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Abstract

SARS-CoV-2, the virus responsible for the COVID-19 pandemic, has infected millions of lives
worldwide, causing a significant number of deaths. Despite the development of several drugs and
vaccines, the emergence of new variants creates the need for alternative therapeutic approaches. In
this study, we demonstrate the potential of a nanobody binder, E11, to target a conserved site and bind
to most variants of SARS-CoV-2 with nanomolar binding affinity. We also explore the use of novel
nanobody fusions with E11, synthesized both genetically and chemically, to specifically bind to
SARS-CoV spike-expressing cells with high affinity and recruit polyclonal 1gGs. Our results show
that these fusions can effectively activate effector functions, including Complement Dependent
Cytotoxicity, of both mouse and human polyclonal IgGs against SARS-CoV-2 infected cells.
Moreover, our fusions demonstrate their ability to target almost all currently known variants SARS-
CoV-2. To our knowledge, this is the first nanobody-nanobody fusion to show selective elimination of
SAR-CoV-2 virus-infected cells in vitro at nanomolar range. Our findings suggest that E11-based
nanobody fusions may serve as a promising therapeutic approach against COVID-19, especially in the

context of emerging variants.
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Chapter 1 Introduction

1.1 COVID19: A major health crisis

The COVID-19 pandemic has now lasted for more than three years. For many pathogens, including
this virus, drug resistance and immune evasion continue to rise. Evidence suggests reduction in
vaccine effectiveness against many of the 'newer' variants, such as Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P.1), Delta (B.1.617.1) and Omicron (B.1.1.529)%. Many of these have been associated with
increasing numbers of infections and disease-rebound cases, both among vaccinated and unvaccinated

individuals?.

As of January 2023, Omicron and its subvariants — especially the Omicron lineages XBB and BQ.1.1
— have been identified as the predominant SARS-CoV-2 strains that are causing new epidemic waves
in the world. Recent reports show significant enhancements in the transmissibility and/or immune
evasion abilities of these subvariants. As a consequence, the efficacies of existing vaccines have been
questioned®’. Similarly, viruses have begun to develop resistance against antiviral drugs that target a
single location, such as Paxlovid and Molnupiravir, due to changes in the epitope structure of the viral

protein®®,

Monoclonal antibodies (mAbs) and antibody derivatives are a promising class of therapeutics to
control infection by preventing viral entry into cells. Full-size IgG proteins have been created in a
chimeric or humanized format to make mAb therapies’®. Many FDA-approved neutralizing
monoclonal antibodies (mAbs), such as bamlanivimab (BAM) and etesevimab (ETE), have also
proved effective in passive immunization by targeting the SARS-CoV-2 spike protein and disrupting
the virus entry'12. However, the emergence of newer variants has significantly reduced their efficacy
against them. As of December 2022, reports from the Centers for Disease Control and Prevention
(CDC) indicate that several Omicron subvariants are resistant to the currently available mAbs®®.
Currently, there are no recommended monoclonal antibodies for the treatment of COVID-19',
Although mAbs are potential drug candidates, they are expensive to produce, susceptible to
temperature-dependent denaturation, and may lose efficacy with even minor changes in epitope
structure>!5, Therefore, the development of broader and more effective therapies is necessary to

address the pressing global concern of emerging variants.
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1.2 A protein fusion based therapy

A fusion protein-based approach overcomes many of the shortcomings posed by monoclonal
antibodies, and offers a possible solution to deal with the problem of emerging variants. Proteins are
modular in nature and are composed of domains, which are independently folded regions within a
protein. Such modularity enables functional protein domains to be joined together synthetically or
genetically, with the goal of altering their function to modulate the immune system. The therapeutic
efficacy of a protein of such design can be enhanced by choosing fusion partners that selectively

target particular cell types or receptors®.

Nanobodies have emerged as a versatile source for generating fusion constructs due to their unique
properties. They are derived from the variable domain of heavy-chain-only antibodies, which are
found in the immune systems of camels, llamas, and alpacas®®. Nanobodies consist of a single domain
and are ~10x smaller than traditional antibodies. They can be easily produced in high yields using
bacterial expression systems!®2°, Nanobodies bind to cognate targets with high specificity and
affinity, which makes them efficient in detecting and neutralizing disease-causing antigens?.
Moreover, nanobodies have high thermostability, which allows them to tolerate harsh conditions, such
as high temperatures or extreme pH values, thereby making them resistant to denaturation and
degradation??. Nanobodies have biochemical properties that make them suitable for a wide range of
biotechnological and biomedical applications?®.

1.3 Strategy in a nutshell

We lay out a strategy to design and deliver nanobody fusion proteins that can target a specific protein
— such as the SARS-CoV-2 spike — at conserved sites on its surface. Once bound to the virus, these
fusion proteins recruit components of the immune system to selectively eliminate the virus-infected
cells. In my thesis, | describe our strategy, focusing on using the SARS-CoV-2 spike antigen as an

example.

My fusions consist of two components: A binder and a recruiter. | first identify protein binders that
could target most if not all of the SARS-CoV-2 spike variants. | then fuse these binders to a recruiter
— a specific nanobody that attracts polyclonal immunoglobulins — to generate an immune response

against the virus infected cells.

To find a spike protein binding partner, 1 use two parallel approaches- computational design of
peptide binders and a literature search for a known conserved binder. | use a computational algorithm
to design peptide binders that target the spike protein at various distinct sites. The algorithm designs
these peptides using CDRH3 (Complementarity Determining Region Heavy cha3) paratope mimicry,

based on existing data from solved antibody-SARS-CoV-2 spike protein co-crystal structures. In
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parallel, I review existing literature to search for a spike-binding nanobody and perform structural

analysis to identify a conserved binder.

The spike protein binders are then conjugated to a nanobody that binds immunoglobulin (Ig) light

chains, regardless of specificity or isotype of the heavy chain, to create novel genetic and chemical

fusion therapeutics. In my thesis, | show that:

1. Our identified binder (E11) targets a conserved site and binds to most variants of SARS-CoV-

2 with nanomolar binding affinity

2. Novel nanobody fusions with E11 — both genetic and chemical — can bind to SARS- CoV-

spike expressing cells with nanomolar binding affinity and recruit polyclonal 1gGs.

3. These fusions can activate effector functions (such as CDC) of both mouse as well as the

human polyclonal 1gGs.

4. Attempts at identifying peptides that resemble paratopes capable of binding to SARS-CoV-2

were not successful.

A brief video explains the project in greater detail

Infection of the
host cell by SARS-

Injection of the
engineered fusion

CoV-2 proteins.
1]
Nanobody ﬂ'
\ fusions H
SARS-CoV-2
¥ ; )
* —l ® L7
@
Host cell
SARS-CoV-2

infected cells

Recruitment of non-specific
immunoglobulins by the fusion

proteins

Polyclonal
immunoglobulin

4

| SARS-CoV-2
Spike protein

— &

¥
e

Host cell membrane

@ Complement dependent cytotoxicity:
Activation of complement proteins cells

Elimination of infected

Antibody dependent cytotoxicity:
Activation of effector cells

Figure 1. Schematic representation of the mechanism of action of nanobody fusions as a therapeutic strategy against
viral infection. (1) The virus infects the host cells. (2) Nanobody fusions are administered as therapy. (3) The fusions
specifically bind to the spike protein expressed on the infected cell surface and recruit polyclonal 1gGs. (4a) This leads to the
activation of complement-dependent cytotoxicity (CDC) and (4b) antibody-dependent cell-mediated cytotoxicity (ADCC).
(5) The infected cells are eliminated, thus preventing further viral spread.
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https://drive.google.com/file/d/1txE8EZ6OOghOIscDwM9i8f0rOkiDQzkl/view?usp=sharing

Things to ponder:

“In 2015, an article published in Nature estimated that 800,000,000 USD is wasted annually
on nonspecific antibodies®. Imagine if we could harness the effector functions of these antibodies

regardless of their specificities.”
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Chapter 2 Results and Discussion

2.1 ldentification of spike binders

In this section, we present two approaches to identify SARS-COV-2 spike binders: computational
design and a literature search. In addition, we describe the structural analysis used to identify

conserved binders.
2.1.1 Computational design of peptide binders

Small peptides derived from the antigen-binding site or paratope have been recognized as effective
downsized binding partners. Antibodies have a Y-shaped architecture, made up of two identical light
and heavy chains, each with several domains. The variable light and heavy chain domains together
form the Fv fragment. The three hypervariable loops present in each Fv fragment are called the
Complementarity Determining Regions (CDRs). These loops are the primary determinants of antigen
recognition. Over the past decade, the rational design of peptides using mimicry of the monoclonal
antibody (mAb) paratope, primarily determined by the CDRs, has been studied as a successful
strategy for developing therapeutics. For instance, Levi et al. derived a linear peptide derived from
the CDRH3 loop sequence of a gp120-targeting monoclonal antibody and showed that it suceessfully
inhibited replication of HIV-1 virus (ICso = 274 uM)?.

Peptides are much smaller in size (1-2 kDa) than most biologicals. This significantly reduces their
production costs. This also contributes to low immunogenicity and toxicity, making them suitable for
clinical use. We speculate that a mixture of peptides, each recognizing a different epitope, would be
far more challenging to escape from by mutation, while resistance is often acquired for a single drug

molecule??".

We developed a computational algorithm, called PepLiDe (Peptide Library Designer), that generates a
library of peptide binders for a given target protein, using known crystallographic structures of protein
targets complexed with an antibody. The PepLide algorithm is currently being generalized to target

any arbitrary protein target. Details about the algorithm will be published in the near future.

Briefly, for the present case, the algorithm first identifies the epitopes on the spike protein that have
multiple binding partners (antibodies). | hypothesize that these regions may serve as effective binding
sites for peptides to bind. Using this structural information, the algorithm produces peptide sequences

that mimic the interacting segments of the binding partners, such that they leverage most of these

17



interactions and are predicted to target these crucial sites effectively. The design makes the
assumption that the linear peptides retain the conformation seen in the bound structure as its
lowest energy state in solution when isolated. | will conclude below that this assumption may not be
justified.

Starting with 200 spike-bound antibody crystal structures, we generated a library of 276 unique
peptides considered capable of binding to the spike protein. These peptides were then assessed in
various scoring schemes such as_FOLDX and PIZSA to improve confidence in their abilities to bind
the intended target?®?°. Six top-ranking peptides were selected based on their calculated binding
energies for the spike protein. The stability of these peptide-protein complexes were further validated

using MD simulations.

We speculated that a mixture of these peptides might effectively bind to most variants of the spike
structure, as they target distinct sites and have been derived from a large dataset of all the available
crystal structures. The six candidate peptides identified and filtered using the computational algorithm

are listed in Table S1.
2.1.2 E11: A known nanobody binder from the literature

Nanobodies are effective at targeting conserved epitopes that are deeply buried, which are often
inaccessible to larger antibodies. This is due to the nanobody’s small size and the fact that they do not
require the presence of a second variable domain for binding. It allows them to easily navigate
through narrow spaces and penetrate areas that are less accessible to intact immunoglobulins®. Hence,
we performed a literature search for a nanobody binder that could target conserved regions of the
SARS-CoV-2 spike protein.

In 2021, Hanke et al. applied a novel multivariate mining approach of alpaca immune repertoire to
identify potential nanobodies that could efficiently neutralize the virus. They found 11 potential
candidates - E4, C7, E2, G6, C11, E11, F12, G1, F1, G2, D4 and D9. After evaluating these
nanomolar binders, we selected E11 for further examination, based on a range of favorable
characteristics. First, E11 exhibited high binding affinity, as evidenced by its Kq value of 5.3 x 101,
based on SPR (Surface Plasmon Resonance) binding kinetics analysis. E11 did not impede the
binding of fluorescently labelled spike protein to HEK293-ACE2 target cells in a competitive binding
assay performed using flow cytometry, suggesting that it may still bind to the spike protein even if
mutations occur in the ACE2 binding epitope. While E11 only displayed moderate levels of
neutralization activity against the SARS-CoV-2 Wuhan variant ( ICso = 0.1-1 pg/ml) in a pseudotyped
lentivirus assay, it demonstrated cross-neutralization activity against the SARS-CoV-2 Wuhan variant
(2019), SARS-CoV-1, and a Beta variant, suggesting it may be effective against the latest Omicron

sub-variants®. We speculate that our fusion strategy would enhance the capacity of E11 to eliminate
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infected cells. Finally, our structural analysis predicted that E11 in principle should bind to all known
variants of SARS-CoV-2 — (details in the next section).

2.1.3 Structural analysis of spike binders

RBD is the primary site at which mutations accumulate for several variants, including Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Omicron (B.1.1.529) and subvariants.
These mutations are the major drivers of immune evasion. They enhance transmissibility of the
SARS-CoV-2 variants®33, We identified the conserved areas on the RBD in order to determine
whether our binders specifically targeted a conserved epitope on the SARS-CoV-2 spike protein. To
do so, we identified the "Mutation hotspot of RBD" by mapping the ensemble of mutations
corresponding to the aforementioned variants on the RBD structure (Figure 2H). Areas outside

mutation hotspots were found as conserved sites.

Peptides whose location of interaction fell outside the mutation hotspot region were considered as
conserved binders. Figure 2 shows the epitopes on the RBD that interact with the 7 peptide
candidates which were identified by zoning at a distance cutoff of 5 A. Peptide 7m7w_S_C_752
showed no overlap of interacting residues with residues in the mutation hotspot, implying that it
potentially targeted a conserved region on the RBD. Peptides 710n_R_A 312 and 7kmg_C_A 47
showed an overlap with the mutation hotspot of 2 and 3 residues, respectively (Table S1). These
peptides were subjected to further computational assessments of binding affinity, discussed in later

sections.

The published Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS) data indicated that E11
interacts with residues 375 to 387 and 423-431 on the RBD*’. We found that only 2 residue sites (375
and 376) overlapped with the mutation hotspot, as shown in Figure 4A. This analysis strongly
suggested that binding of E11 should not be affected by the mutations. We next attempted to confirm

our hypothesis experimentally as described in the following sections.
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G. 71s9_C_E_3867 H. Mutation Hotspot

Figure 2. Spike protein binding locations on RBD and mutation hotspot region. Residues that interacted with any of the
residues in the peptide were colored red. The binding locations of peptides, including the ACE-2 derived control peptide,
7kmg_C_A_47, 7kn5_B_D_619, 6xkp_B_M_919, 7I0n_R_A_312, 7m7w_S_c_752, and 71s9_C_E_3867, are depicted in

panels (A) to (G). The mutation hotspot region on the RBD surface is highlighted in red in panel (H).

2.2 Synthesis and functionalization

Functionalization involves the attachment of additional functional groups to a molecule of interest —
nanobodies in our case — to impart specific properties or functions, such as targeting, imaging, or
drug delivery. Here, we describe three methods that we used for functionalizing nanobodies for

downstream applications:

Genetic fusion: Nanobodies can be fused with other functional proteins, such as enzymes or
fluorescent proteins, using genetic engineering techniques. This method enables multifunctional
nanobodies to be created with enhanced stability and activity, but may require extensive optimization
and validation. We used this method to fuse E11 with mKappa VHH — a nanobody that targets the
light chain kappa region of mouse 1gGs.
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Bioorthogonal click chemistry: This method involves the specific reaction between bio-orthogonal
functional groups, such as azides and the dibenzocyclooctyne group (DBCO), which can be
conjugated to nanobodies and other molecules. Click chemistry enables precise and selective
functionalization of nanobodies to synthesize non-conventional C to C fusions. We used this method
to conjugate the E11 with hKappa VHH — a nanobody that targets light chain kappa region of human
19Gs.

Chemical conjugation: Nanobodies can be conjugated to various chemical groups, such as
fluorescent dyes, biotin, or drugs, using chemical crosslinkers. In the later sections we describe
conjugation of a range of compounds such as biotin, rhodamine etc. to E11, using sortagging reactions

for numerous applications.

2.2.1 Synthesis of the E11 and E11-mKappa VHH Genetic Fusion (GF)

Producing conventional antibodies in bacteria is challenging due to their large size, multi-subunit
structure, post-translational modifications (glycosylation, disulfidebridges etc) , and their tendency to
aggregate. However, bacterial systems offer an efficient platform for high-yield production of
nanobodies. Careful optimization of the expression vector, host strain, induction conditions, and
purification strategy can lead to the successful production of large quantities of functional nanobodies
for various applications?2343%, Here, we report our synthesis strategy to achieve high yield production

of the different nanobody players used in this project.

Briefly, coding sequences of E11 and E11-mKappa VHH genetic fusion containing a C-terminal
sortase motif and 6x His tag were cloned into the pHENG (an E. coli periplasmic expression vector)
via Gibson assembly. Successful cloning was confirmed by DNA sequencing . WKG6 E. coli cells were

transformed using the cloned construct for each of the proteins. A VHH Production Protocol

(optimized by members of the Ploegh lab) was used to express and purify each of these proteins.
Yields of 20.9 mg/L and 12.9 mg/L were obtained for E11 and El1l-mKappa genetic fusion
respectively (after fast protein liquid chromatography (FPLC) purification.

All protein products were purified using FPLC and analyzed on 15% SDS/PAGE gels to assess purity
(Figure 3A).

2.2.2 Synthesis of E11-hKappa VHH Chemical Fusion (CF) using click-chemistry

Genetic fusions can be used to create C-to-N and N-to-C fused recombinant proteins, but they are not
suitable for generating N-to-N and C-to-C fusion proteins. A click chemistry-based approach provides
a simple way to create chimeric proteins of this kind. The technique involves equipping the N- or C-
terminus of the target proteins with a set of click handles using Sortase A, followed by a strain-
promoted click reaction. This procedure makes it possible to create unnatural C-to-C and N-to-N

linked (hetero) fusion proteins?.
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Azide-DBCO (Dibenzocyclooctyne) click chemistry is a type of reaction that involves the chemical
functionalization of a molecule containing an azide group with another molecule containing a DBCO
group. The mechanism of the Cu-free azide-DBCO click reaction involves the reaction of an azide
group with a strained cyclooctyne alkyne in the DBCO molecule. The reaction proceeds through a
1,3-dipolar cycloaddition mechanism, forming a triazole linkage. The reaction begins with the azide
group acting as a 1,3-dipole, which undergoes nucleophilic attack on the strained cyclooctyne alkyne
in the DBCO molecule. Upon this nucleophilic attack, a reactive intermediate is formed. This
intermediate is stabilized through a strained alkyne cycloaddition and then undergoes elimination of
the cyclooctyne. This leads to the formation of a triazole linkage between the azide and DBCO

groups®®.

One of the main advantages of azide-DBCO click chemistry is its specificity. Azide-DBCO click
chemistry only occurs between molecules containing an azide group and a DBCO group, which
allows for precise and controlled functionalization of biomolecules. Azide-DBCO click chemistry has
been widely used for functionalizing a variety of biomolecules such as proteins, peptides, and nucleic
acids for various different applications®. Its ease of use, specificity, and mild reaction conditions
make it a powerful tool for a variety of research areas. We used this reaction to conjugate azide-
labeled E11 with DBCO labeled hKappa VHH to create the chemical fusion.

Briefly, we incubated hKappa-DBCO with 1.2X molar excess of E1l-azide overnight at 4°C with
shaking. The identity of the fusion product was confirmed using a 15% SDS PAGE gel (Figure 3B).

2.2.3 Chemical conjugation of probes and labels

Chemical conjugation of probes and labels can be achieved using a variety of chemical reactions,
including a sortagging reaction, maleimide-thiol chemistry, click chemistry etc. The choice of
conjugation chemistry is dependant on the specific application and the functional groups available on

the molecule of interest and the nanobody.

We primarily used a sortagging reaction to conjugate a variety of probes to E11. The use of sortase
has several advantages over more traditional labelling methods: it is site-specific, simple, and
versatile. Sortagging allows the attachment of a wide range of biomolecules to the protein of interest,
including fluorescent dyes, biotin, and peptides. The reaction is efficient with high yields of labelled
protein, and it does not require harsh chemical treatments or modifications of the protein of interest.
Sortagging is therefore a valuable tool for protein labelling and has significant potential for a broad

range of research applications®,

The sortagging reaction involves a multi-step process that utilizes the bacterial enzyme Sortase A to
covalently link a labelled biomolecule to a protein of interest. The first step involves the genetic
installation of a short amino acid sequence containing the LPXTG motif to the protein of interest near
or at its C-terminus, creating a ‘sortagging’ recognition sequence. The second step involves the

synthesis of the labelled biomolecule with (an) N- terminal glycine residue(s). The third step activates
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Sortase A using calcium ions and reducing agents. In the final step, the labelled biomolecule is
incubated with the activated Sortase A and the protein of interest that carries the sortagging tag.
Sortase A catalyzes the formation of a covalent bond between the glycine residue at the N terminus of
the label and the threonine residue of the LPXTG motif, resulting in the attachment of the labelled

biomolecule to the protein of interest®.

We used this reaction to conjugate biotin to E11. Briefly, we incubated E11 with GGG-biotin
overnight at 4°C with agitation. We added 200 pL Ni-NTA (Qiagen) beads to remove the unreacted
substrates and purified the reaction product using a PD10 desalting column. Figure S1 briefly
summarizes the sortagging procedure. The identity of the biotinylated product was confirmed using
LC/MS (Figure S1C). We employed sortagging to react: 1) E11 with GGG-rhodamine 2) E11 with
GGG-azide 3) E11 with GGG-NOTA 4) hKappa VHH with GGG-BDCO. The same procedure was
used for all the four reactions to conjugate their respective GGG-probes substrates. The conjugate
products obtained from these reactions were later used for binding studies using Size Exclusion
Chromatography (SEC), synthesis of the chemical fusion and Positron Emission Tomography (PET)

imaging studies as described in Table S2.
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Figure 3: Synthesis of proteins used in this study. (A) Gel electrophoresis was used to confirm the synthesis of SARS-
CoV-2 Spike RBD, E11, mKappa VHH, E11-mKappa VHH (GF), and E11-hKappa VHH (CF). (B) The Azide-DBCO click
chemistry reaction was also verified through gel electrophoresis. The synthesized products of (C) E11, (D) Sortase A, (E)
mKappa VHH, and (F) hKappa VHH were further confirmed using LCMS.
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2.3 Binding studies

Validating the binding of the binders to their target is a critical step in the development of fusion
proteins for their application, especially to avoid any off-target effects. We describe different
approaches that were used to validate the binding capacity of the identified binders.

2.3.1 E11 shows signs of binding: SEC-based pilot studies

SEC (Size Exclusion Chromatography) is a widely applied chromatographic technique to study
biomolecular interactions, such as protein-protein or protein-ligand interactions. SEC-based binding
studies involve the use of SEC to separate and characterize the different species present in a mixture
based on their shape and size. In a typical SEC-based binding study, a sample containing a mixture of
molecules (e.g., a protein and a ligand) is loaded onto a SEC column“’. As the sample passes through
the column, smaller molecules penetrate deeply into the pores of the stationary phase and elute later.
Whereas larger molecules are excluded from the pores. This allows them to pass through the column
more quickly and thus they elute earlier. The elution profiles obtained from SEC can provide
information about the molecular interactions between the components in the mixture. For example,
changes in the elution profile of a protein in the presence of a another protein can indicate the
formation of a protein-protein complex. In addition to providing qualitative information about
molecular interactions, SEC-based binding studies can also be used to quantitatively determine the

binding affinity between two molecules.

To check for binding between E11 and the RBD, we incubated about 200 pg spike RBD with a 4-5X
molar excess of E11 nanobody. We subjected the mixture (volume 1 mL) to SEC on a Hi-Load16/600
S75 column (Cytivia). We then collected the peak fractions and analyzed them using a 15% SDS-
PAGE gel and rhodamine fluorescence imaging. For the mixture of RBD and E11, we observed a
shift in the peak that corresponds to the ‘free’ spike RBD in the FPLC elution profiles. A wavelength
corresponding to rhodamine emission (568 nM) was detected under the RBD peak (shown in green),
implying the formation of the RBD-E11 complex. Presence of the RBD and the E11-Rh conjugate in
the fractions analyzed by SDS-PAGE further confirmed binding of E11 to RBD (Figure S4).

A similar procedure was performed to check the binding of one of the peptide 6xkp_B_M_919 with
the spike RBD. However, we observed neither a significant peak shift nor the presence of flurophore
under the RBD peak in the elution profiles. We also did not detect any co-elution of the flurophore
labeled peptide with RBD in the peak fractions that we analysed using SDS-PAGE and fluorescence
imaging (Figure S5).

FPLC may not be an optimal method to evaluate peptide binding to the RBD, especially for low-

affinity binders, due to the significant size difference between the two molecules. To address this
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concern, an alternative approach, Bio-Layer Interferometry (BLI), was investigated to determine its

suitability for assessing peptide binding.

2.3.2 Computationally designed predicted peptides fail to bind: Peptide binding studies
using BLI

BLI (Bio-Layer Interferometry) is a label-free biosensor technology that can be used to study the
binding interactions between peptides and their target molecules. Compared to other techniques used
to study binding interactions, BLI offers several advantages. Most importantly, it is capable of
detecting even weak binding interactions. Furthermore, BLI allows real-time monitoring of the
binding kinetics and affinity constants of small molecules, providing information about the nature and

strength of the interaction.

We conducted BLI-based peptide binding studies in collaboration with Dr. Bradley Pentelute’s lab at
MIT. Four peptides predicted by the algorithm, namely 6xkp B M 919, 7kmg C A 47,
710n_R_A 312, and 7m7w_S_c_752, were tested along with two positive control peptides, SBP1 (an
ACE2 derived peptide) and Biotin-1, which were previously reported by the Pentelute group*.
Briefly, we immobilized the biotinylated peptides onto the biosensor surface of streptavidin coated
tips and then exposed it to a solution containing the SARS-CoV-2 RBD at different concentrations
(250 nM-8 uM). The binding of the peptide to the target molecule causes a change in the interference
pattern. Real time measurement of changes in the interference pattern is used to calculate the binding
kinetics of the interaction.

Of the six peptides that we tested, only Biotin-1 showed signs of binding with apparent dissociation
constant, Kp of 780 nM. SBP1 did not show any binding to the RBD. It was later discovered that
SBP1 shows micromolar range binding only with insect-derived RBD. The rest four predicted
peptides, 7kmg_C_A 47, 710n_R_A 312, and 7m7w_S c¢_752 did not show any binding in the
concentration range we tested and are likely to be low affinity binders, if they bind at all (Figure S4).
It is likely that these peptides do not maintain their bound conformation in solution. In the design
phase we assumed that these peptides would retain the conformation of their bound state as their
lowest energy conformation. This assumption did not take into account that the selected peptides are
scaffolded by framework regions in the intact immunoglobulin. This suggests that such peptides
require additional optimization such as circularization or a graft in D-pro-L-pro template to obtain
stability in their structure. Previous studies have reported significant improvements in the binding
abilities of the CDR derived linear peptides upon circularization?®. Hence a future possibility would

be to check if circulation could improve the shortlisted peptide binders.

Since none of the peptides were found to have binding affinity in the range of 1-100 nM, we

proceeded with E11 as our only conserved spike protein binder for further studies.
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2.3.3 E11 binds to SARS-CoV-2 spike protein and its variants: ELISA-based binding
study

Since we obtained a promising lead with the E11 nanobody from the SEC studies, we tested the
binding affinity of E11 to the recombinant spike RBD, SARS-COV-2 spike trimer (Wuhan, 2019) and

the Omicron variants using ELISA.

ELISA (Enzyme-linked immunosorbent assay) is a highly sensitive and specific laboratory technique
that can detect molecules at low concentrations, making it ideal for research, diagnostics, and quality
control applications. It is versatile and can detect a wide range of molecules, including proteins,
hormones, and antibodies. ELISA is cost-effective, requires simple equipment, and can be automated
for high-throughput screening.

To investigate the binding affinity of E11, we immobilized RBD onto a 96-well ELISA plate at a
protein concentration of 100 ng per well and blocked the plate with the blocking buffer (1X
PBST+5%BSA). We then added purified E11 and conducted serial 3-fold dilutions. After an hour of
incubation, we added streptavidin-HRP and tetramethylbenzidine (TMB), while including a wash step
after evey addition. We also repeated the same procedure to test the binding of E11 with SARS-CoV-
2 spike trimer and its Omicron variant (B.1.1.529).

Our results indicate that E11 has a nanomolar binding affinity for the SARS-CoV-2 Spike RBD (Kp =
1.17 nM), Wuhan-2019 SARS-CoV-2 spike trimer (Kp = 0.511 nM), and Omicron B.1.1.529 (Kp =
0.523 nM). These findings support our hypothesis that E11 targets a conserved site on the RBD and
suggest that its binding affinity is unaffected by the mutations present in the latest SARS-CoV-2

variants.
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Figure 4. Structural and binding analysis of E11. (A) E11 binding location (in green) and mutation hotspot (in red)
mapped on the RBD surface, along with the overlapping residues (in yellow). The small patch of overlap between the
binding location and the mutation hotspot suggests that E11 targets a conserved site on the RBD. ELISA curves of E11
bound to (B) recombinant RBD, (C) Wuhan 2019 spike trimer, and (D) Omicron spike variant (B.1.1.529), respectively.
Notably, no significant alteration in Kp value is observed, indicating the robust binding of E11 to these spike proteins.

2.3.4 E11- mKappa (GF) and Ell-hKappa (CF) both bind to SARS-CoV-2 spike

expressing cells and recruit polyclonal 1gGs: Saturation binding assay

After validating the successful binding of E11, we next examined whether the E11 fusions can target
the SARS-CoV-2 spike in vitro and recruit polyclonal immunoglobulins. To do so we performed
saturation binding assays (SBA) with E11-mKappa VHH (GF) and E11-hKappa VHH (CF).

Saturation binding assays (SBA) can be performed in a cell-based format, which involves the use of
intact cells rather than isolated receptors. In this case, cells are incubated with varying concentrations
of radiolabeled ligand. The measurement of amount of bound ligand provides an estimate on the
strength of binding. Cell-based saturation binding assays offer several advantages over isolated
receptor assays, as cells provide a more physiological environment and can take into account the
effects of the cell membrane and cytoplasmic components on ligand binding. Moreover, cell-based
assays can provide information on the distribution and localization of receptors within the cell, which

can be useful for exploring the receptor expression level and density at the cell surface®.

We used HEK293 cells that express the SARS-CoV-2 spike protein on its surface, to perform
saturation binding assays with the E11-hKappa VHH (CF) and E11-mKappa VHH (GF). We grew
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HEK293 cells expressing SARS-CoV-2 spike protein in humidified incubators at 37°C, 5% CO.. We
used HEK?293 cells that do not express the spike protein as the negative control. We loaded 10,000
cells per well onto an lysine coated 24-well plate and performed serial 4X dilutions with a starting
concentration of 200 nM for both E11-hKappa VHH (CF) and E11-mKappa VHH (GF), followed by
incubation with fluorescently labelled anti-human Ig and anti-mouse Ig respectively. After three
rounds of washing with DMEM, cells were lysed using Sodium Dodecyl Sulfate (SDS) detergent. We
used the fluorescence of Human 1gG-Phycoerythrin (PE) and Mouse 1gG-Phycoerythrin (PE) to
quantify the amount of E11-hKappa VHH (CF) and E11-mKappa VHH (GF) bound to spike protein
on the cell surface.

We observed a nanomolar binding affinity for both the fusions, E11-hKappa VHH (Kp = 2.08 nM) as
well as E11-mKappa VHH (Kp = 0.503 nM).
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Figure 5. Binding of nanobody fusions and 1gG recruitment. Saturation binding curves of (A) E11-hKappa VHH (CF)
and (B) E11-mKappa VHH (GF) to the SARS-CoV-2 spike expressing and non-expressing HEK293 cells.

2.4 Activation of effector functions

We next tested if the nanobody fusion could activate the effector functions of the non-specific
antibodies that it recruits. We tested activation of two mechanisms namely, Complement-dependent
cytotoxicity (CDC) and Antibody-Dependent Cellular Cytotoxicity (ADCC).

2.4.1 El1-mKappa (GF) and Ell-hKappa (CF) both activate CDC at nanomolar

concentrations: CDC assay

Complement-dependent cytotoxicity (CDC) is a process by which molecules of the immune system
destroy harmful pathogens or infected cells through the activation of the complement system*4. The
complement system is a group of proteins that work together to eliminate foreign substances from the

body*.There are three distinct ways in which the complement system can be activated namely, the
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classical pathway, the lectin pathway and the alternative pathway*. Each pathway involves a series
of enzymatic reactions that ultimately result in the formation of a membrane attack complex (MAC).
Pore formation in the membrane of the target cell is initiated by the MAC complex, leading to its
lysis*.

This type of complement-mediated cell lysis occurs when antibodies bind to the an antigen expressing
on target cell surface. Normally, when antibodies bind to the target cell surface, they activate the
classical pathway of the complement system, thereby initiating the formation of the MAC complex.
In our case, the nanobody fusions would activate this effector function of non-specific antibodies and
lead to the formation of a MAC. The formation of the MAC on the target cell surface will result in the
influx of ions and water into the cell, causing it to swell and eventually burst. This process is effective
at eliminating pathogens or infected cells, as it allows the immune system to rapidly destroy large

numbers of cells*.

To examine if the E11-mKappa VHH genetic fusion could activate CDC, we loaded HEK293 cells
expressing SARS-CoV-2 spike protein into a 96-well plate at a concentration of 10,000 cells per well.
The plate was then divided into two groups. The first group and the second group were incubated with
E11-mKappa VHH fusion and the mixture of E11 and mKappa VHH, respectively, at a concentration
of 10 nM for 30 minutes. We then add polyclonal mouse IgG and rabbit complement preserved serum
and incubate for 6.5 hours at 37 °C. The viabilities of cells were measured using CellTiter-Glo® 2.0

Viability Assay (Promega). To quantify %CDC, the following formula was used:

%CDC = luminescence (no VHH) - luminescence (expt) X 100

luminescence (no VHH) - luminescence (max killing)

The statistical difference of % cytotoxicity between the two groups was analyzed using a Student’s t-
test. A similar procedure was repeated substituting E11-mKappa (GF) with E11-hKappa (CF) at 100

nM concentration and mouse IgG with human IgG to check the efficacy of the chemical fusion.

The nanobody fusions resulted in a significantly higher level of cell death through CDC, compared to
a mixture of their individual components (Figure 6). This suggests that both E11-mKappa VHH (GF)
and E11-hKappa VHH (CF) can induce CDC in vitro over a range of concentrations (Figure S5). The
low level of cell death observed in the control groups indicates that the fusions do not have any non-

specific cytotoxic effects.
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Figure 6. CDC activation. Percentage cytotoxicity of (A) E11-mKappa VHH (GF) and a mixture of E11 and mKappa at 10
nM concentration, (p=0.003321) (B) E11-hKappa VHH (CF) and a mixture of E11 and hKappa at 100 nM concentration
(p=0.000492), quantified using CellTiter-Glo® Luminescent Cell Viability Assay for HEK293 cells expressing SARS-CoV-

2 spike protein and WT-HEK293 cells.

2.4.2 ADCC: A possibility

ADCC (Antibody-Dependent Cellular Cytotoxicity) is a crucial mechanism of the immune response
against viruses and cancer cells. The activation of immune cells against a target cell, such as a virus-
infected or cancer cell, can be initiated by the interaction of specific antibodies with antigens on the
cell's surface. This binding event causes a change in the shape of the Fc region of the antibody, which

enables it to bind to the Fc receptor found on immune cells, like the natural killer (NK) cells,

macrophages, and neutrophils.

When the Fc region of an antibody binds to the Fc receptor on the surface of an immune cell, it

initiates a signaling cascade within the cell. This cascade can trigger the release of cytotoxic
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molecules, including perforin and granzymes. These molecules can create pores in the membrane of

the targeted cell, leading to apoptosis or programmed cell death of the targeted cell*°.

Besides the Fc receptor, other molecules on the immune cell surfaces, such as CD16 and CD64, also
play important roles in triggering ADCC. These molecules can bind to the Fc region of antibodies and

initiate the signaling pathways that lead to the destruction of the target cell®.

Various factors can impact the efficiency of ADCC, such as the affinity of the antibody towards its
target antigen, the antigen density on the target cell surface, and the activation state and quantity of

immune cells present in the microenvironment®.

Overall, the triggering of ADCC is a complex process that is not fully understood and involves
multiple interactions between antibodies, antigens, and immune cells®2. Here we tried to explore if our

fusions could activate the ADCC process.

To determine if the fusion molecules could initiate ADCC and selectively eliminate infected cells, we
conducted ADCC assays using various treatment methods to identify the optimal conditions. HEK293
cells expressing the SARS-CoV-2 spike protein, were added to a 96-well plate at a density of 10,000
cells per well. The plate was then divided into two groups, each subjected to a distinct set of treatment
conditions.The first group was incubated with E11-mKappa VHH fusion and the second group was
incubated with a mixture of E11 and mKappa VHH at four different concentrations (0.1 nM, 1 nM, 10
nM, and 100 nM) for 30 minutes. A similar procedure was followed with WT-HEK293 cells as a
negative control. Cells were then subjected to different conditions described in Table S3 with ADCC
Bioassay reporter cells (Promega), unfractionated splenocytes, and BMD-NK cells in three different
cases. Viability of the cells was measured using the CellTiter-Glo® 2.0 Viability Assay. The effector
cell's luminescence was quantified to determine cell based on the viability luciferase activity, in case

ADCC Bioassay effector cells treatment group.

We observed no notable difference between the fusion and mixture groups in the case of
unfractionated splenocytes and ADCC Bioassay effector cells (Figure S6 and Figure S7). However,
we did observe a slight difference in the case of the (Bone Marrow derived) BMD-NK cells (Figure
S8). This difference, however, was not statistically significant. Further optimization of the assay may

be required.

There could be several reasons why we did not observe activation of ADCC. One possibility is that
the expression of spike protein on the transduced HEK293 cells may not have been sufficient.
Another possibility is that the fusions failed to induce the conformational change in the recruited
antibodies needed to trigger ADCC. The low frequency of NK cells (that are primarily responsible for
ADCC) in unfractionated splenocytes (only 2-4%), may not have been sufficient to produce the
necessary effector-to-target cell ratio for ADCC activation. Another potential reason could be that the
transduced HEK293 cells were resistant to cell lysis by the effector cells, in which case testing with a

real SARS-CoV-2 virus or VSV pseudo-virus and a suitable ACE2 receptor-expressing cell line
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would be necessary. Since ADCC effectiveness is influenced by several factors, the substitutes used

in the in vitro assays may not be an accurate representation of a real virus-infected cell.

Other studies conducted at the Ploegh lab have reported that this fusion strategy can initiate ADCC in
case of real virus infections, also in vivo. For example, the zanamivir-mKappa VHH fusion molecule,
which targets the neuraminidase, has shown to activate ADCC successfully in MDCK cells when
infected with real influenza virus (Figure S9). Based on these observations, we speculate that ADCC
may be possible in the case of the SARS-CoV-2 virus, if tested with real SARS-CoV-2. However, this

is beyond the scope of this project due to the safety measures required.

2.5 Crystallisation and in vivo localisation of E11

The precise determination of the binding site of E11 and RBD is valuable in gaining insights into
E11's effectiveness in targeting the latest variants of concern. In this section, we aimed to determine
the crystal structure of the E11-RBD complex to gain a deeper understanding of the binding
interaction between these two molecules. We are also currently investigating the in vivo localization

of E11 to spike-expressing cells to further enhance our understanding of its target binding abilities.
2.5.1 Solving the structure of E11-RBD complex: Crystallisation

The determination of the 3D structure of protein complexes relies on the essential step of
crystallization®3. It involves the formation of an ordered array of protein molecules in a highly purified
solution, which then undergoes a process of crystal lattice formation. The process of crystallizing
protein complexes is intricate and influenced by several factors such as the concentration of protein,
pH, temperature, chemicals like salts or ligands. Often, a trial-and-error approach is used to determine

the optimal conditions for crystal formation®.

Once protein crystals are obtained, they are subjected to X-ray diffraction to determine the protein
complex’s atomic structure. This technique involves irradiating the crystal with an intense beam of X-
rays, which diffracts the beam into a pattern of spots. The pattern is then analyzed to determine the

electron density distribution of the protein complex®.

To solve the crystal structure of E11-RBD complex we first incubated 2.02 mg of RBD with 2X
molar excess of E11, purified it using SEC and concentrated the mixture to 13 mg/ml. In collaboration
with Dr Thomas Schwartz’s Lab, droplets were set up in hanging drop conditions using an Art
Robbins Phoenix micropipetting robot (a Formulatrix Formulator robot) at MIT. Crystals were
obtained at room temperature in six different conditions described in Figure S10. However, none of
the crystals showed diffraction beyond a resolution of 10 A, which suggests the need for further
refinement to obtain better crystals. An optimization of conditions is currently underway to obtain

better resolving crystals.
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2.5.2 Localization of E11 to its target in vivo: insights from PET imaging studies

PET is a non-invasive imaging method used to examine the in vivo behavior of biological molecules
including medicines, antibodies, and proteins®. PET imaging studies provide insights into the
localization of these molecules within the body and their interaction with target molecules. By
labeling the molecules of interest with radioactive isotopes, one can track the distribution and

metabolism of drugs in vivo and gain insights into the mechanisms of drug action and resistance®’.

To study localization of E11 in-vivo, we introduced xenografts of spike expressing HEK293 cells and
WT HEK293 in two separate groups of female athymic NU/J mice. At 22 days post- implantation,
PET imaging of dual tumours was performed using radiolabeled %Cu-E11-NOTA and %Cu-E11-
NOTA-PEG2. To mitigate the impact of partial volume effects of the tumor, we conducted a region-
of-interest (ROI) analysis on the obtained images.

A strong labelling was observed in the tumour region for spike-expressing HEK293 for both %Cu-
E11-NOTA and ®*Cu-E11-NOTA-PEGy (Figure S10A). The signal was observed to increase with
time in case of **Cu-E11-NOTA suggesting accumulation of the compound in the tumours (Figure
S11C). Whereas in case of *Cu-E11-NOTA-PEGy, the signal remained fairly constant throughout all
the time points (Figure S11D).

The WT-HEK293 tumours also showed a strong signal, suggesting non-specific labelling of the
tumour (Figure S10B). This observation can be attributed to the fact that the tumour size of WT-
HEK?293 were found to be substantially bigger as compared to the Spike-expressing HEK293 tumours
(Figure S11). Bigger tumours tend to show larger amounts of vascularisation indicating higher
circulation of the compounds in the tumour region. Another factor that must be taken into
consideration is the surface level expression of spike protein in the transduced HEK293 cells. Tumour
models may not an accurate representation for this study. Hence, imaging experiments of E11
localisation in real virus infected Cynomogus monkeys are currently underway - in collaboration with

the Primate Research Centre in Netherlands.
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Chapter 3 Materials and Methods

3.1 Structure-based design of the peptide binders

A 212 spike-bound antibody structure database was obtained from RCSB PDB Covid19 Resources (as
of June 2021). Antibody sequences in the PDB database are generally numbered using schemes like
those developed by Kabat or Chothia. We found that this non-conventional numbering scheme
interferes with the recognition process of residue locations at multiple steps in our peptide design
process. So all the PDB structures were renumbered, and the missing residues were added using the
complete_ PBD command in MODELLER v10°%,

Cell list, a tool for efficiently finding all the neighbours of any atoms within some cut-off distance,
was used to identify interchain distances for each of the 212 structures. If any pair of atoms from
neighbouring chains fell within a cut-off of 5 A, the chain pair was selected as an interacting chain
pair. The features of the atomic interaction from these chains were recorded in the Cell list output
files. Keywords such as SARS-CoV-2 Spike glycoprotein, Spike protein S1 etc. were then used to
identify the chains corresponding to the spike protein in the structure complexes. Using the
information, inter-spike chain pairs were eliminated, and only the spike-antibody interacting chains
were retained. We obtained 920 spike-antibody interchain interacting pairs in total. The cell list output
files were then processed to identify contiguous stretches of amino acids with more than 6 interacting
(- interchain residues that lie within the radius cutoff of 5 A) residues and a maximum allowed gap of
3 non-interacting residues. Such peptide stretches were selected from the antibody chain and were
referred to as the spike-binding peptide candidates. Redundant peptides were eliminated based on the
peptide sequence similarity. We obtained 275 unique peptide sequences using the above-mentioned

selection criteria.

3.2 Computational binding validation of peptide-protein complexes

Modelling: Using MODELLER v10.1 and crystallographic structures from the database, models of
peptides bound to the SARS-CoV-2 spike RBD were built for all the peptides derived in the library.
As a positive control, we built a model of an N-terminal helix peptide derived from the ACE2
receptor using the ACE2-spike complex structure (PDB id: 6M0J) following the exact same criteria of

peptide selection described above.
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FoldX scoring: FoldX, an empirical force field that can quickly examine the dynamics and stability
of protein complexes, was used to score the models in order to compare the binding energies of the
peptides in the library with the control peptide. We employed the 'AnalyseComplex’ command to
calculate the binding energy of the protein-peptide complex. It works by unfolding the selected
complexes, determining if the remaining molecules are stable, and then subtracting the total of the
individual energies from the global energy. The Gibbs energies of the complex (AGag) and the two
molecules A and B alone are computed by FoldX in order to determine the free energy of binding of a
complex AB.The binding energy is then calculated as: AGoinding = AGas — (AGa + AGg)?%%°. We set the
FOLDX binding energy of the control peptide as a cutoff score to shortlist peptides that could

potentially compete with the wild-type receptor.

PIZSA: We also used PIZSA, a statistical tool that assesses protein-protein interactions based on

atomic propensities and preferences for interface residue pairing?.

MD simulations: Protein-peptide complexes that met the binding energy cut-off set by the control
peptide underwent further investigation using molecular dynamics simulations. The simulations were
run on the CHARMMZ27 force field and GROMACS software package with the systems solvated in a
water box and counter ions added for charge neutrality® ¢!, The simulations were run for three rounds
to ensure the stability and binding of the peptides, with the protein-peptide inhibitor complexes
simulated for a maximum of 50 ns. Triplicate runs were found to be consistent for all the shortlisted
set of peptides (Figure S13).

3.3 Cells

Culturing of Expi293F and HEK?293 cells: Expi293F cells were cultured in humidified, shaking
incubators at 37 °C, 8% CO; in Expi293 Expression Media. Wild type HEK293 cells and Wuhan-Hu-
1 SARS-CoV-2 Spike protein-expressing HEK293 cells (InvivoGen) were maintained under the same
conditions in Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS and 1% Penicillin-
Streptomycin.

Extraction of bone marrow derived Natural Killer (NK) cells and splenocytes: Bone marrow was
extracted from the tibiae and femur regions of C57BL/6J (B6) mice. Bone marrow cells were then
flushed using injection and cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS
and 0.02% beta-mercaptoethanol. RBCs in the mixture were lysed by incubating the mixture in
ammonium chloride solution (0.8% NH.CI and 0.1 mM EDTA in MilliQ water at pH of 7.4) for 10
minutes. Growth of NK cells was selectively promoted by addition of 0.1 % IL15 in the culture.

Unfractionated splenocytes were obtained by expelling cells from a spleen obtained from a C57BL/6J
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(B6) mouse, followed by RBC lysis as described above. About 80 million viable splenocytes were

recovered, which were then used for the ADCC Assay.

3.4 Peptides, proteins and probes

Peptide synthesis and modifications: The lyophilized powder peptides were acquired from
GenScript and then reconstituted in dimethyl sulfoxide (DMSO) at a concentration of 1 mg/mL. These
were further purified using HPLC.

A cysteine moiety was introduced at the N terminus of all peptides to allow conjugation of the peptide
with a fluorophore (Table. S1). Fluorescein-5 Maleimide was used for the peptide- fluorophore
labeling at the N terminus. Biotin-(PEG)s;-Maleimide was used for Biotinylation of the peptides at the
N terminus. Lyophilized peptides were resuspended in DMSO (Dimethyl sulpoxide) and incubated
with flurophore/biotin maleiamide at room temperature overnight with stirring for reaction. The
conjugate products of the reaction were further purified using HPLC and confirmed using LC-MS
(Figure S14).

Cloning and Expression of E11 and E1l-mKappa VHH: Coding sequences for E11 and E11-
mKappa VHH fusion with a C-terminal sortase motif and 6x His tag were cloned into the pHENG (a
periplasmic expression vector). WEK®6 E. coli were transformed with the cloned vectors and grown to
mid-log phase at 37 °C in terrific broth with ampicillin.The cultures were then induced with 1 mM
IPTG overnight at 30 °C. Proteins were harvested by centrifugation at 6,000 x g for 20 minutes at 4
°C. The cells were resuspended in 15 mL of 1x TES buffer per liter culture and incubated at 4 °C with
shaking for 1 hour. Osmotic shock was induced by performing a 4x dilution of the TES buffer with
ice cold MiiliQ water and overnight incubation at 4 °C. The periplasmic fraction was isolated by
centrifugation at 8000xg for 20 minutes at 4 °C and then loaded onto chromatography columns
containing Ni-NTA resins. Following 3 washes with PBS, the Ni-NTA bead captured proteins were
incubated with 10 mM imidazole. The proteins were next eluted in phosphate-buffered saline (PBS)
and further purified using FPLC. Peak fractions were pooled and SDS/PAGE was used to assess the
purity of the recombinant VHHS.

Protein Expression and purification of Spike RBD: The pcDNA3.1(-) vector, which carries the
RBD of the Wuhan-Hu-1 Spike Glycoprotein, was acquired from BEI Resources. Polyethyleneimine
(PEI) was used to transfect Expi293F cells with the construct, which were then cultured in Expi293
Media at 37°C for 4 days. The proteins were collected through centrifugation at 6,000xg for 20
minutes at 4°C, followed by purification using Ni-NTA beads and size exclusion chromatography
using a Hi-Load16/600 S75 column (Cytivia). The proteins were analyzed using 15% SDS/PAGE,

and the gels were stained with Coomassie blue (Figure 2).
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Sortase A (5M) Production and Purification: A glycerol stock of WEKG®6 E. coli transformed with
pET-30 b (+) vector for sortase A (5M) expression was available in the Ploegh lab. The bacterial
culture was grown in Terrific Broth containing ampicillin at 37 °C until mid log phase. Induction was
performed by adding 1 mM IPTG and incubating overnight at 30 °C. The cells were harvested by
centrifugation at 6,000 x g for 15 min at 4 °C, resuspended in 1x TES buffer (consisting of 200 mM
Tris, , 0.5 M sucrose and 0.65 mM EDTA) at a ratio of 15 mL per liter of culture. The mixture was
then incubated at 4 °C with shaking for an 1 hour. The cells were then lysed by passing through a
homogenizer three times at 14,000 p.s.i. The cytoplasmic fraction was obtained by centrifugation at
12,000 x g for 30 min at 4 °C. This was then loaded onto Ni-NTA (Qiagen) beads in PBS and eluted
with PBS. The protein was purified using FPLC. Sortase A (5M) was analyzed by 15% SDS/PAGE,

and the peak fractions were pooled, concentrated and stored at —80 °C.

Sortase A (5M) mediated conjugation of probes and click handles: A sortase reaction was used to
conjugate GGG-rhodamine with the E11 nanobody containing the sortase recognition motif (Figure
S1A). 1 mL reaction is set up by incubating 100 pM E11 with 5X molar excess GGG-rhodamine
overnight at 4°C with agitation in presence of sortase A and CaCl,. After the reaction, 200 pL Ni-
NTA (Qiagen) beads were mixed with the mixture to separate the unreacted substrates. The reacted
product was purified using a PD10 column. The reaction product was confirmed using a rhodamine
blot (Figure S1). A similar procedure was followed to conjugate Biotin, azide, DBCO and NOTA on
different substrates.

3.5 Binding experiments

Size Exclusion Chromatography: 200 pg of RBD was incubated with 4-5X molar excess of E11
nanobody for 1 hour. The mixture (volume 1 ml) was then subjected to a size exclusion
chromatography using a Hi-Load16/600 S75 column (Cytivia). Peak fractions were collected and
analyzed with 15% SDS PAGE gel and rhodamine blot. Similar process was followed for the control
peptide-RBD binding study.

Bio-layer interferometry: The BLI studies were performed in collaboration with Pentelute lab at
MIT. Biotinylated peptides (1—4) were synthesized in-house using maleimide chemistry described
previously. ldentity of the biotinylation products was confirmed using LC/MS. Two additional tight
binding peptides reported by the Pentelute group — SBP1 and Biotin 1 were used as positive controls
for the BLI studies. Streptavidin-coated biolayer interferometry (BLI) tips were used to immobilize
the biotinylated peptides and measure the association and dissociation of SARS-CoV-2-spike-RBD at

varying concentrations, starting with 8 UM followed by 2x dilutions. was used To validate the in vitro
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peptide-protein binding Gator® Pro Bio-Layer Interferometry system was used at 30 °C and 1000
rpm. For the loading step, the streptavidin tips were dipped in 200 pL of biotinylated peptide
dissolved in 1x kinetic buffer solution (1xPBS with 0.1% BSA and 0.05% tween) at a concentration
of 200 nM. The loaded tips were first dipped in wash buffer to remove any nonspecific binders. These
tips are next dipped in SARS-CoV-2-RBD at various concentrations in 1xkinetic buffer to obtain the
association curve. Following association, the tips were re-dipped in 1xkinetic buffer to get the
dissociation curve. The dissociation constant Kp was calculated using Gator® Screener Software by
fitting the association and dissociation curves.

ELISA: To prepare the microplates for experimentation, high binding 96-well ELISA plates (obtained
from Costar, NY, USA) were coated with 1 pg/mL of SARS-COV-2 RBD in PBS at 4 °C overnight.
Subsequently, the plates were blocked using the blocking buffer (consisting of PBST with 5% BSA)
for 2hours at room temperature. In the first group of wells, biotinylated E11 was added at a
concentration of 100 nM. Binding of different concentrations of biotinylated E11 was checked by
performing a three-fold serial dilution. After an incubation period of 2 hours, the plates were washed
using wash buffer (consisting of PBS with 0.05% Tween-20) and incubated at room temperature for
an hour, with Streptavidin-HRP (horseradish peroxidase) which was diluted 1:5000 in the blocking
buffer. Following three washes with PBST, tetramethylbenzidine (TMB) substrate was added to the
plates and the reaction was allowed to develop for 15 min. The reaction was ceased by the addition of
equal volume of 1N HCI. The absorbance was measured at 450 nm. A similar protocol was
performed, with Spike RBD being substituted with other following targets of interest, to determine the
binding of E11 with the SARS-CoV-2 Wuhan-Hu-19 spike trimer and the Omicron variant

(B.1.1.259), which were obtained from a commercial vendor (Sino Biologicals).

Saturation binding assay: HEK293 cells expressing SARS-CoV-2 spike protein were grown in
humidified incubators at 37 °C, 8% CO2 with Dulbecco's Modified Eagle Medium (DMEM). Normal
HEK?293 cells that do not express the spike protein were also grown using the same conditions as the
control group. 10,000 cells per well were loaded onto a high affinity 96-well plate. A 4X serial
dilution was performed with a starting concentration of 200nM for both E11 and E11-mKappa VHH
fusion. The fluorescence of conjugated rhodamine and Mouse 1gG-Phycoerythrin (PE) were used to
guantify the amount of E11 and E11-mKappa VHH fusion bound to spike protein on the cell surface

respectively.
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3.6 CDC and ADCC experiments

CDC Assays: A 96-well plate was prepared with HEK293 cells that expressed the SARS-CoV-2
spike protein, with a concentration of 10,000 cells per well. The plate was next incubated at 37 °C,
8% CO2 overnight. The plate was then divided into two treatment groups. The first and the second
groups were incubated with E11-mKappa VHH fusion and the mixture of E11 and mKappa VHH
respectively at the same concentration of 10 nm for 1-1.5 hours. Both the groups were incubated with
polyclonal mouse 1gG (200 nM) and rabbit complement preserved serum (20% v/v) for 6.5 hours at
37°C. In case of testing the cytotoxicity by E11-hKappa VHH chemical fusion, the treatments was
substituted with E11-hKappa VHH fusion and the mixture of E11 and hKappa VHH followed by
addition of polyclonal human IgG (200 nM) and rabbit complement preserved serum (20% v/v) with
same incubation time. Cell viability was measured using CellTiter-Glo® 2.0 Viability Assay
(Promega). CDC was quantified using the following formula:

%CDC = luminescence (no VHH) - luminescence (expt) X 100

luminescence (no VHH) - luminescence (max killing)
Statistical difference of %cytotoxicity between two groups was analyzed using t-test.
As a negative control, WT HEK293 cells were used instead of spike-expressing HEK293 cells and the

same procedure was followed to evaluate the cytotoxicity.

ADCC Assays: The assays were performed under three different conditions to search for optimum
conditions of ADCC. For all the experiments, HEK293 and spike expressing 293 cells were loaded
onto two different white opaque bottom 96-well plates at a concentration of about 10,000 cells/well.
Following an incubation period of 37 °C with 5% CO2 that lasted overnight, the plates were exposed
to four different conditions as outlined in Table S3. The choice of treatment applied was dependent
on the particular assay protocol being employed. Each of the treatment methods was tested at four
distinct concentrations. Mixtures of the individual components of the fusion were used at the same
concentration as negative controls. Polyclonal mouse/human IgGs were added at a concentration of
200 nM to each well. With the exception of the ADCC reporter Bioassay, the CellTiter-Glo® 2.0
Viability Assay was used to detect cell viability. Luminescence intensity (RLU) was measured as a
readout corresponding to the amount of viable cells per well. Statistical difference of RLU between

two groups was analysed using t-test.

3.7 Crystallization of SARS-CoV-2 RBD—E11 complex

In order to obtain a purified SARS-CoV-2 RBD-E11 complex, 2.02 mg of SARS-CoV-2 RBD was

mixed with a 2X molar excess of E11 in a 20 mM Tris and 150 mM NacCl solution and incubated on
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ice for an hour. The mixture was then subjected to size exclusion chromatography, and the complex
containing fractions were identified through 15% SDS PAGE. These fractions were combined, and

the resulting mixture was concentrated to a final concentration of 13 mg ml—1

To create the drops, the SARS-CoV-2 RBD-E11 complex in 20 mM Tris pH 7.5, 150 mM NaCl was
mixed with 200 nl of well solution using an Art Robbins Phoenix micropipetting robot at MIT. The
drops were set up in hanging drop conditions with a Formulatrix Formulator robot to generate custom
screens. Several screening conditions were established to identify crystals with better resolution. The
crystals of E11-RBD complex were successfully grown at room temperature in six different

conditions shown in Figure S10.

The data collection process was conducted at the Advanced Photon Source end station situated at
Argonne National Lab. Most crystals failed to diffract. For a few, the diffraction data was obtained at
a wavelength of 10 A. Given the low resolution of the crystal complex, a finer refinement of
conditions is required to solve the crystal structure.

3.8 PET imaging studies

Synthesis of Radiolabeled ®Cu-E11-NOTA and ®Cu-E11-NOTA-PEG-20: The E11-NOTA and
E11-NOTA-PEG, were radiolabeled with %Cu as follows: On Day 1, 1 to 1.5 mg of purified E11 was
mixed with GGG-NOTA-Azide in presence of Sortase A (5M). The mixture was incubated overnight
on a shaker at 4°C. The compound was purified on day 2, using Ni-NTA beads. PEG2-DBCO was
then added to half of the purified sample in 5X molar excess and incubated overnight at 4°C with
shaking. The remaining half was used for **Cu-E11-NOTA synthesis. Around 3 mCi ®Cu was added
to 500 pl of E11-NOTA and E11-NOTA-PEGy each. The solutions were incubated for about an hour
at room temperature with shaking, and then purified using PD10 columns individually. Radioactivity
levels were checked for each fraction to determine which fraction to use for imaging. The fraction

with highest recovery of radioactivity was used for retro-orbital injections into mice

Tumour Grafting: Spike-expressing HEK293 and HEK293-WT cells were implanted in the thigh
region of female athymic NU/J mice (8 weeks old, Jackson Laboratory) at a concentration of 5 x 10°
cells suspended in 200 uL of cell culture medium/matrigel (1:1/ v:v). Imaging was performed at 22

days post-implantation, once the tumor had grown significantly.

PET/CT Imaging: Two groups of mice were given retro-orbital injections of either 100 pCi of 64Cu-
E11-NOTA (n=2) or 64Cu-E11-NOTA-PEG20 (n=3). PET/CT imaging was performed on the G8
Multimodal PET/CT Imaging System (PerkinElmer) under 2% isoflurane anesthesia at 1, 5, and 20
hours after injection. PET scans were reconstructed using the VivoQuantTM Image Post-processing

system, and the reconstructed data was rendered in three dimensions. To minimize partial volume
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effects of the tumor, region-of-interest (ROI) analysis was performed on the images after 10 minutes

of data acquisition on the PET scanner, followed by 2 minutes on the CT scanner.
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Chapter 4 Conclusion

Many therapeutic monoclonal antibodies (mAbs) and vaccines have significantly lost effectiveness as
a result of the emergence of multiple uniqgue SARS-CoV-2 variants, notably the Omicron and its
subvariants. As an unusually high number of mutations keep accumulating in the spike protein of
these variants, identifying the conserved epitope on the spike trimer is an urgent need for the

development of effective treatment methods.

In this study, we reported a conserved binder, E11, which targets most variants of SARS-CoV-2,
including the B.1.1.529 (Omicron) strain. Our structural analysis predicts that E11 should be able to
target all the latest variants with nanomolar binding affinity. However, the parallel approach of using
CDRH3-derived peptides predicted by the computational algorithm was not successful in finding
high-affinity spike binders and will require further optimization.

We demonstrated the high-yield production of E11-mKappa fusion in the bacterial expression system,
which suggests a significant advantage over the limitations posed in synthesizing monoclonal
antibodies. We also reported the successful synthesis of a non-conventional C-C fusion using click
chemistry. This may be useful in certain situations, such as when specific chemical or structural

properties need to be engineered.

Using SEC and ELISAs, we established the broad target binding capacity of E11. By using saturation
binding assays, we also demonstrated the ability of fusions to recruit polyclonal immunoglobulin
regardless of their specificities. This approach possesses a notable advantage over monoclonal
antibodies (mAbs) due to its isotype-independent recruitment of immunoglobulin (1g), which can
induce Antibody-Dependent Cellular Cytotoxicity/Phagocytosis (ADCC/ADCP) via a diverse range

of Fc receptor interactions.

We further demonstrated through in vitro assays that both E11-mKappa and E11-hKappa fusions can
activate CDC at nanomolar concentrations and without any off-target cytotoxic effects. The high
potency of these fusions at low concentrations may allow for more efficient use and potentially lower

required dosages for effective treatment.

Our ongoing work on solving the crystal structure of the E11-RBD complex should provide insights
on identifying the precise location of the interactions and the conserved regions on the RBD that
could be targeted to develop of future therapies. Ongoing studies with PET imaging will allow us to
better understand the localization and distribution in vivo and gain insights into the mechanisms of
action and resistances. As a future prospect, we next aim to test the efficacy of these fusions in vivo
with SARS-CoV-2 virus-infected mice.
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Our findings suggest that E11-based nanobody fusions can be a promising therapeutic approach
against COVID-19, especially in the context of emerging variants. Furthermore, this approach can be
extended to eliminate any cell population that can be selectively targeted in-vivo by a suitable binder
for a surface-exposed component, fused to a nanobody that recognizes immunoglobulin light chains.
Hence this "design and delivery strategy" can be used for several protein families and can be extended

to many other diseases.
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Appendix

Supplementary Tables

Peptide FoldX PIZSA Z | Sequence Binding Location
AGpinding (kcal -score
mol?)
ACE2-derived -9.97 2.601 QAKTFLDKFNHEAEDLF | 417, 446, 447, 449, 453, 455, 456, 473, 475,
peptide YQSSL 476, 484, 486, 487, 489, 493, 496, 498, 500,
501, 502, 505
71s9_C_E_3867 -12.93 3.153 HRWAYCINGVCFGAY 346, 351, 444, 445, 446, 447, 448, 449, 450,

452, 470, 490, 492, 493, 494

6xkp_B_M_919 -12.13 3.279 RGSSGWYRIGTRWGNW | 356, 347, 349, 351, 444, 445, 446, 447, 448,
449, 450, 451, 452, 470, 484, 490, 492, 493,

494, 498

7kn5_B_D_619 -11.11 3.083 VGTYYSGNYHYTCSDD 351, 417, 449, 450, 452, 455, 456, 468, 470,

484, 486, 489, 490, 492, 493, 494, 495, 496

Tm7w_S_C_752 -11.17 2.884 WSHYTYDYY 355, 396, 426, 428, 429, 430, 463, 464, 514,

515, 516, 518, 519, 520

7kmg_C_A_47 -10.36 2.973 WMGRIIPILGIAN 351, 449, 450, 452, 470, 472, 481, 482, 483,
484, 490, 492
710n_R_A_312 -10.18 2.340 YTRGAWFGESLI 334, 335, 336, 337, 339, 340, 341, 343, 344,

345, 346, 354,356, 357, 358, 359, 360, 361,

441, 509

Mutation Hotspot Residues: 339, 346, 371, 373, 375, 376, 405, 408, 417, 439, 440, 444, 446, 452, 460, 477, 478, 484, 486,
489, 490, 493, 494, 496, 498, 501, 505

Table S1. Summary of shortlisted peptide candidates, including sequence, target location, FOLDX binding energies,
and PIZSA Z-scores. Residue locations that overlapped between peptide binding location and the mutation hotspot are
highlighted in bold.

49




VHH Conjugate partner Purpose

E1l GGG-Rhodamine Size Exclusion Chromatography (SEC)

E1l GGG- Biotin ELISA

E1l GGG-Azide Synthesis of chemical fusion with hKappa VHH

Ell GGG-NOTA-Azide Synthesis of E11-NOTA-Azide-DBCO-(PEG)20
compound PET imaging studies

hKappa VHH GGG-DBCO Synthesis of chemical fusion with E11-azide

Table S2. Summary of nanobody labelling using sortagging reaction: The table provides a list of different nanobodies

that were conjugated using the sortagging reaction, along with the type of substrate used and their applications.
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Treatment Effector cells Incubation Effector  to | Additional comments
time target cell
ratio

E1l-mKappa (GF) + | BMD-NK cells 16h 1:1 A wash step was included
mouse 1gG before addition of the CellTiter-

Glo buffer to wash of any

BMD-NK cells.
El1l-mKappa (GF) + | Unfractionated 12h 1:10 No wash step was included.
mouse IgG spleenocytes
Ell-hKappa (CF) + | ADCC Bioassay | 6h 1:5-10 Protocol prescribed by

human IgG

reporter Cells

Promega’s ADCC Reporter
Bioassay kit was followed.

Table S3. ADCC treatment conditions. The table presents the different treatment conditions tested to determine the
optimal conditions for Antibody dependent cellular cytotoxicity (ADCC), along with the effector cells used, incubation time,
and target to effector cell ratio.
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Supplementary Figures

A. Reaction

Sortase A (5M)

B. Purification
(with Ni-NTA/PD10)

C. Validation

Expected MW: 15344 Da

15431

16521

14159 18880

10872 4p0qy 18150 %80 50062 2150 27140 28320 20499
[ 24203"0 yec9_
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Mass

Figure S1. Sotagging procedure. (A) Schematic representation of the sortagging reaction between the LPXTGG tagged
nanobody and GGG-Biotin, resulting in the biotinylated nanobody. (B) Purification of unreacted substrate using Ni-
NTA/PD10 to remove unreacted nanobody containing 6XHis. (C) Verification of the final conjugated product using LCMS.
The graph shows the mass spectra of the biotinylated nanobody, with the expected mass peak at 15,344 Da.
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A. Size exclusion chromatography profile

Gireen: RBD-E11 Complex (280 nm)
Red: E11 alone (280 nm)

Blue: RBD alone (280 nm)

Purple: E11-Rhodamine (520 nm)

§ : Fraction collected:

B. Coomassie staining C. Fluorescence imaging

Fractions
kD 25 26 27 32 33 35
150-
75-
50 - @
-

25-g
Ve
15

Fractions

Figure S2. SEC-based binding study of E11. (A) Elution profiles of RBD-E11 complex (green), E11 (red), and RBD (blue.
The rhodamine emission wavelength is depicted in purple, and a shift in the peak is observed for the RBD-E11 complex. (B)
Coomassie staining and (C) Rhodamine blot of peak fractions collected from the FPLC run of E11-Rh-RBD complex. The
figure shows the SEC-based binding study of E11 and RBD, where the RBD-E11 complex eluted at a different retention
time compared to E11 or RBD alone. The Coomassie staining and fluorescence imaging of peak fractions confirms the
presence of RBD and E11 in the eluted fractions.
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A. Size exclusion chromatography profile

0 . Green: Peptide 1-flurophore alone (520 nm)
. Red: RBD alone (280 nm)
. Blue: Peptide 1-flurophore Complex alone (280 nm)

32 280 o) (mAU)

3
- ¥ 7 e ! w0
\ \
/\\\ 1 / \
B. Coomassie staining C. Fluorescence imaging
Fractions Fractions i
kD 20 22 23 24 25 26 27 29 RBD kD 20 22 23 24 25 26 27 29 RBD
- - » - .

25

Figure S3. SEC-based binding study of Peptide 1 (6xkp_B_M_919). (A) Elution profiles of RBD-Peptide-1-complex

(green), RBD (red), and Peptide-1 (blue) (B) Coomassie staining and (C) fluorescence imaging of peak fractions collected

from the FPLC run of Peptide-1-RBD complex.
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E. 7kmg_C_A_47 F.710n_R_A_312

Figure S4. BLI based binding study. BLI curves for the association and dissociation of Biotin-1, SBP1, 6xkp_B_M_919,
7m7w_S_C_752, 7kmg_C_A_47, and 7I0n_R_A_312 peptides, shown in panels (A)-(F), to the spike-RBD. Among the
tested peptides, only Biotin-1 exhibited nanomolar affinity while the others failed to bind within the range of tested

concentrations (250 nM-8 pM).

55



Cytotoxicity at different treatment concentrations

Spike cells + E11-hKappa
40~ VHH fusion

2 Spike cells +
E h/. - E1I1—hKappa VHH
s 2 mixture
o
s, ‘ WT HEK with E11-hKappa
o }v///' l VHH fusion
X 0 T T 1

20 4 100 120 WT HEK with

¥ E11-hKappa VHH

Concentration (in nM)

mixture

Figure S5.Activation of CDC at different nanomolar concentrations. The percentage of cytotoxicity was evaluated for
different groups at different concentrations - 0.1 nM, 1 nM, 10 nM, and 100 nM. Only spike expressing HEK293 cells
treated with E11-hKappa VHH (CF) showed high levels of cytotoxicity for all four treatment concentrations, indicating the
effectiveness of the treatment.
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Figure S6.ADCC with ADCC bioassay reporter cells (Promega). Spike expressing HEK293 cells induced expression of
luciferase in reporter cells that express luciferase upon engagement of mouse FcyRIV receptor in the presence of E11-
mKappa VHH (CF) and mouse polyclonal mouse IgG. E11-mKappa fusion and mixture treatments were tested at 4 different
concentrations of 0.1 nM, 1 nM, 10 nM, and 100 nM, as depicted in panels (A)-(D). Differences in luminescence intensity
between the fusion-treated groups and individual component mixture-treated group were analyzed by t test (n = 5). No
significant difference was observed.
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Figure S7. ADCC with unfractionated spleenocytes. Spike-expressing HEK293 cells and control HEK293 cells were exposed to
treatment groups consisting of E11-mKappa VHH (CF) and a mixture of its individual components at four different concentrations (0.1
nM, 1 nM, 10 nM, and 100 nM), as depicted in panels (A)-(D). After a 12-hour incubation period with unfractionated spleenocytes, no
significant difference in %cytotoxicity was observed between the fusion-treated and mixture-treated groups. The % cytotoxicity for the
fusion-treated groups and the group treated with the individual components as a mixture were analyzed using a t-test (n = 5).
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Figure S8. ADCC with BMD-NK cells. Spike-expressing HEK293 cells and control HEK293 cells were exposed to treatment groups

consisting of E11-mKappa VHH (CF) and a mixture of its individual components at 4 different concentrations of 0.1 nM, 1 nM, 10 nM
and 100 nM, as depicted in panels (A)-(D). After a 16-hour incubation period with BMD-NK cells, there was some difference observed
between the fusion-treated and mixture-treated groups. However, the difference of % cytotoxicity for the fusion-treated groups and the

group treated with the individual components as a mixture was not found to be statistically significant when analysed using a Student’s
t-test (n=5).
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Figure S9. Zanamvir-mKappa VHH induces CDC and ADCC. (A) Influenza virus-infected MDCK cells were killed by
zanamivir-mKappa VHH (CF) in the presence of rabbit complement and mouse polyclonal mouse IgG. Differences in the %
cytotoxicity for the zanamivir-mKappa VHH (CF) treated groups and the group treated with the individual components as a
mixture were analyzed by t-test (n = 5). (B) Virus-infected MDCK cells induced expression of luciferase in reporter cells
that express luciferase upon engagement of mouse FcyRIV receptor in the presence of zanamivir-mKappa VHH and mouse
polyclonal mouse IgG. Differences in luminescence intensity between the fusion-treated groups and individual component
mixture-treated group were analyzed by t test (n = 5) (Courtesy: Xin Liu).
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Proplex B5
Drop1

0.1 M Magnesium chloride
hexahydrate

0.1 M Sodium HEPES pH 7.5
10 % w/v PEG 4000

Proplex C4
Drop2

0.2 M Lithium sulfate
0.1 M MES pH 6.0
20 % w/v PEG 4000

JCSG A2
Dropl

0.1 M Sodium citrate pH 5.5
20 % w/v PEG 3000

JCSG H7
Drop2

0.2 M Ammonium sulfate
0.1 M BIS-Tris pH 5.5
25 % w/v PEG 3350

Proplex D7
Drop1

0.1 M Sodium citrate pH 5.5
15 % w/v PEG 6000

JCSG B2
Dropl

0.2 M Sodium thiocyanate
20 % wiv PEG 3350

Figure S10. Observation of rod and needle-shaped crystals in droplets. Microcrystallization experiments were performed
using an Art Robbins Phoenix micropipetting robot at MIT. The images (A)-(F) depict crystals formed under six distinct
conditions. The crystals appear as elongated rods and needles, indicating the presence of specific growth planes in the crystal

lattice.
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Figure S11. PET imaging of Spike expressing-HEK?293 and WT-HEK293 tumours using 64Cu-E11-PEG20-NOTA in
vivo. Tumour-bearing mice were imaged 1, 5, and 20 h after administration of 100 uCi of 64Cu-E11-PEG20-NOTA (n = 3).
Colour intensity optimization was performed to visualize the tumours clearly with and without ROl measurements on the
PET/CT image.
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SARS-CoV-2 spike expressing HEK293 tumour.
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Figure S12. Tumour sizes and PET imaging intensity measurements (ROI). Tumour size comparison between mice

grafted with (A) Spike expressing HEK293 cells and (B) WT-HEK?293 cells. ROl intensity measurements of both groups of
mice injected with 100 pCi of 64Cu-E11-NOTA (C) and (D) 64Cu-E11-PEG20-NOTA at 30 min, 5h and 20h time points.
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Figure S13: Root mean square deviation (RMSD) analysis of RBD-peptide complexes. The RMSD plots were
generated to validate the conformational stability of RBD-peptide complexes in three independent molecular dynamics (MD)
runs. RMSD plotted against time for the six shortlisted peptide candidates, including 71s9_C_E_38767, 7kmg_C_A_47,
7kn5_B D 619, 6xkp_B_M 919, 710n_R_A 312 and 7m7w_S_C_752, in panels (A)-(F) respectively.
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R = Biotin-PEG-Maleimide

o e _gi{

maleimide cysteine residue in protein modified cysteine
B.
| §ne A Al L lL " Ades Ak "
C.
Peptide name MW Product weight  [M/2 M/3 M/4
6xkp_B_M_919 2042.26 2639.26 1319.63| 879.7533333 659.815
Tm7w_S_C_752 1400 1997 998.5|  665.6666667 499.25
7kmg_C_A_47 1556.95 2153.95 1076.975|  717.9833333 538.4875
710n_R_A_312 1502 2099 1049.5]  699.6666667 524.75

Figure S14. Synthesis of biotinylated peptides. (A) Scheme of the thiol-maleimide reaction between cysteine and Biotin-
PEG-maleimide, showing the formation of a biotin conjugated product. (B) LCMS spectra of the reaction product,
highlighting the peak corresponding to the biotinylated peptide. (C) Theoretical M/Z ratios of the reaction product for LCMS
confirmations, showing good agreement with the observed ratios. The successful biotinylation of the peptide is confirmed by
the presence of the highlighted peak in the LCMS spectra.
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