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Abstract

Abstract

Protein Engineering, especially protein post-translational modification (PTM), ex-
tends proteomes in a more complex way than one can expect from analysis of their encod-
ing genomes. It can activate or deactivate certain catalytic functions, add new desired func-
tions, or change some biological activity of the protein. In this thesis work, we use protein
engineering tools to show that a number of functions can be engineered to improve protein-

based therapeutics.

First, on melanoma cancer vaccine development, we demonstrated a new and ver-
satile nanovaccine platform to address the major challenges in neoantigen cancer vaccine
delivery by “polymerizing” the neoepitopes through a reversible polycondensation reac-
tion. Using synthetic long peptide (SLP) bearing a neoepitope and multiple amine groups
as one monomer (monomer A) mixed with another reactive bi-functional monomer (mon-
omer B), we prepared a polycondensate neoepitope (PNE) with controlled sizes and re-
sponsiveness, which showed superior LN targeting and efficient activation of antigen-pre-
senting cells (APCs). Upon internalization by APCs, redox-responsiveness antigen release
facilitated the endosome escape and cytosol delivery of peptide antigens and markedly pro-
moted the cross-presentation, and elicited potent antigen-specific CD8" T cell responses in
immunized mice, therefore, enabling markedly enhanced antitumor efficacy in a prophy-

lactic mouse model.

Second, on antivirals development, we demonstrated a protein-based new and ver-
satile approach for broad-spectrum virucidal material through a one-step reaction by simply
chemically conjugating a long flexible and hydrophobic ligand onto the surface of a protein
core. Modified proteins reproducibly showed not only effective antiviral inhibition but also
a good virucidal effect. Broad-spectrum antiviral inhibition effect was observed against
HSV-2, Influenza HIN1, and SARS-CoV-2. Two important key factors, ligand density,
and ligand hydrophobic force, significantly influenced antiviral inhibition and virucidal ef-
fect. This protein-based antiviral platform provided an easy-manufactured, versatile, broad-

spectrum effective, and potentially translatable antiviral solution.

At last, we demonstrated a lipoprotein-cholesterol nanoparticle-based non-inva-

sive cancer diagnosis system. In this preliminary test and proof of concept, lipoprotein-

vii
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cholesterol nanoparticles were extracted from 5 melanoma cancer patients' serum by a lab-
developed simple and reproducible technique with a high yield. This method successfully
eliminated the most abundant inert protein serum albumin and accumulated low abundance
proteins, which are usually masked by serum albumins. LC-MS/MS proteomic analysis
data indicates within a false discovery rate less than 0.05, differentially expressed proteins,
either up-or down-regulated proteins with fold-change over 2, were identified and can po-

tentially be used as cancer biomarkers.

Keywords

protein engineering, polycondensate neoepitope (PNE), cancer vaccine, protein functional-
ization, broad-spectrum antiviral, virucidal, lipoprotein-cholesterol nanoparticle, non-inva-

sive, cancer biomarker
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Résume

L'ingénierie des protéines, principalement la modification post-traductionnelle,
étend les protéomes d'une fagon plus complexe que l'analyse de leur génome. L’ingénierie
des protéines permet d’activer ou désactiver certaines fonctions catalytiques ou de changer
l'activité biologique des protéines. Dans cette thése, nous utilisons des outils d'ingénierie
des protéines pour montrer que certaines fonctions peuvent étre congues pour améliorer les

médicaments a base de protéines.

Tout d'abord, en ce qui concerne le développement d'un vaccin contre le cancer
du mélanome, nous proposons une nouvelle plateforme nanovaccinale polyvalente permet-
tant de relever les principaux défis liés a I'administration d'un vaccin anticancéreux néoan-
tigene en polymérisant les néoépitopes par une réaction de polycondensation réversible. En
utilisant un long peptide synthétique (SLP) portant un néoépitope et de multiples groupes
amine comme monomere (monomere A) mélangé a un autre monomere bi-fonctionnel ré-
actif (monomere B), nous avons préparé un néoépitope polycondensé (PNE) avec une taille
et une réactivité contrdlée, qui montre un ciblage LN supérieur et une activation efficace
des cellules présentatrices d'antigénes (CPA). Lors de l'internalisation par les CPA, la libé-
ration de l'antigéne sensible a I'oxydoréduction facilite la libération des endosomes et des
antigeénes polypeptidiques dans le cytosol. Ceci favorise nettement la présentation croisée,
et provoque une forte réponse des cellules T CD8+ spécifiques a 1'antigéne chez les souris
immunisées, permettant ainsi une efficacité antitumorale nettement accrue dans un modéle

de souris prophylactique.

Deuxiémement, en ce qui concerne le développement d'antiviraux, nous propo-
sons une approche nouvelle et polyvalente a base de protéines pour un matériau virucide a
large spectre en conjuguant par voie chimique un long ligand flexible et hydrophobe a la
surface d'un noyau protéique. Les protéines modifiées montrent de maniére reproductible
non seulement une inhibition antivirale efficace mais aussi un bon effet virucide. Un effet
d'inhibition antivirale a large spectre a été observé contre le HSV-2, la grippe HINI et le
SARS-CoV-2. Deux facteurs clés importants, la densité du ligand et la force hydrophobe

du ligand, influencent considérablement l'inhibition antivirale et 1'effet virucide. Cette
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plateforme antivirale a base de protéines constitue une solution antivirale facile a fabriquer,

polyvalente, efficace a large spectre et potentiellement transposable.

Enfin, nous proposons un systéme de diagnostic non invasif du cancer basé sur
des nanoparticules de lipoprotéine-cholestérol. Lors des premiers tests, des nanoparticules
de lipoprotéine-cholestérol ont été extraites du sérum de 5 patients atteints de mélanome
par une technique simple et reproductible développée en laboratoire avec un rendement
élevé. Cette méthode permet d'éliminer la protéine inerte la plus abondante, 1'albumine sé-
rique, et d'accumuler les protéines en faible abondance, qui sont généralement masquées
par les albumines sériques. Les données de 1'analyse protéomique LC-MS/MS indiquent
qu'avec un taux de fausse découverte inférieur a 0.05, des protéines exprimées de maniere
différentielle, soit des protéines régulées a la hausse ou a la baisse avec un changement de
pli supérieur a 2, peuvent étre identifiées et potentiellement utilisées comme biomarqueurs

du cancer.

Mots-clés

ingénierie des protéines, néoépitope polycondensé¢ (PNE), vaccin contre le cancer, fonc-
tionnalisation des protéines, antiviral a large spectre, virucide, nanoparticule de lipopro-

téine-cholestérol, non invasif, biomarqueur du cancer
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Introduction of Protein Engineering

Chapter 1  Introduction of Protein Engineer-
ing

Protein Engineering is a process of developing useful or valuable proteins. There are
in general two common strategies: rational protein design and directed evolution, but these two
methods are not exclusively different.! Researchers always apply both based on currently avail-
able knowledge of protein structure and its function, and high-throughput screening technology
greatly speeds up and expands the abilities of protein engineering. Synthetic protein structures
and desired functions can now be rational designed entirely on a computer or produced in a

laboratory via directed evolution. Even unnatural amino acids are possible to be included with

newly developed methods such as expanded genetic code.?

However, another type of protein engineering is termed protein post-translational mod-
ification (PTM). It refers to enzymatic, covalent chemical modifications of proteins that typi-
cally occur after translating messenger ribonucleic acids (mRNAs). PTMs, as one of the later
stages in protein biosynthesis, in other words, is called chemical modifications of a polypeptide
chain. It includes enzymatic cleavage of peptide bonds or covalently adding particular desired
functional groups, lipids, ligands, carbohydrates, or entire proteins to amino acids "C" or "N"
terminals and side chains. The aim of these modifications can usually diversify structures and
properties and eventually aim for changing a protein's physical or chemical properties, activity
function, localization, interaction, or stability.? As a result, PTMs extend proteomes in a more
complex way than one can expect from analysis of their encoding genomes. PTMs can be done
at any stage of the protein life. If modification is inserted into the polypeptide chain prior to the
final step of their folding, it might affect the protein folding efficiency, conformational stability
or even lead the protein to a totally new and unknown fate. Most proteins are modified after
their folding. It can activate or deactivate certain catalytic functions or add new desired func-

tions; or it changes some biological activity of the protein.

PTMs are widespread nowadays and have important unique roles in regulating many
protein functions. Since about half of all proteinogenic amino acids can be modified, and amino
acids side chains with functional groups like hydroxyl, amine, carboxyl, or thiol (lysine, argi-

nine, cysteine, tyrosine, histidine, asparagine, aspartate, threonine, and serine) are the most
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common modification sites, most PTMs are dynamic and reversible, the modification can be
added or removed from the polypeptide chain by specialized enzymes, and some PTMs are
irreversible such as lysine acetylation and S-thiolation,* thus, the chemical repertoire and infor-
mation from at the beginning of 20 proteinogenic amino acids can extend into an almost limit-

less level.

Based on so many possibilities of PTMs, the design of protein-based functional bio-
materials that elicit specific cellular behavior -although with a lot of challenges- seems possible
with the solution of protein engineering. In recent decades, researchers spent a lot of efforts
developing protein-based well-defined, multifunctional materials that can guide cell and tissue
behaviors.> For instance, incorporating extracellular adhesion ligands or growth factors into
protein materials for directing cellular responses, or incorporating pH, thermal, magnetic, pho-
ton, etc., stimuli-responsive biomaterials for specific cell-mediated processes or therapy.® In
order to promote these protein-based biomaterials for specific cellular fates, control over both

chemical structural properties and biomedical characteristics of the materials is essential.

On biopharmaceuticals, the majority of therapeutic proteins have one or more PTMs.
Protein engineering efforts were focused on improving therapeutical efficacy and pharmacoki-
netic profiles. For instance, dimeric or hexametric insulin structures were developed through
alterations of amino acids sequence in the protein associated with propensity regions in order
to increase the residence at the injection site for lowing onset therapeutic effect.!® Another smart
insulin modification enables its reversible binding to albumin both at the injection site and in
the plasma for prolonged drug release and action of the drug half-life.!! On cancer immuno-
therapy, a lot of researchers tried to develop novel drug delivery system or modify immuno-
modulators for better therapeutic efficacy. For instance, Perego et al. conjugated immunother-
apeutic drugs with ligands to decrease the "off-target" effect and lower the side-effect;!? Pan et
al. developed LyP1 polypeptide-modified outer-membrane vesicle for checkpoint inhibitor PD-
1 plasmid delivery to achieve self-blockade of PD-L1 in tumor cells.!® Besides, a lot of intelli-
gent delivery systems with endogenous stimuli of the tumor microenvironment (TME) such as
acidosis, reactive oxygen species (ROS), increased glutathione (GSH), overexpressed enzymes,
hypoxia, elevated ATP, etc. were utilized for target delivery of clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) systems for enhanced

therapeutic effect.!41¢
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Except applying protein engineering to cancer therapy, it also displays unique ad-
vantages on infectious disease while combining with nanotechnology. For instance, researchers
utilized nonviral virus-like particles (VLPs) to deliver the extracellular domain of matrix pro-
tein M2 (M2e) and stem domain of the major envelope glycoprotein hemagglutinin (HA2) via
SpyTag/SpyCatcher conjugation to enhance immune response for potential vaccine develop-
ment.!” Kang et al. also developed another Influenza vaccine platform by genetic engineering
of an immunogenic Brucella outer membrane protein BP26 fusion with multiple pieces of in-
fluenza M2e self-assembly into adjuvant-free potent versatile vaccine platform.'® Hoffmann et
al. generated nanoparticle conjugating with membrane-associated CD4 in order to permit high-
avidity binding of trimeric HIV-1 envelope spikes. Another powerful erythroid-specific expres-
sion system and transgene codon optimization on engineered red blood cells (RBCs) which
expressing viral receptors CD4 or CD4-glycophorin A (GpA) and CCRS5 for HIV-1 and ex-
pressing ACE2-GpA fusion proteins for SARS-CoV-2 were developed. !

Another important application for protein engineering is for improvement in diagnosis
and sensing. In the recent decade, peptide-functionalized gold nanoparticles (GNPs) showed
unique optical and electronic properties; increasing studies have been investigated applying
these properties in biomedical detection areas. For instance, CALNN and glutathione (Glu-Cys-
Gly) functionalized GNPs were utilized, developing into a colorimetric assay for detecting Pb**
in the presence of living cells.?! Many enzymes hydrolyze peptide bonds were used to design a

detection method for target enzymes,?>?

and antigenic peptide-functionalized GNPs were uti-
lized for detection of antigen-specific antibodies.?* Other biomaterials, like peptide-functional-
ized graphene as a biomimetic live-cell sensor for real-time detection of nitric oxide molecules,
for field-effect chemical sensing, for biomarker detection, or like egg albumin based all printed

organic humidity sensors, etc. were also being used.?>2

Besides, Researchers also developed
several protein/peptide-responsive (temperature, pH, thermal, light, etc.) polymers conjuga-
tions as smart hybrid systems to control enzyme activity and substrate access in sensor devel-

opment, 3!

In this PhD thesis work, we use protein engineering tools on antigen polypeptide for
enhancement of immune response for cancer vaccine, on protein for developing non-toxic
broad-spectrum antivirals. Besides, we also extracted lipoprotein-cholesterol nanoparticles
from serum to improve cancer biomarker detection sensitivity and accuracy. Each chapter pre-

sented a protein engineering corrective but independent purposes research work. Rational
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designs, manufacturers, characterizations, and biomedical applications were presented respec-

tively below.
1.1 Peptide engineering for personalized cancer vaccine development

In this chapter, a neoantigen cancer vaccine delivery system by “polymerizing” the
neoepitopes-based polypeptides through a reversible polycondensation reaction was presented.
A lab synthesized bi-functional (NHS) linker was used to crosslink neoepitope-based polypep-
tides and toll-like receptor immune agonists together into a gel-like nanoparticle with controlled
sizes and responsiveness. The product was characterized by multiple tools such as nuclear mag-
netic resonance (NMR), mass spectrometry, dynamic light scattering (DLS), transmission elec-
tron microscopy (TEM), high-performance liquid chromatography (HPLC), gel permeation
chromatography (GPC), and SDS-PAGE electrophoresis. This engineered product showed su-
perior lymph node (LN) targeting compared to monomeric antigen peptides due to the increased
sizes. Controlled antigen release was rapidly in response to intracellular reduction activity fa-
cilitating the endosomal escape and cytosol delivery of peptide antigens and markedly pro-
moted the cross-presentation. Furthermore, it also elicited potent antigen-specific CD8" T cell
responses in immunized mice and expanded the effector memory CD8" T (Tgwm) cells, therefore

enabling markedly enhanced antitumor efficacy in a prophylactic mouse model.
1.2 Protein engineering for antivirals development

In this chapter, a protein-based novel and versatile approach for broad-spectrum viru-
cidal materials development are presented. We prepared protein functionalized with long flex-
ible hydrophobic ligands using a simple one-step chemical reaction. These modified proteins
showed virucidal activity with good safety and effectiveness against viruses in vitro. The func-
tionalized proteins were carefully characterized by DLS, Zeta potential, mass spectrometry,
circular dichroism (CD), and analytical ultracentrifugation (AUC). In this work, the influence
on antiviral inhibition of ligand density, protein core, and ligand length were investigated. As a
conclusion, these protein-based antivirals showed less than 1 uM ECso antiviral inhibition
against Herpes simplex 2 (HSV-2), Influenza HIN1, and around 2.5 uM ECs inhibition against
SARS-CoV-2, besides, one DMDA ligand functionalized protein displayed virucidal effect.
Thus, this engineered protein-based antiviral platform provided an easy-manufacture, versatile,

broad-spectrum effective, and potentially translatable antiviral solution.
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1.3 Lipoprotein-cholesterol nanoparticle for cancer diagnosis

In this chapter, a non-invasive lipoprotein-cholesterol nanoparticles-based cancer di-
agnosis system is presented. Lipoprotein-cholesterol nanoparticles were extracted from pa-
tients' serum after blood clotting by a simple and reproducible method with a high yield. They
were characterized by SDS-PAGE electrophoresis, DLS, AUC, and TEM. Proteomics analysis
was performed via LC-MS/MS with TMT isobaric labeling. In this preliminary test and proof
of concept, we first performed the test with five human patients with melanoma cancer (2 fe-
males aged between 30 to 50 and 3 males aged between 25 to 60) together with pooled healthy
donors' serum from a commercial source. After confirming our hypothesis, we would expand
to a large number of patients, including evaluation of different cancer types, the influence of

patients' gender, age, and stage of cancer.
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Chapter 2 Peptide Engineering for Enhanced
Personalized Cancer Vaccine

Immune system is known as a host defense system comprising many biological struc-
tures and processes within an organism that protects against disease through recognizing and
attacking foreign invaders. Cancer researchers have long sought to harness this capability to
make the immune system recognize tumor-derived antigens and attack tumors. In the past two
decades, cancer immunotherapy has made unprecedented progress. In particular, checkpoint
blockade and adoptive T cell therapy have shown remarkable clinical results. Cancer vaccine
is one of the most studied cancer immunotherapies that has been exploited for more than one
hundred years. There are two main types of cancer vaccines: prophylactic cancer vaccine and
therapeutic cancer vaccine. Prophylactic cancer vaccines are preventive vaccines such as Hu-
man Papillomavirus (HPV) vaccine, which works by preventing an infection that might lead to
cancer. A therapeutic cancer vaccine, on the other hand, would be used to treat cancer after it

has already appeared.

Compared to the prophylactic vaccine against infectious disease, therapeutic vaccines
against cancer have been much less successful. Subunit cancer vaccines, such as protein-, pep-
tide-, or nuclear acid-based vaccines, are also developed to treat malignancies, including pan-
creatic cancer, melanoma, leukemia, non-small cell lung cancer, prostate cancer, and so on.
They also show they augmented anticancer T cell responses in some clinical phase I/I1.>2 How-
ever, the efficacy of therapeutic cancer vaccine remains modest. So far, there is only one ther-
apeutic cancer vaccine, sipuleucel-T (Provenge®), that has received approval from Food and
Drug Administration (FDA).3>3 This failure can be attributed to several causes, such as immu-
nosuppression by some tumors and ineffective immunologic adjuvants in the vaccine. One of
the major causes is inefficient delivery of antigen/adjuvant to secondary lymphoid organs,
where immune responses are initiated and orchestrated.’* In addition, the cellular delivery of
antigen to cytosol in antigen-presenting cells for cross-presentation is another major hurdle.
Most soluble antigens are proteins, peptides, and nuclear acids with small size (<5 nm), which
disseminate into the bloodstream and may be degraded quickly upon parenteral injections.® In
addition, these antigens are not efficiently internalized by APCs and are almost exclusively

loaded on MHC class IT molecules failing to elicit potent cytotoxic CD8" T cell response.®%37
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Therefore, most current cancer vaccines fail to induce potent and durable immunity against

cancer.

A fundamental issue in generating robust immunity with cancer vaccines is the effi-
cient delivery of vaccine components to lymphoid organs. Following injection of soluble pro-
tein, peptide, nuclear acids vaccines either intramuscularly or subcutaneously, antigens arrive
in the draining lymph nodes (LNs) and will be uptake by LN-resident dendritic cells (DCs) or
phagocytosed by migratory DCs, monocytes at the injection sites.>® LN delivery is key to vac-
cine potency was shown by studies of intra-LN injections directly of peptide or DNA vaccines,
injected directly into LN are at least 100 fold more potent than the same vaccine administered
subcutaneously.>**° Although the fate of injected vaccines is a complex interplay of numerous
parameters, the physical size of vaccine components plays a significant role in determining the
outcome.*!*? A linear correlation is observed between molecular weight and the fraction of LN
uptake up to a threshold of 45 kDa (corresponding to size around 4-5 nm in diameter for a
globular protein).** Consistent with this finding, unformulated soluble peptides, molecular ad-
juvants, and small protein antigens show very poor uptake in LNs,* besides; soluble small

molecule adjuvants often show significant systemic inflammatory toxicity.*>

The size-dependent physiology of lymphatic trafficking has motivated researchers to
develop synthetic nanoparticles larger than individual proteins as carriers to deliver peptides,
molecular adjuvants, or small proteins to LNs efficiently. As lymphatic endothelium has valve-
like openings to enable large particles to enter, and the capillary endothelium is lined by an
uninterrupted basement membrane that blocks large macromolecules to transit, to maximize
LN targeting becomes a size optimization problem. A serial study by three groups has demon-
strated that nanoparticles with diameters under approximately 50 nm can target LN much more
efficiently than larger particles. Reddy et al.*’ investigated LNs targeting efficiency with three
different nanoparticle sizes by injecting dye-labeled 20 nm, 45 nm, and 100 nm poly (propylene
sulfide) nanoparticles intradermal for 120 hours LNs sampling. The particle size of 20 nm and
45 nm can always be detected for all the sampling time points; however, particle size with 100
nm cannot be detected. The other two groups, Manolova et al.* and Fifis et al.*, also reached
similar conclusions with virus-like particles and synthetic polystyrene nanoparticles of different
sizes for vaccine components delivery. Both groups demonstrated that particles between 20 nm

and 40 nm can have more effective LN targeting and trigger the subsequent immune response.

30



Peptide Engineering for Enhanced Personalized Cancer Vaccine

Upon arrival in the LNs, nanoparticles can also have the potential to affect multiple
aspects of antigen presentation in antigen-presenting cells (APCs). For instance, nanoparticles
designed for co-deliver antigen and adjuvant can promote the cross-presentation of anti-
gens.’%>! Fang et al.>? developed a method to coat polymer nanoparticles with native tumor
cell-derived plasma membranes to enhance the cross-presentation of tumor membrane-asso-
ciated antigens. Liu et al.** conjugated peptide antigens and CpG adjuvant to saturated hydro-
carbon lipid tails chosen to promote binding to fatty acid-binding pockets of albumin, led
around more than 10-fold increase in LN accumulation compared to parent vaccine molecules,
and showed significant delay growth of established tumors in therapeutic melanoma and cervi-
cal cancer tumor models, while the same doses of traditional peptide/adjuvant vaccines were

completely ineffective.

On the other hand, traditionally, cancer vaccines were designed to target tumor-asso-
ciated antigens (TAAs), which are typically expressed on normal tissues but overexpressed in
tumor tissues. Unfortunately, most clinical trials of cancer vaccine targeting TAAs have failed
to demonstrate durable benefits compared to standard treatments.*? In contrast, neoantigens are
tumor-specific antigens resulting from somatic mutation, which is only expressed on tumor
tissues. Recently, the powerful genomic sequencing technology provided the possibility of
identifying neoantigens for vaccines targeting.>° Neoantigens have potential high binding
affinity to major histocompatibility complex (MHC) molecules. Neoantigen-based cancer vac-
cines also have generated great potential advantages of decreasing central immune tolerance
and improving safety profile. This enthusiasm largely encouraged cancer researchers to inves-

tigate their potential therapeutic efficacy both in preclinical and clinical trials.

In a preclinical melanoma model, Castle et al.>” used 50 validated mutated synthetic
long peptides (SLPs) for immunization studies on C57BL/6 mice and two mutated antigens,
MUT30 and MUT44, conferred a remarkable in vivo antitumor effect in both preventive and
therapeutic efficacies. In other tumor models such as sarcoma T3, 4T1, and E0771 breast tumor
models, identified specific neoantigens-based cancer vaccines also successfully induced potent
anti-tumor immunity.>® In 2015, Sahin group developed an mRNA vaccine based on neo-
epitopes which induced more potent cytotoxic T lymphocyte responses than the mRNA vac-
cines encoding the self-antigens and eradicated the established tumors in mice (Figure 2.1).5
The promising results from preclinical studies generated great interest for further tests in the

clinical trials for neoantigen-based cancer vaccines. Carreno et al. >°. first reported neoantigen
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pulsed DCs could induce neoantigen-specific T cell response in melanoma patients. Results
from several phases I clinical trials in patients with advanced melanoma were also quite en-
couraging, especially by Ott et al. and Sahin et al..®%! Currently, there are already seven clini-
cal trials ongoing to evaluate the efficacy of peptide-based neoantigen vaccines in patients with

various cancers.®? These studies show the promising prospect of neoantigen-based cancer vac-

cines.
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Figure 2.1. mRNA vaccines with mutated epitope confer potent antitumor immunity.

A) Immunization timeline; B) CT26-Luc tumor growth curve at day 40; C) Ink-treated lungs for tumor

metastasis.

Despite recent advances, many challenges remain in the development of neoantigen
vaccines. Except for the cost and time of the neoantigen identification and manufacture, the
inefficient delivery of soluble neoantigen peptides to LNs and cellular cytosol for effective
cross-presentation is still the major cause for less potent anti-tumor immunity. In order to ad-
dress this problem, researchers are actively developing multiple delivery strategies. Zhu et al.®?
developed self-assembled intertwining DNA-RNA nanocapsules (iDR-NCs) (Figure 2.2),
which can efficiently deliver synergistic adjuvant CpG and short hairpin RNA (shRNA), as
well as tumor-specific peptide neoantigens into APCs in LNs for cancer immunotherapy.
Through concurrent rolling circle replication (RCR) and rolling circle transcription (RCT), CpG
and shRNA self-assembling into DNA-RNA microflowers. These microflowers can further

shrink into iDR-NCs by using PEG-grafted cationic polypeptides. Neoantigens can physically
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be loaded into iDR-NCs through hydrophobic-hydrophobic interaction. This nanovaccine elic-
ited an 8-fold higher frequency of neoantigen-specific peripheral CD8" T cells than free neoan-

tigen plus CpG leading to increased tumor regression.

Neoantigen

iDR-NC/neoantigen
nanovaccines

Figure 2.2. Schematics of DNA-RNA nanocapsules (iDR-NCs)/neoantigen nanovaccines for tumor

immuno-therapy.

In another elegant example, Kuai ef al.%* developed vaccine nanodiscs (Figure 3) for
personalized cancer immunotherapy. The nanodiscs that are around 10 nm in size were prepared
by self-assembling two lipids, DOPE-PDP and DMPC. Functionalized antigen peptide and ad-
juvant can be incorporated into this nanodisc through covalent conjugation. These high-density
lipoprotein-mimicking nanodiscs coupled with antigen peptides and adjuvants realized anti-
gen/adjuvant co-delivery to LNs and sustained antigen presentation in dendritic cells. Strikingly,
these nanodiscs elicited up to 47-fold greater frequencies of neoantigen-specific CTLs than
soluble vaccines and even 31-fold greater than soluble vaccines carried by montanide, which is

considered as the strongest adjuvant in clinical trials.®
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Figure 2.3. Design of synthetic high-density lipoprotein (sHDL) nanodisc platform for personalized

cancer vaccines.

Here, we demonstrated a new and versatile nanovaccine platform to address the major
challenges in neoantigen cancer vaccine delivery by “polymerizing” the neoepitopes-based pol-
ypeptides through a reversible polycondensation reaction. Using SLP bearing a neoepitope and
multiple amine groups as one monomer (monomer A) mixed with another reactive bi-functional
monomer (monomer B), we prepared a polycondensate neoepitope (PNE) with controlled sizes
and responsiveness (Figure 2.4), which showed superior LN targeting compared to monomeric
SLP due to the increased sizes of PNEs. Molecularly defined adjuvants, such as toll-like recep-
tor (TLR) ligands that bear the same functional groups, were co-polymerized for the co-delivery
with antigens to LNs for efficient activation of APCs. Upon internalization by APCs, PNE re-
leased neoepitopes rapidly in response to intracellular reduction activity facilitating the endo-
somal escape and cytosol delivery of peptide antigens and markedly promoting the cross-
presentation. We found PNE elicited potent antigen-specific CD8" T cell responses in immun-
ized mice and expanded the effector memory CD8" T (Tewm) cells to 22.8-fold greater number
than the vaccine of equivalent dose delivered by Montanide emulsion (arguably the most potent
vaccine adjuvant used in the clinic to date®%), therefore enabling markedly enhanced anti-

tumor efficacy in a prophylactic mouse model.
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Figure 2.4. Schematic illustration of the synthesis, responsive release, and in vivo fate of polyconden-

sate neoepitope (PNE) vaccines.

2.1 Synthesis and Characterization

Since molecular weight (size) has been reported as a key factor that determines the
passive distribution of proteins to blood circulation versus lymphatic circulation upon paren-
teral injections, we sought to co-polymerize the SLP neoantigens and adjuvants through a re-
versible polycondensation reaction in order to increase the molecular weight and size to target
lymphoid organs as illustrated in Figure 2.4. To prove the concept, we first used an SLP con-
taining SIINFEKL (SII), the CDS epitope of ovalbumin (OVA), as a model neoantigen (LEQ,
Table 2-1, Entry 1, the detailed composition and reaction conditions were listed in Table 2-2),
which was modified with multiple amine groups by adding flanking lysine residues (monomer
A, Figure 2.4). An amine-reactive bi-functional monomer B bearing a disulfide and two N-
hydroxysuccinimide (NHS) groups (Monq) were synthesized for the polycondensation reac-

tion (Figure 2.4; Figure 2.6).
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Table 2-1. Physicochemical properties of PNE vaccines.

Monomer A Sizeldl
Entry PNE i _ . Monomer B (nm)
ntigen (epitope) Adjuvant

1 PNE(LEQ) LEQLESIINFEKLKs - MOnreg 8.14+154
2 PNE(LEQ-Pam) LEQLESIINFEKLKs Pam3CSK; MOnreg 18.69 £ 3.14
3 PNI’E\I(CIJ_rI]E-gﬁgém) LEQLESIINFEKLKs PamsCSK,  Monggs®) 45.97 £ 5.70
4 PNE(LEQLEKs-Pam) LEQLEKSAAYSIINFEKL Pam3CSK, MOneg 13.62 £ 1.41
5 PNE(KsLEQ-Pam) KsLEQLEAAYSIINFEKL Pam:CSK; MOnreg 21.32 +3.04
6 PNE(ELE-Pam) ELEKsAAYASMTNMELM Pam:CSK; MOneg 12.48 £ 1.06
7 PNE(CSV) CSVYDFEVWLKs - MOneg 8.90 £ 1.10
8 PNE(CLC) CLCPGNKYEMKs ) MOnreg 7.40 £1.10
9 PNE(LEQ-CpG) LEQLESIINFEKLKs CpGH MOneg 24.97 +4.40

[a] Diameter of the PNEs were characterized by DLS

[b] Moness: bis(sulfosuccinimidyl)suberate

[c] Amine functionalized CpG (5'-/5AMMC6/TCCATGACGTTCCTGACGTT/3AmMO/-3)

SD here corresponds to the size distribution profile.
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Table 2-2. Synthesis and characterizations of PNEs.

Monomer A Antigen Loadm%] )
" moleratio  Loading capacity'” Preparati
Entr pNE mec:_n]; (A - efficienc on -
y A, B) y - - phase
Antigen (epitope)  Adjuvant “ m Anti - Adjuva
gen nt
IINF 2
, PNE@LEQ)  -FQLESINFEK ~ Mon,e 1:0:3 97.5% 62.9 ~ DMSO
LKs %
PNE(LEQ- LEQLESIINFEK Pam;CS 46.4
= o1 > 999 9 DMSO
2 Pam) IK; K, Mon,; 4:1:20 99% 0 7.9%
Non-deg.
3 PNE(LEQ- LEQLII::;I]NFEK PanlzCS Mongs 4-1-80 PBS
Pam) =0 3
PNE(LEQ
4 LEK;- LEQLEK;AAYST  PamyCS Mon,4 4:1:12 96.5% 59% 9.2% PBS
INFEKL Ky
Pam) EE—
PNE(KsSLE KsLEQLEAAYSI  Pam;CS 1 DMSO
5 Q-Pam) INFEKL K, Mong,  4:1:1
PNE(ELE- ELEKsAAYASM Pam;CS
= -1:-12 DMSO
6 Pam) TNMELM Ks Moz 4:1:1
7  PNE(CSV) C% . Mon,.4 1:0:3 PBS
5
g8 PNE(CLC) Cw - Mon,eg 1:0:1 PBS
PNE(LEQ- LEQLESIINFEK 5 431
s > 999 %  PBS
9 CpG) LK CpG Mon,4 4:1:1 99% % 31.4%

[1] Loading efficiency was calculated by conjugated antigen peptides in PNE / total antigen peptides
added x100% based on UHPLC characterizations.

[2] Loading capacity was calculated by the weight of conjugated antigen peptides or adjuvants in PNE
/ total PNE weight x 100%. Weight of conjugated peptide antigen was determined by the feeding
amount and the loading efficiency; adjuvant and monomer B were assumed for quantitative loading

as non-detectable free adjuvant or monomer B was found in UHPLC characterizations.

[3] Depending on the solubility of peptides and adjuvants, synthesis of PNEs can be done in DMSO or
aqueous solution. The aqueous solution is phosphate-buffered saline (PBS) with adjusted pH = 8.5 with

N32C03).
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Figure 2.6. Characterizations of molecular Mon..s by NMR and MS.

A) "H NMR spectrum of Moneq; B) ESI-MS spectrum of Moneq.
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In order to prepare the nanovaccine, we first mixed monomer A (SLP only) and mon-
omer B in anhydrous dimethyl sulfoxide (DMSO) to prepare the PNE with responsiveness to
reduction activity. Triethylamine (TEA) was added as a catalyzer to initiate the polycondensa-
tion. The PNE(LEQ) polymer was successfully prepared, evidenced by broadened peaks as
compared to the peptide monomer in a 'H NMR spectrum (Figure 2.7) and MW increase shown
in traces in ultra-high-performance liquid chromatography (UHPLC) equipped with a size-ex-
clusion column (SEC) (Figure 2.9A). PNE(LEQ) exhibited an average hydrodynamic diameter
of 8.14 + 1.54 nm characterized by dynamic light scattering (DLS) and transmission electron

microscope (TEM) (Table 2-1, Entry 1; Table 2, Entry 1; Figure 2.8).

LEQ

PNE(LEQ)

NN

32 30 28 26 24 22 20 18 16 14 12 1.0 08 06 04 02
ppm

Figure 2.7. "H NMR spectrum of LEQ and PNE(LEQ).

A PNE(LEQ) B

8.14 +1.54 nm

1 10 100
Diameter (nm)

Figure 2.8. Characterizations of PNE(LEQ) nanoparticles by DLS and TEM.

A) Size and size distribution of PNE(LEQ) measured by DLS; B) Representative TEM image of
PNE(LEQ).
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Figure 2.9. Characterizations of PNE vaccines.

A) UHPLC SEC traces of LEQ, Pam, PNE(LEQ), and PNE(LEQ-Pam), detected by UV absorption at
a wavelength of 220 nm; B) Size and size distribution measurement of PNE(LEQ-Pam) by DLS; C)
TEM imaging of PNE(LEQ-Pam); D) Scheme of the redox-responsive release of antigens or adjuvants
from PNE(LEQ-Pam); E) Matrix-assisted laser desorption/ionization time-off-light (MALDI-TOF)
mass spectrometric analysis of native and released LEQ from PNE(LEQ-Pam); F) Release kinetics of

LEQ from PNEs in the presence or absence of a reducing agent DTT (2 mM).
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Co-delivery of antigens and adjuvants to the same endosomal/phagosome compart-
ment of an APC has been shown to be essential for physically instructing DCs to present the
foreign antigens.’” We next copolymerized LEQ and Pam3;CSK4 (Pam), a TLR1/2 agonist as a
molecular adjuvant, with Mon,eq forming a self-adjuvanted PNE(LEQ-Pam) (Figure 2.4). Pam
was selected as it bears multiple amine groups facilitating the direct polycondensation with
Monred and has been shown to potently amplify T cell priming when conjugated with pep-
tides.®®*7! PNE(LEQ-Pam) showed increased MW compared to the monomers as observed in
both characterizations of UHPLC-SEC (Figure 2.9A) and gel permeation chromatography
(GPC) (Figure 2.10A), suggesting the successful copolymerization. Further, a negligible
amount of both monomers (LEQ and Pam) was detected by HPLC equipped with a C18 column
(Figure 2.10B, C) or sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Figure 2.11), indicating a quantitative monomer conversion. Together, >99% incorporation
efficiency and remarkably high loading capacity of cargos (~46.4% of dry weight was LEQ,
and 7.9% was Pam, Table 2-2, Entry 2) have been achieved with the PNE platform. In addition,
the as-prepared PNE(LEQ-Pam) had a relatively homogeneous size with a mean hydrodynamic
diameter of 18.69+ 3.14 nm (Table 2-1, Entry 2; Figure 2.9B, C).

A _ PNE(LEQ-Pam)

Retention time (min)

B PNE(LEQ-Pam) Cc PNE(LEQ-Pam)
_._/\.Jv/.\-—-'- Aol
LEQ Pam
VORI O
T T L T T 1 I T T T T 1
8 10 12 14 16 18 8 10 12 14 16 18

Elution time (min) Elution time (min)
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Figure 2.10. GPC and HPLC chromatographic analyses of PNEs.

A) GPC traces showing the MW increase of PNE(LEQ-Pam) compared with free LEQ; B, C) UHPLC-
C18 chromatographic traces showing negligible free LEQ or Pam left to post the polycondensation re-
action in the synthesis of PNE(LEQ-Pam).

N
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Figure 2.11. SDS-PAGE analyses of free LEQ, Pam, PNE(LEQ-Pam), and PNE(LEQ).

PNE was designed to be degraded in response to intracellular reduction activity, facil-
itating a traceless release of intact peptide antigens through a self-immolated reaction (Figure
2.4; Figure 2.9D) for unaltered processing and presentation of the designed subunit antigens.
Released LEQ peptide from PNE(LEQ-Pam) shared the same MW as the original LEQ peptide
providing evidence of releasing unmodified peptide antigens without any residue chemical
groups (Figure 2.9E). Consistent with the expectations, reducing agents, such as dithiothreitol
(DTT) (Intracellular reducing agent GSH usually found in cytosol around 10 mM, in endosome
and lysosome the typical ratio GSH/GSSG is around 1 : 1 to 3 : 1, here we use 2 mM DTT to
mimic intracellular GSH environment), accelerated the release of LEQ from the PNE at both
room temperature (rt) and 37 °C (Figure 2.9F), whereas PNE prepared with a non-degradable
monomer B (non-deg. PNE(LEQ-Pam)) (Table 2-1, Entry 3; Figure 2.12) showed no detectable
release of antigens even in the presence of DTT (Figure 2.9F). The intracellular traceless release

of antigens could be important for the efficient antigen processing and presentation by DCs.”?
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Figure 2.12. Schematic illustration of the synthesis of non-degradable PNE(LEQ-Pam).

To test the versatility, we have extended the preparation of PNEs to a number of pep-
tide antigens with diverse structures and properties, including neoantigens identified from
mouse tumors (Table 2-1; Table 2-2). We found the successful formation of PNEs was inde-
pendent of the sequence or the position of flanking amino acids next to the epitope (Table 2-1,
Entry 2, 4-5), or the sequence of epitope itself (Table 2-1, Entry 2, 6-8; including neoantigens
identified from MC38 murine colorectal cancer or B16F10 murine melanoma), or the adjuvant
molecules (Table 2-1, Entry 2, 9; triacylated lipopeptide Pam3;CSKj4 can be replaced by amine-
functionalized CpG oligodeoxynucleotide). Depending on the properties of SLP antigens and
adjuvants, the PNE synthesis could be done in DMSO (Table 2-2, Entry 1-2, 5-6) or aqueous
solution (Table 2-2, Entry 3-4, 7-9). The amine group was chosen as the chemical handle for
the polycondensation due to the ease of adding flanking lysines during the peptide synthesis
without significantly changing the properties of SLPs. The amine-NHS conjugation-based pol-
ycondensation was rapid and highly efficient in DMSO or aqueous solution at ambient condi-

tions providing PNE a highly versatile and potentially scalable platform for diverse epitopes.
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Figure 2.13. Lymph node (LN) and DC targeting of PNE(LEQ-Pam) vaccines in vivo.

A) IVIS fluorescence imaging and B) quantification of vaccines accumulated in inguinal draining
LNs; C) MFI of fluorescence signal in vaccines that were internalized by DCs in the inguinal LNs; D)

Representative flow cytometry histograms of Alexa Fluor™ 488 labeled vaccines that were
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internalized by BMDCs; E). MFI of internalized vaccine formulations by BMDCs; F) Confocal mi-
croscopy images of BMDCs antigen uptake. Scale bar: 40 um.

2.2 PNE LN Targeting and accumulation efficiency

We next investigated the targeting efficiency of the responsive PNEs to LNs. Free SLP,
adjuvant, or the mixture of two in the presence or absence of Montanide, or PNE(LEQ-Pam)
labeled with the equivalent amount of fluorescence dye Alexa Fluor™ 647 was injected subcu-
taneously into C57BL/6 mice at the tail base. Twenty-four hours later, the draining LNs were
excised for whole-tissue fluorescence imaging and measurement. Monomeric SLP or adjuvant
or the simple mixture of two showed limited accumulation in LNs (Figure 2.13A, B, Figure
2.14). Formulation of LEQ+Pam in Montanide ((LEQ+Pam) -Montanide) did not improve the
LN targeting of the vaccine. By contrast, vaccines delivered by PNE exhibited remarkably high
LN accumulation, reaching a level that was 10.2-, 7.6-, and 5.5-fold greater than free SLP,
adjuvant, and the simple mixture of two, respectively. The efficient and fast (within 24 hours)
LN targeting of PNE can be attributed to the well-controlled small size (~20 nm in diameter),

which permits the rapid trafficking to lymphoid organs through afferent lymph.*-73-7

After confirming LNs targeting efficiency, next step, we assessed the efficiency of
antigen capture by the APCs in LNs by flow cytometry. DCs are critical APCs that efficiently
process internalized antigens into peptide-MHC complexes (pMHC), which are required for
eliciting T cell immune responses.”®”” PNE vaccine was captured efficiently by the DCs
(CD11c") in LNs with 14.0- and 17.7-fold higher mean fluorescence intensity (MFI) than that
of the mixture of free SLP and adjuvant in the absence or presence of Montanide, respectively
(Figure 2.13C). The antigen capture was further examined in vifro with bone-marrow-derived
dendritic cells (BMDCs). Similar to the in vivo results, PNE(LEQ-Pam) exhibited a substan-
tially higher level of antigen internalization compared to the simple mixture LEQ+Pam (Figure
2.13D, E, F). Slightly higher DC internalization of free Pam compared to free LEQ was likely
due to the fact that Pam could be self-assembled into some nanosized structures. In general,
nano-vaccines are known to be internalized more efficiently by APCs than soluble subunit vac-
cines.*!"”® As a conclusion, PNE efficiently delivers neoantigen vaccines to LNs and DCs for

antigen capture and presentation.

45



Peptide Engineering for Enhanced Personalized Cancer Vaccine

A B
PBS T 082
5 §1° 5~ 800; x505 x0.7
- S 3 33 600+
£33 £ <
LEQ + CpG Weg p10 2B
E*E 53 4007
- ©
PNE(LEQ) T 3 S
r Qfos 52 2001
PNE(LEQ-CpG) & = .

Figure 2.14. Fluorescence imaging (A) and quantification (B) of inguinal draining LNs excised from

mice treated with PNEs with and without adjuvants.

2.3 PNE Antigen Cross-presentation

Next, we examined the impact of the PNE platform on antigen cross-presentation. DC
maturation is critical for both DC functions, including antigen presentation and expression of
co-stimulatory molecules that are required for T cell stimulation. We collected BMDCs from
C57BL/6 mice to assess the capacity of PNEs in converting immature DCs into mature DCs in
vitro by monitoring the expression level of co-stimulatory markers (CD40 and CD80) with flow
cytometry analysis (Figure 2.15A, Figure 2.16). PNE with co-polymerized Pam promoted the
stimulation of BMDCs to a similar level as monomeric Pam or the mixture of free LEQ and
Pam. Importantly, BMDCs pulsed with PNE(LEQ-Pam) cross-primed the SII-antigen-specific
naive OT-1 CD8" T cells with a greatly enhanced efficiency compared to monomeric SII or
LEQ, or the simple mixture of short or long peptides with Pam, assessed by a 5(6) -carboxyflu-
orescein diacetate N-succinimidyl ester (CFSE) dilution assay (Figure 2.15B, C). We found the
redox-responsiveness of the PNE was crucial for enhanced cross-presentation as non-deg.
PNE(LEQ-Pam) exhibited substantially lower efficiency of cross-priming of OT-1 CD8" T
cells (Figure 2.17).
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Figure 2.15. In vitro BMDC maturation and antigen cross-presentation.

A) Frequencies of BMDCs expressing maturation markers (CD80 and CD40) treated with PNE(LEQ-
Pam) vaccine or other indicated formulations; B) Representative flow cytometry plots showing CFSE
dilution and gating of the proliferated OT-1 CD8" T cells co-cultured with BMDCs pulsed with PNE or
other indicated formulations. Naive OT-1 T cells were labeled with CFSE (1 uM for 10 million cells) at
the beginning of the assay; C) Counts of proliferated OT-1 CD8" T cells. *P < 0.05; ** P < 0.01; *** P
< 0.001; **** P < (0.0001; D) Confocal microscopic images of BMDCs incubated with fluorescently
labeled PNE(LEQ-Pam) or the mixture of free LEQ and Pam. LEQ was labeled with Alexa Fluor™ 647
(red); the endolysosomes were stained with LysoTracker (green); the nuclei were stained with Hoechst
(blue). Scale bar: 5 pm.
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Figure 2.16. Flow cytometry analyses of the activation of BMDCs treated with PNE(LEQ-Pam) vaccine

or other indicated formulations.

Shown are the histogram of CD80 and CD40 expression of BMDCs.
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Figure 2.17. In vitro cross-priming of OT-I CD8" T cells by BMDCs pulsed with PNE(LEQ-Pam) and
non-deg. PNE(LEQ-Pam).

CFSE-labeled naive OT-1 CD8" T cells were co-cultured with BMDCs pulsed with PNE(LEQ-Pam) or
non-deg. PNE(LEQ-Pam). Proliferated OT-I CD8" T cells were counted by flow cytometry analysis. *P
<0.05.

To further understand the mechanism by which PNE could promote the cross-presen-
tation of SLPs, we tracked the intracellular trafficking of SLPs delivered by PNE(LEQ-Pam)
by labeling the antigen peptides with Alexa Fluor™ 647 and monitoring the antigen localization

in BMDC:s using confocal microscopy (Figure 2.15D). Upon 24-hour co-incubation of BMDCs
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and PNE(LEQ-Pam), significant amounts of antigens (red) were found dis-localized with en-
dolysosomes stained with LysoTracker (green), and the signal in the cytosol was sustained up
to 48 hours. By contrast, in BMDCs incubated with the mixture of free LEQ and Pam, a majority
of the antigens stayed co-localized with endolysosomes, and the fluorescent signal of total in-
tracellular antigens decreased rapidly after 24-hour incubation. Therefore, the responsive PNE
facilitated the endosomal escape of the peptide antigens leading to subsequent MHC class I
molecule loading and cross-presentation. Endosomal escape of SLPs was likely through the
pH-buffering effect of the released cationic peptides and/or the endosomal membrane fusion

with the lipopeptides (Pam).”%
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Figure 2.18. PNE(LEQ-Pam) vaccine-elicited potent antigen-specific CD8" T cell response.

A) C57BL/6 mice were vaccinated with PBS, LEQ+Pam, (LEQ+Pam) - Montanide, or PNE(LEQ-Pam)
on day 0, 14, and 28. The peripheral blood was collected 7 days post each vaccination. Mice were sub-
cutaneously challenged with YUMMI1.7-OVA cells (5 x 10°) on day 37. (n = 5 independent animals
each group); B) Representative flow cytometry plots showing the frequencies of SIINFEKL-specific
CD8a" T cells from the PBMCs on day 35; C) The average frequencies of SIINFEKL-specific CD8" T
cells in peripheral blood on day 7, 21, and 35; D) Representative flow cytometry plots showing the
frequencies of CD44""CD62L"™ TEM cells among SIINFEKL-specific CD8" T cells; E) Counts of
SIINFEKL-specific CD8" TEM cells on day 35; F, G) The frequency of Granzyme B+ (F) and IFN-y+
T cells (G) in CD8" T cells in the peripheral blood were measured 7 days post the second and third
vaccination by intracellular staining. The data show Mean + SEM from a representative experiment (n
=5); H) The tumor growth curves of each group in the prophylactic experiment; I) Survival rate of mice
in each group. The statistical analysis between groups were performed by one-way ANOVA for flow
cytometry data and Log-rank test for survival curves; * P < 0.05; ** P <0.01; *** P <(.001; **** P <
0.0001.

50



Peptide Engineering for Enhanced Personalized Cancer Vaccine

A
49 _ cs7816

0 14 28 35
B %) x4.6

[0}

}S 151 x1.6 o PBS

o = o ELE+Pam

a8 v

O~ 404 v PNE(ELE-Pam)

O 4+

= %o

g A .

2 O i

—‘é’ g 05_ To g_v

£E . BN

s 00 .

° Day 35

Figure 2.19. PNE(ELE-Pam) elicited potent antigen-specific CD8" T cell response against adpgk.

A) C57BL/6 mice were vaccinated with PBS, ELE+Pam, (ELE+Pam)-Montanide, or PNE(ELE-Pam)
on day 0, 14, and 28. The peripheral blood was collected 7 days post the last vaccination; B) The average
frequencies of adpgk-specific CD8" T cells in peripheral blood on day 35.

2.4 T cell immune response

Encouraged by the results showing enhanced LN targeting and cross-presentation of
PNE, we next determined the T cell immune response and anti-tumor activity induced by PNE
vaccination in vivo. C57BL/6 mice were immunized subcutaneously with one prime (day 0)
and 2 boosts (day 14, 28) vaccinations of PNE(LEQ-Pam) (containing 15-nmol LEQ and 5-
nmol Pam), or the mixture of equivalent doses of LEQ and Pam in the form of solution or
emulsion in Montanide (Figure 2.18A). Peripheral blood mononuclear cells (PBMCs) were col-
lected one week post each immunization and stained with SIINFEKL tetramer to examine the
frequency of SIINFEKL-MHC-I tetramer'CD8" T cells. The simple mixture of LEQ and Pam
induced minimum T cell immune response with a mean frequency of SIINFEKL specific CD8"
T cells close to the background (0.77% SIINFEKL-specific T cells among CD8" T cells vs.
0.44% in non-immunized mice) post the second boost; the mixture emulsified in Montanide
showed only modest improvement (0.60% SIINFEKL-specific T cells among CD8" T cells on
day 35, Figure 2.18B, C). In contrast, PNE(LEQ-Pam) vaccine elicited a high frequency (6.00%)
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of SIINFEKL-specific CD8" T cells that was 7.8- and 10-fold higher compared to the mixture
of LEQ and Pam in solution and Montanide, respectively (day 35, Figure 2.18B, C). The ma-
jority (87.9%) of the elicited antigen-specific CD8" T cells by PNE(LEQ-Pam) exhibited effec-
tor memory phenotype (CD44Me"CD62LY) (Figure 2.18D). Notably, PNE vaccines remarka-
bly expanded the antigen-specific TEM cells to a number 10.5- and 22.8- fold greater than that
of the mixture of LEQ and Pam in solution and Montanide, respectively (day 35, Figure 2.18E).
Importantly, mice immunized with PNEs also showed markedly increased frequency of
Granzyme B-secreting CD8" T cells, which was 9.0- and 14.8-fold higher than that in mice
immunized with the mixture of LEQ and Pam in solution and Montanide, respectively (Figure
2.18F), suggesting that PNE vaccination also enhanced the cytotoxicity of CD8" T cells. Fur-
thermore, more than 35.1% of the CD8" T cells in PBMCs produced effector cytokines, such

as interferon-y-secreting (IFN-y") (Figure 2.18G), indicating the increased effector functions.

As PNE(LEQ-Pam) displayed superior antigen (SII) specific CD8" T cell immune re-
sponse and significantly higher effector memory T cell exhibition, effector cytokines secretion
like Granzyme B and IFN-y. We next investigated to know if the same effect will be elicited on
neoantigen-based PNE. C57BL/6 mice were immunized subcutaneously with one prime (day
0) and 2 boosts (day 14, 28) vaccinations of PNE(ELE-Pam) (containing 15-nmol ELE and 5-
nmol Pam), or the mixture of equivalent doses of ELE and Pam in the form of solution (Figure
2.19A). Peripheral blood mononuclear cells (PBMCs) were collected one week post the second
boost immunization and stained with adpgk-tetramer to examine the frequency of adpgk-MHC-
I tetramer'CD8" T cells. PNE(ELE-Pam) vaccine-elicited 1.6- and 4.6-fold higher frequency
of adpgk-specific CD8" T cells immune response compared to a mixture of equivalent doses of
ELE and Pam in the form of solution and background, respectively (day 35, Figure 2.19B),

suggesting that PNE vaccine platform is also versatile effective in vivo.

The markedly enhanced vaccination efficiency by PNE motivated us to evaluate its
antitumor efficacy. The immunized mice were challenged subcutaneously with YUMMI1.7-
OVA cells (5 x 10°), a murine melanoma cell line expressing OVA antigens. Mice immunized
with PNE(LEQ-Pam) vaccine showed significantly delayed tumor growth (Figure 2.18H) and
prolonged survival (Figure 2.18I). Notably, 2 out of 5 mice exhibited durable cures for at least
100 days post tumor inoculation. These two survivors maintained 1.90% and 1.35% antigen-
specific CD8" T cells in the PBMCs, which were mostly central memory cells (Figure 2.20),

providing durable protection. In addition, in a more challenging therapeutic setting, C57BL/6
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mice were first inoculated with YUMM1.7-OVA tumor cells (5 x 10° cells), followed by mul-
tiple vaccinations with PNE or the mixture of equivalent doses of LEQ and Pam in the form of
solution or emulsion in Montanide (Figure 2.21A). It is notable that mice treated with PNE
vaccines still exhibited significantly enhanced capacity in inhibiting tumor growth and extend-
ing the survival of treated mice compared to the vaccine of mixed antigen and adjuvant in Mon-

tanide (Figure 2.21B, C).
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Figure 2.20. Flow cytometry plots show the frequencies of SIINFEKL-specific CD8a" T cells.

A) and their memory phenotype B) in PBMC from survival mice immunized by PNE(LEQ-Pam) vac-
cines (Mouse 1 and Mouse 2) or a naive mice control. The PBMC was collected 90 days post tumor

inoculation.
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Figure 2.21. Anti-tumor efficacy of PNE(LEQ-Pam) vaccine in a therapeutic setting.

A) C57BL/6 mice were inoculated with YUMM1.7-OVA tumor cells (5 x 10°) at the right flank and
treated with indicated vaccine formulations on day 5, 12, 19. (n =5 animals); B) Individual tumor growth
curves of each treatment group; C) Survival rate of mice in each group. The data show Mean = SEM.

The statistical analysis between survival curves was performed by Log-rank test; * p <0.05; ** p <0.01;

8% < 0,001; **%% p < 0.0001.
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2.5 Conclusion

In summary, we have demonstrated a responsive PNE as a facile, effective, and versa-
tile vaccine platform for the delivery of peptide neoantigens to enhance personalized cancer
immunotherapy. PNE is a highly modular system permitting the co-polymerization of peptide
antigens, and molecular adjuvants of diverse structures and properties, which is a highly desired
property as individually identified neoantigens from patients could vastly differ in physiochem-
ical properties. We envision that this new strategy can be readily extended to the co-delivery of
multiple heterogeneous epitopes in the form of SLPs, proteins (e.g., whole tumor cell lysate),
or replicon mRNAs/DNAs encoding the neoepitopes. Implementation of various responsive
chemistry in the linker-monomer (monomer B) could potentially impart different responsive-
ness to the PNEs facilitating triggered release of antigens and/or adjuvants by intracellular stim-

uli including pH change, reactive oxygen species, protease, etc.

81-85 0

Direct assembly of peptide or protein antigens relied on non-covalent assembly r

disulfide crosslinking®6-37

without carriers is actively being pursued as reported in some elegant
studies recently. Such “carrier-free” approaches, including ours, have the unique advantage of
minimizing the potential risk of using additional carrier materials whose own immunogenicity
and safety profile has to be determined before clinical applications.53:6488-90 The PNE approach
described here based on a highly efficient covalent conjugation of amines in DMSO or aqueous
solution doesn’t require the use of any denaturing conditions such as heating, and therefore
showed high promise for the delivery of a wide range of individualized neoepitopes with good

compatibility.
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2.6 Materials, Instruments, and Methods

Materials

All the synthetic long peptides (SLPs) were purchased from GenScript (Piscataway, New Jer-
sey, USA). Pam3;CysSer-(Lys)s4 (Pam) was purchased from InvivoGen (San Diego, California,
USA). Bis-amine-CpG (5'-/SAmMC6/TCCATGACGTTCCTGACGTT/3AmMO/-3', amine-
functionalization at 5'- and 3'-positions) was purchased from Integrated DNA Technologies
(Coralville, Iowa, USA). Montanide™ ISA 51 VG was a gift from SEPPIC (Paris, France).
Murine granulocyte-macrophage colony-stimulating factor (GM-CSF) was purchased from
PeproTech (London, UK). NovexTM 10% - 20% tricine gel and Tricine SDS sample buffer
(2X) were purchased from Invitrogen (California, United States). Lipopolysaccharide (LPS),
anhydrous dimethylsulfoxide (DMSO), triethylamine (TEA), fluoresceinamine, and other
chemicals were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Unless otherwise

noted, all chemical and biological reagents were used as received.

Pierce™ quantitative fluorometric peptide assay, ProLong™ diamond antifade mountant,
Alexa Fluor™ 647 N-hydroxysuccinimide (NHS) ester, Alexa Fluor™ 488 N-hydroxysuccin-
imide (NHS) ester, LysoTracker™ Red DND-99, Hoechst 33342, CellTrace™ carboxyfluores-
cein succinimidyl ester (CFSE) cell proliferation kit and Zombie Aqua™ Fixable Viability Kit
were purchased from BioLegend (San Diego, California, USA). eBioscience™ Cell Stimula-
tion Cocktail (plus protein transport inhibitors) was purchased from Invitrogen (Carlsbad, Cal-
ifornia, USA). Cytofix/Cytoperm™ fixation/permeabilization kit was purchased from BD Bi-
oscience (San Jose, CA, USA). Mouse CD8" T cell isolation kit was purchased from Miltenyi
Biotec (Bergisch Gladbach, Germany).

Antibodies for fluorescence-activated cell sorting (FACS) including anti-CD16/32 (Clone: 93),
anti-CD3 (Clone: 17A2), anti-CD8a (Clone: 53-6.7), anti-CD11c (Clone: N418), anti-CD40
(Clone: 3/23), anti-CD44 (Clone: IM7), anti-CD62L (Clone: MEL-14), anti-CD80 (Clone: 16-
10A1), anti-CD86 (Clone: GL-1), anti-Granzyme B (anti-GrzmB, Clone: GB11), anti-IFN-y
(Clone: XMG1.2), and anti-TNF-a (Clone: MP6-XT22) were purchased from BioLegend (San
Diego, California, USA). iTAg Tetramer/PE-H-2 Kb OVA (SIINFEKL) was purchased from
MBL (Woburn, Massachusetts, USA).
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Instruments

Nuclear magnetic resonance (NMR) spectra were acquired on Bruker AVANCE NEO 400
MHz spectrometers (Billerica, Massachusetts, USA). Electrospray ionization mass spectra (ES-
IMS) were acquired on an LTQ Orbitrap ELITE ETD (Thermo Fisher Scientific). Matrix-as-
sisted laser desorption/ionization time-of-flight mass spectra (MALDI-TOF-MS) were acquired
on an Autoflex Speed (Bruker, Billerica, Massachusetts, USA). Polycondensate neoepitope
(PNE) was characterized by PL-gel permeation chromatography (GPC) 50+ Integrated
GPC/SEC System (Agilent, Santa Clara, California, USA) and UltiMateTM 3000 ultra-high-
performance liquid chromatography (UHPLC) system (Thermo Fisher Scientific) equipped
with a Hypersil Gold™ C18 selectivity LC column or a BioBasic™ SEC 300 LC column, and
detectors of diode array detector (UV, DIONEX UltiMateTM 3000) and charged aerosol detec-
tor (CAD, DIONEX Corona ultra-RS). The fluorescent image of sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was taken by Bio-Rad ChemiDoc MP imaging
system (Hercules, California, USA). The size of the particle was measured by dynamic light
scattering (DLS) on Malvern NanoZS (Worcester, UK). The transmission electron microscopy
(TEM) images of PNEs were acquired on the FEI Tecnai Osiris TEM instrument (FEI, Oregon,
USA). The atomic force microscopy (AFM) images of free LEQ and Pam were acquired on a
Park NX-10 analytical system (Suwon, South Korea) with non-contact amplitude modulation
(PPPNCHR, Park system) in ambient conditions. The fluorescence intensity of samples was
measured with a Varioskan® Lux microplate reader (Thermo Fisher Scientific). All the flow
cytometry data were acquired using an Attune NxT flow cytometer (Thermo Fisher Scientific).
Confocal fluorescent microscope images were acquired with an LSM 700 with 40X or 63X oil
objectives (Zeiss, Oberkochen, Germany). Mouse tissue imaging was conducted with an in vivo

imaging system (IVIS, PerkinElmer, Waltham, Massachusetts, USA).

Mice and cells

Experimental procedures in mouse studies were approved by the Swiss authorities (Canton of
Vaud, animal protocol ID 3206) and performed in accordance with Ecole Polytechnique

Fédérale de Lausanne (EPFL) CPG guidelines. Six- to eight-week-old female Thy1.2" C57BL/6
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mice, TCR-transgenic OT-I mice (B6-Tg (TcraTcrb)1100Mjb/J) were purchased from The
Jackson Laboratory (Bar Harbor, Maine, USA) or Charles River Laboratories (Lyon, France)
and maintained in the animal facility. Ovalbumin (OVA)-expressing YUMMI1.7 (YUMMI1.7-
OVA), a murine melanoma cell line, was a generous gift from Prof. Ping-Chih Ho (University
of Lausanne, Lausanne, Switzerland) and cultured in DMEM complete medium supplemented
by fetal bovine serum (FBS, 10%), Penicillin (100 UML), Streptomycin (100 pgmL"). Imma-
ture bone marrow-derived dendritic cells (BMDCs) were isolated from C57BL/6 mice (Charles
River Laboratory, Wilmington, Massachusetts, USA) and cultured in RPMI 1640 complete me-
dium containing HI-FBS (10%), L-glutamine (2 mM), Penicillin (100 UmL™"), Streptomycin
(100 ugmL-1), and 2-mercaptoethanol (B-ME, 50 uM) with GM-CSF (20 ngmL!) for 6 days at
37 °C with CO; (5%) before use. Naive OT-I CD8" T cells were isolated from splenocytes of

OT-I mice with a mouse CD8" T cell isolation kit.

Method

Synthesis of bi-functional Monomer Breda (Monred)

0

HO—-N
O

phosgene o i 0]
HO/\/S\S/\/OH > > N\O O/\/S\S/\/OTO\N
THF, N2 TEA, DCM, N2 o 5
r.t. overnight (0]

HO-SS-OH NHS-SS-NHS

Figure 2.5. Synthesis of bi-functional Monyeq.

The synthesis of Monrea was reported previously with minor modification.1 2-Hydroxyethyl
disulfide (1.329 g, 8.616 mmol) was dissolved in anhydrous tetrahydrofuran (THF, 20 mL) in
a 100-mL round-bottom flask, followed by the addition of phosgene solution (12.5 mL, 15%
w/w, 18.95 mmol) in anhydrous THF (10 mL). The reaction mixture was stirred under room
temperature (rt) for 2 hours under the protection of N> and then concentrated under vacuum.

The remaining residue was dissolved again with anhydrous dichloromethane (DCM, 10 mL)
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and mixed with N-hydroxysuccinimide (NHS, 2.182 g, 18.95 mmol) and anhydrous triethyla-
mine (TEA, 1.918 g, 18.95 mmol) in DCM solution (45 mL). The reaction was stirred at rt
overnight under the protection of N». The solvent was removed by a rotary evaporator. The
crude product was purified with silica chromatography (DCM: Methanol=10:1) and recrystal-
lized with icy petroleum. The acicular crystal (2.14 g, yield: 57%) was dried under vacuum and
characterized by 'H NMR and ESI-MS (Figure 2.6). (IH NMR (400 MHz, chloroform-d, 25
°C, TMS): 6=4.61 (t, 3] (H, H) =4 Hz, 4H, CH2), 3.08 (t, 3J (H, H) =4 Hz, 4H, CH2), 2.88 (s,
8H, CH2). ESI (m/z): [M+Na] =459.0).

Preparation of polycondensate neoepitopes (PNEs)

Depending on the solubility of peptides and adjuvants, synthesis of PNEs can be done in anhy-
drous DMSO or aqueous solution. The detailed information of composition and conditions for

the syntheses of each PNE has been summarized in Table 2-2.

PNE of SLP only [PNE(LEQ)]: LEQLESIINFEKLK;s (LEQ, 50 pg, 16.6 nmol) in anhydrous
DMSO (17.24 pL) was mixed with Monyed (40 mgmL-! in anhydrous DMSO, 0.76 uL, 69.7
nmol). The mixture was shaken in an Eppendorf ThermoMixer at 25 °C for 30 min at 800 rpm
followed by the addition of TEA (2 puL) and another 60-min incubation at 25 °C, 800 rpm. The
resultant product was lyophilized overnight to remove DMSO and TEA and characterized with

DLS, HPLC, and TEM.

PNE of SLP with adjuvant [PNE(LEQ-Pam)]: In an anhydrous DMSO solution (17.24 pL)
of LEQ (50 pg, 16.6 nmol) and Pam3;CSK4 (4.18 ug, 5.5 nmol), Monyed (40 mgmL-! in anhy-
drous DMSO, 0.76 pL, 69.7 nmol) was added. The mixture was shaken at 25 °C for 30 min at
800 rpm by the addition of TEA (2 pL) and another 60-min incubation at 25 °C, 800 rpm. The
resultant product was purified following the same procedure as described above and character-

ized with DLS, GPC, HPLC, TEM, and SDS-PAGE.

Preparation of non-degradable PNE (non-deg. PNE): Non-degradable PNE(LEQ-Pam) was
prepared similarly as described above by replacing Moneq with a non-degradable monomer B,
bis(sulfosuccinimidyl)suberate (Mongs3, 112.75 nmol). The other procedures were the same as

PNE(LEQ-Pam).
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Synthesis of PNEs could be performed in an aqueous solution with a similar procedure. In a
typical synthesis of PNE, the same amount of SLP and adjuvant were dissolved in phosphate-
buffered saline (PBS, adjusted to pH = 8.5 with Na,COs) and mixed with Monreq (40 mgmL'!
in anhydrous DMSO). The mixture was shaken at 25 °C, 600 rpm, for 30 min. The resultant
product was purified by PBS (pH 7.4, 200 puL x 3) with Amicon® centrifugal filters (Merck
Millipore, Burlington, Massachusetts, USA) with molecular weight cut-off (MWCO) of 3 kDa,

to get rid of unreacted peptides or Monyeq.

Characterizations of PNEs

NMR: Free LEQ (200 pg) and PNE(LEQ) (200 pg) were ultrafiltered with DO (200 pL X 3)
using Amicon® centrifugal filters (MWCO 3 kDa, 10000 rpm) to get rid of HO, DMSO, salts,
and other possible impurities. The trace of water and protons from acid phosphate was further
removed by repeating lyophilizing and dissolving with D>O. The purified free LEQ and
PNE(LEQ) were re-dissolved in D>O (400 uL) respectively and measured by '"H NMR spec-

trometer.

UHPLC: PNE(LEQ) and PNE(LEQ-Pam) were lyophilized to get rid of DMSO and TEA.
LEQ, Pam, and PNE each were diluted in ultrapure water with a concentration of 0.5 mgmL.
For LEQ, a mobile phase gradient (A=acetonitrile, B=H>O+0.1% trifluoroacetic acid (TFA), B
at 90% for 0-1 min, 90-10% for 1-18 min, 10-90% for 18-19 min, and 90% for 19-20 min at
flow rate of 0.4 mLmin™') was used on a Hypersil GoldTM C18 selectivity LC column at 40 °C.
For the detection of Pam, a mobile phase gradient (B at 5% for 0-2 min, 5-95% for 2-18 min,
95-5% for 18-19 min, and 5% for 19-20 min at a flow rate of 0.4 mLmin') was used on the
same C18 column. The loading efficiency of LEQ and Pam in PNE(LEQ-Pam) was calculated
from the integral area of CAD curves. To verify the increased MW of PNE(LEQ) and
PNE(LEQ-Pam) compared with free PNE, the lyophilized PNE(LEQ) and PNE(LEQ-Pam)
were dissolved in PBS (pH = 7.4), a mobile phase of NaCl solution (200 mM, pH 7.4 at flow

rate of 0.5 mLmin™") was used on BioBasic™ SEC 300 LC column.

GPC: LEQ and PNE(LEQ-Pam) in PBS (0.1 mgmL-!, pH 7.4) were injected into GPC (100 pL
each sample injection) and analyzed with a mobile phase of NaCl (100 mM) and TFA (1%) and

flow rate of 1.0 mLmin™'.
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DLS: PNEs were diluted with PBS (0.05 mgmL™!, pH 7.4) in Fisherbrand™ PS semi-micro
cuvettes at rt for DLS measurement with Marven NanoZS. Data represented 3 independent

samples for each PNE sample.

TEM: Freshly prepared PNEs were lyophilized overnight to get rid of DMSO and TEA. The
dry powder was then redissolved with ultrapure water (0.5 mgmL-!, calculated by the stoichi-
ometry of LEQ) and loaded onto a copper grid. After washing with ultrapure water, the sample-
loaded copper grid was negatively stained with uranyl acetate (1% w/v in ultrapure water). The
TEM image was taken by the FEI Tecnail Osiris TEM instrument (200 kV) equipped with a 4k
x 2.6k Gatan Orius CCD camera.

SDS-PAGE: Freshly prepared PNEs in PBS (0.5 mgmL-!, 7.5 uL, pH = 7.4) were mixed fluo-
resceinamine in acetone (1 mM, 7.5 uL), and then mixed with Novex™ Tricine SDS sample
buffer (2X). The samples were then loaded onto Novex™ 10-20% Tris-Glycine Gels and run
in MES buffer at 110V for 60 min. The image of the gel was taken by a Bio-Rad microwell

plate reader equipped with a gel imager (ex: 590 nm, em: 700 nm).

Release kinetics and characterization of LEQ from PNE(LEQ-Pam)

Freshly prepared PNE(LEQ-Pam) (50 pg) diluted in PBS (0.1 mgmL™, 490 uL, pH 7.4), was
added with DL-dithiothreitol (DTT) (10 pL, 100 mM in PBS, pH 7.4). The mixture was aliquot
and incubated at rt or 37 °C. At set time points (0, 2, 4, 8, 12, and 24 hours), the aliquot (10 pL)
was collected and analyzed by Pierce™ quantitative fluorometric peptide assay according to
the kit protocol. The mixture was kept in the dark for 10 min, and the fluorescent intensity was
quantified with a microplate reader (Ex 390 nm, Em 475 nm). The released LEQ was also
characterized with MALDI-TOF-MS to measure the molecular weight (MW) and compare it
with the original LEQ.

Fluorescent labeling of LEQ, Pam, and PNE(LEQ-Pam)

Solutions of LEQ, Pam, or the mixture of two were added with Alexa Fluor™ 647 NHS ester
(10 mgmL! in anhydrous DMSO) with equal stoichiometry and then shaken with an Eppendorf
ThermoMixer at 25 °C (600 rpm, 10 min). The “labeled” mixture was used for the next step
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without purification. Additional LEQ, Pam, or both (unlabeled) were then added to the labeled
mixture, followed by similar procedures for preparation and purification of PNEs as described

above. For in vitro studies, 10% of LEQ or Pam was fluorescently labeled; for in vivo studies,

50% was labeled.

In vivo lymph node targeting and dendritic cell internalization

Fluorescently labeled LEQ, Pam, or PNE(LEQ-Pam) in PBS solution (50 pL, pH 7.4) contain-
ing equivalent LEQ (4.51 nmol) and/or Pam (1.12 nmol) were subcutaneously injected into the
tail base (25 pL for each side, both sides) of C57BL/6 mice (female, 7 weeks old, n=3 per
group). PBS (50 puL, pH 7.4) was used as a negative control. The mixture of equivalent LEQ
and Pam (25 pL) was pipetted vigorously with Montanide ISA 51 VG (25 pL) to generate a
stable emulsion for injection. The mice were sacrificed 24 hours later, and inguinal lymph nodes
(LNs) were harvested and imaged with IVIS to measure the total fluorescent intensity in LNs

(Ex 640 nm, Em 680 nm, exposure time 0.5 s).

The LNs were then ground through a 70-um cell strainer, and the collected cells were washed
with FACS buffer (0.2% BSA in PBS, 200 uL x 2). The cells were blocked with anti-CD16/32
at 4 °C for 15 min, and then stained with anti-CD11¢ (PE/Dazzle™ 594) at 4 °C for another 20
min followed by washing with FACS buffer (200 pL x 3). The stained cells were resuspended
in a 4,6-diamidino-2-phenylindole (DAPI) solution (0.1 pgmL!, 200 pL) and analyzed with
flow cytometry.

In vitro BMDC internalization

Immature BMDCs were prepared as described above. On Day 6, the BMDCs were plated in
24-well plates (5x10° cells per well) with RPMI 1640 medium (1 mL, FBS free, penicil-
lin/streptomycin free) and incubated with fluorescently labeled PNE(LEQ-Pam) or other con-
trol formulations containing equivalent LEQ (2.25 nmol) and/or Pam (0.56 nmol) at 37 °C with
CO2 (5%). After 6-hour incubation, BMDCs were harvested, washed with FACS buffer (200
uL x 2), and incubated with anti-CD16/32 at 4 °C for 15 min. The BMDCs were then stained
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with PE/Dazzle 594-anti-CD11c at 4 °C for 20 min, washed with FACS buffer (200 puL x 2),
and resuspended in a DAPI solution (0.1 pgmL-!, 200 pL) for flow cytometry analyses.

In vitro BMDC activation

Immature BMDCs were prepared as described above. On Day 6, immature BMDCs were plated
in 24-well plates (5 x 10° cells per well) with RPMI 1640 complete medium (1 mL) supple-
mented with GM-CSF (20 ngmL"") and incubated with PNE(LEQ-Pam) or other control for-
mulations containing equivalent LEQ (2.25 nmol) and/or Pam (0.56 nmol) at 37 °C with CO;
(5%). After 48-hour incubation, BMDCs were harvested, washed with FACS buffer (200 pL x
2), and incubated with anti-CD16/32 at 4 °C for 15 min. The cells were then stained with a
mixture of antibodies of PE-anti-CD11c, PE-Cy7-anti-CD80, BV510-anti-CD86, PerCPCy5.5-
anti-CD40 at 4 °C for 20 min. The cells were then washed with FACS buffer (200 pL x 2) and
resuspended in a DAPI solution (0.1 ugmL-!, 200 pL) for flow cytometry analyses.

In vitro cross-priming of OT-1 CD8" T cells

Immature BMDCs were prepared as described above. On Day 6, immature BMDCs were plated
in 24-well plates (5 x 10° cells per well) with RPMI 1640 complete medium (1 mL) supple-
mented with GM-CSF (20 ngmL-"). PNE(LEQ-Pam) and other control formulations containing
equivalent LEQ (2.25 nmol) and/or Pam (0.56 nmol) were then added to pulse the BMDCs.
SIINFEKL (SIIN, 2.25 nmol) with or without Pam (0.56 nmol) were also added as control
samples. The BMDCs were cultured at 37 °C with CO; (5%) for 24 hours. The pulsed BMDCs
(2 x 10%) were first washed with PBS (200 pL x 3) and then co-cultured with naive OT-I1 CD8"*
T cells (1 x 10°) labeled with CFSE (1 uM for 10 million cells in PBS, 5 min, 37 °C) in complete
RPMI 1640 medium (200 pL) at 37 °C with CO3 (5%). The RPMI complete medium was sup-
plemented with FBS (10%), L-glutamine (2 mM), Penicillin (100 UmL™"), Streptomycin (100
ugmL), B-ME (50 uM), sodium pyruvate (1 mM), and HEPES (0.02 M). After a 72-hour co-
incubation, the cells were harvested, washed with FACS buffer (200 uL % 2), and incubated
with anti-CD16/32 at 4 °C for 15 min. The cells were then stained with PE/Dazzle 594-anti-
CDS8a at 4 °C for 20 min, washed with FACS buffer (200 pL x 2), and processed similarly for

flow cytometry analyses.
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Confocal fluorescent microscope imaging

PNE(LEQ-Pam) or the simple mixture containing equivalent LEQ (4.51 nmol) and Pam (1.12
nmol) in PBS solution (5 uL, pH 7.4) were incubated with immature BMDCs (1 x 10°) in com-
plete RPMI 1640 culture medium (1 mL) supplemented with GM-CSF (20 ngmL™!). At set time
points (6, 24, and 48 hours), the BMDCs were washed with PBS (1 mL X 2) and then stained
with LysoTracker™ Red DND-99 (125 nM) for endolysosome staining and Hoechst 33342 (4
uM) for nuclei staining in phenol/serum-free RPMI 1640 medium at 37 °C with CO2 (5%) for
1.5 hours followed by PBS washing (1 mL X% 2). BMDCs were then fixed with 4% paraformal-
dehyde (PFA, 100 pL) for 10 min, washed with PBS (1 mL x 2), and resuspended in ProLong™
diamond antifade mountant (10 pL). After centrifuging onto a poly-lysine coated glass slide,
the BMDCs were imaged with an LSM 700 confocal microscope with a 40X or 63X oil objec-

tive.

In vivo immunization study

C57BL/6 mice (female, 7-week-old) were immunized subcutaneously at the tail base with LEQ
(15 nmol) and Pam (5 nmol) in a PBS solution (50 puL) in the form of a simple mixture, an
emulsion form lation in Montainide, or PNE(LEQ-Pam) following an experimental timeline

that mice were primed on day 0 and boosted on day 14 and 28.

Tetramer staining: On day 7, 21, and 35, peripheral blood (50 puL) was collected from the tail
veins of immunized mice to assess the antigen-specific CD8" T cells (tetramer staining) and
cytokine secretion (intracellular cytokine staining), respectively. For tetramer staining, the
whole blood (50 pL) was treated with ACK lysing buffer (1 mL x 2) at rt for 5 min to lysate
the erythrocyte and then transferred to a U-bottom 96-well plate. After washing with FACS
buffer (200 puL x 2), the cells were resuspended in tetramer staining buffer [50 uL, PBS con-
taining BSA (1% w/v), EDTA (5 mM), and dasatinib (50 nM)] with iTAg Tetramer/PEH-2 Kb
OVA (SIINFEKL) (1 puL) and anti-CD16/32, and incubated at rt for 40 min. Antibodies includ-
ing FITC-anti-CD8a, PerCP-Cy5.5-anti-CD62L, and BV711-anti-CD44 in a solution of te-
tramer staining buffer (50 pL) were then added on top of each well, and the cells were incubated
at 4 °C for another 10 min. The stained cells were washed with a DAPI solution (0.1 pgmL™,

150 puL x 2) and resuspended in tetramer staining buffer for flow cytometry analyses.
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Intracellular cytokine staining: Blood sample (50 pL) was lysated and transferred to a 96-
well plate following a similar procedure with that of tetramer staining. After washing with PBS
(200 pL x 2), the cells were resuspended in complete RPMI 1640 medium (200 pL) containing
eBioscience™ Cell Stimulation Cocktail (0.4 pL) and incubated at 37 °C for 6 hours to restimu-
late the CD8" T cells. The cells were then spined down and washed with FACS buffer and
resuspended with FACS buffer (20 puL) containing anti-CD16/32 (0.3 pL). After incubating at
4 °C for 15 min, another portion of FACS buffer (20 pL) containing anit-CD3 and anti-CD8
was added on top of each well and incubated at 4°C for 20 min. After washing with PBS (200
uL x 2), the cells were stained with Zombie Aqua™ Fixable Viability Kit. The cells were fixed
and permeabilized with the BD Fixation/Permeabilization Kit. After washing with BD
Perm/Wash™ buffer (250 uL x 2), the cells were resuspended with BD Perm/Wash™ buffer
(20 pL) containing anti-Granzyme B, anti-IFN-y, and anti-TNF-a antibodies. After 30-min in-
cubation at 4 °C, the cells were washed with BD Perm/Wash™ buffer (250 puL x2) and finally
resuspended in the FACS buffer (200 pL) for flow cytometry analyses.

Tumor challenging: On day 37 (9 days post the final immunization), the immunized mice (as
described above) were challenged subcutaneously with YUMMI1.7-OVA cells (5 x 10°) on the
right flank. Tumor growth was monitored every other day from the fifth day post tumor inocu-
lation. Tumor area (product of two measured orthogonal diameters) and body weight were
measured every 2 days. Mice were euthanized when the body weight loss was > 15% of the
pre-dosing weight, or the tumor area reached 150 mm? (as a pre-determined endpoint), or the

animal had become moribund.

In vivo therapeutic study

Female C57BL/6 mice were subcutaneously inoculated with YUMMI1.7-OVA cells (5 x 10°)
on the right flank. The vaccine treatment containing LEQ (15 nmol) and Pam (5 nmol) in a PBS
solution (50 pL) in the forms of a simple mixture, an emulsion formulation in Montainide, or
PNE(LEQ-Pam) were given on day 5, 12, and 19. Tumor growth was monitored every other

day following a similar procedure as described above.
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Statistical analysis.

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, Inc., La Jolla,
CA, USA). Unless otherwise noted, the data are presented as Mean = SEM. Comparisons of
two groups were performed by using a two-tailed unpaired Student’s t-test. Comparisons of
multiple groups at a single time point were performed by using one-way analysis of variance
(ANOVA). Comparisons of survival curves were performed by using Log-rank analysis. P-

value were presented as *P < 0.05; ** P <0.01; *** P <0.001; **** P <(0.0001.

Safety consideration

No unexpected or unusually high safety hazards were encountered.

This chapter is adapted from the article:

Lixia Wei, Yu Zhao, Xiaomeng Hu, and Li Tang, Redox-Responsive Polycondensate
Neoepitope for Enhanced Personalized Cancer Vaccine, ACS Central Science 2020 6 (3), 404-
412. DOI: 10.1021/acscentsci.9b01174
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Chapter 3  Protein Engineering for Antiviral
drug development

Infectious diseases before the twentieth century were responsible for the largest global
burden of human population death and disability. Over the last few centuries, global pandemics
of infectious diseases, such as smallpox, cholera, and influenza, periodically threatened the sur-
vival of entire populations until the development of better living conditions like sanitation and

clean water supplies in the late 1800s.

Another big contribution to dramatically decreasing infectious disease mortality is the
development of various antibiotics as well as safe, effective, and affordable vaccines in the mid-
twentieth century. An ultimate goal for emerging infectious diseases is eradication. However,
to date, there are only two diseases declared to be eradicated due to global immunization: small-
pox in humans, which was responsible for 300 to 500 million deaths in the 20th century, and
rinderpest in cattle and other ruminant animals. Wild Poliovirus has been eliminated from all
countries except three (Afghanistan, Nigeria, and Pakistan); Yaws, Guinea worm, and Malaria

infections elimination are also being investigated.”!-

Based on the huge success of applying prophylactic vaccines to decline these infec-
tious diseases, researchers have also started developing vaccines for other infectious diseases
like human immunodeficiency virus/acquired immune deficiency syndrome (HIV/AIDS), tu-
berculosis (TB), malaria, hepatitis C, and a variety of neglected tropical diseases (NTDs). How-
ever, research and development of a vaccine for an infectious pathogen usually take between
10 to 15 years. At the same time, new emerging pandemic viral infections remain a constant
threat due to increasingly frequent close contact between the human population and animals.
The most recent such infections include severe acute respiratory syndrome (SARS) 2003, swine
flu (HIN1) 2009, Middle East Respiratory Syndrome (MERS) 2012, the largest Ebola outbreak
2013-2016 in the West African region where it had never caused an outbreak before, Zika 2016
with its associated neurological disorders,”*and the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) 2019 engulfed the whole world in less than 6 months and caused
more than 413 million people infected and more than 5 million deaths (as of 15-Feb-2022, John

67



Protein Engineering for Antiviral drug development

Hopkins Corona Dashboard center) together with severely disrupted world economy.”* How-

ever, major pandemics of other pathogens are not predictable.

Although developing and applying vaccines for those infectious diseases is the final
goal to eradicate the infection, understanding the emerging pathogen and developing a safe and
effective vaccine takes a relatively long time (typical 10-15 years except around 1 year for
COVID-19 mRNA vaccine). However, during the vaccine development time, people mortality,
world economic disruption, countless pain and panic of broken families cannot be paused. Non-
vaccine available infectious diseases like HIV/AIDS, tuberculosis, and malaria, as well as di-
arrheal diseases and lower respiratory infections, are still a heavy burden for both medical and
economic costs. In particular, the failure to respond to the Ebola outbreak in a timely and coor-
dinated fashion before it spiralled out of control—infecting over 28,000 people and causing
over 11,000 deaths—was a wake-up call for the world.”> SARS-CoV-2 is still the cause of a
global pandemic today, with control and mitigation measures limited to social distancing, wear-
ing masks, travel restrictions, and avoiding gatherings, which are all imperfect and constraining.
This approach is not well suited for the immediate needs of an emerging pandemic infection; a
typical example with Ebola and COVID-19 infection cases and vaccine development compari-

son (Figure 3.1) shows the dramatic timeline differences.”*
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Figure 3.1. A comparison of the epidemic curves and vaccine development timelines between the 2014

West African Ebola outbreak and COVID-19.

A) The number of months from the onset of the epidemic is shown against the number of reported cases
per day. Note that the COVID-19 (left) and Ebola (right) axes are scaled differently; B) Vaccine devel-
opment timelines for COVID-19 versus Ebola in the context of particular events during the respective

outbreaks. PHEIC, public health emergency of international concern.’

Infectious diseases that persist require continues effort to develop vaccines, but at the
same time, antiviral drugs, especially broad-spectrum inhibition of various viruses, are desira-
ble for decreasing or slowing down the infection cases, mortality, and buying time for final
vaccine development. The benefit of antiviral drugs for certain non-vaccine available infectious
diseases is very encouraging. For instance, HIV/AIDS declined 50 % between 2004 and 2015,

thanks to an unprecedented expansion of life-saving antiretroviral therapy to over 18 million
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people.”® Similarly, fewer children and adults die from malaria, diarrheal diseases, and lower

respiratory infections due to antiviral drugs treatment.

Drugs to fight infectious disease include antibiotics, antifungal and antiparasitic drugs,
or antiviral drugs based on monoclonal antibodies.”” Most antiviral drugs currently available
are designed to target viral infections, including HIV/AIDS, herpes virus, hepatitis B and C,
and influenza A and B. Researchers are always trying to extend the range of antiviral drugs to
other families of pathogens. However, because viruses tend to use the host’s cells to replicate,
it is challenging to design safe and effective antiviral drugs with minimal interference with the
host organism’s cells while maintaining effective inhibition of the viruses. Moreover, viruses

are constantly mutating, which increases the obstacles for effective antiviral drugs development.

Viruses usually consist of a genome with or without a few enzymes inside of a capsule
structure made of proteins (capsid), sometimes also covered with a lipid layer (envelop). They
cannot reproduce on their own but have to rely on a host cell to produce copies for further
propagation and infection. Based on virus-specific infection life cycles, researchers have devel-
oped rational antiviral drug design strategies such as attacking viruses at every stage of their
life cycles. Different types of viruses have different life cycles, but they still share a general
pattern (Figure 3.2): 1. Attachment to a host cell; 2. Fusion with the cell membrane, enter and
release of viral genes inside the cell; 3. Replication of viral components using host cell machin-

ery; 4. Assemble viral components; 5. Release new assembled viral particles.

Release :.”.A 3 gg;g
:IA = AIAo

Gene expression
and replication

0-
0

Attachment

Penetration

Figure 3.2. The life cycle of virus®™
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Based on this pattern of the viral infection cycle, one antiviral strategy is to block the
ability of the virus from attaching to the host cell membrane and releasing its viral genes. By
mimicking the virus-associated protein (VAP) to develop analogues of targeting protein, it can
compete with binding to cellular receptors to reduce the virus attachment. These types of anti-
viral drugs include VAP anti-idiotype antibodies, natural ligands of the cellular receptor, and
anti-receptor antibodies. Another strategy is to design a compound to mimic the cellular recep-
tor and bind to the VAP, which includes receptor anti-idiotypic antibodies, extraneous and syn-
thetic receptor mimics, and anti-VAP antibodies. One typical example of these “entry-blocking”

antiviral drugs for HIV/AIDS treatment is fusion inhibitor- “Enfuvirtide”,” virus glycoprotein

gp120 attachment inhibitor-“Fostemsavir”,!% and CD4 T cell surface receptor CCR5 antago-
nist-“Maraviroc”.!°! Another uncoating inhibitor preventing viral gene release such as “Aman-
tadine” and “Rimantadine”, which act on virus penetration and uncoating, for influenza treat-

ment have also been developed.!92-103

The primary type of antiviral drugs interferes with the synthesis and assembly of virus
components after they invade a host cell. It includes reverse transcription inhibition by devel-
oping nucleotide or nucleoside analogues such as “Aciclovir” for herpesvirus infection,!%® “Zi-
dovudine (AZT)”, “Lamivudine” and “RNase H” for HIV/AIDS infection,'""'% DNA inte-
grase target, transcription inhibition for blocking attachment of transcription factors to viral
DNA, “antisense” molecules -segments of DNA or RNA- aiming for blocking viral genomes
operation like “Fomivirsen” for cytomegalovirus,''? “Morpholino oligos” for caliciviruses, fla-
viviruses, dengue, HCV and coronaviruses.!!!'"!!'> Antiviral drugs can also target downstream
translation such as ribozymes analogues that have been developed for hepatitis C and HIV, 16117
which cut DNA and RNA at sites to disable viral genome, interfering with viral protein pro-

119

cessing like protease inhibitor,!!® targeting the viral long dsSRNA helix forming,''® and virus

assembly such as “Rifampicin”.!2

As the final stage of a virus infection cycle is to release the newly assembled virus
particles, researchers developed two drugs named “Zanamivir” and “Oseltamivir” to block the
surface molecule neuraminidase to prevent viral particle release for influenza infection treat-

ment'lZl,lZZ

Instead of attacking viruses directly, researchers are also trying to combat viruses by

improving people’s own immune systems. Some immune-stimulating molecules have been
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used for antiviral purposes like INFa for treatment of hepatitis B and C.!?* Monoclonal anti-

bodies purified from infected patients or synthesized have also been used for antiviral treatment.

Currently, available antiviral drugs approved by FDA are mostly small molecules such
as “Acyclovir”, “brivudine”, “Famciclovir” for HSV; “Amantadine”, “Rimantadine”,
“Zanamivir” for influenza; “Ribavirin” for hepatitis virus;'?* “Abacavir”, “Lamivudine” for
HIV/AIDS,'?> and “Molnupiravir” for SARS-CoV-2.!2¢ These molecules usually have high
specificity, however, the shortcoming is easily causing drug resistance. The other approved
antiviral drugs are focused on natural proteins like “Interferons” for hepatitis'?* and monoclonal
antibodies for various viruses,'?’ but they are usually very costly. In order to address the prob-
lem, researchers also actively develop macromolecular-based broad-spectrum antiviral agents
against new emerging viruses like Zika, Ebola, SARS, and other pathogenic viruses because

the conventional one-bug-one-drug strategy is insufficient to address this problem.!?®

Macromolecules are particularly attractive due to their multivalency and versatility,
and they can be designed to display broad-spectrum antiviral activity and lower the risk of drug
resistance for emerging and muted viruses. For instance, peptide- and polymer-based antivirals
can easily achieve multivalency with diverse functionalities.!?%!3° Kuroki et al.'! reviewed an-
tiviral peptides like cationic peptides displaying broad-spectrum antiviral function through
competitively binding to heparan sulfate proteoglycans (HSPGs) on the host cell surface, viral
fusion inhibitor mimicking peptides by disrupting membrane fusion between virions and host
cells, and antiviral polymers including HSPGs mimicking sulfated polysaccharides and glyco-
polymers for binding to viruses from attachment, improved plasma half-life and biocompatibil-
ity sulfated/sulfonated non-glycosylated polymers, sialylated polymers mainly for influenza vi-
ruses, nucleic acid polymers for blocking the secretion of newly formed virions, amine-func-

tionalized polymers, and guanidine-functionalized polymers.

Macromolecule antivirals such as polymer-drug conjugates improve the drug half-life
in blood circulation and prevent it from unwanted interactions with proteins, cells, and non-
target organs.'*? For example, “zidovudine” for HIV was conjugated to carrageenan and other
polymers in order to improve stability, specific organ targeting, and lower drug resistance and
toxicity.!**13* Furthermore, nanoparticle-based macromolecule antivirals have also been ac-
tively investigated. Carbon dots (CDs), carbon nanotubes, silver nanoparticles, silica nanopar-

ticles, gold nanoparticles, gold nanoclusters, graphene oxides, etc., were shown to have antiviral
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or antibacterial effects.!3>!4* Natural antiviral drugs derived from microbial products also ex-

hibit great structural diversity, complexity, and broad-spectrum antiviral function.'#*

Despite the rapid progress in the biomedical techniques of antiviral drug development,
there are still many challenges to discover new promising antiviral targets and drugs. Among
the 30-year period from January 1987 to December 2017, 179 antivirals were approved by
FDA.!% Although there are so many available antiviral drugs, they only target a small number
of viral pathogens.!#>!46 In particular, most approved antivirals are small molecules specifically
targeting certain virion parts. However, viruses, particularly RNA viruses, sustain a high fre-
quency of mutations, which cause viruses to become resistant to currently available treat-
ments.!!® Although mechanisms of antiviral resistance vary between different viruses; antiviral
drug resistance is possible for a range of viruses. Current antiviral resistance has been reported
for HIV, hepatitis B and C, herpes, and Influenza.!*” Except the drug resistance, another chal-
lenge for current available small molecule-based antivirals is their side-effects such as toxicity,
half-life circulation, off-targeting tissue, thus there is a high demand for proper drug delivery

systems, 148150

It usually takes years to develop and get a new antiviral drug approved for use because
identifying the chemical compounds targeting the virus, testing its efficacy and safety both in
the preclinical and clinical setting is a long and costly process. However, with the high fre-
quency of virus mutation, new emerging and re-emerging viruses make the antiviral drug de-
velopment even longer, which makes it unlikely to result in timely and effective therapies
against these numerous pathogens causing sometimes rare but lethal infections.!! Based on
these observations, broad-spectrum antivirals that can act on multiple viruses are highly desir-
able. However, unlike bacterial, viruses have much less of their own proteins that can be tar-
geted with drugs since they use host cellular machinery for replication. Thus, a broad-spectrum
antiviral targeting a virion specifically but not affecting normal cell function is particularly dif-
ficult. “Ribavirin” is the only approved broad-spectrum antiviral for various RNA viruses. De-
spite these difficulties, targeting viruses’ conservative proteins outside of host cells to stop them
from attachment or fusion is a good strategy for developing broad-spectrum antivirals. Natural
proteins such as interferon-lambda (IFN-A) immune modulator and broad-spectrum neutraliz-
ing antibodies show effective inhibition function against various viruses.!>*15% Alternative ap-
proaches like synthetic antiviral gold nanoparticles coated with HSPGs -a common cell surface

receptor shared by various viruses for binding- mimicking linkers were reported with good
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143

inhibition against various viruses such as HSV-2, HPV, RSV, and dengue.'*> Direct targeting

of virus particles offer the potential to stop viruses before infection of host cells, which will

greatly reduce virus infectivity levels, accelerate recovery while reducing transmission risks.!>

Despite great efforts on the development of broad-spectrum antivirals, there is still one
more critical question that has not been addressed yet. Most current available antivirals are
aiming to interfere with the virus entry; hence they are virustatic substances. They can be broad-
spectrum and non-toxic, but their inhibition effect highly depends on a reversible binding event.
Once upon dilution of the substance, the inhibition binding to the virus will be disassociated,
and the virus can infect the host cell again. Several examples were reported with this virustatic
effect.1’15 A compound with a virucidal mechanism of action interacts with viruses to irre-
versibly deactivate them. The ideal antivirals should be both medical virucidal to virus and non-
toxic to host cells. However, the current available virucidal materials such as detergents, strong
acids, even some newly developed nanoparticles and polymers all present high cellular tox-
icity.!6%-161 With the increasing emergence of new viruses, there has been more interest in de-
veloping non-toxic virucidal antivirals. For instance, Cagno et al.'*? developed HSPGs mim-
icking linker-coated gold nanoparticles for successful broad-spectrum antiviral activities to-

gether with non-toxicity to host cells. Chakrabarty er al.!?

also screened drugs that can combine
medical virucidal and virustatic activities for HIV treatment. These works allow potential pre-

vention and treatment for future emerging viruses.

Here we demonstrate a protein-based novel and versatile approach for broad-spectrum
virucidal material development. Through a one-step reaction by simply chemically conjugating
a long flexible and hydrophobic ligand onto the surface of a protein core, we prepared a func-
tionalized protein virucidal material with good safety and effectiveness against HSV-2, Influ-

enza HIN1, and SARS-CoV-2 (Figure 3.3).

To prove this concept, we used bovine serum albumin (BSA), the most abundant serum
protein, as the core. By varying ligand density, we tuned the inhibitory activity of the antiviral
material: the antiviral inhibition ECs increased from 0.052 uM (56% ligand density) to 23.6
UM (22% ligand density) to loss of all inhibition (11% ligand density). We also demonstrate
the versatility of this approach to turn proteins, across a range of isoelectric points and molec-
ular weights, into an effective antiviral material by applying the conjugation method to a variety

of protein cores. By simply replacing the protein core from BSA to Avidin to Cytochrome C
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while maintaining the same synthesis method, all products still show effective antiviral inhibi-

tion (ECso-sa = 0.052 uM, ECso-avidin= 0.208 uM, ECso.cyto c = 0.592 uM).

Furthermore, by varying ligand hydrophobic length from 3 to 6 to 12 -CH»-, final
products’ antiviral inhibition ECso remains in a similar range but converts from virustatic (3
and 6 -CHb»-) to virucidal (12 -CHz-). At last, modified protein BSA with ligand DMDA of 12
-CH,- was prepared and used for antiviral inhibition test against three different types of viruses
HSV-2, Influenza HIN1, and SARS-CoV-2. This product showed effective antiviral inhibition
against all these three viruses with ECso.usv-2= 0.149 uM, ECso.in1 = 4.48 nM and ECso-sars-
cov-2 = 2.42 uM. Thus, this protein-based antiviral platform provided an easy-manufactured,

versatile, non-toxic, broad-spectrum effective, and potentially translatable antiviral solution.
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Figure 3.3. Schematic illustration of antiviral drug chemical synthesis, virustatic and virucidal inhibi-

tion.
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3.1 Chemical synthesis and characterization of protein-based antivirals

To date, the reported protein-based antivirals are either interferons or monoclonal an-
tibodies, the mechanism of viral inhibition is virustatic, and they are usually very costly. Here
we developed a simple one-step protein functionalization method to produce non-toxic viruci-
dal materials. Proteins are ideal scaffolds for biomaterial design as they are biocompatible and
have diverse surface charges and a range of functional handles on which to conjugate active
ligands. We hypothesized that modifying a protein core with ligands that irreversibly interact

with virus capsid proteins could result in an antiviral material.

For the ligand, we investigated three diamine compounds of varying hydrophobicity:
N, N'-Dimethyl-1,3-propane diamine (DMPA), N, N'-Dimethyl-1,6-hexane diamine (DMHA),
N, N'-Dimethyldodecane-1,12-diamine (DMDA). To investigate whether we could exploit any
generic protein as a core to uniformly modify with a virus targeting ligand, we selected three
model proteins of varying isoelectric point and molecular weight: BSA (67 kDa, pl:4.7), Avidin
(67 kDa, pl:10), and Cytochrome C (11.7 kDa, pl:9.6). The protein cores were functionalized
with the diamine ligands using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) cou-
pling chemistry in aqueous conditions at room temperature. The ligand to protein ratio was
determined using the protein crystal structure to estimate the number of surface accessible car-
boxyl groups on which to conjugate the diamine linker. The chemical synthesis scheme is dis-
played in Figure 3.4A. Modified proteins were purified using amicon centrifugal filtration with

molecular weight cutoff dictated by the protein core.

The unmodified and modified proteins were characterized using a range of techniques
to investigate the size, surface charge, and degree of functionalization. Dynamic light scattering
(DLS) (Figure 3.4B upper left) of functionalized protein sample BSA-DMPA showed around
2 nm increase in the hydrodynamic diameter post modification, while the surface zeta potential
(Figure 3.4B upper middle) increased from -1.16 to +21.1 mV mainly due to the positive charge
of the amine group of the ligand. Matrix-assisted laser desorption/ionization (MALDI) Mass
Spectrum (Figure 3.4B upper right) clearly showed increased mass 5710 after modification,
which indicates ~56 ligands conjugated on each protein. The modified and unmodified BSA,

Avidin, Cytochrome C with various ligands were characterized by DLS, Zeta potential, MALDI
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Mass Spectrometry, and summarized data are listed in Table 3-1. Conjugated ligand numbers

were also calculated and listed in the right column in Table 3-1.
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Figure 3.4. Synthesis and Characterizations of protein-based antivirals.

A) Synthetic schematic illustration of one-step chemical functionalization of protein surface with ligand
DMPA, DMHA, and DMDA. B) Characterization of functionated protein representor BSA-DMPA with
DLS (upper left), Zeta potential (upper middle), MALDI Mass spectrum (upper right), CD (lower left),
and AUC (lower right).
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Table 3-1. Physiochemical properties of native and functionalized proteins

Sample/ DLS Zeta potential Mass Spectrum (MW)  Ligand number per
Characterization (nm) (mV) protein
BSA 6.1%15 12262 66346
BSA-DMPA 82£20 211+47 72056.7 56
BSA-DMPA (20%) 76£20 47+28 68593.3 22
BSA-DMPA (10%) 7.9+2.0 -0.05 = 6.0 67712.5 13
Avidin 5113 43+92 63564
Avidin-DMPA 5.6 1.4 95%85 66098 25
Cyto C 1203 20+56 12179
Cyto C-DMPA 22x03 18.2 = 12.9 13084 9
BSA-DMHA 7420 6.4+ 146 71682 37
BSA-DMDA 7.7£20 234 6.0 71379 22

In order to investigate if the protein structure changed after ligand functionalization,
we performed circular dichroism (CD) spectroscopy (Figure 3.4B lower left) of protein BSA
and its functionalized form BSA-DMPA. We can see that both of the sample curves are basi-
cally overlapped together, which indicates after functionalization with the ligand, the a-helix
and B-sheet content of the protein didn’t significantly change compared to its original form.
Since structure and function are intimately linked, the retention of protein structure post-modi-
fication is indicative of retention of protein function and thus promising for utilization of future
functional protein cores. Furthermore, characterization by analytical ultracentrifugation (AUC)
(Figure 3.4B lower right) of sample BSA and BSA-DMPA provides two types of important
information: the first one is sample BSA-DMPA is clean and uniform, as we can see that native
BSA protein displayed two peaks with different sedimentation due to its natural monomer and
dimer. After conjugating with ligand DMPA, there are still only two peaks; the major one is the
monomer, which indicates that ligands were covalently bonded with protein but did not cross-
link two proteins together or cause unwanted aggregation. Second, AUC reveals that the ligand
was conjugated on the surface of protein quite uniformly as the width of the peak didn’t change
much compared to native BSA. Additionally, the peak left-shifted compared to BSA indicates
the BSA-DMPA sediments slower than BSA, which we suspect is because, after ligand conju-

gation, the whole protein particle density becomes smaller, resulting in slower sedimentation.

78



Protein Engineering for Antiviral drug development

3.2 Ligand density influence on antiviral effect

Our goal is to develop an effective and non-toxic antiviral material through function-
alizing protein surfaces with certain ligands. The first question to address is how many ligands
are needed on the protein core in order to achieve an effective inhibition. Although the number
of the ligands might vary according to different protein cores, we hypothesize that there may
be an ideal number of ligands per protein surface area required to have a desired antiviral effect.
Here, we use BSA as protein core and DMPA as a ligand to investigate the ligand density effect
on antiviral inhibition. Since the EDC coupling reaction mechanism is first to let EDC mole-
cules activate the carboxyl group, there are in total 99 carboxyl groups available on each BSA
protein (determined by total amino acids Aspartic Acids and Glutamic Acids) by tuning input
ligand ratios during the EDC carboxyl activation reaction, we managed to get three different
ligand density samples: 56 ligands conjugated sample BSA-DMPA, 22 ligands conjugated sam-
ple BSA-DMPA 20% and 13 ligands conjugated sample BSA-DMPA 10%. The name of 20%
and 10% is based on the input ligand ratio compared to sample BSA-DMPA maximum ligand

density ratio achievable via EDC coupling.
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Figure 3.5. Ligand density influence on the effect of antiviral inhibition.

A) MALDI Mass Spectrum of different ligand density samples BSA-DMPA, BSA-DMPA 20%, and
BSA-DMPA 10%. B) AUC characterization of native protein BSA and different ligand density samples
BSA-DMPA, BSA-DMPA 20%, BSA-DMPA 10%. C) Dose-response antiviral inhibition assay of dif-
ferent ligand density samples to HSV-2. D) Cytotoxicity assay for different ligand density samples on

Vero cells.

Ligand number calculated from MALDI Mass Spectrums (Figure 3.5A) shows that
there are respectively 56, 22, and 13 for each sample BSA-DMPA, BSA-DMPA 20% and BSA-
DMPA 10%. Besides, AUC characterization also shows different conjugated ligand numbers
according to their sedimentation time. From AUC, an increasing number of ligands conjugated
on the protein lowers the whole protein particle density, which results in slower sedimentation
compared to proteins with fewer ligands conjugated. From Figure 3.5B, we can clearly see
sample BSA-DMPA left-shifted (slower sedimentation) more than sample BSA-DMPA 20%
and BSA-DMPA 10% when compared to native protein BSA, which indicates a higher
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conjugated ligand number. The BSA-DMPA 20% sample is slightly more left-shifted than the
10% one, while the sedimentation of sample BSA-DMPA 10% is very close to native protein

BSA.

After confirming the sample ligand density from both mass spectrum and AUC char-
acterization, we further tested their antiviral inhibition effect against Herpes simplex virus -2
(HSV-2) in vitro. To test antiviral inhibition, we used a standard dose-response inhibition assay.
In this assay, antiviral material with different concentrations is mixed with a fixed number of
viruses and then infect Vero cells; virus-causing plagues are counted after staining. Each sample
material was dissolved in Vero cell culture medium DMEM with 2% of Fetal Bovine Serum
(FBS) inside and incubated with HSV-2 for 1 hour at cell culture incubator at 37 °C with 5%
CO,. After that, material-virus mixed solutions were added into Vero cells for infection. Virus
plagues inside the cell were stained the next day and counted. A dose-response non-linear curve
was fitted, and the ECso value was calculated and displayed in Figure 3.5C. The blue dots rep-
resent native unmodified BSA protein, which did not show any antiviral inhibition. The BSA-
DMPA with maximum ligand density (red curve in Figure 3.5C left) displayed effective inhi-
bition of HSV-2 with ECso concentration equals to 3.77 pg/mL (0.052 uM). However, for re-
ducing ligand density, the anti-HSV-2 ECso concentration dramatically increased, where BSA-
DMPA 20% had an ECso of 1.62 mg/mL (23.6 uM), and BSA-DMPA 10% didn’t show any
inhibition effect. Thus, we found that ligand density on the protein core is one of the key factors
for effective antiviral inhibition. While the modified BSA displayed antiviral properties, we
wanted to ensure that this antiviral effect was not associated with cytotoxicity. To measure
cytotoxicity, we ran cell viability assays on each of the modified protein samples. Figure 3.5D
showed over 95% cell viability over the range of modified protein concentrations tested in the

antiviral dose-response assay, further demonstrating the non-toxic property of materials.

33 Versatility of protein-based antiviral platform

To investigate the versatility of the protein-based antiviral platform, we applied the
same chemical modification approach described in section 3.1 to three model proteins with
varying molecular weight and isoelectric points: BSA (67 KDa, pl: 4.7), Avidin (67 KDa, pl:
10), Cytochrome C (11.7 KDa, pI: 9.6) (Figure 3.6A). The same chemical synthesis and purifi-

cation protocol were applied to these different proteins. Dose-response antiviral inhibition
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assays against HSV-2 and cytotoxicity assays on Vero cells were performed under the same

conditions (Figure 3.6B).
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A) Three protein candidates, BSA, Avidin, and cytochrome C, by varying molecular weight and isoe-
lectric point. B) Dose-response antiviral inhibition of functionalized protein BSA-DMPA, Avidin-
DMPA, and Cyto C-DMPA together with their native protein control against HSV-2. C) Virucidal assay
of functionalized protein BSA-DMPA, Avidin-DMPA, and Cyto C-DMPA against HSV-2. D) Cyto-
toxicity assay on Vero cells of functionalized proteins with the same range of concentration in dose-

response antiviral inhibition assay.

All three functionalized proteins showed effective inhibition with low ECso values
(ECso <1 uM): BSA-DMPA 3.77 pg/mL (0.052 uM), Avidin-DMPA 13.76 pg/mL (0.208 uM),
Cyto C-DMPA 7.75 pg/mL (0.592 uM), which indicates the protein-based antivirals platform
is versatile and can potentially be used for functional proteins in the future (e.g., enzymes, an-
tibodies, cell receptors). Encouraged by the good antiviral inhibition effect of these materials,
we further investigated to see if these samples were virucidal. 300 pg/mL final concentration
of each functionalized protein sample was incubated with a titer of HSV-2 10° pfu in 2% FBS
containing DMEM medium for 1 hour in cell culture incubator at 37 °C with 5% COx, then the
material-virus mixture was added into Vero cells for infection, and we perform various serial
dilutions from 1:3 to 1:2187000 times, the purpose of these massive dilutions is to see if the
material still exhibits antiviral inhibition even when the sample is significantly diluted, indicates
that it is an irreversible interaction with viruses. Virus infection formed plaque was counted
after staining with crystal violet; the result is shown in Figure 3.6C. However, virus titer only
decreased with a very minimal level (< 10-fold) compared to its virus alone control. It means
although these three proteins functionalized with ligand DMPA can bind to virus surface effec-
tively to prevent the virus from further infection, the binding between virus and material, how-
ever, is reversible. After multiple serial dilutions applied to virus-material mixtures, the de-
association effect between virus and material becomes increasingly more dominant; thus, pre-

viously blocked viruses will become free and active again for the further infection.

The same concentration range for these functionalized proteins was also evaluated for
cell viability on Vero cells (Figure 3.6D). Sample BSA-DMPA and Avidin-DMPA display over
95% cell viability in all tested concentration ranges, sample Cyto C-DMPA displays over 90%
cell viability in concentration ~111 pg/mL and less, while at higher concentration (e.g., 333
pg/mL), Cyto C-DMPA reduces cell viability to ~75%, which we suspect might due to cell-

apoptosis inducing effect of Cytochrome C when it’s delivered into the cytosol of the cell.
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3.4 Ligand hydrophobicity influence on the antiviral effect

We were encouraged by the protein antiviral results but wanted to optimize the protein
modification further to make the material virucidal. For antiviral inhibition through non-spe-
cific binding, in order to disrupt the envelop membrane of the virus, ion-interaction between
ligand and viral protein is important, and hydrophobic interaction with force interference might
be necessary. We hypothesized that there might be a minimum ligand hydrophobicity required
for the protein to interact irreversibly with the virus capsid proteins and thus exhibit virucidal
inhibition. To explore this hypothesis, we used BSA as a model protein core and selected three
different aliphatic ligand chain lengths DMPA (3 -CH»-), DMHA (6 -CH»-), and DMDA (12 -
CH>-) for modification to investigate the hydrophobic force influence on virucidal effect. Build-
ing off the previous results showing the importance of ligand density, we aimed to maximize
the ligand density for each ligand length on the BSA core. By applying the same chemical
synthesis protocol to the BSA protein core, we can easily get products BSA-DMPA with con-
jugated ligand number 56, BSA-DMHA with conjugated ligand number 37, and BSA-DMDA
with conjugated ligand number 22 (Table 3-1). The decreased conjugated ligand number is
mainly due to the physical hindrance of different length ligands during the reaction, but we

believe it can be further improved by optimizing the chemical synthesis reaction condition.
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Figure 3.7. Ligand hydrophobicity on antiviral inhibition and virucidal effect.

A) AUC characterization of different lengths of ligand conjugated sample BSA-DMPA, BSA-DMHA,
and BSA-DMDA. B) Different length ligand structures: left DMPA, middle DMHA, right DMDA. C)
Dose-response antiviral inhibition effect against HSV-2 of different length ligand conjugated BSA pro-
tein sample. D) Virucidal effect against HSV-2 of different length ligand conjugated BSA protein sam-
ple BSA-DMPA, BSA-DMHA, and BSA-DMDA. E) Cytotoxicity effect of sample BSA-DMPA, BSA-
DMHA, and BSA-DMDA in the same concentration range of dose-response antiviral inhibition on Vero

cells.
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Different length ligand conjugated samples BSA-DMPA, BSA-DMHA, and BSA-
DMDA after purification were characterized by AUC (Figure 3.7A). All three samples showed
two unique peaks (monomer and dimer), same as native unmodified BSA protein, which indi-
cates all these samples were sufficiently purified. The major peak is monomer also means ligand
conjugation didn't cross-link two proteins together or cause undesired aggregation. Furthermore,
the sedimentation curves for all BSA samples after conjugating with different ligand lengths
are left-shifted, which indicates that these samples sediment slower than native protein mainly
because the conjugated ligand makes the whole protein particle much less dense, which is es-

pecially apparent in BSA-DMDA sample with the longest ligand.

After careful characterization (Table 3-1), we next performed a dose-response antiviral
inhibition assay of these three samples against HSV-2. The protocol of dose-response antiviral
assay is the same as above, and results are shown in Figure 3.7C. Sample BSA-DMPA showed
anti-HSV-2 ECso equals to 3.77 pg/mL (0.052 uM), and the longer ligand DMHA conjugated
sample BSA-DMHA showed an even lower ECso value of 0.43 pg/mL (0.006 uM). Since
DMHA has 6 -CH»-, double the length of DMPA, and conjugated ligand number is 37, less than
DMPA's 56 on each protein, it indicates the length of the ligand (hydrophobicity) might play a
key role in virus inhibition. Sample BSA-DMDA with 12 -CH>- has only 22 ligands conjugated
due to steric effects in the modification and displayed antiviral inhibition ECso of 10.66 pg/mL
(0.149 uM). Its ECso value is slightly higher than BSA-DMPA and BSA-DMHA, likely due to
the lower ligand density compared to the other two samples. However, when we compare the
ECso of two samples with similar ligand density BSA-DMPA 20% and BSA-DMDA together,
the effect of ligand length is very clear. As these two samples have the exact same number of
22 ligands conjugated on each BSA protein, the antiviral ECso value of BSA-DMDA (10.66
pg/mL) is more than 150 times lower than BSA-DMPA 20% (1620 pg/mL), which indicates
the importance of ligand length (Hydrophobicity).

To further understand the influence of ligand length (hydrophobicity) on the virucidal
effect, we performed a virucidal assay of these three samples, BSA-DMPA, BSA-DMHA, and
BSA-DMDA, against HSV-2. The virucidal assay protocol is the same as above. After incuba-
tion, infection, and serial dilution, virus plagues were counted compared to virus alone control.
Result (Figure 3.7D) shows both sample BSA-DMPA, and BSA-DMHA only displayed mini-
mal virucidal effects; less than 10-fold of the virus titer is decreased compared to virus control.

However, even with the lowest ligand density, BSA-DMDA exhibited very effective viricidal
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function, where HSV-2 virus titer was decreased around 1000-fold compared to virus control.

It further demonstrates the importance of hydrophobic force as one of the key factors to irre-

versibly inhibit viruses.

Cytotoxicity assay of these three different lengths of ligand conjugated BSA protein
samples was performed on Vero cells in the same concentration range as a dose-response anti-
viral assay. From concentration 1.37 pg/mL to 333 pg/mL (viricidal assay sample concentration
is 300 pg/mL), all samples maintain Vero cell viability over 95%, which means these samples

are safe for cells even when inducing virus-specific inhibition or irreversible deactivation effect.

3.5 Protein-based antivirals broad-spectrum effect

Encouraged by modified proteins' effective antiviral inhibition and BSA-DMDA's vir-
ucidal effect against HSV-2, we next investigated modified protein's broad-spectrum antiviral
effect against other viruses such as Influenza HIN1 and SARS-CoV-2. We used modified pro-
tein BSA-DMDA as antiviral material and performed a dose-response antiviral inhibition assay
against HSV-2, Influenza HIN1, and SARS-CoV-2. The protocols of the dose-response antivi-

ral assay against different viruses are slightly different, which is displayed in the method part

in detail. Results are shown in Figure 3.8.
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Figure 3.8. Broad-spectrum antiviral inhibition effect of modified protein BSA-DMDA against HSV-
2, Influenza HIN1, and SARS-CoV-2.

A) Schematic structures of virus HSV-2, Influenza HIN1, and SARS-CoV-2. B) Dose-response antivi-
ral inhibition effect of BSA-DMDA against virus HSV-2, Influenza HIN1, and SARS-CoV-2. C) Cy-
totoxicity effect of material BSA-DMDA in the same concentration range of dose-response antiviral
inhibition against HSV-2 on Vero cells, against Influenza HIN1 on MDCK cells, and against SARS-
CoV-2 on Vero E6 cells.

Modified protein BSA-DMDA showed anti-HSV-2 inhibition with ECso equals to
10.66 ug/mL (0.149 uM), anti-Influenza HIN1 inhibition with ECso equals to 0.32 pg/mL (4.48
nM), and anti-SARS-CoV-2 inhibition with ECso equals to 172.7 pg/mL (2.42 uM) (Figure
3.8B). Cytotoxicity assay of material BSA-DMDA on different cell lines according to different
viruses’ infection were performed and results were displayed in Figure 3.8C. In the same testing
concentration range as dose-response antiviral assay, modified protein BSA-DMDA displayed
all over 95% cell viability on Vero cells, MDCK cells, and Vero E6 cells, which indicates the

safety of this modified protein on hosting cells while keeping effective antiviral inhibitions.

We believe the non-specific broad-spectrum antiviral inhibition effect is mainly due
to the ionic interaction and hydrophobic interaction between virus capsid membrane and ligands
on modified protein. Positively charged modified protein first was attracted by negatively
charged virus capsid membrane to the virus surface through ionic interaction, then long hydro-
phobic ligands on the surface of the protein applied to interfere force with spike protein or
capsid membrane through hydrophobic interaction to inhibit or further deactivate viruses irre-

versibly.
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3.6 Conclusion

In summary, we have demonstrated protein-based antivirals as a non-toxic, facile,
broad-spectrum effective, and versatile platform for the potentially translatable antiviral solu-
tion. By simple one-step chemical functionalization under room temperature, modified proteins
with high reproducibility showed not only effective antiviral inhibition but also a good virucidal
effect. Two important key factors, ligand density, and hydrophobic force, significantly influ-
enced antiviral inhibition and virucidal effect. Broad-spectrum antiviral inhibition against HSV-
2, Influenza HINT1, and SARS-CoV-2 was well observed. Besides, this novel versatile platform
uses natural protein as a core base, it is biocompatible, and the protein itself can be inert or
functional, i.e., enzymes or therapeutical antibodies, which will add additional value for syner-

gistic combinational therapy.

While we used model non-functional protein cores in this initial demonstration, further
studies will investigate functional, active, and potentially targeting cores, including antiviral
monoclonal antibodies. Additionally, non-specific interaction with high concentration of pro-
teins in 100% plasma of this protein-based antivirals on viral inhibition effect will be further
studied. Other ligands with a range of physicochemical properties (e.g., charge and hydropho-
bicity) will be further investigated; the aim is to open the door to virus-targeted virucidal mate-

rials.

89



Protein Engineering for Antiviral drug development

3.7 Materials, Instruments, and Methods

Materials

Protein BSA and Cytochrome C were purchased from Sigma Aldrich (Missouri, United States).
Protein Avidin is from Santa Cruz Biotechnology (Texas, United States). Chemicals 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N, N'-Dimethyl-1,3- propane
diamine (DMPA), N, N'-Dimethyl-1,6-hexane diamine (DMHA), N, N'-Dimethyldodecane-
1,12-diamine (DMDA), Avicel, 4% PFA solution, Tween 20, and 3,3'-diaminobenzidine
(DAB) tablet were purchased from Sigma Aldrich (Missouri, United States). Methylcellulose
was purchased from Fluka (St. Gallen, Switzerland), Crystal violet is from Acros (Geel, Bel-
gium). Primary antibody (Influenza A antibody) was purchased from Light Diagnostics ((Mis-
souri, United States). Secondary antibody (Anti-mouse IgG, HRP-linked antibody) were pur-
chased from Cell Signaling Technology (Massachusetts, United States). Cell culture-related
materials such as medium DMEM, fetal bovine serum (FBS), Penicillin-Streptomycin (10,000
U/mL), Trypsin-EDTA (0.25%), PBS pH 7.4 (1X) were purchased from Life Technology (Cal-
ifornia, United States). MTS cytotoxicity assay kit was purchased from Promega (Wisconsin,
United States). Unless otherwise noted, all chemical and biological reagents were used as re-

ceived. All solvents purchased were reagent grade.

Cell line

Vero cells (African green monkey fibroblastoid kidney cells) were purchased from ATCC
(CCL-81) and cultured in DMEM, high glucose, GlutaMAX Supplement, pyruvate supple-
mented by fetal bovine serum (FBS, 10%), Penicillin (100 UmL™!), Streptomycin (100 pgmL-
1. Cells were cultured in a humidified atmosphere with 5% of CO> at 37 °C.

MDCK (Madin-Darby Canine Kidney Cells) cell line, was purchased from ATCC (American
Type Culture Collection, Rockville, MD). The cells were cultured in Dulbecco’s modified Ea-
gle’s medium with glucose supplement (DMEM+ GlutaMAX™) containing 10% FBS and
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Penicillin (100 UmL™"), Streptomycin (100 pgmL™"). MDCK cell lines was grown in humidified
atmosphere with CO; (5%) at 37 °C.

Vero E6 (clone C1008) were purchased from ATCC (CRL-1586) and cultured in DMEM, high
glucose, GlutaMAX Supplement, pyruvate supplemented by fetal bovine serum (FBS, 10%),
Penicillin (100 UmL "), Streptomycin (100 ugmL"). Cells were cultured in a humidified atmos-
phere with 5% of CO» at 37 °C.

Virus Strains

Herpes Simplex Virus type 2 (HSV-2) was clinically isolated and provided by Prof. M. Pistello
(University of Pisa, Italy). HSV-2 strains were propagated and titrated by plaque assay on Vero
cells. Influenza HIN1 (Netherland/2009) was a kind gift from Prof M. Schmolke (University
of Geneva). Influenza HINI strains were propagated and titrated by plaque assay on MDCK
cells. SARS-CoV-2 (Switzerland/GE9586/2020) was isolated from a clinical specimen in Uni-

versity Hospital in Geneva in Vero E6 and passaged twice before the experiments.

Instruments

Matrix-assisted laser desorption/ionization time-of-flight mass spectra (MALDI-TOF-MS)
were acquired on an Autoflex Speed (Bruker, Billerica, Massachusetts, USA). Functionalized
protein nanoparticle size and surface zeta potential were characterized by dynamic light scat-
tering (DLS) and Zeta Potential on Malvern NanoZS (Worcester, UK). MTS absorbance was
measured with a microplate reader Tecan infinite 200Pro (Ménnedorf, Switzerland). Protein
structure integrity was measured with circular dichroism spectrometer (CD) Chirascan V100
from Applied Photophysics (Leatherhead, UK). Analytical Ultracentrifugation (AUC) Beck-
man Optima XL-A, An-60 Ti rotor (California, United States)
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Methods

Preparation of functionalized proteins

Three solutions were prepared separately first. Solution 1: proteins BSA or Avidin or Cyto-
chrome C was dissolved in MES pH = 4.7 buffer (30 mg into 7.5 mL buffer with concentration
4 mg/mL) Solution 2: ligand such as DMPA or DMHA or DMDA were weighted 600 mg, and
dissolved in 1-2 mL miliq water, adjust pH till to around 7.0 by adding 1M HCI, top-up the
final volume into 15 mL with miliq water, final ligand concentration is 40 mg/mL. Solution 3:
prepare EDC 300 mg dissolving in 7.5 mL. MES pH = 4.7 buffer, the final concentration of
EDC solution is 40 mg/mL. In this reaction, the mass ratio of protein, ligand, and EDC is fixed
into Protein : Ligand : EDC =1 : 20 : 10. Mix solution 1, 2, 3 together with magnetic stirring
around 600 rpm overnight under room temperature. Purification of the final products was car-
ried out by using an Amicon filter tube with molecular cutoff 30 KDa for BSA and Avidin
protein and 10 KDa for Cytochrome C protein, miliq water was top-up to around 10 mL for

washing at least 5 times with centrifugation under 5000 rpm speed for 5 mins.

Sample BSA-DMPA 20% and BSA-DMPA 10% nanoparticle synthesis keep the same amount
of protein (Solution 1 the same), only decrease the input ligand density into above 20% (solu-
tion 2: ligand 8 mg/mL, 15 mL, pH adjusted into 7.0) and 10% (solution 2: ligand 4 mg/mL, 15
mL, pH adjusted into 7.0). EDC dose also decreased accordingly into above 20% (solution 3:
EDC 8 mg/mL, 7.5 mL) and 10% (solution 3: EDC 4 mg/mL, 7.5 mL). Basically, sample BSA-
DMPA 20% use fixed mass ratio of Protein : Ligand : EDC =1 : 4 : 2, and sample BSA-DMPA
10% use fixed mass ratio of Protein : Ligand : EDC=1:2: 1.

Characterization of functionalized protein nanoparticles

DLS: All protein product solutions were in miliq water with a concentration of 1 mg/mL. Ep-
pendorf disposable cuvette with absorbance range 220 - 1600 nm was used. 100 pL volume
was put in the cuvette and measured by instrument Malvern NanoZS with condition manually

scan for 10 runs under room temperature.
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Zeta Potential: All protein product solutions were in miliq water with 1 mM KCl in concen-
tration 1 mg/mL. Malvern disposable folded capillary cells DTS1070 were used for the meas-

urement in instrument Malvern NanoZS.

Mass Spectrum: MALDI-TOF analyses were performed on an Autoflex Speed time-of-flight
mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a Bruker smart-
beamTM-II laser (355 nm wavelength) and operated in the linear positive mode. Ion source 1
was set to 19.6 kV, ion source 2 was set to 17.5kV, Pulsed Ion Extraction was set to 28 kDa,
and the mass range for detection was set from 30 to 100 kDa. Spectra were acquired using
flexControl version 3.4. The three-layer method was used to spot the samples. Briefly, 1 pL of
sinapinic acid (SA, Merck) matrix solution at 20 mg/mL in acetone was deposited on each spot
of an MTP 384 ground steel BC target plate (Bruker, DE) and allowed to dry again at room
temperature, forming a very thin first layer of matrix. The sample was centrifuged at 10000 x
g for 2 minutes, and 1 pL of the supernatant was spotted on the target and allowed to dry at
room temperature. After drying, 1 pL of SA matrix solution at 10 mg/mL in acetonitrile 50%,
water 47.5%, and trifluoracetic acid 0.1% was applied to each spot and allowed to dry again at
room temperature. Each spectrum was collected as a minimum of 2000 shots. For each meas-
urement, the spectra were manually processed using flexAnalysis 3.4 Compass 1.4 (Bruker
Daltonics, DE). For calibration, 0.5 L of Bruker Protein Standard II was deposited using the

same method as the supernatant.

Circular dichroism for secondary structure characterization:

CD spectroscopy was used to analyze the effect of the cationization process on protein second-
ary structure. BSA has a primarily alpha-helical structure, where the CD spectrum has negative
bands at 222 nm and 208 nm and a positive band at 196 nm. The secondary structure of BSA
does not change significantly upon cationization, exhibiting a minimal increase in beta-sheet
content and a concomitant decrease in alpha-helical content. CD experiments were performed
on an Applied Photophysics Chirascan V100 Spectropolarimeter with quartz cells (1= 0.1 cm).
Spectra were obtained from aqueous solutions (0.1 — 0.2 mg ml 1 in 50 mM phosphate buffer),
and data were collected with 1 nm steps between 260 — 180 nm and 2 second integration time

per step. A minimum of three spectra was recorded for static scans at 25 °C.

AUC: AUC was performed using a Beckman Optima XL-A, An-60 Ti rotor. All sample solu-
tions were prepared freshly in PBS buffer to obtain final solutions that had 0.5~1.0 OD (optical
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density) absorbance at 280 nm in AUC cells (double sector titanium centerpieces with quartz
windows; the optical path length is 1.2 cm). All measurements were made at 20 °C, 50,000 rpm.
(with a radial step size of 0.003 cm) with sufficient duration to ensure complete sedimentation.

Data ranges from 50-100 scans were chosen to represent the whole transporting process.

Dose-response Inhibition Assay again HSV-2

The effect of ligand functionalized proteins on HSV-2 infection was evaluated by a dose-re-
sponse plaque reduction assay. Vero cells were plated in a 24-well plate around 24 hours in
advance with a cell seeding density of 10° cells/well. Protein nanoparticle materials were pre-
pared into 1 mg/mL concentration in miliq water. Six of 1.5 mL Eppendorf tubes were prepared
for each protein nanoparticle sample with 500 uL DMEM containing 2% FBS filled inside.
Take 250 pL of 1 mg/mL sample and add into the first tube, mix well with 500 uL DMEM
medium, then take another 250 uL out from the first tube and transfer into the next one, 1 : 3
serial dilutions were performed like this until reaching the last tube. In the last tube after mixing,
250 pL volume was taken out and disposed of in order to keep every tube volume constant
before incubation with viruses. HSV-2 virus titer of 40000 pfu/mL was first diluted 5 times
with DMEM medium with 2% FBS into 8000 pfu/mL, then took 10 pL adding into each tube
contain a different concentration of materials, mix well and incubated at 37 °C for 1 hour. Vero
cells culture medium was aspirated and added virus-material mixture after incubation for each
well 200 pL, and put it for incubation at 37 °C for 1 hour. Following virus adsorption, the virus
inoculum was removed, and cells were washed with a medium, then overlaid with 500 puL. me-
dium containing 1.2 % methylcellulose, after incubation at 37 °C in the cell culture incubator
overnight, methylcellulose containing medium was removed, and cells were fixed and stained
with 300 uL 0.1 % of crystal violet in 20% ethanol for 15 mins, following by washing with
PBS 7.4 (1X) twice and drying the well. Viral plaques were counted. The concentration pro-
ducing 50% reduction in plaque formation (ECso) was determined using Prism software dose-

response ECso non-linear fitting by comparing drug-treated and untreated wells.

Dose-response Inhibition Assay again Influenza HIN1
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MDCK cells were pre-plated 24 h in advance in 96-well plates. Serial dilutions of BSA-DMDA
were prepared in DMEM with 2% FBS and 1% P/S and incubated with the influenza virus
(Influenza A/Netherlands/2009 (HIN1), MOI=0.1) at 37 °C for one hour, and then the mixtures
were added to cells. Following the virus adsorption (1 h at 37 °C), the virus inoculum was
removed, the cells were washed, and the fresh medium was added. After 24 h of incubation at
37°C, the infection was analyzed with an immunocytochemical (ICC) assay. The cells were
fixed and permeabilized with methanol. Then the Flu A monoclonal antibody (1:100 dilution)
was added and incubated for 1 hour at 37°C. The cells were washed with wash buffer (PBS +
Tween 0.05%) three times; then anti-mouse 1gG, HRP-linked antibody (1:500 dilution) was
added. After 1 hour, the cells were washed, and the DAB solution was added. Infected cells
were counted, and percentages of infection were calculated by comparing the number of in-

fected cells in treated and untreated conditions.
Dose-response Inhibition Assay again SARS-CoV-2

This assay was performed by our collaborator Valeria Cagno Group (UNIL, Switzerland)

The effect of ligand functionalized protein BSA-DMDA against SARS-CoV-2 infection was
evaluated by a dose-response plaque reduction assay. Vero E6 cells were plated in a 24-well
plate around 24 hours in advance with a cell seeding density of 10° cells/well. Modified protein
materials were prepared into 3 mg/mL concentration in miliq water. Six of 1.5 mL Eppendorf
tubes were prepared for each protein nanoparticle sample with 500 uL DMEM containing 2%
FBS filled inside. Take 250 uL of 3 mg/mL sample and add into the first tube, mix well with
500 uL DMEM medium, then take another 250 uL out from the first tube and transfer into the
next one, 1 : 3 serial dilutions were performed like this until reaching the last tube. In the last
tube after mixing, 250 uL volume was taken out and disposed of in order to keep every tube
volume constant before incubation with viruses. SARS-CoV-2 virus titer of 40000 pfu/mL was
first diluted 5 times with DMEM medium with 2% FBS into 8000 pfu/mL, then took 10 pL
adding into each tube contain a different concentration of materials, mix well and incubated at
37 °C for 1 hour. Vero E6 cells culture medium was aspirated and added virus-material mixture
after incubation for each well 200 uL, and put it for incubation at 37 °C for 1 hour. Following
virus adsorption, the virus inoculum was removed, and cells were washed with a medium, then
overlaid with 500 pL of 0.4% Avicel with DMEM 2% FBS. After incubation at 37 °C in the

cell culture incubator for 48 hours, the medium was removed, and cells were fixed with 4%
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formaldehyde and stained with 300 pL 0.1 % of crystal violet in 20% ethanol for 15 mins,
followed by washing with PBS 7.4 (1X) twice and drying the well. Viral plaques were counted.
The concentration producing 50% reduction in plaque formation (ECso) was determined using
Prism software dose-response ECso non-linear fitting by comparing drug-treated and untreated

wells.

Evaluation of virucidal activity against HSV-2

Vero cells were plated around 24 hours in advance with a seeding density of 2*10%well in a
96-well plate. HSV-2 virus with titer 10° pfu/mL was used in this assay. Functionalized protein
nanoparticles were prepared with concentration 300 pg/mL in 100 uL. DMEM medium con-
taining 2% FBS. 20 uL of titer 10° pfu/mL HSV-2 viruses were added into 100 puL materials,
mix well and incubate at 37 °C for 1 hour. 96-well plate cell medium was first replaced with
DMEM 2% FBS of 100 pL each well. Three 1.5 mL Eppendorf tubes were prepared with 450
pL DMEM 2% FBS filled inside, take 50 pL of the virus-material mixture after incubation and
added into the first tube, mix well, then take another 50 puL from the first tube and transfer into
the second one to make 1 : 10 serial dilutions like this was performed till the last tube. Three
dilutions were prepared 1 : 10, 1 : 100, and 1 : 1000. Then take 50 uL of 1 : 10 dilution virus-
material mixture added into first-row number 1 and 2 wells, another 50 pL of 1 : 100 dilution
into first-row number 3 and 4, 50 pL of 1 : 1000 dilution into number 5 and 6, after that, using
multichannel pipette taking 50 uL from the first row and adding into the second one, mix well,
then 50 uL from second to third one until the seventh one for 1 : 3 serial dilutions and in the
last row, adding virus-material mixture before any dilution 50 pL into first well, then 1 : 3 serial
dilution till well number 6. After all these serial dilutions, incubate them at 37 °C for 1 hour.
Following virus adsorption, the virus inoculum was removed, and cells were washed with me-
dium, then overlaid with 100 uL medium containing 1.2 % methylcellulose, after incubation at
37 °C in the cell culture incubator overnight, methylcellulose containing medium were re-
moved, and cells were fixed and stained with 50 pL 0.1 % of crystal violet in 20% ethanol for
15 mins, following by washing with PBS 7.4 (1X) twice and dry the well. Viral plaques were

counted. Virus titers were calculated at dilutions at which the materials were not effective.
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Cytotoxicity Assay

Functionalized proteins cell cytotoxicity was evaluated on Vero cells, MDCK cells, and Vero
E6 cells with an MTS kit. All three types of cells were plated around 24 hours in advance in a
96-well plate with seeding density 2*10*/well in DMEM medium containing 2% FBS. Materi-
als were serial diluted with DMEM medium containing 2% FBS according to dose-response
antiviral assay dilution factor, each diluted sample final volume was kept into 200 pL. Replace
the original cell culture medium with material containing medium 200 pL each well and incu-
bate at 37 °C in the cell culture incubator for 24 hours. After that, the material containing me-
dium was removed, and cells were washed by PBS 7.4 (1X) twice, then adding MTS reagents
10 pL + 90 uL DMEM serum-free medium into each well incubate them at 37 °C for 4 hours.
After incubation, absorbance at 490 nm was measured with microplate reader Tecan. Cell via-

bility ratio was calculated compared to non-material treated cells.

Statistical analysis.

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, Inc., La Jolla,
CA, USA). Unless otherwise noted, the data are presented as Mean + SEM. Comparisons of
two groups were performed by using a two-tailed unpaired Student’s t-test. Comparisons of
multiple groups at a single time point were performed by using one-way analysis of variance

(ANOVA). P values were presented as *P <0.05; ** P <(.01; *** P <0.001; **** P <0.0001.
Safety consideration

All the HSV-2 virus-related and Influenza HIN1 virus-related assays were performed in the
biological safety level (BSL)-2 lab. All the SARS-CoV-2 virus-related assays were performed
in the biological safety level (BSL)-3 lab. Personal protective equipment (PPE) is worn, all
procedures that can cause infection from aerosols or splashes are performed within a biological
safety cabinet (BSC). An autoclave or an alternative method of decontamination is available

for proper disposal. No unexpected or unusually high safety hazards were encountered.
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Chapter 4  Lipoprotein-Cholesterol-based
nanoparticles for Cancer Diagnosis

Cancer is termed as a group of diseases that can start in almost any organ or tissue of
the body involving abnormal cell growth with the potential to invade or spread to adjoining
parts of the body. Other terms used are malignant tumors and neoplasms. Cancer is the second
leading cause of death worldwide, with more than 100 types of cancers and nearly 10 million
deaths reported due to it in 2020.'%* It becomes a tremendous burden on society medical costs,

not to mention there is huge pain impact on patients and their families.

Cancer survival is mainly due to a combination of diagnosis stage and access to prompt
and effective care. Early cancer diagnosis and screening are essential for efficient control and
response to treatment; it also can greatly increase the survival rate, decrease morbidity and
medical cost of treatment. Cancer biomarker is a substance that can be found in tumor tissues,
tumor cells, body fluids such as blood, urine, mucus, etc.; it includes a wide range of molecules
like genomes circulating tumor DNA (ctDNA), mRNA, miRNA, proteins like tumor cell re-
ceptors, enzymes, metabolites, etc..!%* Cancer biomarkers are usually used for early cancer di-
agnosis and tracking, as they are either produced by tumor or by body system in response to the
tumor. They are indicators for the evaluation of pathogenic processes and normal biological
processes.'® Precise cancer biomarker detection is critical for accurate clinical assessments,

evaluation disease stages, and selection of optimal therapeutic interventions,!6¢-170

At least five types of cancer biomarkers in clinical oncology have been summarized
based on the medical intervene purpose: 1) Risk biomarkers indicating the likelihood of devel-
oping cancer; 2) Diagnosis biomarkers for distinguishing cancer or not; 3) Prognostic bi-
omarkers evaluation of cancer stages; 4) Predictive biomarkers to monitor the effectiveness of
treatment; 5) Target biomarkers for identifying the molecular targets of novel therapies.!”!!7?
Cancer biomarkers can be measured by various ways such as genetics, proteomics, or cellular

molecular substances in higher than normal amounts in body fluids like blood, urine, and solid

tumor tissues in a cancer patient. It usually requires researchers a thorough understanding of
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the molecular mechanism, signal pathway, and cellular processes underlying cancer develop-

ment based on only a few proteins and genes.

Cancer biomarker discovery can be accessed as big as cells, especially in the late stages
of cancer, cancer cells appear in the bloodstream. Besides, cancer is also being classified as one
type of metabolic disease; thus, glucose consumption compared to normal biological processes
tends to become an important biomarker for cancer diagnosis, prognosis, and prediction of
medical treatment.!”3 Mitochondrial DNA (mtDNA) mutations can also provide valuable infor-
mation about cancer presence as a molecular biomarker.!”#-17¢ Furthermore, altered protein sta-
tus can be taken as cancer biomarkers for cancer diagnostic, prognostic and therapeutic treat-
ment monitor. For instance, uncontrolled cell proliferation activated by mammalian target of
rapamycin (mTOR), through assessing the phosphorylated form of the ribosomal protein S6
and proliferation marker Ki-67, information about cancer stages can be achieved.!””!”® Tyrosine
kinases as a class of enzymes to control cell growth, differentiation, and death are another type
of indicator of tumor production and progression. Tyrosine kinase receptors like EGFR and
HER2 have been identified as important targets of cancer treatment.!”” Downregulated cell
death contributed by aberrance of telomerase. As telomerase is present in almost 90% of human
cancers, it ensures telomere maintenance to protect cells from degradation and death, and it's
responsible for the irreversible growth of cancer cells.!®” Other protein-based cancer biomarkers
include viral proteins or antibodies against viral proteins for viral-induced cancers such as hepa-
tocellular carcinoma (HCC) caused by hepatitis B virus (HBV) and cervical cancer caused by
human papillomavirus (HPV),'81182 tumors associated antigen (TAA) proteins released by can-
cer cells and their autoantibodies that target TAAs as the development of these antibodies is a
result of cancer immunosurveillance.!83 All these protein cancer biomarkers potentially act as

early reporters in tumorigenesis of aberrant cellular processes.

Another big group of cancer biomarkers is altered gene expressions. Genetic gene al-
terations such as oncogenes or tumor suppressors,'3* epigenetic modifications through DNA
methylation are being used for the detection of both occurrence and prognosis of cancers.!®
Somatic mutations like structural and numerical aberrations in chromosomes also promise can-
cer biomarkers as the genetic events associated with tumor malignant transformation are being
captured.'3-188 A typical example is the p53 gene; as one of the tumor suppressor genes, it
delays cell cycle progression of proliferation, prevents unrolled multiplication of abnormal cells.

Due to its central role in the control of cell growth and apoptosis and its frequent mutation in
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tumors, p53 becomes a not only important but also unique target biomarker for the prediction

of various types of cancer and their treatment.'$%1%

As cancer biomarkers are important indicators for prediction, diagnosis, and also
providing clinical treatment strategy, researchers spent a lot of time and effort on detecting it.
Some cancer blood protein biomarkers are approved by the American Society of Clinical On-
cology, but the number and their clinical use are still very limited.!”! The goal of cancer bi-
omarkers is to develop precise, efficient, and affordable detection and monitoring strategies for
cancer. In the last few decades, certain progress has been made; various promising detection
methods have been developed in this field. Intracellular biomarkers like genetic or epigenetic

194

molecules can be detected by polymerase chain reaction (PCR),!">1°* cancer cell surface re-

ceptors biomarker can use techniques such as enzyme-linked immunosorbent assay (ELISA),'*>

197 surface plasmon resonance (SPR),!*%! surface en-

electrophoreses, !¢ colorimetric assays,
hanced Raman spectroscopy (SERS),?* proteomic mass spectrum, etc.!”2°! Although some of
the methods are robust and low cost, lack of accuracy and sensitivity is still a big problem. In
addition, no cancer biomarker currently available can be taken as a "perfect" biomarker for
prediction, diagnosis, and monitoring simultaneously; thus, new cancer biomarkers matching

clinical relevance and application are still in high demand but at the same time challenging.

Correspondingly, multiple detection techniques based on optical microchips,?*? bio-

sensors?® and fluid sampling of biomarkers named "liquid biopsy"?**

were developed. They
are convenient, cost-effective and non-invasive, and can detect a variety of components such
as in blood, urine lipids, genomes, proteins, and macromolecules. Although these fluid-based
cancer biomarker detections seem promising, their reliability is still a big challenge. Besides,
assay sensitivity like binding efficiency between the probe and target molecule, anti-interfer-
ence ability towards the nonspecific binding, and specificity of different types of cancers also

needs to be improved, and the technique needs to be standardized.

Proteins are known as vital biomolecules for many aspects of life in living organisms.
Protein substances produced by cancer cells or other organisms in response to cancer can be
used for cancer diagnosis. Most protein biomarkers are in the biggest body fluid blood. Analysis
of protein cancer biomarkers in blood, especially those with very low abundance, involves sev-
eral big challenges. As proteins cannot be amplified like nucleic acids, the low abundant quan-

tity of certain protein cancer biomarker detection requires high sensitivity and accuracy of the
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technique. Besides, proteins are usually very sensitive and "picky" for the detection environ-
ment, such as temperature, pH, and ionic strength, which makes it more difficult in low con-
centrations. Furthermore, the biggest challenge is the direct tracking of traces of protein cancer
biomarkers in crude biological samples like blood is hindered by the high background of other
non-cancer-related proteins in high abundance. Thus, sensitivity and accuracy are the basic re-
quirements for techniques development to analyze protein cancer biomarkers. On the other hand,
with the rapid development of nanotechnology, nanostructures or hybrid nano/bio-structures
were applied in order to amplify the cancer biomarker detection signals and to generate cost-

effective with high accuracy detection strategy.?%

Commonly used techniques for protein cancer biomarkers detection like ELISA tradi-
tionally use colorimetric or fluorescent readout signals; it converts enzyme-substrate interaction
into a colored signal for quantifying its absorbance. Recently advanced ELISA referred to as
"plasmonic ELISA," utilizing gold nanoparticles has been developed to allow patients to di-
rectly read protein antigen signals by naked eye.??® Another enzyme-cascade-amplification sys-
tem was also developed to enhance the performance of ELISA.2%” Another label-free detection
method for protein biomarkers is using an electrochemical detection strategy; although it's
cheap, easy to scale up, the challenge for this technique is the lack of sensitivity and specificity.
A variety of electrochemical-based biosensors have been developed, and among them, electro-
chemical impedance spectroscopy (EIS) showed promising application due to its label-free,
mediator-free advantages, but non-specific adsorption limits its application for measuring com-
plex samples like blood.?” L. Feng ef al.?® developed a strategy by using tween 20 to avoid
non-specific binding and using a chemical named meso-tetra (4-carboxyphenyl)porphyrin
(TCPP) functionalized graphene as electrode and hexapeptide Po (RWIMYF) as a probe for
detection of cyclin Az -an indicator of many types of cancers such as liver, breast, lung, and
lymphoma, etc.- providing a simple electrochemical technique for cancer biomarker detection.
Other similar techniques like electrochemiluminescence (ECL) combined electrochemistry and
chemiluminescence it has been widely used for biomolecules detection in clinical diagnosis due

to their low background, high sensitivity, and convenience.

A big deal in the biosensor world is field effect transistors (FET) development. This
technique allows not only label-free measurement but also supports non-destructive sampling
and real-time detection.?”” Although these technique-based biosensors have a lot of advantages,

the lack of specificity hampering them from detecting cancer biomarkers directly from physical
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fluids, the challenge of the complexity of the media still remains. Luckily another technique,
microfluidic-based point-of-care platforms were developed to address this disadvantage. It can
be easily integrated with electronic micro-fabrications, which makes it possible to detect a wide
range of proteins in small volume with quantitative, cost-effective, and high-throughput meas-
urements.?!%213 Sensors by using optical techniques like light absorption or light scattering,
fluorescent, and SPR strategies have been used for cancer biomarker diagnosis; the biggest
advantage is the signal is straightforward, sometimes can be detected by naked eyes. Besides,
they are usually rapid, and no need for washing steps. Typical examples are DNA-barcoding
for cellular protein biomarker measurement,?'* multi-color Forster resonance energy transfer
(FRET) biosensors for multiple tumor biomarkers detection even in a small volume of human
serum samples.?!®> In SPR detection, researchers also developed protein microarrays on plas-
monic gold substrates to enable multiple protein analyses with a low detection limit. Lee et al.
combined nano-plasmonic tumor exosomes with transmission SPR for label-free and high

throughput quantifications.?!-2!7

Mass spectrometry (MS) is a key technique for metabolic cancer biomarker studies in
clinical, as it has high sensitivity, wide dynamic detection range, high resolution, and can ana-
lyze extremely complex biofluids. It's a reliable and reproducible quantitative analysis tech-
nique. For example, capillary electrophoresis-mass spectrometry (CE-MS) for a large number
of samples in a single run; or liquid chromatography-mass spectrometry (LC-MS) especially
tandem mass tag (TMT), -an isobaric chemical tag-, labeled LC-MS plays an important role in
comparative proteomics in complex samples like blood.?!® A pipeline of biomarker discovery
based on the aid of proteomics is shown in Figure 3.1.!7! As a single cancer biomarker, even an
"ideal" one is tended to have high sensitivity for detection, but relatively low specificity for
various cancer types, which will raise the risk of false-positive signals. It will then bring unnec-
essary and costly diagnostic procedures and psychological stress to potential non-cancer people.
In order to decrease these false cancer signals phenomenon, one possible strategy is to evaluate

a panel of cancer biomarkers that have already been established as important and necessary.
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Figure 4.1. The pipeline of next-generation biomarker discovery aided with proteomics.'”!

As blood is the largest body fluid, blood-borne cancer biomarkers detection is in high
expectation with reliability, high sensitivity, reproducibility, and accuracy techniques for early
cancer diagnosis and prognosis. Blood can be taken by the routine clinical lab with a minimally
invasive method, but tumor tissue releasing biomarkers into the bloodstream is usually in very
low abundance. This natural phenomenon makes them difficult to be detected while other non-
cancer-related proteins appear in much higher concentrations. Although a lot of efforts were
made to improve proteomics-based cancer biomarker detection, a lot of challenges are still re-
maining. As directly analyzing component proteins in plasma and serum is extremely large
dynamic protein concentration range, which might bring higher technical variation, not to men-
tion that there is still big pathological heterogeneity from patient to patient. A proteomics-based
biomarker is predominantly focused on identifying and profiling de-regulated proteins in the
diseased patient sample compared to a healthy patient sample. However, when a diseased pa-
tient is symptomatic, the proportion of serum or plasma proteins may be up-regulated non-
specifically, thus making the value of the markers compared to a healthy person sample not

accurate. But if the tumor development before reaching to acute phase, the consistent protein
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change over time is still representative and can add confidence to the cancer biomarker evalu-

ation.

On the other hand, Isobaric tags introduced a different concept for protein/peptide
quantification. With isobaric labeling of proteins in samples before analysis, a small mass dif-
ference will be introduced to identify the same peptides from two or more samples; thus, by
tracing the measured peptide level, the protein levels are inferred from the evaluation of peptide
ratios. The biggest isobaric labeling advantage is the ability to perform high-throughput quan-
tification due to sample mixing; it dramatically decreases the sample analysis time and the var-
iations between each experiment. Because when each sample is run separately, an ion selected
for fragmentation on each LC-MS/MS run may not keep the same, thus these missing observa-
tions will potentially affect identification and quantification.?!® Besides, isobaric labeling ex-
hibits a wide range in quantifying both high and low abundance proteins and proteins with
different properties such as molecular weight, pI ranges, different categories, etc.??’ The label-
ing procedure is simple, efficient, and can apply to various samples, including cells, tissues,
and even direct biofluids. Overall, the TMT labeling method improves overall signal-to-noise

ratios, making MS data better quality even for a low abundance of proteins.

Another important method to increase the low abundant cancer biomarker protein sig-
nal is to accumulate these proteins. Nanomaterials have attracted a lot of interest due to their
unique physicochemical properties. In the last decade, various investigations on spontaneous
interaction between nanoparticles and plasma proteins were performed to understand the form-
ing protein "corona" on the out shell of the nanoparticles.??! And some researchers utilize this
phenomenon for cancer biomarker detection.??>22* Nanostructures here are used mainly to ad-
sorb and accumulate flowing proteins in serum or plasma in order to amplify the protein detec-
tion signals. Although this strategy has its unique advantage, non-specific adsorption of the
proteins, including serum albumin, cannot be avoided. Besides, it's invasive for further appli-

cation to the clinical collection of blood samples.

Lipoproteins are substances made of proteins and fats that carry cholesterol through
the bloodstream. It is a biochemical assembly with the primary function of transporting hydro-
phobic lipid molecules in blood plasma or other extracellular fluids. Extraction and characteri-
zation of serum lipoproteins can date to the 1950s, when ultracentrifugation was applied to

separate nanoparticles in biofluids.??>2?° There are four different serum lipoprotein particles:
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chylomicrons are the origin particles with a diameter range of 100-1000 nm, they are usually
not detectable in the plasma because they quickly transfer into very-low-density lipoprotein
(VLDL) with a diameter range of 30-90 nm then to low-density lipoprotein (LDL) with diam-
eter range 20-25 nm, and high-density lipoprotein (HDL) with diameter range 10-20 nm. Com-
positional analysis of human serum lipoproteins was reported during the 1960s and 1970s about

their density, proteins, phospholipids, triglycerides, cholesterol ester, and free cholesterol per-

centage in different types of serum lipoproteins.?*%-23!

Extraction methods of serum lipoproteins were reported by using dextran sulfate-Mg?>*

232-234

precipitation, heparin-Mn?**  precipitation,??>2*7  phosphotungstate-Mg?* precipita-

tion,?**2% and polyethylene glycol (PEG)-6000 precipitation.?**-242 Characterization of these

serum lipoproteins were shown by NMR spectroscopy,?* 2% X-ray small-angle scatter-

ing,24%247 and Analytical Ultracentrifugation with Electron Microscopy.??’-2%

On the medical wise part, serum lipoproteins are known to be related to cardiovascular

248-252

diseases. LDL carries 3000 to 6000 fat molecules (phospholipids, cholesterol, triglycer-

ides, etc.) around the bodys; it is referred to as "bad" lipoprotein because it correlates with ath-
erosclerosis progression. On the contrary, HDL collects fat molecules from the body's cells or
tissues and takes them back to the liver; it is referred to as "good" lipoprotein because it con-

tributes to atherosclerosis regression. Chen et al. utilized this phenomenon to design HDL mim-

253

icking nanoparticles for atherosclerosis therapy.=~ Except for the correlation with atheroscle-

rosis, serum lipoproteins were also reported having a correlation with hypertension,>>#2%¢ dia-

257-260 264,265 266-268

betes mellitus, overweight and obese,?6!7263 Alzheimer's disease, sepsis, met-

269-272 and cancer.?”3-27" There is ample evidence that many types of cancer cells

abolic disorder,
indeed have unusually great LDL requirements because they require large amounts of choles-
terol to make a new membrane. Cancer cells always utilize apoprotein B of LDL to bind to
specific cell surface receptors, then allowing them uptake LDL by endocytosis and taken to
lysosomes, where the cholesteryl esters are hydrolyzed, making free cholesterol available to the
cell. Based on this phenomenon, researchers nowadays designed lipoprotein mimicking nano-

particles for improving cancer therapeutic targeting and cancer cell diagnostic imaging.2’8-28!

Here in this work, we demonstrated a non-invasive serum lipoprotein-cholesterol na-
noparticle-based cancer diagnosis system. Our hypothesis is based on since cancer is eventually

a metabolic disorder disease and cancer cells/tissues have a high demand of uptake of LDL-
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cholesterol for their own cell building blocks; thus, these LDL-lipoprotein-cholesterol nanopar-
ticles might carry some cancer-related information or fingerprints. In recent years, using extra-
cellular vesicles (EVs) derived from blood as a biomarker has gained widespread popularity.??
However, EV is a minority population compared to other colloidal particles of the systemic
circulation, namely the lipoproteins, which are known contaminants in EV isolation and carry
biomarker molecules themselves. There are so many reported articles using EVs for cancer
biomarker detection but with high background of lipoprotein-cholesterol, which we hypothe-
size might contribute to the signal of cancer due to their abundance. Another point we have
noticed is that while researchers collect protein "corona" on the artificially injected nanoparti-

cles in the blood for cancer biomarker detection, there is also a high possibility that the signal

partly contributed from lipoprotein-cholesterol nanoparticles.

Based on the hypothesis above, we developed a high yield LDL-like lipoprotein-cho-
lesterol extraction method by simply combining 50% w/v PEG10K precipitation, centrifugation,
and purified through fast protein liquid chromatography (FPLC) size exclusion column (SEC)
column directly from patients' serum after blood clotting. After protein digestion, TMT-labeling
LC-MS/MS was performed to profile the protein contents for further analysis (Figure 4.2). In
this preliminary test and as a proof of concept, 5 human patients with melanoma cancer (2
females age between 30 to 50 and 3 males age between 25 to 60) in clinical were collected
blood 5 mL, their serum was extracted afterward. The control sample blood is from a commer-
cial source, which is pooled of all healthy donors. After applying our lab-developed protocol to
extract lipoprotein-cholesterol nanoparticles both from diseased serum and commercial healthy
serum, proteomic analysis of all samples was carefully performed. Each sample protein was
labeled isobaric tag on amino acid lysine, in total 10 samples (5 from cancer patients and 5 from
different sources of healthy donors) were then mixed together and injected into LC-MS/MS for
further proteomic analysis. Preliminary results showed within a false discovery rate less than
0.05, differentially expressed proteins either upregulated or downregulated proteins number is
around 10 times compared to directly detect from serum itself (cancer diseased vs. healthy sam-
ples), which makes this detection system more sensitive and increase the accuracy of a cancer

diagnosis.
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Figure 4.2. Schematic illustration of the lipoprotein-cholesterol nanoparticle extraction process and

proteomic analysis

4.1 Lipoprotein-cholesterol nanoparticle extraction and characterization

As a preliminary test, five melanoma cancer patients' blood samples and five blood
samples from pooled healthy donors were collected and clotted to get serum samples. Serum
samples were first diluted with PBS 7.4 1X of 5 times and centrifuged with high speed to re-
move big aggregates. After that, 50% w/v PEG 10K was added into serum solution and left at
4 degrees for lipoprotein-cholesterol nanoparticles precipitating. Collected lipoprotein-choles-
terol nanoparticles were injected into the fast protein liquid chromatography (FPLC) SEC col-
umn for further purification. Before using lipoprotein-cholesterol nanoparticles for proteomic

analysis, lipoprotein-cholesterol nanoparticles were carefully characterized (Figure 4.3).
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From the SDS-PAGE gel (Figure 4.3A), serum from five melanoma cancer patients

109

1
[

Healthy serum NP Cancer serum NP

[
12

e

120

13

- -

14

-

1 I 1
15 16 17 18 19 20

lclls

90+

Figure 4.3. Characterization of extracted lipoprotein-cholesterol nanoparticles.

A) SDS-PAGE Gel of five healthy serum vs. five cancer serum (left) and five healthy lipoprotein-cho-
lesterol nanoparticle samples vs. five cancer lipoprotein-cholesterol nanoparticle samples (right). B)
DLS characterization of both healthy lipoprotein-cholesterol nanoparticles and cancer lipoprotein-cho-
lesterol nanoparticles. C) AUC characterization of lipoprotein-cholesterol nanoparticles from healthy

donors. D) Representative TEM image of lipoprotein-cholesterol nanoparticle from healthy donors,

and serum from five pooled healthy donors showed similar protein migration pattern; the most
abundant protein is the one between 50 kDa and 75 kDa, which as we suspect, is human serum

albumin (HSA) with molecular weight around 67 kDa. While the lipoprotein-cholesterol
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nanoparticles extracted both from healthy donors and cancer patients' serum showed different
migration patterns compared to serum itself, the most abundant serum protein HSA was de-
pleted dramatically. And except most proteins on the nanoparticles were stuck in the well, there
are two major protein bands, one is at around 100 to 150 kDa, and the other one clearly showed
at around 25 kDa, while at the same position, all serum samples didn't display this protein band
at all. Thus, by extracting lipoprotein-cholesterol nanoparticles, we can not only deplete the
most abundant inert protein HSA but also accumulate small molecular weight proteins, which

will potentially increase the chance to detect cancer biomarkers.

Dynamic light scattering characterization of both healthy and cancer lipoprotein-cho-
lesterol nanoparticles (Figure 4.3B) showed similar nanoparticle sizes around 17-19 nm. Fur-
thermore, the AUC characterization of healthy lipoprotein-cholesterol nanoparticles (Figure
4.3C) displayed in total three peaks according to their different sedimentation time, the major
one is the monomer nanoparticles, and the other two minor peaks might be due to the protein
particles aggregate or extracellular vesicles. Because of the limited amount of cancer lipopro-
tein-cholesterol nanoparticles samples, we didn't perform the AUC characterization, but we ex-
pect it supposes to display a similar pattern as healthy lipoprotein-cholesterol nanoparticles.
Figure 4.3D showed the visualization of the lipoprotein-cholesterol nanoparticle by a negative
stained TEM image. From the image, we can see that these lipoprotein-cholesterol nanoparti-
cles are pretty homogeneous with the size around 20 nm, which is consistent with the measure-
ment of DLS, and the majority of the nanoparticles are monomers, which is also proved in the

AUC characterization.

4.2 Proteomic analysis sample preparation--TMT labeling

Serum and lipoprotein-cholesterol nanoparticle proteins were digested by filter aided
sample preparation (FASP) with minor modifications. After reducing with TCEP, proteins were
digested with mass spectrometry grade trypsin and LysC. Isolated peptides were eluted sequen-
tially with 4% TFA, desalted, and further dried. For TMT labeling, dried peptides were labeled
using TMT 10-plex™ Label Reagent following the manufacturer's instructions. Labeled pep-
tides were mixed in 1 : 1 ratio, and 10 samples from each group (serum with serum and nano-
particles with nanoparticles) after labeling were combined separately and vortexed to thor-

oughly mix. The combined sample was fractionated in 12 fractions by isoelectric focusing, and
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every fraction was analyzed by LC-MS/MS (Figure4.4). Detailed sample labeling with TMT in

this work was shown in Table 4-1.
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] [ ] —_— .
1 . 1. TMT127C. |y Combine
- - VTIZeN y = .
2 2 Fast digestion & — cﬁzg:]loun:’(e.
G & Protein isolation TMT™-128C y ‘ -up,
/ LC-MS/MS
] - — \ /
3 3 TMT'®-129N g Analysis
) G > § v
- - TMT%-129C y
4 i 4 e
TMT 130Ny
- - — H
5 5 TMT130C — =
(5 & > I A=
TMT131 | \l
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MS/MS Quantitation )
MS Selection
P2
P4
P3 . oo
Analysis
P1
m/z m/z

Figure 4.4. Schematic illustration of sample protein digestion and TMT labelling before proteomic
analysis.

Table 4-1. Serum and lipoprotein-cholesterol nanoparticles labelled with TMT.

T™T Label Serum Serum nanoparticle
1 TMT10plex-Lys126C 126 Healthy 1 Healthy NP 1
2 TMT10plex-Lys127C 127C Healthy 2 Healthy NP 2
3 TMT10plex-Lys127N 127N Diseased 1 Diseased NP 1
4 TMT10plex-Lys128C 128C Healthy 3 Healthy NP 3
5 TMT10plex-Lys128N 128N Diseased 2 Diseased NP 2
6 TMT10plex-Lys129C 129C Healthy 4 Healthy NP 4
7 TMT10plex-Lys129N 129N Diseased 3 Diseased NP 3
8 TMT10plex-Lys130C 130C Healthy 5 Healthy NP 5
9 TMT10plex-Lys130N 130N Diseased 4 Diseased NP 4
10 TMT10plex-Lys131N 131 Diseased 5 Diseased NP 5
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4.3 Quality control of serum and serum lipoprotein-cholesterol nanoparticles

from healthy donors and cancer patients

Clinical characteristics of these 5 melanoma cancer patients include 2 females aged 39
and 44 and 3 males aged 28, 29, and 59. In the discovery proteomic analysis, raw data were
processed using four search engines: SEQUEST, Mascot, MS Amanda, MS Fragger against the
Uniprot Human database in the environment of Proteome Discoverer (PD) v.2.4. Only peptide-
spectrum match (PSM) events with high confidence across the individual fractions and different
search engines were considered and plotted. In serum samples from healthy donors and cancer
patients, 636 proteins in common were identified, and in lipoprotein-cholesterol nanoparticle
samples from healthy donors and cancer patients, 615 proteins in common were identified (Fig-

ure 4.5).

In order to reduce systematic biases and achieve a good downstream quantitative anal-
ysis, we performed a two-step normalization: sample loading normalization and trimmed M-
Mean (TMM) normalization. The sample loading normalization step scales each TMT channel
so that its sum of reporter ion signals equals the average grand total across samples. TMM
normalization assumes that the samples mostly have a lot of common proteins that are not dif-
ferentially expressed. High and low abundance proteins are removed, and larger and smaller
fold-changes are also trimmed. Then, the remaining proteins should be similar in expression.
TMM computes single global scaling factors that move those presumed unchanged proteins to
more similar values. The TMM routine does include the equivalent of a sample loading nor-

malization step.

After two-steps normalizations, principal component analysis (PCA) was performed
to check the sample variations. It is a statistical procedure that uses an orthogonal transfor-
mation to convert a set of observations of possibly correlated variables - here, the intensities of
the proteins - into a set of values of linearly uncorrelated variables called principal components.
This transformation is defined in such a way that the first principal component has the largest
possible variance (that is, accounts for as much of the variability in the data possible), and each
succeeding component, in turn, has the highest variance possible under the constraint that it is

orthogonal to the preceding components (= with the constraint that the correlation between the
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Diseased_Ser_2

Diseased_Ser_1

succeeding component and the previous ones is 0). PCA is sensitive to the relative scaling of
the original variables. Serum and lipoprotein-cholesterol nanoparticle samples PCA are shown

in Figure 4.6.

In the serum sample, the principal component 1 -the intensity of the detected proteins-
variation is 32.6%, from the healthy serum samples and cancer serum samples cannot be dif-
ferentiated only by principal component 1, and principal component 2 -variation contribution
18%- needs to be introduced to see the variation in general between healthy and cancer serum.
By contrast, in the lipoprotein-cholesterol nanoparticle samples, the principal component 1 of
the protein intensity showed 53.4% variation contribution, and we can clearly see the differ-
ences between healthy lipoprotein-cholesterol nanoparticles and cancer lipoprotein-cholesterol
nanoparticles. Principal component 2 variation within samples of cancer lipoprotein-cholesterol
nanoparticles is mainly due to gender, age, or cancer stage differences, but this needs further

confirmation with a large number of patients’ samples.
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Figure 4.5. LC-MS/MS detected PSM proteins with high confidence in all four search engines of both

samples from serum and lipoprotein-cholesterol nanoparticles.
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Figure 4.6. Principal components scatter plots display samples from serum and lipoprotein-cholesterol

nanoparticles variations

4.4 Protein biomarker quantification from serum and lipoprotein-cholesterol

nanoparticles

Among the 636 identified proteins in serum and 615 identified proteins in lipoprotein-
cholesterol nanoparticles, significantly differentially expressed proteins (DEPs) were screened
for fold change > 2 or < 0.5, and P < 0.05. There are 169 differentially expressed proteins in
lipoprotein-cholesterol nanoparticle samples while comparing cancer diseased vs. healthy ones.
In serum samples, we found only 18 differentially expressed proteins while comparing cancer
diseased vs. healthy ones. Of these DEPs, the expression level of 83 proteins (49.1%) upregu-
lated and 86 proteins (50.9%) downregulated in lipoprotein-cholesterol nanoparticles (cancer
diseased vs. healthy), while in serum samples, the expression level of 10 proteins (55.6%) up-
regulated and 8 proteins (44.4%) downregulated. Differential protein expression analysis was
performed using R Bioconductor package limma, followed by Benjamini-Hochberg multiple-
testing correction method. The volcano plot combines a measure of statistical significance from
a statistical test (in this case, adjusted p-value from LIMMA) with the magnitude of the fold-
change, enabling quick visual identification of proteins displaying changes that are also statis-
tically significant. It describes the distribution of all the identified proteins in serum and in
lipoprotein-cholesterol nanoparticles based on the y-axis of the statistical significance -logio (P)

values and the x-axis of log, (mean ratio fold-change) (Figure 4.7AB). Proteins that are
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differentially abundant in one of the samples were shown either left or right of the x-axis origin.
The cluster analysis for DEPs expression clearly displayed the differential expression pattern

of serum samples from lipoprotein-cholesterol nanoparticle samples.

From Figure 4.7A, 596 proteins are not significantly different compared cancer dis-
eased to healthy serum, only 21 proteins are upregulated, and 19 proteins are downregulated
with false discovery rate (FDR) < 0.05 (FDR is metric for global confidence assessment of
large-scale proteomics dataset). Furthermore, if considering the fold-change comparison cancer
diseased to healthy serum > 2 or <0.5, there are only 10 proteins (1.57% of total quantified
proteins in serum) are upregulated, and 8 proteins (1.26% of total quantified proteins in serum)
are downregulated (Table 4-2). From the right panel of Figure 4.7A, 10 most plasma abundant
proteins identified are all proteins with FDR > 0.05, which indicates the confidence assessment
is low. Although one possible cancer-related protein, FN1 is with FDR < 0.05, the fold-change

is less than 2.
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Figure 4.7. Volcano plot of sample from healthy and cancer diseased serum, lipoprotein-cholesterol

nanoparticle, HDL, and LDL.
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The volcano plot was drawn using two factors, and the x-axis represents the Log, (mean ratio fold-
change) between two groups healthy samples and cancer diseased samples, the y-axis represents the p-
value (-Logio) obtained from the LIMMA test to show the significant difference between two groups
cancer diseased vs. healthy samples. The orange dots in the figure are quantified proteins with FDR <
0.05, and red dots are quantified proteins with FDR < 0.01, and grey dots are quantified proteins with
FDR > 0.05. The right panel of the x-axis from origin 0 represents proteins that are upregulated, and the
left panel of the x-axis from origin 0 represents proteins that are downregulated. A) Volcano plot of
sample from serum (cancer diseased vs. healthy serum); B) Volcano plot of sample from lipoprotein-
cholesterol nanoparticles (cancer diseased vs. healthy nanoparticles); C) Volcano plot of sample ex-

tracted from commercial kit to get HDL and LDL (cancer diseased vs. healthy ones, respectively).

Table 4-2. Protein regulation of different samples from cancer diseased vs. healthy ones.

Protein regulation Sample pairwise comparisons Protein number Fold-change
(FDR < 0.05) >20r<0.5
Down Diseased serum vs Healthy serum 19 8 (1.26%)
Up Diseased serum vs Healthy serum 21 10 (1.57%)
Not Significant Diseased serum vs Healthy serum 596
Down Diseased lipoprotein-cholesterol NP vs Healthy 161 86 (14%)
Up Diseased lipoprotein-cholesterol NP vs Healthy 200 83 (13.5%)
Not Significant Diseased lipoprotein-cholesterol NP vs Healthy 254
Down Diseased HDL vs Healthy HDL 11 10 (1.4%)
Up Diseased HDL vs Healthy HDL 21 21 (3%)
Not Significant Diseased HDL vs Healthy HDL 678
Down Diseased LDL vs Healthy LDL 93 81 (11.5%)
Up Diseased LDL vs Healthy LDL 48 44 (6.3%)
Not Significant Diseased LDL vs Healthy LDL 560
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Volcano plot of lipoprotein-cholesterol nanoparticle samples from cancer diseased pa-
tients’ pair-compare with lipoprotein-cholesterol nanoparticle samples from healthy donors
were displayed in Figure 4.7B. In total, 200 proteins were upregulated, and 161 proteins were
downregulated with FDR < 0.05, among them there are 83 proteins (13.5% of total quantified
proteins in lipoprotein-cholesterol nanoparticle samples) upregulated and 86 proteins (14% of
total quantified proteins in lipoprotein-cholesterol nanoparticle samples) downregulated (Table
4-2). In the right panel of Figure 4.7B, 10 plasma most abundant proteins and two possible
cancer-related proteins FN1 and TGFB1 distribution were shown according to their fold-change
and significant difference comparing cancer diseased with the healthy ones. There are 6 plasma
most abundant proteins and 2 possible cancer-related proteins, FN1 and TGFB1, which have a
significant difference, and among them, there are 2 plasma most abundant proteins and two

possible cancer-related proteins with fold-change over 2.

In order to prove these lipoprotein-cholesterol nanoparticles were extracted from se-
rum, not forming during the extraction with PEG. We used BSA instead of serum to perform
the extraction and purification. SDS-PAGE was run to check the protein nanoparticle migration
pattern (Figure 4.8). The same amount of protein containing fetal bovine serum (FBS) and BSA
solution was used side by side to perform the extraction. FBS-PEG-1 and BSA-PEG-1 are sam-
ples from first-round precipitants after adding PEG 10K, and FBS-PEG-2 and BSA-PEG-2 are
samples from second-round precipitants after adding PEG 10K. FBS NPs are samples further
purified by the FPLC SEC column after the second round of precipitation. From the SDS-PAGE
image, from the second round of precipitation, the sample extracted from FBS showed a clear
protein band stuck in the PAGE well which could not migrate down in the gel due to large
particle size; after FPLC purification, the nanoparticle protein band on the PAGE well is clearer.
However, samples extracted from BSA solution, all proteins were migrated down just like na-

tive BSA protein; there is no nanoparticle forming during the PEG aided extraction process.
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Figure 4.8. SDS-PAGE image of nanoparticles extracted from FBS and BSA with the same PEG pre-

cipitation method.

In order to evaluate our lab developed PEG10K extraction method efficiency, we com-
pared it with a commercial kit to extract HDL and LDL and evaluate them by proteomic anal-
ysis. The same source of healthy donors and 5 melanoma cancer patients’ serum were used for
extraction of HDL and LDL by this commercial kit method, and proteomic analysis was also
performed in the same setting as lipoprotein-cholesterol nanoparticles extracted with our lab-
developed extraction method. From the result in figure 4.7C, there are in total 710 quantified
proteins in HDL and 701 proteins quantified in LDL. Among HDL quantified proteins, only 21
proteins were upregulated, and 11 proteins were downregulated while comparing cancer dis-
eased vs. healthy ones with FDR < 0.05, and with fold-change > 2 or < 0.5, there are 21 proteins
(3% of total quantified proteins in HDL) upregulated and 10 proteins (1.4% of total quantified
proteins in HDL) downregulated. Among LDL quantified proteins, there are 48 proteins upreg-
ulated and 93 proteins downregulated while comparing cancer diseased vs. healthy ones with
FDR < 0.05, and with fold-change > 2 or < 0.5, there are only 44 (6.3 % of total quantified
proteins in LDL) upregulated and 81 proteins (11.5% of total quantified proteins in LDL) down-
regulated. On the extraction yield wise, with a low quantity of serum (1 mL) and following the
instruction of the extraction kit, the yield of LDL is very low; on average less than 20 ug
LDL/mL serum can be obtained, and different individual serum obtained LDL is very hetero-
geneous. While using our lab-developed extraction method, from 1 mL each cancer individual
serum, we could achieve on average 700 ug lipoprotein-cholesterol nanoparticles/mL serum,

around 35 times higher than the commercial kit extraction. And from the proteomic analysis,
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the number of differentiated proteins from lipoprotein-cholesterol nanoparticle samples is
361/615, while in LDL samples, the differentiated proteins are 142/701, which indicates the

advantages in sensitivity and better accuracy.

4.5 Protein profiling--candidate protein biomarkers in melanoma cancer pa-

tient

The above results reveal differences in cancer patients and healthy people in their pro-
tein states, which prompted us to further investigate if the above variations in the abundance of
plasma proteins can be used as protein biomarker fingerprints for cancer diagnostics. In order
to identify these proteins, which were differentially abundant between melanoma cancer pa-
tients and healthy people, 5 individual replicates both on cancer patients and healthy donors
were applied for lipoprotein-cholesterol nanoparticle extraction and proteomic analysis. Statis-
tical analysis of raw LC-MS/MS data about the relative protein expression (fold-change), the
statistical difference (LIMMA, p-value), and reliability of the measurement was calculated.
Progenesis statistical analysis reveals there are 361 individual proteins differentially expressed
over a total quantified 615 proteins in common in both melanoma cancer diseased and healthy
lipoprotein-cholesterol nanoparticles; among them, there are 200 proteins upregulated and 161
proteins downregulated in cancer compared to healthy samples with FDR < 0.05. While in the
serum samples, there are only 40 individual proteins differentially expressed over total quanti-
fied 636 proteins in common in both melanoma cancer diseased and healthy ones, among them
there are 21 proteins upregulated and 19 proteins downregulated in cancer compared to healthy
samples with FDR < 0.05. The Differentially expressed protein fold-change heat map was dis-
played in Figure 4.9. Furthermore, both top 30 upregulated and 30 downregulated proteins in
lipoprotein-cholesterol nanoparticle samples were listed and sorted according to their fold-
change comparing cancer diseased vs. healthy ones in Table 4-3 and Table 4-4. Overall, in this
preliminary proteomic analysis of lipoprotein-cholesterol nanoparticles, the issue of serum al-
bumin masking is eliminated, and the significant difference of differentially abundant proteins

1s increased.
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Figure 4.9. Heat map of differentially expressed individual proteins in lipoprotein-cholesterol nanopar-

ticles and serum while comparing cancer diseased vs. healthy samples.

A) Differentially expressed proteins from lipoprotein-cholesterol nanoparticles; B) Differentially ex-
pressed proteins from serum samples. Every four proteins have one label, and the label name is each

protein gene, scale bar: Log, (FC).
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Figure 4.10. Protein-protein interactions (PPIs) network of de-regulated proteins from lipoprotein-cho-

lesterol nanoparticles (cancer diseased vs. healthy samples).

A) PPIs network of up-regulated proteins from lipoprotein-cholesterol nanoparticles (cancer diseased
vs. healthy samples). B) PPIs network of down-regulated proteins from lipoprotein-cholesterol nano-
particles (cancer diseased vs. healthy samples). De-regulated proteins were quantified from FDR <0.01

with fold-change >2 or <0.5.
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Protein-protein interactions (PPIs) are essential to almost every process step in a cell.
The networks between PPIs are mathematical representations of the physical contacts between
proteins. They are usually specific, they occur between defined regions in the proteins, and they
have a particular biological meaning. Understanding PPIs is crucial for understanding cell phys-
iology in normal and diseased states. The knowledge of PPIs can be used to assign putative
roles to uncharacterized proteins, add fine-grained details of the steps within a signaling path-
way, understand the relationships between proteins that form multi-molecular complexes such
as proteasome, and help on the target drug development. In Figure 4.10, we presented PPIs
network of de-regulated proteins from lipoprotein-cholesterol nanoparticles (cancer diseased
vs. healthy samples), which were quantified from FDR < 0.01 with fold-change >2 or <0.5. We
can see from the network, most of the de-regulated proteins are closely connected to each other
in terms of biological process. Among the up-regulated proteins, there are two known cancer
related proteins in the center of the network. Transforming growth factor beta 1 (TGFBI) is
related to carcinogenesis, in the early stage it suppresses the tumor growth, but in the late stage,
it can promote tumor growth and metastasis. The other one fibronectin 1 (FN1) is usually used
as a cancer prognosis biomarker. It's a central organizer of ECM, it mediates the crosstalk be-
tween the tumor microenvironment and cancer cell, and it assists tumor growth, progression,

and invasion.

Furthermore, in Table 4-3 and 4-4, except differentially expressed protein fold-change
with LIMMA p-value and FDR confidence, each protein's biological process, and protein cel-
lular positions were also listed. There are three major biological processes of these proteins:
cell differentiation, metabolic process, and defense response. As we already know that cancer
is a disease with irregular cell differentiation, and emerging evidence indicates nearly all kinds
of cancer, no matter cellular or tissue origin, there is a high relationship with impaired cellular
energy metabolism. Besides, although the process of cancer immunosurveillance of a clinically
relevant tumor is very reluctant, the tumor generating cells are usually those very immune-
evasive or highly mutagenic neoplastic cells; thus, certain defense response-related proteins in
cancer patients were upregulated as well. Furthermore, cellular components indicate specific
locations of these detected proteins; they are from the extracellular, cell membrane, organelle
lumen, nucleus, or cytoplasm, which show the complexity but at the same time reveal the pos-

sible carried information from cancer cells or tissues.
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4.6 Conclusion

In summary, we have shown good preliminary data supporting the idea to use lipopro-
tein-cholesterol nanoparticles as fingerprints for cancer detection. By simply using PEG10K to
precipitate lipoprotein-cholesterol nanoparticles in the serum, we can successfully eliminate the
most abundant inert protein serum albumin and accumulate low abundance proteins, which are
usually masked by serum albumins. TMT labeling technique was applied to decrease the vari-
ance between each experiment due to different ionization efficiency, allowing high-throughput
quantification. In this preliminary data of proteomic analysis, within false discovery rate FDR
< 0.05, differentially expressed proteins either upregulated or downregulated proteins number
is around 10 times compared to directly detect from serum itself (cancer diseased vs. healthy
samples), which indicates this detection system is more sensitive and increase the accuracy of
a cancer diagnosis. The differentially expressed proteins also show close connections to each
other in the different biological processes, including cell differentiation, metabolic process, and
defense response in different cellular components. As a conclusion, this lipoprotein-cholesterol
nanoparticle-based cancer diagnosis method might provide a novel, more sensitive, and accu-

rate system, potentially applicable for future clinical use.
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4.7 Materials, Instruments, and Methods

Materials

Melanoma Cancer patients’ serum are from our collaborator Prof. Daniel Speiser (UNIL). In
total 5 samples, each sample contains 1 mL serum (two from female age 39 and 44, three from

male age 28, 29, and 59, the cancer stage is late stage).

Protein BSA and pooled serum from healthy donors were purchased from Sigma Aldrich (Mis-
souri, United States). Chemical polyethylene glycol (PEG) 10000 was purchased from Sigma
Aldrich (Missouri, United States). PBS pH 7.4 (1X) was purchased from Life Technology (Cal-
ifornia, United States). NuPAGE™ 4 to 12% Bis-Tris gel was purchased from Thermo Fisher
(Massachusetts, United States). Unless otherwise noted, all chemical and biological reagents

were used as received. All solvents purchased were reagent grade.

Instruments

Fast protein liquid chromatography (FPLC) was acquired from AKTA go (Cytiva, Massachu-
setts, United States). Lipoprotein-cholesterol nanoparticle size was characterized by dynamic
light scattering (DLS) on Malvern Nano ZS (Worcester, UK) and analytical ultracentrifugation
(AUC) (Beckman Coulter, California, United States). Lipoprotein-cholesterol nanoparticle
morphology visualization was measured by negative staining transmission electron microscopy
(TEM) of Tecnai Osiris (FEI, Oregon, United States). SDS-PAGE electrophoresis running
equipment was purchased from Fisher Scientific (New Hampshire, United States). Mass Spec-
trometry was performed with Dionex Ultimate 3000 RSLC nano UPLC system online con-
nected with an Exploris 480 Orbitrap Mass Spectrometer (Thermo Fisher Scientific, New
Hampshire, United States).
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Methods

Extraction of lipoprotein-cholesterol nanoparticles

I mL serum sample was first to dilute 10 times into 10 mL with PBS 7.4 1X, and then centrifuge
under 12000 rpm for 30 mins in order to remove big aggregates in the serum. After centrifuga-
tion, serum was first filtered with 0.22 um membrane and then adding 1/5 volume of serum (2
mL) 50% (W/V) PEG 10K, mix well, and leave it at 4 degrees for 1 hour. Centrifuge the serum
with PEG mixture under 2000 rpm for 15 mins, and discard the supernatant. Resuspend the
precipitates with PBS 7.4 1X into 5 mL, adding 1/5 volume of the serum solution (1 mL) 50%
(W/V) PEG 10K; the second time, mix well and leave it at 4 degrees for 30 mins. Centrifuge
the serum with PEG mixture under 2000 rpm for 15 mins, and discard the supernatant. Resus-

pend the precipitates with PBS 7.4 1X into 1 mL for further FPLC sec column purification.

Fast protein liquid chromatography purification

An automated FPLC system AKTA Go FPLC Cytiva equipped with a size exclusion column
HiPrep Sephacryl S-500 HR column was used to purify lipoprotein-cholesterol nanoparticles.
The samples were dispersed in Dulbecco’s phosphate-buffered saline PBS 1X pH 7.4 and were
eluted in PBS 1X at a constant flow rate of 0.5 mL/min. 2ml of the sample was injected into the
column using a coil loop. The sample absorption at 280 nm was automatically recorded and
then used to collect desired fractions. The fraction volume was kept constant at 3 ml throughout

the runs.

Characterization of lipoprotein-cholesterol nanoparticles

SDS-PAGE: NuPAGE™ 4 to 12% Bis-Tris gel was used in this experiment. 3 pg protein-
containing serum from cancer patients and healthy donors and lipoprotein-cholesterol nanopar-
ticle samples extracted from cancer patients and healthy donors were dissolved in PBS 7.4 1X

into 10 pL, adding together with Novex™ Tris-Glycine SDS sample loading buffer (2X) 10
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pL. Electrophoresis running buffer was using MES buffer, and the gel was stained by Coo-

massie blue gel staining solution. The final gel was imaged by a Bio-Rad gel imaging system.

DLS: Lipoprotein-cholesterol nanoparticle product solutions were in miliq water with a con-
centration of 1 mg/mL. Eppendorf disposable cuvette with absorbance range 220 - 1600 nm
was used. 100 uL volume was put in the cuvette and measured by instrument Malvern NanoZS

with condition manually scan for 10 runs under room temperature.

AUC: Analytical ultracentrifugation was performed in a Beckman XL-A analytical ultracentri-
fuge using an An50Ti or An60Ti rotor at 20°C. Concentration profiles as a function of radial
positions and time were acquired with UV absorption scanning optics of the ultracentrifuge.
These sedimentation velocity experiments were carried out using Titanium double-sector cen-
terpieces at speeds from 10 000-20 000 rpm. The PBS 1x buffer was used in the reference
sector, and in the sample sector, the sample with OD in the range from 0.5-1 was used. The
sedimentation data were analyzed by fitting a numerical solution of Lamm's differential equa-
tion to the concentration profiles using the Sedfit program v16.36. Diffusion-corrected differ-
ential sedimentation coefficient distributions c(s) was used to evaluate the sedimentation con-

stants of the samples.

TEM: Samples of lipoprotein-cholesterol nanoparticles were diluted to 0.8 mg/ml (optical OD
at 280 nm 0.5) with Dulbecco’s phosphate-buffered saline buffer (PBS) 1x and then stained by
aqueous uranyl acetate (0.5 wt%) on a carbon film grid. The dry samples were imaged by trans-
mission electron microscopy (TEM) operated at 200KV. The acquired images were analyzed

by ImagelJ v. 1.53.

Proteomic analysis
Sample preparation for Mass Spectrometry

Each sample was digested by filter aided sample preparation (FASP)** with minor modifica-
tions. All buffer exchanges were performed on a bench centrifuge at 10’000 rpm. Proteins (Se-
rum, Nanoparticle and HDL samples initial protein content: 20 ng; LDL samples initial protein

content: 15pug) were reduced with 10 mM TCEP in 8M Urea, 0.1M Tris-HCI pH 8.0 at 37°C
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for 60 mins and further alkylated with 40 mM Chloroacetamide in 8 M Urea, 0.1 M Tris-HCl
pH 8.0 at 37°C for 45 mins light protected. Proteins were digested overnight at 37°C using 1/50
w/w enzyme-to-protein ratio with a combination of mass spectrometry grade trypsin (Pierce)
and LysC (Wako) supplemented with 10 mM CaCl,. Generated peptides were eluted sequen-
tially with 3 x 50 pl of 4% TFA and desalted on C18 Empore StageTips using the standard
protocol.?®* Purified peptides were dried down by vacuum centrifugation. For TMT labeling,
dried peptides were first reconstituted in 10 pul 100 mM HEPES pH 8 and 4 pl of TMT solution
(25 pg/ul in pure acetonitrile) was then added. TMT Labelling was performed at room temper-
ature for 90 mins, and reactions were quenched with hydroxylamine (0.3% v/v final) for 10
mins. A minor fraction of TMT-labeled samples were then pooled at a 1:1 ratio across all sam-
ples. A single shot control LC-MS run was performed to ensure similar peptide mixing across
each TMT channel to avoid the need for further excessive normalization. Quantities of each
TMT-labeled sample were adjusted according to the control run. The combined samples were
then desalted using a 100 mg SEP-PAK C18 cartridge according to provider recommendations
and vacuum centrifuged. Pooled samples were fractionated into 12 fractions using an Agilent
OFF-Gel 3100 system following the manufacturer’s instructions. The resulting fractions were

desalted again using SDB-RPS Empore StageTips and dried by vacuum centrifugation.

LC-MS/MS analysis

Each individual fraction was resuspended in 2% Acetonitrile; 0.1% Formic acid and nano-flow
separations were performed on a Dionex Ultimate 3000 RSLC nano UPLC system online con-
nected with an Exploris 480 Orbitrap Mass Spectrometer. A capillary pre-column (Acclaim
Pepmap C18; 3um-100A; 2cm x 75um ID) was used for sample trapping and cleaning. Analyt-
ical separations were performed at 250nl/min over a 150min. biphasic gradients on a 50cm long
in-house packed capillary column (75um ID; ReproSil-Pur C18-AQ 1.9um silica beads; Dr.
Maisch). Acquisitions were performed through Top Speed Data-Dependent acquisition mode
using 3 seconds cycle time. First MS scans were acquired at a resolution of 120’000 (at 200m/z),
and the most intense parent ions were selected and fragmented by High energy Collision Dis-
sociation (HCD) with a Normalized Collision Energy (NCE) of 36% using an isolation window
of 0.7m/z. Fragmented ions scans were acquired with a resolution of 45’000 (at 200m/z), and

selected ions were then excluded for the following 45s.
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Data analysis

Raw data were processed using SEQUEST, Mascot, MS Amanda®® and MSFragger?® in Pro-
teome Discoverer v.2.4 against the Uniprot Human Reference Proteome (LM210129, 77°027
entries). Enzyme specificity was set to trypsin, and a minimum of six amino acids was required
for peptide identification. Up to two missed cleavages were allowed, and a 1% FDR cut-off was
applied both at peptide and protein identification levels. For the database search, carbami-
domethylation (C), TMT tags (K and Peptide N termini) were set as fixed modifications,
whereas oxidation (M) was considered as a variable. The resulting text files were processed
through in-house written R scripts (version 3.6.3). Two steps of normalization were applied.

The first step of normalization was the sample loading normalization®®’

. Assuming that total
protein abundances were equal across the TMT channels, the reporter ion intensities of all spec-
tra were summed, and each channel was scaled according to this sum so that the sum of reporter
ion signals per channel equals the average of the signals across samples. Then, the Trimmed
M-Mean normalization step was also applied using the package EdgeR?®® (version 3.26.8). As-
suming that the majority of proteins in the samples are non-differentially abundant, this second
step calculates normalization factors according to these presumed unchanged protein abun-
dances. During this process, proteins with high or low abundances and proteins with larger or
smaller fold-changes were not considered. Differential protein expression analysis was per-
formed using the R Bioconductor package limma (version 3.40.6),%%° followed by the Benja-

mini-Hochberg multiple testing correction method.?® Adjusted P values lower than 0.05 (FDR

< 0.05) were considered as significant.

Safety consideration

No unexpected or unusually high safety hazards were encountered.
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Chapter 5  Conclusion
5.1 Achieved results

Peptide engineering for personalized cancer vaccine development

In this work, a carrier-free neoepitope-based cancer vaccine delivery system was de-
veloped. This approach described here based on a highly efficient covalent conjugation of
amines in DMSO or aqueous solution doesn’t require the use of any denaturing conditions such
as heating and therefore showed high promise for the delivery of a wide range of individualized
neoepitopes with good compatibility. First of all, on the material preparation wise, this strategy
shows > 99% incorporation efficiency of antigen peptides, adjuvant and remarkably loading
capacity of cargos. The intracellular traceless release of antigens was also proved for efficient
antigen processing and presentation by DCs. Besides, the versatility of this platform was also
investigated by extending the preparation of nanovaccine with diverse structures and properties,

including neoantigens identified from mouse tumors.

The LNs targeting efficiency in vivo of this nanovaccine is remarkably high and shows
10.2-, 7.6-, and 5.5-fold higher than free antigen peptide, adjuvant, and a simple mixture of the
two, respectively. Furthermore, the efficiency of antigen capture by APCs in LNs in vivo was
proved 14.0- and 17.7-fold higher of this nanovaccine compared to a mixture of free antigen
peptide and adjuvant in the absence or presence of Montanide, respectively. And at the same
time, co-delivery of adjuvant still keeps the stimulation of BMDCs to a similar level as a mon-
omeric adjuvant, while cross-primed antigen-specific naive OT-1 CD8" T cells are greatly en-
hanced compared to monomeric antigen peptides. The mechanism why this nanovaccine can
promote the cross-presentation of antigens was investigated and explained. At last, this work
also showed T cell immune response and antitumor activity induced by this nanovaccine in vivo,
it elicited a high frequency (6.00%) of antigen-specific CD8" T cells immune response and was
7.8- and 10-fold higher compared to the mixture of antigen peptide and adjuvant in solution and
Montanide, respectively. It also remarkably expanded the antigen-specific T effective memory
cells to a number 10.5- and 22.8-fold greater than a simple mixture of antigen peptide and ad-
juvant in solution and Montanide, respectively. Mice immunized with this nanovaccine showed

significantly delayed tumor growth and prolonged survival.
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As a conclusion, this system is a facile, effective, and versatile vaccine platform for
the delivery of peptide neoantigens to enhance personalized cancer immunotherapy. It allows
co-delivery of peptide antigens and molecular adjuvants of diverse structures and properties,
which is a highly desired property as individually identified neoantigens from patients could
vastly differ in physiochemical properties. Besides, this carrier-free delivery strategy, like other
direct assemblies of antigen peptide or protein with non-covalent assembly reported, has its
unique advantage of minimizing the potential risk of immunogenicity and toxicity from these

additional carrier materials.

Protein engineering for antiviral drug development

In this work, an easy manufacture, broad-spectrum effective, and versatile protein-
based antiviral platform was developed. This approach described here is based on a simple one-
step chemical reaction under room temperature and can be easily scale-up or scale-down with
a yield > 80%. Modified proteins with high re-producibility showed not only effective antiviral
inhibition but also a good virucidal effect. Two important key factors, ligand density and hy-

drophobic force were shown significantly influenced antiviral inhibition and viricidal effect.

As a proof of concept, BSA, the most abundant serum protein, was used as the core.
By varying the ligand density during the reaction, we could turn an inert protein into an antiviral
material with inhibitory activity: the antiviral inhibition ECso increased from 0.052 uM (56%
ligand density) to 23.6 uM (22% ligand density) to loss of all inhibition (11% ligand density).
By varying ligand hydrophobic length from 3 to 6 to 12 -CH»-, the final functionalized protein's
antiviral inhibition ECso remains in the similar range (<0.2 uM), but it converts from virustatic
(3 and 6 -CH>-) to virucidal (12 -CH»-). Besides, the versatility of this approach is also proved
by varying the protein core. Crossing a range of isoelectric points and molecular weights, we
can turn any protein into an effective antiviral material by applying the same conjugation
method. In this work, three different proteins, BSA, Avidin, and Cytochrome C were used as
protein cores while maintaining the same synthesis protocol; all products showed effective an-
tiviral inhibition (ECso-sa = 0.052 uM, ECso-avidin= 0.208 uM, ECs0.cyto c = 0.592 uM). At last,
this protein-based non-toxic virucidal material was also proved displaying broad-spectrum an-
tiviral inhibition against Herpes simplex virus (HSV-2) with ECso = 0.149 uM against Influenza
virus (HIN1) with ECso = 0.04 nM, against SARS-CoV-2 (Alpha) virus with ECso =2.42 uM.

134



Conclusion

As a conclusion, this protein-based antiviral approach is facile for manufacture, high
re-producible, scalable, versatile, and broad-spectrum effective for potential clinical translation.
Besides, this novel platform uses natural protein as a core base, it's biocompatible, and the
protein itself can be inert or functional, i.e., enzymes or therapeutical antibodies, which add

additional value for synergistic combinational therapy.

Lipoprotein-cholesterol nanoparticles for cancer diagnosis

In this work, a non-invasive lipoprotein-cholesterol nanoparticle-based cancer bi-
omarker detection method potentially for cancer diagnosis was established based on our pre-
liminary test. The lipoprotein-cholesterol nanoparticle extraction approach described here is a
simple and reproducible method. By simply using PEG 10K to precipitate these lipoprotein-
cholesterol nanoparticles in the serum, we can successfully eliminate the most abundant inert
protein serum albumin and accumulate low abundance proteins, which is usually masked by

serum albumins.

In this proteomic analysis, TMT isobaric tag labeling was applied in order to reduce
the variance between each experiment due to different ionization efficiency, allowing high-
throughput quantification. In experiment quality control, up to two missed cleavages were al-
lowed, and a 1% FDR cut-off was applied both at peptide and protein identification levels.
Besides, the principal component analysis after two steps of normalization (sample loading
normalization and trimmed M-Mean normalization) was performed, and results indicate both
were heterogeneous of healthy serum and cancer diseased serum, but relatively homogeneous
of healthy lipoprotein-cholesterol nanoparticles and heterogeneous of cancer diseased lipopro-
tein-cholesterol nanoparticles, which might occur due to patient's gender, age and cancer stage.

This needs to be further confirmed by a large number of cancer patients’ samples.

Besides, in cancer diseased and healthy lipoprotein-cholesterol nanoparticle pairwise
comparison, within false discovery rate less than 0.05, differentially expressed proteins either
upregulated or downregulated proteins number is proved around 10 times compared to directly
detect from serum itself (cancer diseased vs. healthy samples), which makes this detection sys-
tem is more sensitive and increase the accuracy of a cancer diagnosis. The differentially ex-

pressed proteins level indicates the different biological processes, including cell differentiation,
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metabolic process, and defense response in cellular components in cancer patients while com-
pared to healthy people, and they are potential can be used as fingerprints for cancer diagnosis.
As a conclusion, based on our preliminary test data, this lipoprotein-cholesterol nanoparticle-
based cancer biomarker detection method might provide a novel, more sensitive, and accurate

system, potentially applicable for future clinical use.

5.2 Future development

Peptide engineering for personalized cancer vaccine development

Vaccine either for cancer or infectious disease development under normal circum-
stances typically takes up to 10-15 years due to its complexity. However, the recent special case
of vaccine development for SARS-CoV-2, the virus that causes COVID-19, only takes about
one year from the virus first identified to vaccine receive emergency use authorization from
FDA. Creating a vaccine in under one year is a great challenge; it requires global cooperation
for research and data share distribution because, during a global pandemic, time was a luxury
the world could not afford, and thanks to the funding sources ranging from the government to
the private sectors. Different types of vaccines have been developed accordingly in this pan-
demic, such as DNA vaccine, mRNA vaccine, non-replicating viral vector vaccine, inactivated
vaccine, live attenuated vaccine, and subunit vaccine. Although in this work, we used a subunit

vaccine, it would be interesting we made a brief comparison between different techniques.

DNA vaccine like INO-4800 for COVID-19 does not require live viruses, the manu-
facturing process is also relatively straightforward, storage condition is not critical, but the vac-
cination method is limited, which usually requires high transfection like electroporation and
mutation in host DNA is possible. Compared to DNA vaccines that need to deliver into the
nucleus, mRNA vaccine only needs to enter the cytoplasm; thus, theoretically, they are safer.
Currently available mRNA vaccines like BNT162b2 and Moderna mRNA-1273, although they
reach high protection efficacy > 90%, the long-term immune effect is not satisfactory. The im-
mune protection generated by the vaccine declined rapidly within one year, and no cellular
immune response plus side effects such as headaches, fatigue, and muscle pain were observed.
Non-replicating viral vectors like adenovirus vaccines, for instance, CanSino and AstraZeneca,

with a double-stranded DNA genome can generate relatively high effectiveness but may not be
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suitable for people with recessive infectious viruses. Inactivated vaccines are the most common
type of vaccine; they are usually safe and can induce good humoral immune responses; the
problem is the cellular T-cell immune response is generally weak, which is essential, especially
in cancer vaccine development. Besides, vaccine production requires a high concentration of
live viruses, which potentially cause a biological safety risk. Compared to the inactivated vac-
cine, live attenuated vaccine always has very good immunogenicity and can induce lasting sys-
temic immunity, the risk of this type of vaccine is it might restore virulence in the body due to
retrograde mutations, cannot give it to immunosuppressed individuals plus the storage is very

critical 291:292

The last type of vaccine is virus-like particle and nanoparticle subunit vaccine, which
is also the case in this research work. Subunit vaccines usually use antigens like peptides or
purified proteins, which enhance the safety and scalability compared to the whole-pathogen
vaccines. The disadvantage of subunit vaccine is they are generally weak immunogenic there-
fore requires extra adjuvants combination. Strategies via using virus-like particles or nanopar-
ticles are aiming for increasing immunogenicity, stability, and target delivery to enhance im-

293 In case of cancer vaccine development, except humoral immune response,

mune efficacy.
cellular immune response, especially like CD8" T cell response, is essential, and every vaccine
preparation technique has its pros and cons, in this case, subunit vaccine has its unique ad-
vantages but at the same time still requires further improvement on the target secondary lym-
phoid delivery of vaccine components and enhancement on cross-priming antigen-specific T

cell immune response.

In this work, we envision that this carrier-free neoepitope-based cancer vaccine deliv-
ery strategy can be readily extended to the co-delivery of multiple heterogeneous epitopes in
the form of peptides, proteins (e.g., whole tumor cell lysate), or replicon mRNAs/DNAs encod-
ing the neoepitopes. Implementation of various responsive chemistry in the linker-monomer
could potentially impart different responsiveness to this vaccine delivery platform, facilitating
triggered release of antigens and/or adjuvants by intracellular stimuli including pH change, re-
active oxygen species, protease, etc. Thus, in the future, what we could do is first expand ne-
oepitope-based antigen peptides diversity both from mice origin and human origin, then from
peptides to protein and mRNAs/DNAs. Extending the co-delivery of multiple heterogeneous
epitopes-based antigens from one or more than one tumor can also be established. Implemen-

tation of various stimuli-responsive such as pH, thermal, light, enzymatic, ROS, etc., linkers
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for novel vaccine formulation would also be interesting. At last, cancer vaccines, except for
prophylactic purposes but for therapeutic purposes on solid tumors, would also be essential to

be investigated.

Protein engineering for antiviral drug development

Antiviral drug development is always challenging, not only due to the reason that vi-
ruses tend to use the host's cells to replicate, which makes it more difficult to design safe and
effective antivirals with minimal interference to the host organism but also because viruses are
constantly keeping mutation, which increases the obstacles for effective antiviral drugs devel-
opment. Based on virus-specific infection life cycle, researchers get inspired and develop ra-
tional antiviral drug design strategies such as attacking viruses at every stage of their life cycles.
The current major type of antiviral drugs is to interfere with the virus components synthesis and
assembly after they invade a host cell, and most FDA-approved antiviral drugs are small mol-
ecules. Despite the rapid progress in the biomedical techniques of antiviral drug development,

there are still many challenges to discover new promising antiviral targets and drugs.

As it usually takes years to develop and get a new antiviral drug approved for use
because identifying the chemical compounds targeting the virus, testing its efficacy and safety
both in preclinical and clinical is a long process, not even mention the input cost; however, the
high frequency of virus mutation, new emerging and re-emerging viruses make the whole anti-
viral drug development dramatically lagged, it is unlikely to result in timely and effective ther-
apies against these numerous pathogens causing sometimes rare but lethal infections. Based on
these observations, broad-spectrum antivirals that can act on multiple viruses are highly de-
manded. Macromolecules including polypeptides, proteins, and nanoparticles are particularly
attractive due to their multivalency and versatility, thus potentially displaying a broad-spectrum

antiviral function and lowering the risk of drug resistance for emerging and muted viruses.

Most broad-spectrum antivirals use the strategy to block the ability of the virus from
attaching to the host cell membrane and releasing its viral genes. There are usually two ways
either mimicking the virus-associated protein (VAP) to develop analogues of targeting protein
or mimicking the cellular receptor and binding to the VAP. The former one can compete for

binding to cellular receptors to reduce the virus attachment, and the latter one can compete
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binding to virus-associated proteins. These types of antivirals are focused on VAP anti-idiotype
antibodies, anti-cellular receptor antibodies, and natural ligands of the cellular receptors. How-
ever, monoclonal antibody-based antivirals, although they are usually highly specific and ef-
fective, they are also very costly. The production of the monoclonal antibody also needs a care-
ful operation, tedious purification, and it's very difficult to scale up. Besides, the side-effect of

monoclonal antibodies such as immunogenicity still remains a big concern.

Synthetic ligands mimicking cellular receptors are usually attached to the surface of
nanoparticles or other carriers to display their antiviral inhibition. A lot of metal core and pol-
ymer core were used together with these ligands and were shown to have antiviral effects. But
to date, no protein core with ligands functionalization has been reported for antivirals, which
might be due to the complexity of the nature of the protein. Thus, in this work, we used model
non-functional protein cores in this initial demonstration, by simple one-step chemical func-
tionalization, all protein products showed well-established antiviral effects, one protein product
even displayed virucidal effect, further studies will investigate functional, and potentially tar-
geting protein cores such as monoclonal antibodies or some enzymes involving in viral repli-
cation circle. Additionally, other ligands with a range of physicochemical properties (e.g.,
charge and hydrophobicity) will be further investigated; the aim is to open the door to virus-

targeted virucidal materials.

Lipoprotein-cholesterol nanoparticles for cancer diagnosis

Cancer biomarker detection directly from biological fluids is always challenging due
to its natural complexity. Although multiple detection techniques based on optical microchips
have been developed for a variety of components in blood, urine fluids detection with good
convenience and cost-effectiveness, their reliability is still a big challenge. The assay sensitivity,
like binding efficiency between the probe and target molecule, anti-interference ability towards
the nonspecific binding, and specificity of different types of cancers, also needs to be improved,

and the technique needs to be standardized.

Proteins are known as vital biomolecules for many aspects of life, including cancer in
living organisms. Most protein biomarkers are in the biggest body fluid blood. Directly analyz-

ing protein cancer biomarkers in blood, especially those with very low abundance, is still a very
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big challenge. One reason is that proteins cannot be amplified like nucleic acids; thus, it requires
high sensitivity and accuracy of the technique; besides, proteins are also sensitive to detection
environments such as temperature, pH, and ionic strength, which makes it even more difficult
in low concentration; furthermore, the biggest challenge is the direct tracking of traces of pro-
tein cancer biomarkers in crude biological samples like blood is hindered by the high back-

ground of other non-cancer related proteins in high abundance such as serum albumin.

Techniques commonly used for protein cancer biomarkers detection such as ELISA,
electrochemical-based sensors (electrochemical impedance spectroscopy, electrochemilumi-
nescence), field-effect transistors, microfluidic-based point-of-care platforms, sensors by using
optical techniques such as light scattering, fluorescent, SPR, and FRET, which display their
unique advantages like no need washing steps, straightforward signals, were utilized, although
they are relatively cheap, the challenge of lack of specificity and non-specific adsorption still
limit their application for directly measuring complex samples like blood or serum. In clinical
studies, mass spectrometry is considered a key technique for metabolic cancer biomarker stud-
ies due to its high sensitivity, wide dynamic detection range, high resolution, and can analysis
extremely complex biological fluids like blood and serum. It's not very convenient and usually
requires very expensive deliciated instruments, but it's a reliable and reproducible quantitative
analysis technique. Liquid chromatography-mass spectrometry together with tandem mass tag

plays an important role in comprehensive proteomics of complex samples like blood or serum.

As no cancer biomarker current available can be taken as a "perfect" biomarker for
prediction, diagnosis, and monitoring simultaneously, a single cancer biomarker, even an
"ideal" one is tended to have high sensitivity for detection but relatively low specificity for
various cancer types, which will raise the risk of false-positive signals. One possible strategy is
to evaluate a panel of cancer biomarkers that are already established as important and necessary.
As tumor tissue releasing biomarkers into the bloodstream are usually in very low abundance,
this natural phenomenon makes them difficult to be detected while other non-cancer related
proteins appear in much higher concentrations during directly analyzing component proteins in
plasma or serum. In order to increase the low abundance cancer biomarker protein signal, na-
nomaterials were investigated on spontaneous interaction with plasma proteins and forming
protein "corona" on the surface of nanoparticles such as gold, silica, or liposomes. Researchers
utilize these adsorbed proteins for cancer biomarker detection; however, non-specific protein

adsorption like serum albumin cannot be totally avoided. Besides, the invasive method by
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injecting nanoparticles into the body for collecting proteins is still arguable to accept in clinical

use.

In this work, we established a non-invasive lipoprotein-cholesterol nanoparticle-based
cancer biomarker detection system. Instead of injecting extra artificial nanomaterials into the
body, we developed a method to extract lipoprotein-cholesterol nanoparticles directly from se-
rum with high yield, which can successfully eliminate most abundant protein serum albumin in
plasma, increasing low abundant protein signal, thus potentially enhancing the detection sensi-
tivity and accuracy of a protein biomarker panel. The current preliminary work was focused on
5 clinical patients with melanoma cancer, but future work would expand to a large number of
patients and investigate different cancer types, the influence of patients' gender, age, and stage
of cancer. Besides, the lipoprotein-cholesterol nanoparticle extraction protocol will also be fur-
ther optimized and simplified. Furthermore, this type of lipoprotein-cholesterol nanoparticles
was proved to contain lipids and nucleic acids except for proteins in our preliminary experi-
ments; thus, another two branches of directions lipidomic and genomics on cancer biomarker

research would also be interesting to investigate in the near future.
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2017 - 2022

2013 - 2015

2006 — 2010

2017 - 2022

2014 - 2015

07-09 - 2014

1025 St-Sulpice, Vaud

Permit B

$ 078 710 33 48

B2 cathy.weil12@gmail.com

“B www.linkedin.com/in/lixia-wei-a7577699

Strength

Expertise in Immuno-Oncology, Vaccine, Cancer Biomarker Diagnosis

Over 9 years of Lab research and 2 years of full-time Industry work

Three Patents (two filed and one applying), the European Patent about Cancer vaccine
attracts Venture Kick for financing to be a start-up company

5 years of extensive management experience of research projects, good integration and
communication skills

Education

EPFL (Ecole polytechnique fédérale de Lausanne), LAUSANNE, SWITZERLAND

Ph.D. - Immuno Oncology | Vaccine | Cancer biomarker diagnosis
— Best Poster Award in 5th International Symposium of the SFB 765 "Multivalency in Chemistry and Biology"

ENS (Ecole Normale Supérieure Paris-Saclay), Paris, FRANCE
Master of Science - MSc in molecular bio- & nano-photonics for biomedical application
— Ranking 2/37, Award: Category A scholarship from European Union

Southwest University, CHONGQING, CHINA
Bachelor of Science - BSc in Pharmaceutical Engineering
— Ranking 1/72, Award: Outstanding Graduates, Excellent Individual of Scientific and Technological Innovation

Professional experience

Ph.D Research Fellow, Group SuUNMIL and LBI, EPFL, LAUSANNE, SWITZERLAND

Lead Research Projects:
— Personalized cancer nanovaccine development
Works including vaccine formulation, analytical characterization, in vitro assay on primary immune cells
(DC, B, T cells), pre-clinical in vivo immunization on animals.
— Cancer biomarker diagnosis
Work including diagnosis method establishment (serum nanoparticle extraction), analytical characterization,
quality control, cancer biomarker profiling and analysis.
— Broad-Spectrum anti-viral drug development
Work including establish a customizable modification platform with protein and lipipeptide for broad-spectrum
anti-viral purpose, formulation form, analytical characterization and antiviral effect evaluation.
Collaborative Project:
— Novel mRNA delivery system development
Work including involving scientific design, bio-analytical evaluation in vitro and accordingly improvement.
— Customizable protein scaffold platform for drug formulation
Work including engineering a customizable modification platform for installing new function onto protein
scaffolds and demonstrate its utility in both antiviral and therapeutic protein delivery application.

Master Research Fellow, Gustave Roussy, CNRS, PARIS, FRANCE

Research Project: Therapeutic electroporation for cancer drug delivery & treatment. Lead a sub-project to
understand the mechanism of cell dealth by assessment of ER (endoplasmic reticulum) stress triggered by
electric pulse delivery to human tumor cells

Master Research Fellow, Rice University, Houston, U.S

Research project: NIR (Near-infrared) light triggered cancer drug release from gold (Au) nanoshell for drug
delivery and cancer treatment. Work including investigating the binding mechanism between a poorly soluble
cancer drug (Lapatinib) and double stranded DNA, drug release assay with NIR light.


mailto:cathy.wei112@gmail.com
http://www.linkedin.com/in/lixia-wei-a7577699

01-07 - 2013

2011 - 2012

2009 - 2010

Patents

Publications

Laboratory

Computer

Soft skill

Research Project Management assistant, Shanghai Tin Tsz Bio Valley Biological Engineering
Co Ltd, SHANGHAI, CHINA

Responsible for part of grant proposal writing, arrangement of the research team daily distribution, advising
and ordering research materials, tracking and report projects progress.

Research Assistant, Chinese Academy of Science, SHANGHAI, CHINA

Responsible for a cooperative Project "Organic synthesis of potential drugs for cancer disease” with Les
Laboratories Servier (France)

Works including synthesis a series of structurally diverse N-cinnamyl propane diamine compounds for the
pharmaceutical bioactivity test in Les Laboratories Servier, and the successive structure modifications according
to their results.

Bachelor Research Fellow, Chongging Daxin Pharmaceutical Co Ltd., CHONGQING, CHINA

Research Project: Separation and purification of antibiotics vancomycin from its fermented liquid by a simple,
easy operated method-connection resin technology. (Award: Excellent Dissertations Appraisal)

Work including develop a simple and easy technology for purifying antibiotics vancomycin from fermentation,
optimize each step operation parameters, improve the massive production in industry.

Publications & Patents

European Patent: Polymer or Polycondensate Based on Peptide, Linker and Optionally
Other Monomers Method for Preparing the Same
EP Application Nr: 19198817.9; Inventors: Li Tang, Lixia Wei, Yu Zhao. Filed on: 20.09.2019

Chinese National Patent: Method for Preparing Health-care Foods with Different Activities
by Comprehensively Using Cornus Officinalis Glycosides
CN Application Nr: CN 201010162460.6; Inventors: Jun Deng, Jiaxu Wen, Lixia Wei. Filed on 30.04.2010

Lixia Wei, Yu Zhao, Xiaomeng Hu, and Li Tang. Redox-Responsive Polycondensate Neoepitope for
Enhanced Personalized Cancer Vaccine. ACS Central Science 2020 6 (3), 404-412

Suiyang Liao, Lixia Wei, Luciano A. Abriata, Francesco Stellacci. Control and Characterization of
the Compactness of Single-Chain Nanoparticles. Macromolecules, 2021,54,24, 11459-11467

Xie YQ, Arik H, Wei L, Zheng Y, Suh H, Irvine DJ, Tang L. Redox-responsive interleukin-2 nanogel
specifically and safely promotes the proliferation and memory precursor differentiation of tumor-reactive
T-cells. Biomater. Sci., 2019,7, 1345-1357

Yu-Qing Xie, Lixia Wei, Li Tang. Immunoengineering with biomaterials for enhanced cancer
immunotherapy. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2018, 10(4):e1506

Technical Skills

— Chemical organic synthesis and characterization such as HPLC, NMR, TLC, silica & resin column
purification skills.

— Cell culture, in vitro cell related assays including “Drug cytotoxicity test”, “Drug cell penetration”,
“Immune stimulation” “Drug antiviral dose-response and virucidal test”, etc.

— Classical assays including PCR & RT-PCR, ELISA, SDS-PAGE, Western blot, etc.

— Fluent use instruments including "Flow Cytometry, Confocal Microscopy, Plate Reader, Dynamic
lighter scattering (DLS), Z-potential, Transmission Electron Microscopy (TEM), etc.”

— Licensed certificate to work with mice animals, perform injection, sacrifice, imaging, tissue processing

— Proficient use all related types of research and data analysis softwares including ChemDraw,
MestReNova, Fiji, Prism, Origin, etc. General office softwares.

— Years of Lab management experiences, Effective and efficient scientific communication, Good
intercultural intergration
Licenses & certifications

Drug and Device Product Development and Regulation in Europe and the United States,
Issued Oct 2019 by San Diego State University and EPFL



RESAL Module 1: Introductory Course in Laboratory Animal Science, Issued Jun 2017 by
Federation of European Laboratory Animal Science Associations

Python Fundamentals: Issued Feb 2022 by EPFL (Learning & Development)

Professional Photography: Graduation Certificate, Issued Dec 2021 by New York Institute of
Photography

Languages

English: Full proficiency C1, French: Elemenary proficiency A2, Chinese: Native

Extra-curricular activities

Indoor and ourdoor climbing, Skiing, Hiking, Table tennis, Caligraphy, Photography
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