher-F* was next
allowed to react with a 2k DBCO-PEG-biotin, resulting in the SnoopCatcher-2k-bio
protein. A SnoopTag was fused to the C-terminus of the E protein to enable its attachment
to the SnoopCatcher-2k-bio via the SnoopTag-SnoopCatcher reaction. This pair, named

E-Sncat-2k-bio, was then conjugated to the VLP-SA. A schematic of this process is shown

in Figure 21.

The MS2 VLP is made of up 90 copies of MS2 coat protein dimers, which means,
ultimately, 90 potential sites for E attachment. To determine the local E concentration, we
assumed that all 90 biotin-binding sites of the VLP were conjugated to one E monomer
and divided that by the volume of our system. Based on DLS measurements we estimated
the radius of the MS2 VLP to be roughly 16 nm. Using the crystal structure of Streptavidin
(PDB 3RY2), we determined the average end-to-end length of the protein to be
approximately 2.8 nm. Considering that biotin occupies “pockets” within the structure of
streptavidin, it is safe to assume that Streptavidin molecules will be bound tightly to the
VLP surface, allowing for little movement and flexibility. The streptavidin-conjugated

VLPs, therefore, constitute our “core” particle, with a fixed radius of 19 nm (Figure 22a)
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Figure 21. Schematic of synthesis of E protein dimer via VLP conjugation. (a) Mutant
SnoopCatcher-F* was functionalized with a 2kDa DBCO-PEG-biotin, generating
SnoopCatcher-2k-bio. (b) A SnoopTag was inserted on the C-terminal of E to allow for
its conjugation to the SnoopCatcher-2k-bio. (¢) The E + SnoopCatcher-2k-bio pair was
conjugated to the VLP-streptavidin via the biotin-streptavidin interaction. (d) The high

60



concentration of E on the surface of the VLP would shift the equilibrium towards the
formation of E dimer.

Using crystal structures, we estimated the approximate length of the SnoopCatcher
and the E proteins to be 5.3 nm and 11.2 nm, respectively (Figure 22b). Unlike the “core”
particle, these have either short linkers or purification tags within their sequences,
resulting in an E-SnoopCatcher pair that displays more flexibility than the “core” particle.
Hence, the E-SnoopCatcher pair, in combination with the PEG linker, make up the
“flexible” portion of the particle (Figure 22¢). We estimated the root mean square (RMS)
end-to-end distance for the PEG chain in solution [121] — to be ~ 3.9 nm. The PEG,
SnoopCatcher, and E protein combined have a total length of ~21 nm, resulting in a total

particle radius of 40 nm.

To obtain an estimate of the volume accessible to the E monomers, we subtracted
the volume of the 19 nm-radius VLP-SA “core” from the volume of the 40 nm-radius
particles. This resulted in a volume of roughly 239,270 nm3. Assuming that each of the 90
sites of MS2 are occupied by one E monomer, we end up with 90 E monomers, or 1.5 x
1022 mol of E monomers, in a volume of 239,270 nm3, corresponding to a local E
concentration of approximately 627 puM, which is much greater than the reported
dissociation constant (Kq) for E dimerization of 2.1 uM at 23 °C [112]. Studies have
demonstrated that for DENV E monomer, the Kq value can be 50 times higher at
physiological temperatures. [112] Even if we assume the Kq for ZIKV E dimers to behave
the same way, our local concentration of E will still be high enough to promote

dimerization.
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Although the E protein is 11.2 nm long, the region of contact between the two
monomers within the dimer spans a distance of ~9.2 nm. Therefore, when conjugating
our E proteins to the VLP, we want to keep them approximately 9 nm apart. We believe
that a distance much shorter than this could result in crowding of E proteins, preventing
them from rearranging in a head-to-tail orientation. A distance much longer than that
would keep the monomers too far apart, impeding dimer formation as well. This rationale
consolidated our choice of using the 2 kDa PEG-biotin linker. We believe its root mean
square end-to-end length of 3.9 nm would provide enough space between E protein
monomers, while still maintaining them at close proximity for dimer assembly. In
addition, the flexibility of the PEG chains would allow the monomers to get closer or

farther apart if necessary.
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“Core” Particle

“Flexible” portion =21 nm

Figure 22. Estimating the local concentration of E protein on the VLP surface. (a)
Radius of VLP and length of streptavidin. When combined they result in the “core”
particle. (b) Lengths of E protein, SnoopCatcher, and 2k DBCO-PEG-bio. (¢) When
conjugated to the VLP, the PEG, SnoopCatcher, and E protein make up the “flexible”
portion of the particle.

34 Materials and Methods
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3.4.1 Cloning of E Protein, SnoopCatcher, and VLP.

The process for synthesizing the MS2 and streptavidin proteins is the same as
described in section 2.2. Based on the entire genetic sequence of the Zika virus (GenBank
ANO46313.1), we designed construct 19C-prM-E-ZIKV, which encoded for the last 19
C-terminal amino acids of the capsid protein, the prM, and the E protein sequences [122].
The sequence corresponding to wo C-terminal GGSGG repeats, followed by a SnoopTag
and a Stll purification tag were also added to the sequence. The DNA was codon-
optimized for expression in insect cells and cloned into the PIEX vector by Gene
Universal. Using this DNA as a template, our collaborators in the Krammer lab (Icahn
School of Medicine, Mount Sinai, NY) synthesized a construct coding for the sequence

of E, SnoopTag and a 6xHis tag which was cloned in the pfastBacDuo plasmid.

The wild-type (wt) sequence encoding SnoopCatcher (UniProt AOAOH2UNT®6)
was codon-optimized for expression in E. coli and cloned into pET28b with a C-terminal
6xHis-tag by Integrated DNA Technologies Inc. (Coralville, 10). Through site-directed
mutagenesis, we inserted an Amber codon, as well as sequences encoding a GGSGG

spacer, and a SpyTag between the SnoopCatcher and 6xHis-tag sequences.

3.4.2 Expression and Purification of E protein.

The initial baculovirus stock carrying the genetic material for E protein expression
were kindly shared with us by Krammer lab. Baculovirus stocks were amplified as needed
by infecting fresh Sf9 cells. Sf9 cells were seeded in large T175 flasks at a density of 2 x
10° cells/cm? and allowed to settle for 20 min to adhere to the flask surface. The

supernatant was aspirated and replaced by 50 mL of TNM-FH medium (ThermoFisher
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Scientific) with 3% of fetal bovine serum (FBS). 400 pL of the original baculovirus stock
were added and the flask was swirled to allow even distribution of the baculoviral
inoculum. The flask was incubated at 28°C without CO for 6 days. The media was

harvested and centrifuged at 2000 xg for 5 min to yield the amplified baculovirus stock.

For expression of E protein, Hi5 cells were cultured in Express Five Serum-Free
Medium supplemented with 16 mM of L-Glutamine (E5SFM medium) at 28°C. 60x10°
cells were centrifuged at 100 xg for 7 minutes and the supernatant was aspirated. The
cell pellet was resuspended with 1-2 mL of the baculovirus stock and incubated for 20
minutes at room temperature. Infected cells were transferred to a 250-mL shaker flask

containing 98 mL of fresh E5SFM media and allowed to grow at 28°C for 3 to 4 days.

Cells were harvested and spun down at 4,000 xg for 5 minutes. Prior to IMAC,
the supernatant had to be dialyzed for the removal of medium additives that damage the
Ni-NTA resin. The cell medium was dialyzed against 4 L of IMAC Binding Buffer. The
dialysis buffer was replaced twice over the course of 2 days. The dialyzed solution was
then filtered through a 0.45 pum membrane for the removal of precipitated salts and
poured over 1 mL of pre-equilibrated Ni-NTA resin in a gravity-flow column. The wash

and elution steps for the resin were followed as previously described.

3.4.3 Expression and Purification of SnoopCatcher.

The DNA encoding the SnoopCatcher mutant was co-transformed with
PEVOLpAZzFRS.2.t1 (Addgene) into BL21(DE3) competent cells and plated overnight on
LB-agar plates containing kanamycin and chloramphenicol. A single colony was picked

for a 5 mL starter culture which was further scaled up (after growing for 12-16hrs) to 1 L
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of 2xYT media containing kanamycin and chloramphenicol. Cells were grown at 37°C
until the OD reached 0.6-0.8. IPTG, L-arabinose, and p-azido-L-phenylalanine were added
to a final concentration of 1 mM, 13.3 mM and 0.5 mM respectively, and the temperature
was reduced to 30°C. Cells were allowed to grow overnight before harvesting. Harvesting
and lysis of cells follow the same protocol described for the SpyCatcher protein in section

2.2.

Purification of the SnoopCatcher was performed at 4°C. The lysate of cells
expressing the SnoopCatcher protein was poured into a gravity-flow column containing
Ni-NTA resin that had been pre-equilibrated with IMAC Binding Buffer. The resin was
thoroughly washed with at least 20 CVs of IMAC Binding Buffer and the protein was
eluted with 5 CVs of IMAC Elution Buffer. The eluate was collected and analyzed by
SDS-PAGE. If the level of purity of the sample was unsatisfactory, then further
purification by SEC was performed using a GE Superdex Increase 75 10/300 GL column.

Protein purity was determined by SDS-PAGE.

3.4.4 PEG functionalization of SnoopCatcher proteins

SnoopCatcher concentration was estimated by BCA. For the synthesis of PEG-
functionalized SnoopCatcher, purified SnoopCatcher protein was allowed to react with a
5x molar excess of 2k DBCO-PEG-biotin (Nanocs, Boston, MA) and incubated overnight
at 4°C with mixing. Reaction yield was determined using SDS-PAGE on the following
day. An additional 5x molar excess of PEG was used when the yield was exceptionally
low. Excess PEG was removed by IMAC following the standard protocol. Given that the

reaction between the SnoopCatcher and PEG did not reach completion, SEC was required
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for the isolation of the target product, SnoopCatcher-2k-bio. The reaction mixture was
injected into a HiLoad 16/600 Superdex 200 pg (GE) column and 0.5 ml fractions were
collected and analyzed by SDS-PAGE. Fractions containing the target protein were
combined and concentrated. Complete separation between PEGylated and unPEGylated
SnoopCatcher was not possible and small amounts of unreacted protein remained in the

purified product.

3.4.5 Synthesis of E Dimers on VLPs.

To determine the optimal E to SnoopCatcher-2k-bio ratio, small scale reactions
with different E:SnoopCatcher ratios were set up and allowed to react overnight. The
reaction products were analyzed by SDS-PAGE and the disappearance of SnoopCatcher
was monitored. The chosen stoichiometric ratio was the one with the smallest amount of

E that resulted in consumption of most of the SnoopCatcher-2k-bio.

The Streptavidin-conjugated VLPs were then added to the reaction mixture in an
equimolar ratio to the SnoopCatcher. Proteins were allowed to react for approximately 10
minutes at room temperature. Successful conjugation of E-SnoopCatcher (E-Sncat-2k-
bio) pairs to the VLPs were confirmed by SDS-PAGE, SEC, and ELISA. SDS-PAGE was
performed at 4°C to help preserve the integrity of the streptavidin-biotin bond during the

electrophoresis.

3.4.6 ELISA

96-well plates were coated with 50 pL of E-Sncat-2k-bio and VLP mixtures with

a final estimated E dimer concentration of 1 pug/mL and incubated at room temperature
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for 1 hr. As controls, we also had well with the equivalent amount of E monomers, VLP
alone, and SnoopCatcher-2k-bio alone. Plates were blocked with 100 puL 5% BSA in
PBST for 2 hrs and washed three times with 100 uL of PBST. 50 pL of EDE-binding
antibodies, ¢8 or c10 (Absolute Antibody, Oxford, UK), at a concentration of 1 pg/ml
were added to each well. Binding of monomer-targeting antibodies to the assembled
dimers and controls was also tested by incubating the samples with 50 pL of ZV-67 and
492 (Absolute Antibody) at 1 pg/mL. This step was followed by a 1-hr incubation and
three additional washes with PBST. Wells were then incubated with 50 pL of diluted
HRP-conjugated anti-mouse or anti-human secondary antibodies for 1 hr. Incubation was
followed by three washes with PBST. Wells were developed and absorbance at 450 nm
was measured. The same protocol was also performed at 37 °C to assess the effect of

physiological temperatures on dimer assembly.

35 Results and Discussion

3.5.1 Expression of E protein and Synthesis of VLP-conjugate

Our collaborators in the Krammer lab provided us with an initial baculovirus
stocks, allowing us to express E monomers in-house. Hi5 cells were infected with
baculoviruses carrying the DNA for E protein, resulting in expressions with modest yields
(~ 100 pg/L of culture). The recombinant E was characterized by SDS-PAGE (Figure
23a); the observed molecular weight agreed with the ~47 kDa value expected based on
the sequence. We also tested the binding of ZIKV-specific antibodies such as ZV-67, and
anti-flaviviral antibodies such as 492 to the E protein. The ELISA results are shown in

Figure 23b. The binding of both antibodies with no binding to control (BSA) confirms
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that we were able to express E protein. Binding of ZV-67 also confirms that the protein is

correctly folded.
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Figure 23. Characterization of E protein and SnoopCatcher functionalized with PEG. (a)
Characterization of E protein fused with a C-terminal SnoopTag by SDS-PAGE. (b)
Binding of antibodies 492 (black bars) and ZV-67 (grey bars) to E and to BSA (negative
control).

The engineered SnoopCatcher protein was successfully expressed and allowed to
react with a 2k DBCO-PEG-biotin to yield SnoopCatcher-2k-bio (Figure 24a). This
construct was then reacted with a molar excess of E protein and the disappearance of
SnoopCatcher was monitored by SDS-PAGE (Figure 24b). Our goal was to achieve
consumption of the majority of SnoopCatcher-2k-bio to avoid a purification step at this

point. In parallel, VLPs conjugated to Streptavidin (VLP-SA) were synthesized as
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described in previous sections. An excess of SnoopCatcher-E conjugates was mixed with
the VLP-SA for a short time, to allow the formation of E-VLP conjugates. Given the very
large size of the E-VLP product, characterization by standard SDS-PAGE was difficult.
However, by using a polyacrylamide gel specific for large proteins, we were able to detect
some reaction product and monitor the disappearance of E-Sncat-2k-bio after reaction.
This is demonstrated in Figure 24c, where we have a side-by-side comparison between

the unheated reaction mixture, the heated mixture, and E-sncat-2k-bio alone.
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Figure 24. Characterization of reactions involved in the synthesis of E dimers by SDS-
PAGE. (a) SnoopCatcher-F* was allowed to react with a 2k DBCO-PEG-bio to yield
SnoopCatcher-2k-bio. (b) Product of reaction between E and the PEG-functionalized
SnoopCatcher. (c) E-Sncat-2k-bio and VLP-SA reaction mixture compared to the same
reaction mixture after heating and E-Sncat-2k-bio alone. We were able to see
disappearance of the band corresponding to E conjugated to SnoopCatcher-2k-bio.

3.5.2 Confirming Dimer Formation
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Even though we were able to confirm the synthesis of our E-VLP conjugates, we
had yet to confirm if stable dimers of E had been formed. Therefore, we tested binding of
E-VLPs to two EDE-binding antibodies (c8 and c10) by ELISA. As a negative control,
we reacted the VLP-streptavidin conjugate with a large excess of biotin to block all the
biotin-binding sites. Therefore, a reaction with the E-SnoopCatcher-2k-bio pair would not
result in E conjugation to the VLP and the proteins should remain in solution as
monomers. ELISA results are shown in Figure 25 and demonstrate successful binding of
both ¢8 and c10 antibodies to E conjugated to VLP, while no binding is seen for E-
SnoopCatcher reacted with the “blocked” VLP, or for E protein alone. There is also no
antibody binding to SnoopCatcher-2k-bio, VLP, or BSA. The monomer-binding antibody
492 was included in the assay as a control antibody. 4g2 binds to the FLE, which remains
accessible in the E dimer conformation and, as a result, all groups containing E bound to
the it. These results demonstrate that our strategy yielded correctly assembled dimers of

E protein.

We previously mentioned that low concentration tend to shift the dimer-monomer
equilibrium towards the monomer. The solutions used to coat the wells prior to the ELISA
(Figure 25a) had a final E concentration of 4 ug/mL (0.09 uM), a value that is significantly
lower than the dimer dissociation constant (2.1 uM). Binding of anti-EDE antibodies to
the immobilized E-VLP conjugates confirms that dilution of the sample does not disrupt
the formed dimers, highlighting the effect of the high local concentration of the E

monomers when attached to VVLPs.
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Figure 25. Characterization of antibody binding to E protein conjugated to VLPs by
ELISA. (a) ELISA performed at room temperature. EDE-binding antibodies c8 (black
bars) and c10 (white bars) showed binding to E conjugated to VLPs. FLE-binding
antibody 492 (grey) bound to the dimer, to the E on “blocked” VLP, and to the E
monomer control. No antibody binding was seen for the SnoopCatcher-2k-bio, VLP, or
BSA.
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3.6 Conclusions and Future Directions

In this chapter, we were able to demonstrate the successful synthesis of E protein
dimers that are stable at high temperatures and low sample concentrations. Furthermore,
our dimers are presented multivalently on VLPs, which can promote BCR clustering and
enhance the production of antibodies. Unlike previously reported E dimerization
approaches, our strategy prevents the exposure of the highly conserved dimer underside,
which is not accessible in the Zika virion and has the potential to elicit non-neutralizing

antibodies.

Although we are confident in our work, the ability of our E dimers to elicit EDE-
targeting antibodies in vivo is yet to be tested. The future steps of this project would consist
of immunizing mice with the E dimers on VLP along with the E plus “blocked” VLP
mixture as a control. An analysis of the serum following immunizations would determine
whether there was a difference in the immune response generated by our dimers versus
the response generated by the control. We would expect the dimer to elicit the broadly
neutralizing EDE-binding antibodies, while the control should elicit E-targeting

antibodies that are cross-reactive and poorly neutralizing.

If these results proven to be successful, we would next like to assess whether
immunization with the dimer antigen poses any risk of promoting ADE. If the generated
immune response is mostly made up of EDE-targeting antibodies, E dimers on VLPs

could be used as a vaccine that confers protection against ZIKV and DENV.

However, we must consider the possibility of E dimer antigens still eliciting

antibodies that target E monomers, as previous studies have suggested that epitopes such
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as the Fusion Loop Epitopes (FLE) are immunodominant and “comprise a significant
fraction of the humoral response against flaviviruses” [66, 123, 124]. FLE-targeting
Antibodies have been shown to be less potent and promote ADE in vitro [123, 125].
Therefore, there is the possibility that immunization with Zika E dimers could still result

in the generation on non-neutralizing, ADE-promoting antibodies [53, 57, 126, 127].

Epitope mapping has determined that binding of antibodies to the FLE is greatly
reduced by mutations on amino acids W101, G106, L107, and F108 [125]. Therefore, if
necessary, we would incorporate some of these mutations into the E protein in order to
avoid generation of FLE-binding antibodies. We propose to generate two different
mutants as back up antigens, one with the mutation W101A, and another with the
mutations W101A and L107R [128, 129]. These mutants would also be reacted with
SnoopCatcher-2k-bio and conjugated to VLPs. If dimer formation is still seen, then these
constructs could be used for immunization studies and the generated immune response

between wild-type E on VLPs and mutant E proteins on VLPs could be compared.
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CHAPTER 4. DESIGNING VACCINES TARGETING THE SARS-

COV-2RBD

4.1 Introduction

2020 will likely be remembered as the year the world faced an unprecedented
pandemic, which has resulted in catastrophic public health and economic consequences.
The Novel Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2 or nCov-19),
which was first detected in the Wuhan province in China in late 2019, has already infected
over 60 million people, and claimed over 1.4 million lives [130]. The number of cases of
coronavirus disease 2019 (COVID-19) continues to increase in the United Stated, and the
infection is on track to becoming one of country’s top killers [45, 46]. Since SARS-CoV-
2 was first identified, great efforts and investments have been spent on the rapid
development of a vaccine and candidates have demonstrated great efficacy in clinical trials

[131-135].

While many patients remain asymptomatic, infections with COVID-19 often result
in high fever, cough, myalgia, fatigue, and gastrointestinal symptoms [136, 137].
However, in more severe cases, long-term pulmonary, liver, kidney, and cardiovascular
injury may occur [138-141]. Considering the number of lives that have been claimed —
and will continue to be claimed — by this coronavirus, along with the potential of life-long

organ damage, an efficacious vaccine is of utmost importance.

Unfortunately, as it is the case with any novel virus, there are a lot of questions

surrounding SARS-CoV-2 [142]. Unknowns, like the mutation rate of the virus and the
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nature and potency of the antibodies that target it, greatly affect vaccine design. A few
cases of reinfections with SARS-CoV-2 have already been reported [143, 144], suggesting
that the virus may have already mutated enough to evade the previously elicited antibody
response and highlighting the importance of focusing on a vaccine that will elicit broadly
neutralizing antibodies to prevent a similar SARS-CoV-2 pandemic from occurring again

in the future.

SARS-CoV-2 is an enveloped, positive-sense RNA virus [145] that belongs to the
genus of Betacoronaviruses, which includes SARS-CoV and MERS-CoV [146]. SARS-
CoV, became well-known in 2003 after an outbreak resulted in thousands of cases of
severe pneumonia and the loss of hundreds of lives [147, 148]. Thankfully, a lot of the
research that has been done for SARS-CoV has shown to be useful in understanding
SARS-CoV-2 due the similarities between the two viruses. The surface of both SARS-
CoV and SARS-CoV-2 is decorated with homotrimers of the Spike (S) glycoprotein
protein (Figure 26) which plays a crucial role in viral infection by binding to host cells
[149]. A homology of close to 75% is seen between the SARS-CoV and SARS-CoV-2 S
protein [150, 151], which results in two very similar modes of infections. Previous studies
have shown that binding and entry of SARS-CoV to host cells is done via the angiotensin-
converting enzyme 2 (ACE2) [152-154].The receptor-binding domain (RBD) of the S
protein interacts with of ACE2 [155], and efficient engagement with this receptor directly
correlates with SARS-CoV transmissibility from species to species [152, 153]. Recent
experiments demonstrated that, similarly to SARS-CoV, SARS-CoV-2 also uses the

ACE?2 receptor for host cell entry [154, 156]. Furthermore, the affinity between SARS-
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CoV-2 RBD and ACEZ2 is 10- to 20-fold higher than what has been reported for SARS-

CoV RBD [157].

Given its important role in viral infection, the S protein has been identified as the
main target of neutralizing antibodies, many of which are directed towards the RBD [151,
158-162]. Several vaccine candidates have focused on using S or the RBD as antigens for
immunization against SARS-CoV-2 [158, 163-169]. However, regions of the RBD have
shown to be highly variable and immunogenic, and, as a result, the RBD is targeted by a
wide variety of antibodies with different degrees of neutralization and cross-reactivity

[170].

Bt
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Figure 26. Crystal Structure of SARS-CoV-2 Spike Protein Homotrimers (PDB 6XLU).
Individual monomers are shown in different shades of purple. The Receptor Binding
Domain is highlighted in blue.
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Studies have shown that several antibodies targeting the RBD of SARS-CoV bind
weakly and have poor neutralization towards SARS-CoV-2, and vice-versa [157, 171-
174]. This difference in neutralization activity can be associated with the degree of
conservation of amino acids in different areas of RBD. The region of RBD that is directly
involved in the interaction with ACE2, known as the receptor-binding motif (RBM), has
shown to be most variable region of RBD, with less than 50% sequence homology
between SARS-CoV and SARS-CoV-2 [155, 172]. Although antibodies that target RBM
tend to be strongly neutralizing — since they effectively hinder the virus from interacting
with the ACE2 receptor — they have shown to be highly specific and demonstrated poor
neutralization of closely related viruses [151, 175-177]. The crystal structure of RBD
bound to ACE2 is shown in Figure 27a, with the highlighted RBM on the S protein in

Figure 27b.

Figure 27. SARS-CoV-2 RBD binds to ACE2 receptor. (a) Crystal structure of RBD
(blue) bound to ACE2 (orange), PDB 6M0J (b) ACE2-binding residues on the RBD
(orange) are located on top of the trimer (RBD is in spacefill), PDB 6V XX.
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A good example of this behavior was demonstrated by studies which explored the
neutralization ability of anti-RBM camelid heavy-chain-only antibodies (also known as
nanobodies) [171, 178]. While nanobodies H11-D4 and H11-H4 have been shown to
completely block attachment of SARS-CoV-2 RBD to ACE2 and to successfully
neutralize the virus in in vitro assays [171], they did not neutralize SARS-CoV as potently.
Such specificity is also seen for the neutralizing S2E12 mAb, another RBM-overlapping
antibody that is unable to bind to SARS-CoV [179]. Meanwhile, the opposite behavior —
binding or neutralization of SARS-CoV only — is seen for nanobody VHH-72 [178] and

mADb362 [159]. All this evidence further demonstrates that the RBM is in attractive site

for the generation of potently neutralizing, but highly specific, antibodies.

Figure 28. Crystal structure of S homotrimer in different conformational states. (a)
Trimer in the closed state. All monomers are pointing down (PDB 6VXX). (b) Two
monomers are down, and one monomer is up (purple). PDB 7JV4 (c) Trimer in the open
state. All monomers are pointing up (PDB 6VYB).
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However, disruption of the RBM-ACE?2 interaction is not the only mechanism of
viral neutralization. Antibodies that target epitopes outside of the RBM and that have
demonstrated some neutralization activity have also been identified. It has been
hypothesized that their neutralization mechanism involves destabilization of the S protein
trimers [171, 180, 181], given that the latter display an unique dynamic behavior. Cryo-
EM structures of S homotrimers showed that they can be found in two different states:
open and closed. In the open state, the RBD is pointing “up” and away from S, allowing
for the exposure of RBM and, consequently, engagement with ACE2. In the closed state,
RBD points “down” and is tightly packed against S, which prevents binding to ACE2
[178, 182]. Figure 28a, 28b, and 28c show the trimer with all three RBDs in the “down”
position, two trimers “down” and one “up”, and all three trimers in the “up” position,

respectively.

Cryo-EM experiments have found a low abundance of particles that had all three
RBDs in the open state, suggesting that this conformation is energetically unstable [157,
178, 183-185]. Antibodies such as CR3022 are believed to rapidly bind to this transient
and unfavorable state of trimers, resulting in their irreversible dissociation into S
monomers [186]. CR3022 has shown to bind both SARS-CoV and SARS-CoV-2 with
high affinity [175, 187], and to potently neutralize SARS-CoV, although its ability to
neutralize SARS-CoV-2 is still uncertain and controversial [180, 181, 186]. This can,
perhaps, be explained by the cryptic nature of the CR3022-binding epitope, which is only
accessible when at least two RBDs in the trimer are in the open position [188]. As a result,
a low abundance of SARS-CoV-2 S open trimers could lead to the inability of the

antibodies to potently neutralize the virus. Figure 29a shows RBD bound to CR3022,
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while the antibody footprint in both closed and open states of the trimer can be seen in

Figure 29b and Figure 29c, respectively.

Figure 29. Interaction of RBD with cross-reactive antibody CR3022. (a) RBD (blue)
bound to CR3022 (green) (PDB 7JN5). (b) Footprint on CR3022 (green) on S trimers in
the closed state. The epitope is not accessible in this conformation (PDB 6VYB). (c)
Footprint of CR3022 on open S trimers, showing epitope accessibility (PDB 6V XX).

Other antibodies that do not target the RBM have also been identified. This is the case of
the cross-reactive broadly neutralizing mAb S309, which binds SARS-CoV-2 and SARS-
CoV RBD with nano- or sub-picomolar affinity, respectively [188, 189]. The S309 epitope
is highly conserved — 17 out of its 22 residues are conserved between SARS-CoV and
SARS-CoV-2 — and is accessible in both open and closed trimer conformations. In
addition, binding of S309 to RBD did not interfere with binding of RBD to ACE2 [188,
189]. RBD complexed to a S309 Fab, along with the S309 footprint on open and closed S

trimers are shown in Figure 30a, b, and c, respectively.
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Figure 30. Binding of Antibody S309 to RBD and S trimers. (a) Fab fragment of S309
antibody (red) bound to RBD (blue) (PDB 6WPT). (b) Footprint of S309 on closed S
homotrimers (PDB 6VYB). (c) S309 footprint on trimers in the open state. The epitopes
is accessible in both conformations (PDB 6V XX).

Given the differences in the nature of the antibodies elicited against different
region of SARS-CoV-2 RBD, we hypothesized that engineering the RBD could help
refocus the immune response towards targeted epitopes. As a result, the elicited immune
response could be designed to be either more potent and SARS-CoV-2-specific, or more
broadly neutralizing, offering protection against SARS-CoV and SARS-CoV-2. As a first
step towards investigating the influence of refocusing on the neutralizing antibody
response to the RBD, we designed two distinct constructs: one that shields the RBM and

redirects the immune response towards epitopes targeted by SARS-CoV and SARS-CoV-
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2 cross-reactive antibodies; and one that focuses the response on the SARS-CoV-2 RBM

by shielding adjacent epitopes on the RBD.

4.2 Shielding SARS-CoV-2 RBD with N-linked Glycans

The refocusing approach employed on RBD is different than what was described
in Aim 1, where we used a PEG as a shielding tool. Since the RBD is glycosylated,
expressing this protein in E. coli for the incorporation of a non-canonical amino acid might
affect the structure of the protein. As an alternative, we explored the use of N-linked

glycans as successful epitope shielding tools.

Glycosylation is a post-translational modification in which a polysaccharide is
linked to an Asparagine (N-linked) or to a Serine/Threonine (O-linked) on the peptide
backbone of the protein [190]. The consensus sequence N-X-S/T (where X is any amino
acids besides Proline) is a requirement - although not a guarantee - for N-linked
glycosylation to occur [191, 192], allowing us to somewhat predict and control potential
glycosylation sites. Glycosylation has been successfully used as a strategy for epitope
masking in HIV, Influenza, and Respiratory syncytial virus antigens [28, 33, 34]. We,
therefore, chose to attach glycans to strategic locations on different regions of RBD to

achieve epitope shielding and to refocus the elicited antibody response.

The process of selecting the glycosylation sites was quite complex and required
several iterations. This complexity was due to several constraints: we not only had to
choose a glycan location that would be optimal for shielding, but also maintain high
expression levels, ensure proper protein folding, and a high extent of glycosylation. The

selection process consisted of the following steps:
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1. Analysis of the crystal structure of RBD conjugated to ACE2, CR3022, and S309 for the
selection of solvent accessible residues that were also strategically located on each
epitope.

2. Cross-referencing literature data to understand reported effects of mutations on protein
yield and antibody/receptor binding [162].

3. Determining glycosylation score — a parameter that indicates how likely the protein is to
be glycosylated — using the NGlycPred server

(https://bioinformatics.niaid.nih.gov/nglycpred/).

Our aim was to synthesize two different immunogens that have very distinct
objectives. The goal of the first immunogen is to induce the production of SARS-CoV-2-
specific and neutralizing antibodies, while the second aims to elicit cross-reactive
antibodies against both SARS-CoV-2 and SARS-CoV for a more broadly protective
vaccine. We here describe the design and synthesis of an antigen with glycans shielding
the cryptic CR3022 epitope and the S309 epitope, and a second antigen linked to two
glycans covering a large portion of the RBM epitope. Once our antigens were properly

characterized, they were conjugated to a multivalent scaffold and used for immunizations.

4.3 Materials and Methods

4.3.1 Selection of RBD mutants

Glycan attachment sites were selected based on a thorough analysis of the crystal
structure of SARS-CoV-2 bound to ACE2, CR3022, or S309 (PDBs 6M0J, 6W41, and
6WPS, respectively). Based on the wild-type (wt) sequence of RBD, we identified

naturally occurring Asparagine, Threonine, and Serine residues that could be used for the
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incorporation of the N-X-S/T motif. In addition to those, other amino acids located on the
three epitopes that were solvent accessible were also selected as potential candidates and

screened further.

Starr et al. [162] recently published extensive data that demonstrated how amino
acid substitutions on RBD affect expression yield and binding to ACE2. This information
was extremely useful for the mutant selection process and substitutions that had shown to
severely decrease yield were discarded. Additionally, the data demonstrating what amino
acids were crucial for ACE2 binding helped us selecting them as potential mutation
candidates (when we desired to shield RBM) or to leave them undisturbed (when the goal

was to keep the RBM exposed).

The PyMol Software was used to create RBD models reflecting the target
mutations. The PDB file of RBD (PDB 6M0J) was uploaded onto PyMoL and mutations
were inserted using the software’s mutagenesis tool. The new mutated protein model was
uploaded to the NGIlycPred server, where they were assigned a glycosylation score
between 0 and 1. A score of O corresponds to a 0% probability of glycosylation happening,

while values close to 1 represent a high likelihood of proper glycosylation.

4.3.2 Cloning of RBD, ACE2, CR3022, and mi3-SpyCatcher

Amino acids 319-541 were extracted from the SARS-CoV-2 S protein sequence
(UniProt PODTC2). To this sequence we incorporated genes coding for a C-terminal
GGSGG spacer, a SpyTag, and a 6xHis-Tag, resulting in construct 2019-nCoV RBD (319-
541)-SpyTag, which was optimized for expression in mammalian cells. Point mutations

K356T/S383N/P384K and E484N/F486T/T500N/G502T were inserted to create the
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mutants 354/383-RBD and 484/500-RBD. Synthesis and cloning of these constructs were

done by Gene Universal Inc. (Newark, DE).

The DNA sequence corresponding to amino acids 1-615 of the ACE2 receptor
(UniProt Q9NYF.1) was codon-optimized for expression in mammalian cells and cloned
into the pcDNAS3.1 vector. For CR3022, the sequences for the light and heavy chains
(retrieved from PDB 6W41) were cloned into the TGEX-LC and TGEX-HC vectors,
respectively. Codon optimization and DNA synthesis for all three constructs was done by

Gene Universal.

DNA encoding the mi3-SpyCatcher fusion protein [193] was cloned into pEt 21a
and synthesized by Gene Universal with no additional modifications. All DNA constructs

were transformed in BL21(DE3) cells and frozen as glycerol stocks for future use.

4.3.3 Expression and Purification of RBD, ACE2, and CR3022 in mammalian cells

RBD, ACE2, and S309 constructs were expressed in HEK293F suspension cells
using the ExpiFectamine™ 293 transfection kit (A14524, Gibco) according to the
manufacturer’s protocol. Cells expressing the RBD and RBD mutants were harvested 3-4
days after transfection and the supernatant was thoroughly dialyzed against IMAC
Binding Buffer and purified by IMAC as previously described. Eluates were further
purified by SEC with a Superdex 75 10/300 GL (GE) column for the removal of high

molecular weight contaminants.

Cells transfected with ACE2 and CR3022 DNA were harvested 6 days later.

Similarly to the RBD proteins, ACE2 was dialyzed against IMAC Binding Buffer and
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purified by IMAC. The cell culture medium containing the CR3022 antibodies was
directly loaded onto a MabSelect SuRe column (GE) and purified according to the
manufacturer’s recommendations. All purified proteins were concentrated and stored at

4°C in PBS for future use.

4.3.4 ELISA

96-well plates were coated with 50 puL of wt or mutant RBD at 4 pg/mL and
incubated at room temperature for 1 hr. Blocking and washing was performed as
previously described. Wells were then incubated with 50 uL of ACE2 and CR3022
antibodies synthesized in-house. The plates were washed three more times and incubated
with HRP-conjugated anti-human antibodies for an additional hour. Wells were developed
with 50 uL of TMB, and the reaction was stopped by adding 50 puL of Stop Solution.

Absorbance at 450 nm was measured.

4.3.5 Expression and Purification of mi3-SpyCatcher

BL21 cells transformed with mi3-SpyCatcher were grown at 37°C overnight in 5
mL of 2xYT medium containing Kanamycin. These starter cultures were then diluted into
1 L of 2xYT also supplemented with Kanamycin and allowed to grow at 37°C. Cells were
induced with 0.5 mM IPTG when the O.D. reached 0.8 and allowed to grow overnight at
22°C. Cultures were harvested the following day and lyzed according to the protocol
described in [193]. In brief, the cell pellet was resuspended in 20 mL of CaptureSelect
Equilibration Buffer (25 mM Tris, 150 mM NacCl, pH 8.5) containing 2 pg of lysozyme,
125 units of benzonase, and half of a tablet of SigmaFast EDTA-free protease inhibitor

cocktail. The mixture was incubated at room temperature for 1 hr and then sonicated for

87



5 minutes with 5s on, 5s off pulses. Following sonication, the solution was centrifuged for
30 minutes at 17,000xg, and the supernatant was poured over 5 mL of pre-equilibrated
CaptureSelect C-tag Affinity Matrix (ThermoFisher Scientific). The resin was washed
with 10 CVs of CaptureSelect Equilibration Buffer and eluted with CaptureSelect Elution

Buffer (20 mM Tris, 2 M MgCl2, pH 8.5). All purification steps were performed at 4°C.

The eluate containing the protein of interested was dialyzed against 25 mM Tris,
150 mM NaCl, pH 8.5, overnight with a 50 kDa MWCO dialysis membrane and
concentrated by spin filtration with a 50kDa MWCO ViVaspin filters. The concentrated
protein was further purified by SEC using a Superdex Increase 200 10/300 GL column.
Fractions corresponding to chromatogram peaks were analyzed by DLS and tubes
containing large amounts of aggregates were discarded. The remaining fractions were

concentrated and stored at 4°C.

4.3.6 Conjugation of RBDs to mi3-SpyCatcher Nanocages

Small scale reactions between the RBD glycans and mi3-SpyCatcher were initially
set up to determine optimal stoichiometric ratios. Mixtures were allowed to react
overnight and RBD conjugation to the scaffold was determined by SDS-PAGE. Reactions
with wt RBD and 354/383-RBD showed a consumption of ~ 90% of RBD. Products of
the reaction with 484/500-RBD were further purified using a Superdex 200 column.

Sample purity and final RBD concentration were determined by SDS-PAGE.

4.3.7 Immunizations
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All immunizations were performed by ProSci Inc. (Poway, CA). Four groups of
three mice were immunized with 14 pg of RBD (wt or mutants) conjugated to mi3-
SpyCatcher or 16.8 pg of mi3-SpyCatcher mixed with an equal volume of Addavax
adjuvant. The prime injection was followed by a boost on day 24. The dose used for the
boost was increase to 20 pug of RBD antigen and 24 pg of mi3-SpyCatcher, also mixed

with Addavax.

4.4 Results and Discussion

4.4.1 Mutant Selection

One of the main challenges of this project was to select glycosylation sites on RBD
that would not only shield the desired epitopes, but also result in decent protein yield,
maintain correct protein folding, and show proper glycosylation during expression. The
initial step was to analyze the crystal structure of RBD conjugated to ACE2, CR3022, and
S309. For the synthesis of the ACE2-blocker, we chose to insert two glycans on the
receptor-binding region in order to maximize shielding. We reasoned that the introduction
of glycans at residues 484 and 500 would cover a decent portion of the ACE2 binding
region and thus selected these as glycosylation sites (Figure 31a). Using the GlyProt server

(http://www.glycosciences.de/modeling/glyprot/php/main.php) [194-196], we were able

to simulate the conjugation of glycans on residues 484 and 500 of RBD and show how
they would interfere with ACE2 binding. Both images are shown in Figure 32. For the
shielding of CR3022 and S309, we chose to incorporate glycans on residues 354 (Figure

31b) and 383 (Figure 31c).
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Figure 31. Incorporation of glycosylation sequon for the synthesis of RBD mutants. (a)
RBD with N-glycans on residues 484 and 500 (black) for the shielding of ACE2-binding
region (orange). (b) RBD with glycosylation motif incorporated for glycan attachment to
residue 383 (black) for blocking of CR3022 antibody (epitope shown in green). (c) N-
glycan attached to amino acid 354 (black) to shield S309 epitope (red).
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Figure 32. Simulation of glycan attachment to residues 484 and 500 of RBD using the
GlyPro Server. (a) Structure of hybrid glycans (grey) attached to RBD (blue). (b) ACE2
(orange) binding to RBD should not be possible due to the presence of the glycans.

Next, we cross-referenced literature data determine possible negative effects of the
mutations on protein expression levels. Using a yeast display library, Starr et al. [162]
studied substitutions to all RBD amino acids and analyzed their overall effect on protein
yield and binding to the ACE2 receptor. The results were recently published and were
instrumental for consolidating our mutant choices since low yields would severely hinder
our ability to conjugate the antigens to a nanoscaffold. Using the heat map showed in

Figure 33a, we concluded that mutations K356 T, S383N, P384K, F486T, and G502T

91



mutation effects on expression

Nog(MFI)
LN

-1

-2
-3
-
-5

W nd.

higher
exprassion expression

lower

R
K
H
D
£
Q
N
S
T
Y
W
A

1

L
M
v

G
8
C

Relative
Solvent
Accessibility
(RSA)

*ODO<EF > ELIOZOMOT XD

RBD sitc
b mulation effects on binding
ACE2 contact
RSA° HE = I NN &5 B EEE 5 0 OIS OO
g E
09,,(Koe) 13
-

lower higher
affinity  affinity B
mutant

2LLLh
(<D —DNE <N

OVOLEr=>NE<HNPZOMOTXD

340

OVO<EF B NELHOZOMOTXD

RED site

Figure 33. Effects of DNA mutations on RBD expression yields and binding to ACE2. (a)
Amino acid substitutions can result in an increase (blue) or decrease (red) or yield. (b)
The same substitution can increase (blue) or decrease (red) the affinity of RBD to ACE2.
Figures adapted from Starr et al. 2020 [162]

would increase yield, while mutations E484N and T500N would have no effect on
expression levels. In addition, the heat map in Figure 33b shows which amino acid

mutations had an effect on to ACE2 binding. This data was helpful to consolidate our
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choice of ACE2-blocker and to ensure that the mutants on the CR3022/S309 blockers

would not impact interaction of the antigen with ACE2.

The last step consisted of ensuring that the glycosylation sites would indeed
become glycosylated following expression in mammalian cells. Although in theory the N-
X-S/T sequon promotes attachment of an oligosaccharide to the Asparagine, not all
sequons result in glycosylation since there might be structural constraints [197].
Bioinformatic tools have been developed to help determine the likelihood of glycosylation
for a single sequon based on a protein’s surface accessibility, secondary structure, local
contact order, and residue pattern [198]. The NGlycPred Server allows for the input of
any PDB file and, as an output, delivers a score from 0-1, which correlates with the
likelihood of successful glycosylation for all glycosylation motifs within the molecule.
The scores obtained for all four glycosylation sites were high (above 0.8) and are
summarized in Figure 34. This analysis led us to believe that our selected mutants would

become glycosylated as predicted.

Residue Number Glycosylation Score Glycosylated?
343 0.981 +
354 0.966 +
383 1.00 +
4384 0.862 +
500 0.875 +

Figure 34. Glycosylation scores predicted by NGlycPred Server. Scores close to 1 mean a
higher likelihood of glycan attachment after expression. Residues number 343 is a
naturally occurring N-glycan. PDB file 6M0J was used for the mutations on PyMol.

4.4.2 Expression and Characterization of RBD antigens
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The two RBD mutants along with wt RBD were expressed in mammalian cells,
purified, and characterized by SDS-PAGE. SDS-PAGE allowed us not only to assess
sample purity but also to gauge whether glycosylation was successful or not. Glycans are
unable to bind SDS, thus decreasing the net charge-to-mass ratio of the protein-SDS
complex. As a result, glycosylated proteins tend to migrate more slowly on a
polyacrylamide gel [199, 200]. Even though glycans are often between 1 kDa and 3 kDa
[201], this unusual behavior allows us to differentiate between a single or double
glycosylated protein. It is important to note that wt RBD contains a naturally occurring N-
linked glycan on amino acid 343, which results in an apparent molecular weight higher
than the expected 30 kDa. Figure 35a shows the 484/500 and 354/383 mutants right next

to wt RBD and the differences in apparent molecular weight are visible.
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Figure 35. Characterization of RBD antigens. (a) Characterization by SDS-PAGE. (b)
Binding of ACE2 (orange bars) and antibody CR3022 (green bars) to wt and mutant
RBD by ELISA. BSA was used as a negative control.
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It is important to note that, although mutant 354/383 runs lower on a SDS-PAGE
in comparison to 484/500, we strongly believe the antigen to have the two predicted
glycans. Experiments performed during the screening stage of the project provided
evidence that single mutants 354 and 383 were properly glycosylated. Therefore, we
believe that when combined, the glycosylation pattern is still maintained. The difference
is apparent molecular can likely be explained by different glycans, with different sizes,

being attached to each glycosylation site [202].

In order to confirm epitope shielding by the glycans, we tested the binding of wt
RBD, 484/500, and 354/383 to CR3022 antibody and recombinant ACE2 by ELISA
(Figure 35b). As seen in the figure, both antibodies bound to wt RBD. As expected, ACE2
did not bind significantly to 484/500, whereas CR3022 did not bind to 354/383. This

confirms the ability of the glycans to shield targeted epitopes on RBD.

4.4.3 Conjugating RBD antigens to a multivalent nanoscaffold

One of the overarching themes of this thesis is the importance of multivalency for
eliciting a robust immune response. Therefore, once again, we designed and synthesized
multivalent versions of all of our RBD constructs. We previously described successful
conjugation of antigens to a VLP-Streptavidin multivalent platform. Initial experiments
expressing the wild-type RBD (wt RBD) fused to an AviTag in mammalian cells,
however, resulted in modest yields. Given the additional possibility of losses associated
with the in vitro biotinylation reaction and the extensive purification required for the
isolation of the target product, we chose to use a strategy that allowed us to bypass the

biotinylation process and directly conjugate our antigens to nanoscaffolds.
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Figure 36. Schematic of mi3-SpyCatcher Scaffold conjugated to a SpyTagged antigen.
Adapted from Bruun et al., 2018 [193].
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Figure 37. Characterization of mi3-SpyCatcher Nanocages. (a) SDS-PAGE of mi3-
SpyCatcher after affinity chromatography and SEC. (b) DLS measurements of purified
mi3-SpyCatcher. The measured average particle radius agrees with the literature [193]
(c) Comparison between SEC elution profiles between MS2 VLP and mi3-SpyCatcher.
Both particles have similar sizes, resulting in similar elution volumes.

The Howarth lab had previously reported a platform in which the protein nanocage

1301 [203], derived from the bacterium Thermotoga maritima, was fused to a
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truncated SpyCatcher protein and genetically modified to increase yields and stability
[193]. The resulting construct, termed mi3-SpyCatcher, self-assembles into a 60-mer upon
expression in E. coli and allows for the attachment of SpyTagged proteins. Figure 36
shows a schematic of the conjugation of SpyTagged antigens to the mi3-SpyCatcher.
Therefore, replacing the AviTag peptide with a SpyTag allowed us to quickly and easily

conjugate our RBD antigens to this new platform.

Following the protocol provided in [193], we were able to successfully synthesize,
purify, and characterize mi3-SpyCatcher nanocages, as demonstrated by SDS-PAGE
(Figure 37a). mi3-SpyCatcher was expressed in E. coli cells, resulting in correctly
assembled nanoparticles, as demonstrated by DLS and SEC. DLS measurements showed
an average particle radius of 16-18 nm, in agreement with previously reported data [193]
(Figure 37). The elution volumes on SEC also suggest the assembly of a large structure.
Figure 37¢ shows the SEC chromatograms of mi3-SpyCatcher in comparison to the MS2

VLP.

After proper characterization of the nanocages, we synthesized multivalent
versions of our SpyTagged RBD antigens by allowing them to react with the mi3-
SpyCatcher. Small scale reactions were set up to determine the stoichiometric ratio.
Excess mi3-SpyCatcher often resulted in near complete (greater than 90%) consumption
of the RBD antigen. Furthermore, we determined that an occupation of at least 50% of
antigen binding sites on the nanocage would suffice for BCR clustering [204, 205].

Conjugation of the RBD antigens to mi3-SpyCatcher was confirmed by SDS-PAGE, as
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Figure 38. Characterization of RBD antigens conjugated to mi3-SpyCatcher. (a) The
reaction product of RBD and mi3-SpyCatcher was analyzed by SDS-PAGE. Higher
bands correspond to RBD conjugated to mi3-SpyCatcher while lower bands
demonstrate the presence of unreacted mi3-SpyCatcher. (b) Radius of mi3-SpyCatcher
vs. 484/500 on mi3-SpyCatcher as measured by DLS. (¢c) Comparison of SEC elution
volumes between mi3-SpyCatcher and 484/500 on mi3-SpyCatcher.

99



shown in Figure 38a. DLS measurements also showed a difference in particle radius after
reaction with RBD, as shown in Figure 38b, as does the difference in elution volumes seen

after SEC (Figure 38c).

4.4.4 Immunizations

Given the encouraging results obtained from our antigen characterization, we
proceeded to characterize the immunogenicity of the wt and engineered RBD antigens in
vivo. Animal studies were carried out by ProSci Inc. (Poway, CA). Four groups of three
mice were immunized with the multivalent wt RBD, 354/383-RBD, 484/500-RBD, or
mi3-SpyCatcher alone. Mice were immunized with 14 ug of antigen mixed with an equal
volume of Addavax adjuvant. The prime injection will be followed by a boost 24 days
later. Prior to the boost, animals will be bled, and the collected sera will be analyzed. We
aim to determine antibody titers to assess whether a robust immune response against RBD

was generated.

45 Conclusions and Future Directions

We were able to demonstrate the successful synthesis of RBD antigens that had been
mutated for the attachment of glycans during expression. Efficient blocking of CR3022
and ACE2 binding to our RBD mutants was demonstrated by ELISA. Furthermore, the
antigens were conjugated to a novel nanoscaffold, which has the potential of enhancing
the immune response during immunization. This new delivery platform also resulted in

high yields, allowing us to perform in vivo experiments with a high dose.

100



Although the in vivo experiments are yet to be completed, we plan on initially
characterizing the animal sera to determine if an immune response was generated towards
the RBD antigens. We will test binding of sera to wt RBD in order to estimate the antibody
titers for all four groups. A final bleed will take place 2-3 weeks after the boost injection
and the nature of the anti-RBD antibodies generated by each group will be assessed.
Experiments such as immunodepletions will first help us establish whether refocusing
occurred. Viral neutralization experiments (to be performed by collaborators) will then
allow us to determine if neutralizing antibodies were generated. In particular, we will
compare the ability of the sera from the 354/383 and 484/500-immunized groups to
neutralize both SARS-CoV and SARS-CoV-2. If our efforts prove to be successful, we
would like to test the ability of the two antigens to protect animals in a viral challenge
experiment. These results will ultimately help us determine the efficacy of our novel RBD

vaccines.
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CHAPTER 5. CONCLUSION AND FUTURE WORK

In the current work, we describe different approaches to engineer viral antigens
with the goal of modulating the immune response generated against them. Antigen
sequence variability often poses a challenge to vaccine design since antibodies elicited
upon immunization might no longer be protective of different (or slightly mutated) strains
of the virus. Furthermore, immunodominant regions of protein antigens can cause the
immune response to focus on epitopes that are non-neutralizing, making the vaccine
ineffective. To overcome some of these challenges, we developed strategies that would
allow us to modulate the immune response generated towards proteins of ZIKV and

SARS-CoV-2.

Regarding the Zika virus, we applied our nanopatterning tool to Domain I11 of the
ZIKV E protein, an antigen targeted by ZIKV-specific antibodies. We demonstrated how
the site-specific attachment of PEG chains to DIII resulted in the successful shielding of
selected epitopes on the protein and the refocusing of the immune response towards the
exposed epitopes. Furthermore, we demonstrated the effects of multivalency on
immunogenicity and explored the use of two different multivalent scaffolds. After
comparing the results obtained from immunizations performed with DIII on the Branched
PEG Scaffold versus the VLP platform, we concluded that the use of a higher valency

scaffold, i.e., the VLP, at a higher dose contributed to an enhanced immune response.

Although we were able to demonstrate that nanopatterning DIII resulted in the
refocusing of the immune response, we are yet to determine if our multivalent Sample

DIII* could be used as a ZIKV vaccine. Future steps for this project would involve testing
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the neutralization potential of the antibodies elicited by our Sample DIII* antigen and
assessing its ability to protect mice from a viral challenge. An added benefit of this
strategy is that given the specificity of these antibodies towards ZIKV we could potentially
prevent ADE from occurring. Therefore, it would be desirable to determine the cross-
reactivity of the elicited antibodies and whether they can potentially enhance infections

with DENV in vivo.

The goal motivating the design of our second ZIKV-based immunogen was to
elicit broadly neutralizing antibodies. These would target a quaternary epitope at the E
dimer interface, and potentially neutralize both ZIKV and DENV. Although recombinant
E protein can exist in both dimeric and monomeric forms, high concentrations shift the
equilibrium towards the dimer. Therefore, we conjugated E protein monomers to the
surface of a VLP with the goal of increasing the local E concentration and promoting
dimerization. We observed the binding of dimer-specific antibodies to our VLP-E
conjugates, suggesting the formation of stable E dimers. Future immunization studies will
help us determine if these stable dimers can elicit broadly neutralizing antibodies. We
propose to immunize separate groups of mice with the E dimers or with a negative control
(E monomers mixed with a “blocked” VLP) and compare the types of antibodies elicited
in each case. For the dimer group, we hope to see the generation of EDE-binding
antibodies, that can potently neutralize both ZIKV and DENV. Ultimately, we would like
to determine whether an immunization with our synthesized E dimers can result in the

protection of mice from a viral challenge.

However, we must consider the possibility that immunization with our E dimers

will generate monomer-binding antibodies (mainly directed towards the FLE) in addition
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to EDE-targeting antibodies. If that is the case, we propose to introduce point mutations
in the E fusion loop, which should disturb recognition of the epitope by antibodies and
help direct the immune response towards EDE. Although several strategies to synthesize
E dimers have already been reported, if shown to be successful, our approach would offer
a few advantages such as the multivalent presentation of dimers and the blocking of the

highly conserved dimer underside.

Lastly, we designed and synthesized a vaccine against SARS-CoV-2, a novel virus
that continues to spread and claim thousands of lives every day. The receptor-binding
domain (RBD) of the S protein has been identified as the main target of neutralizing
antibodies, having epitopes that are targeted by antibodies that are either specific to SARS-
CoV-2, or that are cross-reactive between SARS-CoV-2 and SARS-CoV. Hence, we
engineered RBD to create two variants of this antigen. The first contained glycans
designed to shield SARS-CoV-2-specific epitopes to promote the elicitation of broadly
neutralizing antibodies, while the second has glycans designed to focus the antibody
response towards neutralizing epitopes in the SARS-CoV-2 receptor-binding motif
(RBM). As in Aim 1 and Aim 2, we also conjugated these antigens to a multivalent
nanoscaffold, which should contribute to an enhanced immune response. Preliminary
results demonstrated successful epitope shielding by the glycans and immunization

studies are ongoing.

Once these studies are completed our first goal is to measure the antibody titers
against both RBD and S proteins. To determine if there are any differences in the type of
antibodies generated by the immunization with 354/383 and 484/500 mutants, we propose

to compare the ability of the sera to bind to the SARS-CoV-2 RBD and SARS-CoV RBD.
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We would expect to see higher antibody titers against the SARS-CoV RBD for the group
immunized with 484/500 than for the group immunized with 354/383, suggesting that a
broader protection was generated. It will also be interesting to determine the ability of
these anti-RBD antibodies to neutralize SARS-CoV-2 and SARS-CoV. We would
ultimately like to test whether our RBD-based vaccines can protect hamsters from a viral

challenge.

In summary, this work explored different approaches to modulate the immune
response. We described two orthogonal methods of epitope shielding that yielded
successful results in vitro, and we are excited about assessing their ability to provide
protection against the viruses in future in vivo studies. In addition, our two alternative
ZIKV vaccines may, in two very different ways, eliminate ADE from occurring, thus
overcoming one of the main challenges of developing a safe ZIKV vaccine. We also
explored the use of different multivalent scaffolds and as per Aim 1 results, we were able
to demonstrate the advantages of multivalent antigen presentation. Furthermore, the
approaches described here have demonstrated great potential and we look forward to

applying them in the design of vaccines against several other pathogens.
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