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ABSTRACT
LIPOPEPTIDE-COATED IRON OXIDE NANOPARTICLES AND ENGINEERED Qp

VIRUS LIKE PARTICLES AS POTENTIAL GLYCOCONJUGATE-BASED SYNTHETIC
ANTICANCER VACCINES

By
Suttipun Sungsuwan

Due to genetic and/or epigenetic alteration, glycan markers on tumor cells structurally
differ from those on the normal cells. These unique glycans, termed tumor associated
carbohydrate antigens (TACAS), have been utilized to educate the immune system to specifically
recognize and eliminate cancer cells, a concept known as cancer immunotherapy or anticancer
vaccine. The major challenge of developing an anti-TACA vaccine is the low immunogenicity of
TACA:s as they are self-antigens and not sufficiently immunogenic when administered alone.

In chapter 1, iron oxide magnetic nanoparticles (NPs) have been evaluated as carriers for
glycoconjugate-based anticancer vaccines. With their high biocompatibilities and large surface
areas, magnetic NPs were synthesized for TACA delivery. The magnetic NPs were coated with
phospholipid-functionalized =~ TACA  glycopeptides through  hydrophobic—hydrophobic
interactions without the need for any covalent linkages. Multiple copies of glycopeptides were
presented on NPs, potentially leading to enhanced interactions with antibody-secreting B cells
through multivalent binding. Mice immunized with the NPs generated strong antibody responses,
and the glycopeptide structures important for high antibody titers were identified. The antibodies
produced were capable of recognizing both mouse and human tumor cells expressing the
glycopeptide, resulting in tumor cell death through complement-mediated cytotoxicities. These

results demonstrate that magnetic NPs can be a new and simple platform for multivalently



displaying TACA and boosting anti-TACA immune responses without the need for a typical
protein carrier.

Besides iron oxide magnetic nanoparticles (NPs), bacteriophage Qp is another excellent
immunogenic carrier able to break self-tolerance to induce strong antibody response against
TACA. One potential drawback of bacteriophage QP is its strong immunogenicity, which also
induces a strong antibody response against itself. This unwanted anti-carrier immune response
can lead to carrier-induced epitopic suppression (CIES), which can limits the full potential of the
QB in inducing maximum desired immune response against TACA.

In chapter 2, QP viral capsid was engineered to reduce the unwanted immune response
against the carrier protein, thus refocusing the immunity towards generating higher potency of
desired immune response against TACAs. Non-native disulfide bonds were introduced into the
capsid to enhance the stability of the engineered capsids. Our results showed that the new Qp
mutants can reduce the unwanted anti-carrier immune response, yet enhance the wanted titers of
antibodies against TACA. The approaches presented in this study provide a fundamental
implication for rational design of engineered virus-like-particle-based carrier to maximize the

potency of vaccines targeting TACA expressing cancers as well as other diseases.
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CHAPTER 1: Lipopeptide-Coated Iron Oxide Nanoparticles as Potential Glycoconjugate-
Based Synthetic Anticancer Vaccines®

1.1 Introduction

1.1.1 Cancer immunotherapy

Cancer is a leading cause of death and one of the most serious public health concerns.
According to the American Cancer Society, it was estimated that, there were 1.7 million new
cancer cases and about 590,000 people died from cancer in 2015 in US. In terms of total deaths
in the United States recorded in 2014, cancer is ranked as the second leading cause of death
(22.5% of the total of deaths) following heart diseases (23.4% of the total of deaths).? Although
being ranked in the second place, with such a small gap of the difference and difficulty of finding
an effective cure, cancer is expected to become the number one leading cause of death within the
next few years. Worldwide, cancer causes 15% of mortality, with estimated 14 million of new
cases each year.® The death rate worldwide is projected to reach 10 million by 2020, which may
cost healthcare systems up to one trillion dollars.*

Until now, cancer treatment strategies still generally rely on conventional approaches of
surgical resection, chemotherapy and radiation. However, chemotherapy has the limitation of
severe side effects. Although surgery and radiotherapy procedures are standard treatment options
for local cancers, they increase risk to generate metastasis® (cancer cells spread from a primary
site through circulatory system to regenerate and grow in distant vital organs), which is even
more lethal and harder to cure.

A promising alternative to the classical treatment strategies is immunotherapy.® By

harnessing the effective immune system to specifically kill cancer cells and maintain protective



responses against cancer recurrence, immunotherapy is heralded as a revolutionary treatment
being more efficacious with more cancer types and posing fewer potential side effects.

The idea of immunotherapy started back in 1884 when Anton Chekhov found strong
evidence of the correlation between immune response to pathogen infection and tumor
reduction.” Afterward in 1893, surgical oncologist William Coley tested the Chekhov’s finding
by using a mixture of attenuated bacteria from Streptococcus pyogenes and Serratia marcescens,
called Coley’s toxins, as an immune activating agent to treat cancer patients, and he found some
beneficial results.® This evidence implied the potential of activating the immune system to
control tumor growth.

Although there are many hurdles in developing successful cancer immunotherapy, cancer
immunology research remains highly active and has made huge progress in understanding how
the immune system deals with cancer cells. This has led to promising clinical translation of
immune checkpoint therapies (such as PD-1 and CTLA-4) and chimeric antigen receptor (CAR)
T-cell therapy. A lot of promises shown by recent successes in clinical trials,® excited the
scientific community to mark “cancer immunotherapy” as a Breakthrough of the Year by Science
journal in 2013.%° Very recently, the PD-L1 monoclonal antibody, Pembrolizumab (Keytruda®),
has been approved by FDA as a primary treatment, instead of chemotherapy, for metastatic non-
small cell lung cancer.* This approval further highlights the role of immunotherapy in revolution
of cancer treatment.

Besides immune checkpoint therapy and CARs, another type of cancer treatment that
researchers have been trying to demonstrate efficacy is an anti-cancer vaccine. When combined
with other treatments, a cancer vaccine is expected to not only maximize the therapeutic effect,

but also provide long lasting protection, which could potentially prevent reoccurrence of cancers



in cancer patients. A cancer vaccine is conceptualized from vaccination against pathogen
infection. In a conventional pathogen vaccine, live or inactivated microbes are utilized to induce
immune responses to elicite antibodies that specifically neutralize the corresponding microbes.
The induced immunity will maintain the immunological memory to elicit more potent protection
for future attack from the same microbe, providing long-term protection against the pathogen. To
be able to further understand how the concept of pathogenic vaccine can be applied to cancer

vaccines, thorough understanding of how immunity works is necessary.

1.1.2 Mechanism behind immunity

Two kinds of adaptive immune processes, humoral and cell-mediated immunity, are
cooperatively responsible for defending against pathogens in the immune system. The humoral
immune system is the first line of defense. It involves antibody secretion from activated B cells
after they recognize B-cell epitopes. The simplest B-cell activation is induced by a T cell-
independent process, from which the low affinity and short lived IgM antibodies are secreted
(Figure 1.1).! The other process, known as a T cell-dependent process, relies on participation of
T helper-cell activation generating cytokines to induce Ig-isotype switching from IgM to the long
lasting and higher affinity antibody IgG. Moreover, T cell-dependent humoral immunity also
generates memory cells, which are capable of inducing even more potent responses against
subsequent encounters with the same antigen.'? IgG has the potential to recognize and bind to
pathogen-associated antigens, marking the target. The antibody-bound pathogens can be
eradicated by either complement-dependent cytotoxicity (CDC) or antibody-dependent-cell-
mediated cytotoxicity (ADCC), in which macrophages, neutrophils or natural killer cells will be

recruited to inactivate or kill the targeted pathogen.*®
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Figure 1.1: A cartoon showing two types of humoral immune activation by a tumor antigen.
Upper panel — T cell-independent B-cell activation: the multivalent antigen crosslinks B cell
receptors without the help from T cells leading to IgM secretion. Lower panel — T cell-dependent
B-cell activation: In addition to B-cell activation by direct antigen recognition, the antigen can be
taken up by antigen presenting cells such as dendritic cells, which subsequently present the
antigen fragment to activate helper T cell (Th cell). The activated Th cell releases cytokines to
induce B cells to undergo lg-isotype switching from IgM to 1gG. The figure is adapted and
reproduced from reference™.

Cell-mediated immunity, involves the synchronized action of a variety of immune cells,
including antigen presenting cells (APCs), macrophages, natural killer cells (NKs), helper T
cells, and cytotoxic T cells. These cells interact with each other through cytokine signaling and
cellular surface molecules to induce effective immune protection. Among all antigen presenting
cells, dendritic cells (DCs) play a key role in inducing immune responses.’® DCs are located in
peripheral tissues, such as skin, which continuously seek out invading pathogens. Once the

pathogens encounter the body, DCs will internalize the foreign substances, or antigens, which are



subsequently processed into short peptides. Meanwhile, DCs undergo maturation expressing a
variety of cellular surface molecules, including co-stimulatory molecules CD80, CD86, and a
homing receptor, CCR7. This alteration allows DCs to migrate toward the secondary lymphatic
organs in response to a high concentration of chemokines CCL-19 and CCL-21, and present the
antigens to T cells residing there. To present the antigen to T-cell receptor (TCR) on the T cells,
the processed peptides need to be loaded into either the major histocompatibility complex
(MHC) class I or class Il molecules, depending on the source of the antigens (Figure 1.2).
Endogenous antigens, which are derived from intracellular proteins in the APCs themselves, are
typically loaded on MHC class | molecules (MHC-1). In contrast, exogenous antigens, which are
derived from foreign substances and taken up by DCs, are normally loaded on MHC class Il
molecules (MHC-II). Antigenic peptides loaded on MHC-II are presented to CD4" helper T
cells, which are involved in cytokine secretion to promote B cell activation, resulting in IgM-to-
IgG class switching in humoral immunity described above. However, exogenous antigens can
possibly be transported into MHC-class-1 presentation route via a process known as cross-
presentation. The processed exogenous peptides loaded on MHC-I are presented to CD8" T cells
or cytotoxic T lymphocytes (CTLs). Once presentation by MHC-I occurs, CTLs become
activated and leave the lymphatic organs, seeking for the same antigenic peptide presented by
MHC-I on the surface of infected cells. When CTLs recognizes the antigen, they bind to the

target cells and release cytotoxic granules to kill the infected cells.™



Antigen-presenting cell

Antigen
fragment

) Cytotoxic T cells

CD8* T cell

b

Antigen-presenting cell Antigen

Antigen
fragment

B cell

MHC-II molecule ; -_—
Leond Clone of plasma cells
TCR —iL— “ICytokines i‘ Secreted antibody

# N | _} P < molecules
@)=
A“\,H '_ ‘)7/"“‘ . [ ! g

I Activated "

T, cell T, cell Clone of memary B cells
(CD4+ T cel

Figure 1.2: Illustration showing the process of cell-mediated immunity. a) The antigen-
presenting cell uptakes and processes an antigen into a short fragment (CD8" T-cell epitope).
The digested fragment is loaded onto MHC class | and presented to a CD8" T cell. The activated
CD8" T cell then proliferates and becomes cytotoxic T cells, which will be able to kill the
corresponding pathogens or cancer cells. b) The processed antigen fragments that are loaded onto
MHC class Il will be presented to CD4" T cell. The activated CD4" T cells will release cytokines
in T-cell dependent B cell activation resulting in IgM-to-1gG isotype switching and the
generation of 1gG secreting plasma cells and memory B cells. The figure is reproduced with
permission from reference'’.

By analogy with B cell epitopes as pathogen’s signatures, to which the immune system
targets, the key towards making a successful cancer vaccine is to generate unique/overexpressed
cellular marker(s) that can differentiate cancer cells from normal cells. This differential marker
can be used to educate the immune system to target and selectively eradicate cancer cells. Due to

genetic- or epi-genetic mutations, human cancers either overexpress common markers or induce



unique aberrant self-derived molecules on their surface. Advances in high-throughput
technologies in genomic, proteomic and glycomic research help accelerate elucidation of
potential novel markers from tumor cell or tumor-associated microenvironment, leading to a
variety of targets to selectively fight different type of cancers (For a review see ‘®). One type of
important signatures discovered in all states of tumor progression, including transformation,

metastasis, angiogenesis and immune escape, is changes in glycosylation pattern.

1.1.3 Protein post-translation modification by glycosylation

After human genome sequencing was completed, it was surprising to find that functional
diversity of proteins in eukaryotes far exceeds the coding capacity of the genome. Beyond the
variety of amino acid translation and folding/refolding of the protein complexes, post-
translational modification plays a tremendous role to diversify the complexity of proteins that
regulate protein activity, cellular physiological state and signal communication between cells or
microenvironment.’® One of the common post-translation modifications in eukaryotes is
glycosylation.

Glycosylation involves selective addition of carbohydrate based molecules, or glycan,
onto a specific amino acid by glycosyltransferase enzymes and selective trimming of glycans by
cleaving its saccharide subunit by glycosidase enzymes. There are two common sites where the
glycan addition occurs. Glycan that is added onto the amide group in the side chain of asparagine
in peptide sequence Asn-X-Ser/Thr (where X can be any amino acid except proline) is called N-
glycan. By contrast, O-glycan is referred to glycan addition to the hydroxyl group in the side

chain of serine or threonine.



1.14 Mucinl

One of the most common cancer associated glycoproteins is Mucin 1 (MUC1). MUCL1 is
a membrane-bound glycoprotein. It is originally translated as a pro-protein, and then undergoes
auto-proteolytic cleavage into C-terminal (MUC1-C) and N-terminal subunits (MUC1-N)
(Figure 1.3a). After the cleavage, both fragments link together through a stable, non-covalent
interaction. In the normal state, MUCL is found extensively on epithelial cells and exclusively on
apical side of the cells (Figure 1.3c). The steric hindrance of heavy glycosylation on the N-
terminal subunit stretches the core peptide into linear form. This linear form of MUCL1 can
extend the protein terminal reach to over 200nm above the apical surface” (general membrane
proteins extend out about 30nm?%), and altogether forming a thick mucus layer on the epithelial
cells. The thick layer of MUCL1 is thought to generally function as a lubricant or a protecting
layer against invasive pathogens® and strong acidic environment (pH = 2) in the gastrointestinal
track.?® In addition to tissue protection, some investigations also suggested its role in cell
differentiation and intercellular communication.?*

The C-terminal fragment (MUC1-C) contains a cytoplasmic domain (CD), a
transmembrane domain (TD), and an extracellular N-terminal domain (ED) (Note that N-
terminal domain in this context is a part of the C-terminal subunit) (Figure 1.3b). The
cytoplasmic domain involves intracellular signaling through mitogen-activated protein kinases
(MAPK) signaling pathway.?

Moreover, after cellular alteration due to tumorigenesis on cancer cells, the N-terminal
subunit (MUC1-N) will start to dissociate and leave the C-terminal subunit (MUC1-C), which
remain attached on the cell membrane (Figure 1.3c). The remaining C-terminal subunit (some
still have the N-terminal subunit connected) will delocalize to the entire cell surface, instead of

specific presentation on the apical side. This cellular morphology change is termed “loss of



polarity”. Under loss of polarity, the extracellular N-terminal domain in the C-terminal subunit is
responsible for interactions with receptor tyrosine kinases (RTKSs), e.g., EGFR or ErbB2 through
galectin-3 on Asp-36 (Figure 1.3d). This cis-interaction is thought to amplify the aberrant over
expression of MUC1 on cancer cells. It is postulated that the loss of polarity and over-expression
of MUC1 on cancer cells contributes to intercellular repulsion resulting in metastasis and
immune evasion. Although targeting C-terminal subunit would regulate intracellular signaling
pathway associated with tumor transformation, C-terminal MUCL is less applicable for immune
target as it is buried underneath thick layer of highly-glycosylated N-terminal subunit, making it

invisible to the immune system.
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Figure 1.3: a) C-terminal (MUC1-C) and N-terminal subunit (MUC1-N) are connected by non-
covalent interaction after auto-proteolytic cleavage. b) C-terminal MUC1 (MUC1-C) are
composed of a cytoplasmic domain (CD), a transmembrane domain (TM), and an extracellular
N-terminal domain (ED). N-glycan on Asp-36 can cis-bind to receptor tyrosine kinases (RTKS)
after loss of polarity. ¢) The N-terminal subunit (MUC1-N) will dissociate and leave the C-
terminal subunit (MUC1-C) due to tumorigenesis on cancer cells. d) Cellular alteration due to
tumorigenesis causes loss of polarity or delocalization of the remaining C-terminal subunit to
entire cell surface, instead of specific presentation on the apical side. The C-terminal subunits
form cis-interactions with receptor tyrosine kinases (RTKSs) causing amplification of the
aberrantly overexpression of MUCL on cancer cells. This figure is adapted and reproduced with
permission from reference®.



The outer layer N-terminal subunit MUC1-N contains a variable number tandem repeats
(VNTR) of twenty amino acids, GVT*S*APDT*RPAPGS*T*APPAH. The number of this
repeating unit varies from 20 to 125 units depending on the alleles.”® Five amino acids, either
serine or threonine (starred letters), in the VNTR can potentially be sites for O-glycosylation
(Figure 1.4).%* %' The core peptide in this variable number tandem repeat domain is immunogenic
and well known as a B cell epitope. The binding analysis of serum from cancer patients by
ELISA® and microarray”® revealed that RPAPGS, PPAHGVT and PDTRP are the minimal
dominant epitopes in VNTR. The analysis also showed that sera from cancer patients bind
stronger to Tn-glycosylated MUC1 than unglycosylated one. This suggested that the

glycosylation in MUC1 sequence is crucial for antigenicity of the MUCL1 antigen.
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Figure 1.4: Variable number tandem repeats (VNTR) of twenty amino acids in N-terminal
subunit (MUC1-N). 5 potential amino acids (red letters) are potentially subjected to O-
glycosylation. This figure is adapted and reproduced with permissions from references? %.

NMR assisted structure analysis of VNTR in MUCL1 revealed that the secondary structure
of the MUC1 forms an ordered structure of rod shape. Five rigid amino acids of proline in
MUCL sequence are thought to lead to this rod shape structure. The VNTR is composed of 2 -
turn regions at APDTRP and PGST sequences.*® However, only the hydrophobic B-turn region
of APDTRP sequence forms protruding knob out of the rod shape structure.®* This protruding

region is believed to expose the immunodominant epitope of MUC1, which is correlated with the
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dominant epitopes of vaccinate induced anti-MUC1 antibodies® and many MUC1-specific
monoclonal antibodies, such as SM3 (PDTRP), BC2 (APDTR), HMFG1 (PDTR), HMFG2

(DTR).2 %

1.1.5 Aberrant glycosylation in cancer cells

Although MUCL is also found on normal epithelial tissues, MUCL1 expressed on tumor
cells differs from those on normal cells in many ways. First, due to alteration in MUC1 gene
regulation, MUCL1 is over-expressed (100 times compared with those expressed on normal cells)
on many types of cancer cells, including lung, pancreas, prostate cancers and especially breast
cancers (90% of breast carcinomas).®® This over-expression together with the loss of polarity in
the cell surface expression would, therefore, significantly increase the chance of immune
recognition towards cancer cells.

Secondly, in normal cells, the post-translational modification of O-glycosylation will
begin with the addition of an N-acetyl galactosamine residue (GalNAc) onto serine or threonine
in the VNTR domain in MUC1. The glycosylation will then be extended from the starting
GalNAc unit to core 1 — core 4 structures (Figure 1.5). Unlike genetic code derived cellular
products such as DNA, RNA and protein, where the sequence of subunits is encoded from their
templates, the occurrence of glycosyl elongation process depends on available substrates and
activity of glycosyltransferase enzymes (T-synthase) on the site where the glycosylation is taking
place. In cancer cells, however, the glycosylation enzyme, specifically Core-1 synthase
(C1GalT1), is improperly folded due to the absence of Cosmc chaperon in Endoplasmic

Reticulum caused by genetic/epigenetic mutation in the cancer cells (Figure 1.6).*
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Figure 1.5: The process of O-glycosylation begins with the addition of a GaINAc moiety onto a
serine or threonine residue in a polypeptide. The glycosylation will then be extended from the
starting GalNAc unit by T-synthase to core 1 — core 4 structures. This figure is adapted and

reproduced with permission from reference®.
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Figure 1.6: The glycosylation enzyme T-synthase in cancer cells is malfunctioning due to
improper enzyme folding caused by the absent of Cosmc chaperon in the endoplasmic reticulum

in cancer cells. The malfunctioning T-synthase in cancer cells leads to the aberrant glycosylation

in glycopeptide MUCL. This figure is adapted and reproduced with permission from reference®*®.

As a result, the glycosylation patterns found on cancer-associated MUC1 are more
truncated and sialylated.®® As a consequence of the shorter glycosylation, the core peptide
epitopes are more exposed and susceptible to be accessible and recognized by immune cells,
while MUCL1 expressed on normal cells are more protected by the unaltered glycosylation
patterns.®*® Moreover, the aberrant glycosylation generates distinct carbohydrate antigens, which
include Thomsen-Friedenreich (T) antigen (GalB1-3GalNAc-al-O-Ser/Thr), Thomsen-nouveau
(Tn) antigen (GalNAc-a.1-O-Ser/Thr) or their sialylated product; STn and ST antigens (Figure
1.7). The presence of these antigens on cancer cells are well correlated with cancer prognosis as

they promote the tumorigenesis, progression and metastasis in the cancer cells.*” However, T and

13



ST antigens are also found in normal tissues® while Tn and STn antigens are more exclusively
expressed on the cancer cells. Immunohistochemistry of a variety of cancer patients samples
indicated high expression level of Tn over 80% (85% in breast, 90% in ovary and 83% in
endometrium cancers) compared to normal tissues.*® The distinctly high expression of Tn or STn
antigens make them more attractive as targets for anti-cancer vaccine.”’ Therefore, it is
envisioned that, in addition to MUC1 antigen, inducing immune response against these tumor-

associated carbohydrate antigens (TACAS) would possibly selectively eradicate cancers.
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Figure 1.7: The structure of TACAs; Tn, T and their sialiated products; a(2-3)ST, a(2-6)STn.

All of these different features make MUC1 glycoprotein a promising candidate of
antigens for anti-cancer vaccine. Moreover, a recent research ranked MUC1 as the second most
potential cancer associated antigen, according to the total score regarding therapeutic prospect

criteria such as therapeutic function, immunogenicity, specificity, and level of expression.**

1.1.6 Evidences supporting MUC1 based vaccine

There has been enthusiasm of finding and developing therapeutic monoclonal antibodies

that target selectively against TACAs or glycopeptide MUC1 on cancer cells.* The discovery of
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monoclonal antibody SM-3 that preferentially bound MUCL1 on many types of cancer cells
relative to that on normal cells led to the development of novel monoclonal antibodies that
exhibited high selectivity towards tumors. Monoclonal antibody AS1402 is an example
exhibiting antibody-dependent cellular cytotoxicity towards cancer-associated MUCL1 expressing
tumor cells. The promising efficacy of AS1402 made it enter clinical trials in phase | and II.
However, no significant difference in efficacy was observed when compared with conventional
approach based on chemotherapy. This unanticipated result in clinical evaluation is attributed to
the excess amount of the soluble MUC1-N released from cancer cells sequestering the
administrated monoclonal antibody subsequently diminishing the amount of the antibody
available to access the tumor-bound MUCL1. Similarly, this situation would also happen with a
drug-conjugated monoclonal antibody against MUC1. Therefore, most of the anti-MUCL1
monoclonal antibodies developed are still limited to diagnostic purposes, rather than for therapy.

Unlike passive immunotherapy using monoclonal antibodies, inducing immune response
against the cancer-associated MUC1 would be more attractive since the active immune response
can continuously generate the specific antibody to reduce the pool of secreted MUCL. In addition
to targeting local cancer, the antibodies generated can eliminate circulating cancer cells in the
blood, hence, preventing lethal metastases from developing. In addition to the high cost of
monoclonal antibody based therapies, the efficacy of the monoclonal antibody tends to decline
overtime due to the induced neutralizing antibodies against the repeatedly administered proteins.

Besides antibody responses, vaccination with MUC1 glycopeptide can also activate
cytotoxic T cells. It was believed that the antigen fragment, presented by the MHC molecule to
the T-cell receptor is limited to peptides and cell-mediated immunity, plays an indirect role in

immune activation against non-peptidic antigen such as carbohydrates. There were multiple
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reports that T cell receptors can also recognize glycopeptide fragment bound on the MHC class |
molecule.*? Cytotoxic T cells isolated from pancreatic, ovarian and breast cancer patients were
found to recognize MUC1 glycopeptides and induce cytotoxicity to cancer cells in vitro.*?
Epitope mapping studies have identified peptide STAPPHGV and glycopeptide
SAPDT(GalNAC)RPAPG, located in VNTR of MUCL1 as CD8 T cell epitopes that bind to MHC
class | allele HLA-A2.** Although these examples indicate the presence of MUC1 specific
cytotoxic T cells in cancer patients, they are not sufficiently effective to overcome tumor growth.
This is probably due to self-tolerance related immunosuppression due to overexpression of
MUC1* as well as aberrant glycosylation*® on cancer cells that inhibit the effector T cells to
eliminate the targeted cancer cells. Therefore, it is envisioned that the cooperation of humoral
and cell-mediate immune responses, together with immune check point therapy, would empower

the immune system to efficiently eliminate cancer as well as to prevent cancer recurrence.

1.1.7 Anti-MUCL1 vaccine development

Anti-MUCL1 vaccine has been under study for a while. In 1994, Apostolopoulos and
coworkers immunized mice with MUC1 containing a synthetic peptide, fusion protein, or natural
MUCL isolated from human milk fat globulin (HMFG).*” Although these compounds generated
high antibody responses, they failed to protect mice from tumor challenge. In the same study, the
authors showed that immunizing mice with MUCL1 transfected cancer cells can protect mice from
tumor challenge, despite the low antibody response. The protective response of the latter case
was contributed to Th1l type response, which is associated with activation of cytotoxic T cells.
Antibody responses were attributed mainly to Th2 response. This finding leads to the utilization
of carriers to bias immune response towards Th1l rather than Th2 for stronger protective effect of

the vaccine.*” Polysaccharide mannan is another example used to direct the type of the immune
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response towards Th1 by modification of the polysaccharide carrier by oxidation.*® In addition,
the mannan carrier can enhance antigen uptake through C-type lectin receptor on antigen
presenting cell resulting in more efficient immune induction event and protection of human
MUC1 transgenic mouse model from tumor challenge.

Due to low immunogenicity of MUCL1, immunogenic proteins have been used as MUC1
antigen carrier to enhance the immunogenicity of MUCL. Keyhole limpet hemocyanin (KLH)*
and tetanus toxoid (TT)*® are common protein carriers utilized for anti-MUCL1 or anti-TACA
vaccines. Although these immunogenic proteins can strongly boost the immune response against
such low immunogenic antigens, the high immune response against the carrier itself, or linker in
some cases, was also found and thought to suppress the desired immunity against the MUC1 or
TACAs.*! This suppressive effect from the vaccine carrier is known as carrier-induced epitopic
suppression (CIES).>? This issue leads to increasing interest in investigating other vaccine carrier
candidates that have potential to preferentially focus immune response specific to MUCL1
antigen, rather than the carrier.?

Over the past decade, when the concern of vaccine safety has become the top priority in a
clinical trial, the paradigm of vaccinology is to replace the undefined whole-microorganism or
extracted natural product derived vaccines with subunit vaccines, where their constructs are well
characterized, reproducible, stable and low in undesired side effects. In addition to using
immunogenic proteins as vaccine carriers, which usually suffer from carrier-induced epitopic
suppression (CIES) mentioned above, fully synthetic vaccines have become a main stream of
MUC1 vaccine development which is proposed to mitigate the carrier induced immune
suppression due to non-essential components incorporated.>® The well characterized synthetic

MUC1 vaccines can be not only easier to manufacture, but also more homogeneous, than
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compounds isolated from natural sources. Moreover, the synthetic strategies allow the
glycosylation pattern on the MUC1 glycoprotein to be tuned to best represent the tumor
associated antigens. This tunable and uniformly defined compound provided insight about
structural factors of the vaccine, which enhance the knowledge for antigen design in vaccine
development.

The concept of fully synthetic vaccine relies on minimizing vaccine components down to
a construct containing only essential specific immune stimulating components, generally
including tumor associated antigen(s), Th epitope(s), and agonist of Toll-like receptor(s) (For

more detail about the fully synthetic vaccine, readers are directed to an intensive review®).

1.1.8 Particulate Vaccine

The immune system is normally prevented from responding against self- or self-derived
antigens and is tolerant to those antigens. Since tumor antigens are derived from self-antigens,
they are generally poorly immunogenic. Therefore, it is more challenging to develop anti-cancer
vaccines compared with classical vaccines against infectious diseases.

A number of strategies have been proposed for effective induction of immune responses
to break the immune tolerance. Those strategies include selection of suitable tumor associated
antigens as well as mean to deliver such antigens to activate the immune system, which can be
critical for the outcome of the vaccination.>

One proposed way to guarantee that the antigen is delivered to APC is ex-vivo
manipulation of DC by directly incubating the antigens with isolated DCs. The loaded DCs are
then re-infused back into the patients, allowing them to present the antigen and stimulate the
immune system to kill cancer cells. This approach was approved by Food and Drug

Administration (FDA) in 2010 with the trade name of Provenge for prostate cancer treatment.>
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However, this approach relies on individual treatment, in which only DCs from the same patient
can be used, as cells from other patients can potentially cause immune rejection. Therefore, this
exclusive healthcare process is costly and may be impractical for most cancer patients. This
complication highlights the need for better vaccine formulation that can deliver the antigen to
DCs in vivo to circumvent expensive ex-vivo DC manipulation.

Another promising approach to improve the efficacy of antigen delivery to DCs in vivo is
by employing particulate vaccines based on nanoparticles. Several studies showed that
particulate materials can enhance delivery of antigenic molecules to APCs and elicit more potent
immune responses compared with administration of the molecules in soluble forms.>® Many
reasons are accounted for such effective antigen delivery by particulate vaccines.> First, due to
the nanoscale size of particulate materials that resemble small pathogens like bacteria or virus,
they could be recognized by the immune cells in a similar manner as those invading foreign
substances.”® Second, particulate vaccines act as carrier vehicles protecting the antigenic
materials from degradation by enzymes or harsh conditions. This characteristic can increase the
amount of an intact antigen taken up into targeted cells, resulting in higher chances to activate

immune response with less material.>®

Third, surface engineering on particulate particles by
conjugation with targeting molecules helps improve specificity towards the target cells, and
could reduce potential side effects.®® Moreover, highly organized presentation and repetitiveness
of antigenic epitopes on particulate nanomaterials can offer clustering effect for antigen
presentation on B cell receptors, which helps promote B cell activation generating high antibody
titers.®! Last, adjuvant or co-stimulatory signal molecules that help immune activation can be co-

delivered along with antigenic epitopes to activate the same targeted cells, which was shown to

be beneficial by many studies.®> Besides the incorporation of adjuvant, biocompatible probes,
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such as fluorophore, quantum dot or MRI contrast agent, can be introduced to monitor the fate of
the particulate vaccine and cellular activity. The combination of therapeutic and imaging

functionalities in a single platform is a highly active research area termed “Theranostics”.%®

1.1.9 Physical properties of a particulate vaccine determine the immune response
profile.

The physical characteristics of particulate system, such as size, hydrophobicity, surface
charge, have dramatic impacts on circulation time, bio-compatibility, bio-distribution and
cellular interaction of the particles. Size of particulate vaccine is one of the factors that plays an
important role in how the vaccine is delivered to interact with and activate immune system.
Particles with larger sizes (0.5-5 um) are preferentially taken up by macrophages, while smaller
particles in range of viruses (20-200 nm) can dominantly target DC.** Although particles up to
200 nm are able to get internalized by DC, only small particles 5-100 nm in size were purported
to contribute to effective DC mediated immune activation.®® Despite the fact that the DC in skin
can uptake particles larger than 100nm, these DCs are less capable of transporting the antigen to
present to B or T cells in lymph node. The in vivo imaging experiment by superparamagnetic
iron oxide nanoparticles®® showed that only less than 5% of DC population in lymph nodes
migrated from peripheral tissues. Moreover, the DCs that arrived the draining lymph nodes could
become exhausted or dead.®” In some cases, the skin-derived DCs have to pass the captured
antigen to LN-resident DCs. This transferring process could reduce the chance of maintaining
sufficient amount of the antigen to be present to the T cells.®® Therefore, direct trafficking of
antigen to the dendritic cells residing in lymph node is envisaged to be more efficient in inducing
immune activation. The crucial effect of size for particulate vaccines has also been emphasized
by the study from Reddy and coworkers.®® They found that NPs with 25nm in diameters can

target lymph node residing dendritic cells, while 100 nm NPs are less likely to drain into the
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lymph nodes. However, too small particle (< 5 nm) is not efficient in delivery antigen into the
lymph node either, as it is more likely to diffuse out of lymph nodes into blood circulation.®
Altogether, these findings suggested that the proper size of particulate vaccine is crucial for

successful particulate vaccine.

1.1.10 Anti-MUCL1 particulate vaccines

Several studies have applied a particulate vaccine for a MUCL based vaccine. In 1998,
Kimberley and coworker used poly(d,l-lactic-co-glycolic acid) (PLGA) as a carrier for synthetic
MUCT1 peptide.” In that study, the PLGA was used to encapsulate the MUC1 peptide together
with adjuvant MPLA. The PLGA-MUCL1 induced Th1 response with no MUC1 specific IgM and
low IgG titer. The large size of the PLGA micro-particle (500-900 nm in diameter) may
contribute to the low anti-MUC1 1gG response. In the same year, the same group also reported
the utilization of liposome based particle for MUC1 vaccine.”* It was shown that the
encapsulated MUC1 inside liposomes can induce only T cell response while the antigen
displayed on the surface of the particle can both elicit antibody and induce T cell response. The
results from this study demonstrated the effect of how antigen is incorporated in a particulate
vaccine on immune response profile. Although the liposomes bearing surface antigens were able
to induce IgM and IgG, the antibody titers resulting from the vaccine were not high. The size of
liposome base MUCL vaccine in this case is around 800-900 nm. In another study, the diameters
were even bigger (1.7-2.1 pm),’® which are bigger than the suitable range for effective DC
targeting in lymph nodes.

Liposome formulation is another platform widely used as a weakly immunogenic carrier
for multicomponent fully synthetic MUC1 vaccine. The hydrophobic chains of the amphiphilic

component are substituted by adjuvant such as TLR agonist Pam3CysSK4, in which the lipid
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chains facilitate the incorporation of the synthetic compound into the liposome.” Several works
from Boons and colleagues demonstrated excellent examples of using liposome as a platform for
MUC1 vaccine.”*™ In 2005, Boons group first reported the investigation of liposomal vaccine of
fully synthetic three-component of lipidated glycopeptide containing TLR-2 agonist Pam3Cys,
Th epitope YAF peptide and Tn antigen in the same molecule. The synthetic compound was
incorporated onto the surface of liposome. Based on the method of preparation and negative-
stain TEM analysis, the size of the liposome is about 100 nm in diameter.””® The liposome
vaccine can induce 1gG antibody from the vaccinated mice. This work pointed out the
importance of appending Th epitope in the construct as it was shown previously that the
Pam3Cys conjugated to Tn antigen induced low IgG response. Following this finding, the group
continued to apply the same construct to MUC1 glycopeptide, instead of Tn antigen.” In this
work, they used fully synthetic three-component compound composed of B cell epitope from
MUC1, Th epitope from polio virus (PV) and TLR1 and 2 agonist Pam3CysSK4 or TLR2 and 6
agonist Pam2CysSK4 (Figure 1.8). It was found that Pam3CysSK4 has higher potency in
inducing strong 1gG response more than Pam2CysSK4. The vaccines did not elicit antibody
against Th epitope, which highlight the minimal immunogenicity of this construct. This work
also showed that the covalent conjugation of the three components is important in inducing high
titer of the antibody response. In addition, the liposome formation containing of the three
components in the same particles can elicit much higher antibody than the mixture of all
components in saline solution which emphasizes the importance of particulate platform in
antigen delivery to the immune system. Further study in later publication indicated the
importance of Tn antigen in the construct for higher efficacy of the vaccine compared with non-

glycosylated MUC1.” It was proposed that the glycosylation on MUC1 peptide helps conserve
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the conformation of the peptide as in native form, hence, induces immune response more specific
to the cancer related MUCL. The study showed high efficacy of the vaccine in inducing not only
humoral immune response to lyse the cancer cells via antibody dependent cellular cytotoxicity
(ADCQC), but also cell-mediated immune response through the activation of MUC1 specific CTL
to kill MUCL expressing cancer cells. The resulting cooperation of both immune protection arms
is believed to help reduce tumor size in a tumor challenge study.
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Figure 1.8: Representative structures of fully synthetic three-component compounds composed
of B cell epitope from MUCL, Th epitope from polio virus (PV) and TLR1 and 2 agonist,
Pam3CysSK4, or TLR2 and 6 agonist, Pam2CysSK4. This figure is adapted and reproduced with
permission from reference’.

Self-assembled subunit MUC1 has been investigated by Payne and coworkers in 2012."
The subunit MUC1 vaccine is composed of VNTR (glyco-) MUCL peptide, T helper epitope
PADRE and build-in adjuvant Pam3CysSer. Although, the construct is similar to other
liposomal-based fully synthetic subunit MUC1 vaccine, they found that this compound can form
a nanoparticle by itself without the help from liposomal formulation additives such as Egg

phosphatidylcholine, phosphatidylglycerol and cholesterol.”

The size of the particle measured
by TEM is around 17-25nm. The self-assembled nanoparticle can induce IgM and 1gG1, but low
titer of 1gG2, which suggests Th2 type response. The elicited antibodies can recognize MCF7
and B16 cancer cells. More recently in 2015, Li and colleagues developed multilayer self-

assembled subunit MUC1 vaccine based on interaction of electrostatic components.”® The Th

epitope conjugated with poly-lysine can form the core of particle with positive surface charge.
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Adjuvant poly-glutamic with negative charge was coated onto the core particle as a second layer,
followed by third layer of positively charged poly-lysine, which was conjugated to MUCL1
glycopeptide. The size of resulting particles is about 350nm. The particles were shown to be
taken up by APCs RAW?264.6 and induce secretion of pro-inflammatory IL-6 and IL-12. The
titer of 1gG induced by the multilayer particles was similar to glycopeptide MUC1 covalently
linked to Th epitope. The multilayer particle vaccine induced more IgM than IgG. Nevertheless,
sera from immunized mice showed binding to MCF-7 cells and induce a complement-dependent
cytotoxicity to kill cancer cells.

A particulate vaccine is not limited to a particle-based platform. Nanofiber construct has
also been applied to particulate MUCL1 vaccine. Li and coworkers utilized peptide Q11, which
can self-assemble to form [-sheet construct and has adjuvant property, as a carrier with built-in
adjuvant for MUC1 antigen.” The conjugated peptide mixture aggregated to form nanofibers
longer than 200nm. The study showed that putting Tn antigen on PDT*RP can elicit higher
antibody response than putting Tn on GST*AP or both positions. This finding indicated the
crucial position of glycosylation in MUCL1 vaccine design. The self-assembly peptide Q11 did
not induce antibody response to itself which highlight minimal immunogenicity against the
carrier. The vaccine elicited predominantly 1gG2a and IgM, which was possibly due to the lack
of Th epitope for antibody isotype switching.2’ The elicited antibody showed binding to MFC-7
and induced complement dependent cytotoxicity to lyse the cells.

Very recently, gold nanoparticles were used as a carrier for MUC1 vaccine. MUC1
peptide together with T cell epitope P30 were conjugated on gold nanoparticles (20-30 nm).®
The resulting nanoparticle based vaccine can mediated both Thl and Th2 immune responses.

The generated antisera from immunized mice showed binding to MCF-7 cells.
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Although these studies pointed out the beneficial effects from particulate platforms and
the factor of size in inducing effective immune response against MUC1, most of the results are
still far from a practical candidate to overcome the tremendous challenge of anti-cancer vaccine
development. Therefore, new carrier platform is still needed in order to find a successful anti-

MUC1 vaccine to cure cancer.

1.1.11 Superparamagnetic iron oxide nanoparticle: SPION

Superparamagnetic Fe3O4 nanoparticles have been utilized extensively in drug delivery
and non-invasive in vivo imaging applications.®? This class of nanoparticle is shown to be
biocompatible with low safety concern when used as targeting carriers for therapeutic agents.®
Some iron oxide nanoparticles, such as Feridex I.V. (ferumoxides), Combidex (ferumoxtran-10),
Feraheme (ferumoxytol), have been approved by the FDA for use in human.®

With regards to immunotherapy applications, iron oxide nanoparticles have become a
promising antigen carrier to elicit immune response via peripheral dendritic cells. Mou, et al.
demonstrated that iron oxide nanoparticles could be internalized by both mature and immature
dendritic cells, and the internalization could induce initial maturation in which the essential
cellular surface markers related to maturation states, including co-stimulation marker CD80,
CD86 and MHC-I11, were upregulated. The study also showed that the iron oxide nanoparticles
did not pose significant effects on maturation phenotype and viability of the labeled dendritic
cells, yet maintained the ability to activate T cells.®* In a very recent work, iron oxide
nanoparticles were evaluated as a safe, stable and built-in adjuvant vaccine delivery vehicle for a
recombinant malaria vaccine antigen. There was evidence supporting the efficient internalization
(> 90%) of iron oxide nanoparticle by dendritic cells. The iron oxide nanoparticles also showed

their abilities to activate dendritic cells to express co-stimulatory ligand CD86, and secrete
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necessary cytokines for immune response (IL-6, TNF-o, IL1-B, IFN-y, and IL-12). Mice
immunized with the iron oxide nanoparticle based malaria vaccine showed significant higher
antibody response compared with the vaccine formulated with a clinically acceptable adjuvant,
Montanide ISA51. Moreover, the nanoparticle based vaccine tested in nonhuman primates was
able to induce high immune response and high levels of parasite inhibition.®® Moreover, the size
of iron oxide nanoparticles can be tuned by a variety of preparation method. This advantage of
controllable size would allow preparation of the proper size of particulate vaccine more flexible.
Besides their tendency to activate dendritic cells, IONPs are well known as magnetic

resonance imaging (MRI) contrast agent®®

, which could be used to monitor the migration of
labeled DCs in vivo after vaccine administration by a non-invasive method based on MRI.?’ This
advantage could aid us in deciphering mechanism of the immune responses. Accordingly, it
could be hypothesized that iron oxide nanoparticles could have a potential as antigen carriers

with intrinsic immunomodulating properties, yet low immunogenicity against the carrier itself,

for immunotherapy based vaccine.

1.1.12 Self-assembly of amphiphilic-molecule coated iron oxide nanoparticles

As mentioned earlier, surface engineering on nanoparticles play an important role on
physical and biological properties of the nanoparticles in vaccine design.®® Iron oxide
nanoparticles can be generated by several methods including co-precipitation, thermal
decomposition, microemulsion, and hydrothermal synthesis.** Among these methods, the
thermal decomposition method has been widely used to yield large quantities, tunable size and
high-quality monodispersed iron oxide nanoparticles.®”* However, the nanoparticles made by this
method are coated by a hydrophobic layer of oleic acid or oleic amine, which are not soluble in

highly polar solvents. Hence, they are not suitable for bio-applications which require good
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solubility in water. In order to apply the hydrophobic nanoparticle in vaccine delivery platform,
surface modifications on the nanoparticles is required.

Surface modification by covalent conjugation of ligand onto the nanoparticle surface
involves multi-step chemical synthesis. For example, a catechol group can coat iron oxide
nanoparticles well due to strong chelation of catechol with iron. However, the catechol group is
easily oxidized, which requires an additional protection step before coating process.” An
alternative approach for surface modification relies on self-assembled hydrophobic-hydrophobic
interaction between the hydrophobic layer on iron oxide surface and hydrophobic groups on
amphiphilic ligands.™ This approach is simple and does not involve chemical conjugation.
Moreover, multicomponent coating layer for multi-functional nano-vaccine can be obtained by
mixing the coating components during the coating process.

Combining the promising tumor associated antigen MUC1 with the powerful antigen
carrier of iron oxide nanoparticle, the goal of the study in this chapter was to evaluate the
amphiphilically coated iron oxide nanoparticle as a MUCL antigen carrier platform for anti-

cancer vaccine.

1.2 Results and discussion

1.2.1 Synthesis of magnetic NPs coated with MUCL lipopeptides and lipo-
glycopeptides

We utilized the thermal decomposition method®® to prepare high-quality monodispersed
iron oxide nanocrystals in large scale and with excellent control of particle diameters.
Homogeneity in size is important in NP based vaccine design, as NP diameters can significantly
impact their interactions with the immune system as well as their trafficking.®® % Covalent

derivatization of NPs can be tedious. The NPs synthesized through the thermal decomposition
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method are coated with a hydrophobic layer of oleic acid or oleic amine. This provides a
platform for amphiphilic TACA to self-assemble on the NPs through hydrophobic-hydrophobic
interactions without the need to covalently functionalize NPs. This approach is operationally
simple, and an additional advantage is that multiple components can be readily introduced onto
the NPs through self-assembly to boost immune responses.

In order to attach MUC1 onto the NPs, MUCL1 peptide and glycopeptide were synthesized
and conjugated with a phospholipid chain. The MUCL1 peptide bearing 20 amino acid residues
AHGVTSAPDTRPAPGSTAPP corresponding to one full length tandem repeat region was
produced using solid phase peptide synthesis through Fmoc chemistry, using 2-chlorotrityl resin
as a solid support and O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate
(HBTU) and 1-hydroxybenzotriazole (HOBLt) as coupling agents (Scheme 1.1). Upon completion
of the synthesis, the MUCL1 peptide 1 was cleaved off the solid phase under an acidic condition
(95:2.5:2.5, TFA:TIPS:H,0), and purified by HPLC on a C18 reverse phase column. In order to
conjugate the peptide with the lipid chain, phosphatidylethanolamine was treated with succinic
anhydride to introduce a carboxylic group to the lipid part. The carboxylic group was then
activated with N,N,N’,N’-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) to
form an NHS ester (DPPE-SUC-NHS). DPPE-SUC-NHS was incubated with MUCL1 peptide 1

producing lipopeptide 5, which was purified through HPLC on a reverse phase C4 column.
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Scheme 1.1: Synthesis of MUCL1 lipo-(glyco)peptides. The (Tn-)MUC1 peptides 1-4 were
synthesized by solid phase peptide synthesis followed by coupling with the activated
phospholipid DPPE-SUC-NHS to yield MUCL lipo-(glyco)peptides 5-8.
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In addition to the unglycosylated MUCL peptide 5, three MUC1 lipo-glycopeptides 6-8
were synthesized using Tn substituted threonine (Fmoc-pTn-Thr-OH) (For synthesis, see
section 1.4.2) to replace the corresponding threonine building block in solid phase peptide
synthesis (Scheme 1.1). Lipo-glycopeptide 6 contains a Tn antigen in the PDT*R region only
and lipo-glycopeptide 7 bears Tn as part of the GST*A sequence, while lipo-glycopeptide 8 has
the Tn in both locations. 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxid hexafluorophosphate (HATU) and 1-hydroxy-7-azabenzotriazole (HOAT) were used as
coupling agents for adding Fmoc-pTn-Thr-OH to the peptide chain. After released from the
resin, the glycopeptides 6-8 were obtained by deprotection with 5% (v/v) hydrazine hydrate
followed by HPLC purification. These lipo(glyco)peptides are useful to probe the impact of the
number and the location of Tn on immune responses.

With the lipopeptides in hand, antigen coated magnetic NPs were prepared. The oleic
acid coated iron oxide NPs (OA-IONPs) were obtained by thermal decomposition of iron(l11)
acetylacetonate (Fe(acac)s) in the presence of oleic acid and oleylamine at an elevated
temperature (Figure 1.9). The OA-IONPs produced have a mean size of 9 nm and a narrow
polydispersity index (PDI) of 0.079 when measured as a solution in chloroform. The highly
hydrophobic surface of the OA-IONPs rendered them insoluble in water (Figure 1.10). To
facilitate the surface polarity changes and reduce NP aggregation in water, a dual solvent
exchange method® was utilized for antigen coating (Figure 1.9). A mixture of the lipopeptide
(DPPE-MUC1) and lipopolymer (DSPE-PEG2000) was added to a solution of OA-IONPs in
chloroform. This was followed by slow addition of DMSO. Chloroform was then slowly
evaporated under vacuum to induce the assembly of the amphiphilic DPPE-MUC1 and DSPE-

PEG on NPs. Subsequently, DMSO was replaced with water through dialysis. Using this
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procedure, the solvent polarity gradually increased to strengthen the hydrophobic interactions
and assemble the lipopeptide and lipo-glycopeptide onto the NP. The NPs produced were well
dispersed in water (Figure 1.10). The control particle NP-PEG without any (glyco)peptide (NP-

9) was also prepared using DSPE-PEG2000 coating only.

JVNN
Fe(afac)g DPPE-MUC1 5-8
Oleic acid Benzyl ether DSPE-PEG
+ > = >
200 °C 2h then self-assembly

Oleylilmme 300 °C 1h

OA-IONPs
1,2-hexadecanediol

NP-MUC1(Tn) NP-5-8
Figure 1.9: Synthesis of the hydrophobic OA-IONPs by the thermal decomposition method,
and monolayer self-assembly coating of the NPs by phospholipid functionalized MUC1 or
MUC1(Tn) glycopeptide.
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Figure 1.10: TEM images and hydrodynamic diameters from DLS a, c) OA-IONPs; b, d) NP-
5.
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The magnetic NPs were characterized. Dynamic light scattering (DLS) indicated the
hydrodynamic diameters in water were around 35 nm (Table 1.1 and Figure 1.10). The
incorporation of the glycopeptides slightly increased the sizes of the coated NPs compared with
the control NP-9 with PEG only. The zeta-potentials of all NPs are slightly negative presumably
due to the phosphate groups present.

Table 1.1: Hydrodynamic diameters and zeta potentials of the NP vaccines in PBS

NP Diameter — pp Zeta(mV)
(nm)

NP-PEG (NP-9) 31.8 0.257 253

NP-5 32.2 0294  -2.86

NP-6 37.6 0.288 -1.83

NP-7 38.1 0.265 2.94

NP-8 38.4 0.269 237

To ascertain the successful immobilization of the lipopeptides, the NPs were subjected to
mass spectrometry (MS) analysis. Since lipopeptides were attached through non-covalent
interactions, the coating of the NP could be readily ionized by matrix assisted laser desorption
ionization (MALDI). The MALDI-TOF mass spectrum of NP-5 showed the desired m/z ratio of
the lipopeptide 5 (MW=2661), which was not found in that of NP-9 coated with DSPE-PEG
only (Figure 1.11a, and Figure 1.22 for NP-6, NP-7 and NP-8). For lipopeptide quantification,
the NPs were loaded onto a SDS-PAGE gel for electrophoresis, which was then visualized
through silver staining (Figure 1.11b). The intensities of the bands were compared with a
calibration curve generated based on bands from known amounts of free lipopeptides. From this
analysis, it was determined that there was an average of 23 molecules of MUCL1 per NP (see

section 1.4.13 and Appendix A).
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Figure 1.11: a) MALDI-TOF mass spectrum of NP-5 coated with lipopeptide 5 ([M+H]" =
2662) and DSPE-PEG (top spectrum); and NP-9 coated with DSPE-PEG only (bottom
spectrum). b) SDS-PAGE of DPPE-MUC1, NP-PEG (NP-9), and NP-MUCL1 (NP-5). The gel
was visualized through silver staining.

1.2.2

In vitro activation of dendritic cells and detection of NP draining into local
lymph nodes in vivo.

Dendritic cells are important antigen presenting cells, which modulate the immune

responses.”® To test DC interactions, NP-9 was incubated with bone-marrow derived dendritic

cells (BMDC). The NPs do not directly induce maturation of DCs as the expression levels of co-

stimulatory molecules and activation markers on dendritic cells were unchanged upon NP

incubation suggesting good biocompatibility of the NPs (Figure 1.12a).
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The immune-potentiating activities of the NP construct can be bestowed by adding an
agonist of Toll-like receptor 4 (TLR4), monophospholipid A (MPLA).*” MPLA can elicit T cell
responses and antibody isotype class switching from IgM to 1gG.*® With its amphiphilic nature,
MPLA could also be immobilized onto the NPs through hydrophobic interactions.*® The addition
of MPLA to NP-9 led to enhancement of the expression of co-stimulatory molecules, such as
CD40, CD80, CD86 and MHC class Il on DC as indicated by FACS analysis (Figure 1.12a).
The expressions of these co-stimulatory molecules on APC are indication of immune activation.
To confirm NP interactions with cells, NP-9 was labeled with a fluorophore fluorescein
isothiocyanate (FITC). Upon incubation with BMDC, fluorescence microscopy showed
extensive green fluorescence inside the cells indicating NP uptake (Figure 1.12b vs Figure

1.12c). Similar NP uptake by BMDC was observed with or without MPLA (Figure 1.13).
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Figure 1.12: a) Flow cytometry results showing the expression of cellular markers of
activation state (CD40, CD80, CD86 and MHCII) of BMDC after incubation with NP-PEG
(NP-9) (red line), or NP-PEG (NP-9) + MPLA (blue line). Confocal images of BMDC
incubated with b) PBS and c¢) NP-9 (FITC) + MPLA. Histology of sections from d) axillary
(local) lymph nodes, and e) inguins (distant) lymph node, stained by Prussian blue.
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Figure 1.13: Microscopic images of Prussian blue staining of BMDC after incubation with
NP-9. Left) only dendritic cells; Middle) dendritic cells incubated with NP-9 (50 pg) in PBS
12 hrs.; Right) dendritic cells incubated with NP-9 (50 pg) and MPLA (2 pg/mL) in PBS 12 h.

An important feature of our NP is that their hydrodynamic diameters are around 35 nm,
which are within the size range for ready trafficking to lymph nodes for interactions with
resident immunological cells.®* To test transport to lymph nodes, NPs were injected
subcutaneously into mice under their scruff. After 24 h, mice were sacrificed and their lymph
nodes were removed and stained with Prussian blue, a dye sensitive to the presence of ferric ions.
Histological analysis showed that the axillary (local) lymph nodes close to the injection sites
exhibited extensive blue color in the B cell follicle region (Figure 1.12d), while there was much
less blue staining in inguins (distant) lymph nodes (Figure 1.12¢). This result suggested that the

NPs could drain into local lymph nodes to interact with immunological cells.

1.2.3 Immunization with MUC1 coated NPs elicited strong anti-MUC1 I1gG
responses.

To evaluate the abilities of NP vaccines to induce immune responses in vivo, C57BL/6
mice were injected with NP-MUC1 (NP-5, NP-6, NP-7, NP-8) (corresponding to 20 pg of
MUC1 peptide or glycopeptide) mixed with MPLA. Booster injections were performed on days
14 and 28. To decipher the importance of various vaccine components, control groups of mice

received NP-PEG (NP-9)/MPLA, MUCL1 peptide 1/MPLA or MUC1 lipopeptide 5/MPLA at the
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same doses of NP and MUC1 respectively. Sera were collected from all mice a week after the
final immunization.

The levels of antibody elicited were analyzed by enzyme-linked immunosorbent assay
(ELISA) coated with the corresponding MUC1 or MUCL(Tn) glycopeptide. Mice (n=5)
immunized with MUC1 NP vaccines elicited both 1gG and IgM antibodies (Figure 1.14a,c) with
higher IgG titers. In contrast, MUC1 peptide 1 failed to generate any appreciable amounts of
anti-MUC1 antibodies. Interestingly, immunization with MUCL1 lipopeptide 5 produced some
anti-MUCL1 IgG antibodies (mean titer ~ 5,032), although the titers were significantly lower than
those induced by NP-5 (mean IgG titer ~ 36,603, Figure 1.14a). This has also been supported by
a study from Boons group’ where they found that mixture of lipidated MUC1 and MPLA can
induce IgG antibody response against MUCL1. The ability of lipopeptide MUCL1 to generate
antibodies may be due to the effect of lipid rendering MUC1 amphiphilic. The endogenous
mouse serum albumin could absorb the amphiphilic lipopeptide and deliver the antigen into the
lymph node for B cell activation.!®® The higher potency of the MUC1 NP construct to induce
antibodies could be partly attributed to the efficient trafficking of NPs into the lymph nodes due
to the suitable size regime of the NPs.® In addition, the NPs can present the glycopeptides in a
multivalent manner rendering more efficient crosslinking of B-cell receptors and potent cellular
activation.'®!

The availability of NPs bearing various MUCL1 glycoforms enabled us to investigate the
effects of glycosylation on antibody titers. PDT*R-MUC1 NP-6 gave the highest 1gG titers
(mean titers ~ 81,402) compared to the GST*A-MUCL1 NP-7 (mean titers ~ 45,526) and the

unglycosylated MUC1 NP-5 (mean titers ~ 36,603) (Figure 1.14a). Interestingly, the
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diglycosylated MUC1 NP-8 gave significantly lower IgG titers (mean titers ~ 7,530) than NP-6
and NP-7.

The anti-carrier responses were tested next. ELISA analysis showed that significantly
lower titers (~ 200) of antibodies were generated against the NP carrier by NP-5 than those

against MUC1 (Figure 1.14b). This suggests that the immune responses were primarily focused

on MUC1.
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Figure 1.14: a) Anti-MUC1 and anti-Tn-MUC1 antibody titers from individual mouse (n=5),
collected on day 35 after immunization with NP-MUC1 (NP-5) and NP-MUC1(Tn) (NP-6, NP-7
and NP-8) vaccines, compared with soluble MUC1 peptide 1 and lipo-MUC1-peptide 5. The
anti-MUC1 antibody titers were determined by ELISA coated with corresponding
(glyco)peptides 1-4. b) IgG antibody titer from individual mouse, collected on day 35 after
immunization with NP-MUC1 (NP-5), against MUC1 peptide 1 and NP-9 c) IgM/IgG antibody
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response determined by ELISA at 3200-fold dilution of serum from mice immunized with
different vaccines. d) 1gG isotypes of antibody response determined by ELISA from mice
immunized with various vaccines.

The subtypes and cross-recognition of IgG antibodies elicited against MUC1 were
analyzed. Higher levels of 1gG2b over 1gG1 were observed in all MUCL1 vaccinated groups
(Figure 1.14d), which suggested type 1 T helper cell (Th1l)-skewed immune response and the
generation of cell mediated immunity.” 1% The elicited antibodies from mice immunized with

all NP vaccines could recognize other Tn-MUC1 glycopeptides (Figure 1.15).
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Figure 1.15: Cross-recognition of various MUC1 glycoforms by sera from mice immunized
with NP-5 — NP-8.

1.2.4 The antibodies from immunized mice showed binding and complement
dependent cytotoxicity against MUC1-expressing tumor cells.

As ELISA tests binding to synthetic MUC1 (glyco)peptides, it is important that
antibodies generated can recognize MUCL1 on cancer cells. This was first tested with MUC1
transfected Ag104 cells, which express MUCL1 containing exclusively Tn due to the dysfunction
of Cosmc, a molecular chaperone.'%®

MUC1-Ag104 cells were incubated with sera from immunized mice followed by FITC
labeled anti-mouse IgG secondary antibody. FACS analysis of the tumor cells indicated that the
serum from mice immunized with MUCL peptide 1 did not bind with the cells much (Figure

1.16a). In contrast, the MUC1 NPs induced antibodies capable of recognizing MUC1-Ag104
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strongly. The recognition was MUC1 dependent as antibody binding to MUC1-Ag104 was much
stronger than that to Agl04 cells without MUCL1 transfection (Figure 1.17a). Moreover, the
induced antibodies showed high selectivities towards MUC1-Ag104 with little binding to normal
epithelial cells (Figure 1.17b). Consistent with the ELISA results, sera from mice immunized
MUC1 NP-6 exhibited strongest binding with MUC1-Ag104 cells. When these cells were
incubated with the rabbit complement as well as the sera from MUC1 NP immunized mice, the
majority of cancer cells were killed suggesting that the anti-MUCL1 antibodies induced

complement dependent cytotoxicities to cancer cells (Figure 1.16b).
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Figure 1.16: Flow cytometric analysis of the binding of antibodies induced by various
constructs to a) MUC1-Ag104 cells and c) MCF-7. MTS assay analysis of complement-

dependent cytotoxicity of antibodies induced by various vaccines on b) MUC1-Ag104 cells
and d) MCF-7. (** P < 0.05, *** P < 0.005,)
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Figure 1.17: Flow cytometry showing the specific binding of anti-MUCL1 antibody from
immunized mice a) against wild type Ag104 (Ag104(wt)) and MUCL transfected Ag104 cells
(Ag104(MUC1)); b) against MUCL transfected Ag104 cells (Ag104(MUCL1)) and endothelial
cells (EA.hy926).

Next, the interactions of post-immune sera with human breast cancer cell MCF-7 were
studied. MCF-7 naturally expresses MUC1 on cell surface. Antibodies elicited by MUC1 NP
vaccines were also capable of binding with MCF-7 cells (Figure 1.16c¢). The binding of antibody
from mice immunized with NP-6 and NP-7 showed similar affinities and higher than those
immunized with unglycosylated MUC1 NP-5 and di-Tn MUC1 NP-8 vaccines. The MUC1 NP
vaccines were also capable of inducing complement dependent cytotoxicities against MCF-7

(Figure 1.16d).

1.2.5 Discussion

While magentic NPs have seen wide biomedical applications, they have not been utilized
as TACA carriers in vaccine development. With the MUC1-magentic NP vaccines, significantly
higher 1gG antibody responses were observed compared to mice immunized with MUC1 peptide
or lipopeptide. The study from Hubbell and coworkers® emphasized the crucial effect of size for
vaccines. NPs with 25nm diameters can target lymph node residing dendritic cells, which are

more efficient in immune activation than dendritic cells in skin, but 200nm NPs are less likely to
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drain into the lymph nodes. The size of our NPs (30-40 nm) is likely a contributing factor to high
antibody responses. The fact that anti-MUC1 IgG antibodies were induced suggests that
magnetic NP vaccines can activate helper T cells and elicit antibody isotype switching without
the need for a traditional immunogenic protein carrier or additional helper T cell epitopes.
Furthermore, the magnetic NP itself is almost non-immunogenic inducing little anti-carrier
antibodies. These attributes combined suggest that magnetic NPs can be a useful platform for
glyco-conjugate based anti-cancer vaccines joining other types of NP such as gold NPs, polymer
NPs and virus like particles.”® 1%

Compared to MUCL1 expressed on normal cells, MUCL1 on cancer cells bear shortened O-
glycans as represented by the Tn antigen. Glycosylation of MUC1 leads to conformational
changes of the peptides.’®® As a result, MUC1 glycopeptides become more immunogenic.'® This
is supported by our results that lipo-glycopeptide coated NPs induced higher antibody titers and
stronger binding with MUC1 positive tumor cells than unglycosylated MUC1 coated NP-5.

As each of the tandem repeats of MUCL proteins contains five potential glycosylation
sites, MUC1 proteins on tumor cells are hetereogenously glycosylated. How the glycan structure

h.2%7 Within our NP constructs,

can influence the humoral responses is an active area of researc
addition of Tn onto the peptide sequence PDT*R showed higher antibody responses than that
with the Tn on GST*A sequence. This suggests glycosylation in PDT*R region more potently
boosted the humoral response in our NP constructs.” 9”9 On the other hand, further increase of
the number of glycans on the protein may not lead to improved antibody titers as indicated from

the reduced anti-MUCL1 titers elicited by NP-8 bearing two Tns. So far, whether fully

glycosylation on MUC1 enhances immunogenicity of the vaccine is still unclear.® Our results
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can provide guidance to selection of glycopeptide structure for future MUC1 based vaccine
studies.

The cancer cell MUC1-Ag104 exclusively expresses Tn rather than longer O-glycans.'®®
As a result, its MUCL proteins are expected to be solely glycosylated with Tn. The antibodies
from immunized mice bound more strongly and exhibited higher cytotoxicity with MUC1-
Ag104 as compared to heterogenously glycosylated MCF-7 cells.**’® 1% This suggests a potential
approach to improve recognition of MCF-7 cells is to incorporate MUCL1 glycopeptides bearing

multiple types of glycan structures.

1.3 Conclusions

Iron oxide magnetic NPs were investigated as a new antigen carrier platform for MUC1-
based cancer vaccine. A simple procedure was developed to immobilize lipo(glyco)peptides onto
the NPs through self-assembly without the need for covalent NP functionalization. Good MUC1
specific 1gG antibody responses were produced. Besides MUCL, this strategy can be readily
applied to vaccines targeting other glycopeptides. In addition, glycolipids such as gangliosides
are another class of important TACAs. The magnetic NP approach can be potentially useful for
vaccines targeting the amphiphilic glycolipids as well.

With the large surface area of the NPs, multiple lipopeptides were incorporated. The
resulting lipopeptide NPs could drain into local lymph nodes of mice upon vaccination and
activate the immune sytem to elicit MUC1 specific antibodies. Compared to the antigen in
soluble forms, the nano-vaccine induced higher antibody titers presumbly due to the suitable
sizes of NPs and the multivalent display of antigens on particle surface. Combined with the low

antibody titers against the carrier, this highlights the advantages of the magentic NP platform.
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Immunological evaluations of MUC1 NPs demonstrated that the number and position of
Tn in the glycopeptide chain can impact antibody titers. A single Tn in the PDT*R region gave
the highest anti-MUCL1 IgG titers. The antibodies generated not only selectively recognized
MUC1 expressing tumor cells, but also mediated complement dependent cytotoxicity for tumor
cell killing. Therefore, the magnetic NPs represent a new and effective platform for the

development of TACA based synthetic anti-cancer vaccines.
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1.4 Materials and methods

1.4.1 Materials and instrumentation

All chemicals were reagent grade and used as received from the manufacturer, otherwise
noted. *"H NMR spectra were recorded on an Agilent-500M spectrometer and processed by
software MestReNova Version 10.0.2. Peptide or lipopeptide were purified on Shimadzu (LC-8A
Liquid Chromatograph Pump, DGU-14A Degasser and SPD-10A UV-Vis Detector. TEM
images were collected on a JEM-2200FS operating at 200 kV using Gatan multiscan CCD
camera with Digital Micrograph imaging software. Ultrathin-carbon type A, 400 mesh copper
grids for TEM were purchased form Ted Pella, Inc. Thermogravimetric analysis (TGA) was
carried on a Thermal Advantage (TA Instruments-Waters LLC) TGA-Q500 series and the
samples were burned under nitrogen. The hydrodynamic diameter and zeta potential were
assessed on Malvern Zetasizer Nano zs instrument. FACS experiments were conducted on LSR

I flow cytometer.
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1.4.2 Synthesis of Fmoc-pTn-Thr-OH

1) NaNg, Tf,0, Toluene/H,0

Ho OH
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Figure 1.18: Synthesis of Fmoc-pTn-Thr-OH.
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Sl-4

1,3,4,6-Tetra-O-acetyl-2-azido-2-deoxy-D-galactopyranoside (SI-3):

The synthesis procedure was modified from reported literature.’® A solution of NaN;
(8.9 g, 136.7 mmol) in water (22.5 mL) was cooled down to 0°C. Toluene (22.5 mL) was added
into the solution. The solution was stirred vigorously while adding Tf,O (4.7 mL) over a period
of 5 minutes. The reaction was left stirred for 2 hours at 0°C. Saturated NaHCO3 solution was
added until the evolution of gas stopped. The organic phase was separated and the aqueous layer
was washed with toluene twice. The combined organic phase containing TfN3; was dried over
anhydrous Na,SO,. The solution of TfN3; was used in the next step without further purification.

Galactosamine hydrochloride (3.0 g, 13.9 mmol) was dissolved in water (45 mL). K,COs (2.89
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g, 20.9 mmol) and CuSO4 (20.1 mg, 0.13 mmol) were added into the reaction flask followed by
MeOH (30 mL). The TfN3 solution was added into the reaction, followed by adding MeOH until
the mixture solution became homogeneous. The reaction was left stirred at room temperature for
18 hours. The reaction residue was then co-evaporated with toluene until almost dry. The
resulting syrup was dissolved in pyridine (15 mL) followed by cooling down to 0°C. A catalytic
amount of DMAP was added into the reaction. Ac,O (45 mL) was added dropwise, and the
reaction was left stirred for 2-3 hours. The excess Ac,O was neutralized by slow addition of
MeOH. The mixture was concentrated under vacuum, diluted with DCM and washed with 1M
HCI, Na,CO; and H,0. The organic layer was dried over anhydrous NaSO, and then
concentrated. The crude reaction mixture was purified by column chromatography (silica gel;
1:1, EtOAc:Hexanes) to yield compound SI-3 as a white solid (4.12 g, 79% from 2 steps). The
identity of the product was confirmed by comparison with reported literature.’*® *H NMR (500
MHz, CDCls) 5.52 (d, J = 8.5 Hz, 1H), 5.36 (dd, J = 3.3, 1.0 Hz, 1H), 4.87 (dd, J = 10.8, 3.3 Hz,
1H), 4.11 (qd, J = 11.3, 6.6 Hz, 2H), 3.98 (td, J = 6.7, 1.1 Hz, 1H), 3.82 (dd, J = 10.8, 8.5 Hz,

1H), 2.18 (s, 3H), 2.15 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H).

2-Azido-2-deoxy-3,4,6-tri-O-acetyl-¢, 8-D-galactopyranose (S1-4):*

Hydrazine acetate (66.6 mg, 0.723 mmol) in the reaction flask was flushed with nitrogen
gas for 10 min. Compound SI-3 (270.0 mg, 0.723 mmol) dissolved in DMF was added slowly
into the reaction flask. The reaction was left stirred for an hour. Upon completion, the reaction
mixture was diluted with EtOAc, washed with water, and dried over Na,SO.. The residue was
purified by column chromatography (silica gel; 3:2 Hexanes:EtOAc) to obtain SI-4 (mixture of o
and g product as colorless oil (170 mg, 72%, « : f = 3:2 estimated based on NMR spectrum).

Spectral analysis of the product compared with reported literature** confirmed the identity of the
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product. *H NMR (500 MHz, CDCls) The NMR spectrum is of the mixture of o and 8 product. &
5.44 (dd, J = 3.2, 1.3 Hz, 1H (&)), 5.42 — 5.36 (M, 2H (&)), 5.32 (dd, J = 3.3, 1.0 Hz, 1H ()),
5.27 (s, 1H), 4.80 (dd, J = 10.8, 3.3 Hz, 1H (B)), 4.68 (dd, J = 7.9, 4.2 Hz, 1H (), 4.44 (td, J =
6.5, 0.9 Hz, 3H (a)), 4.15 — 4.01 (m, 2H (/p)), 3.89 (td, J = 6.5, 1.1 Hz, 1H (B)), 3.73 (dd, J =
11.0, 3.4 Hz, 1H (a)), 3.64 (dd, J = 10.9, 7.9 Hz, 1H (B)), 3.23 (d, J = 2.6 Hz, 1H (a)), 2.15 —
2.13 (m, 3H (8)), 2.13 (d, J = 3.0 Hz, 3H (@)), 2.04 (dd, J = 3.9, 1.1 Hz, 12H (a/p).

O)-(3,4,6-Tri-O-acetyI-2-azido-2-deoxy-D-galactopyranoside) trichloroacetimi-date (SI-

9):

Compound SI-4 (5.0 g, 15.1 mmol) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) were
dissolved in dry DCM under nitrogen atmosphere. Trichloroacetonitrile (15.1 mL, 150.93 mmol)
was added drop wise into the reaction flask. The reaction was stirred at room temperature for an
hour. The reaction mixture was concentrated and purified by flash column chromatography
(silica gel; 4:1 to 2:1 Hexane:EtOAcC) to obtain compound SI-5 as colorless oil (5.36 g, 75%).
Spectral analysis of the product compared with reported literature** confirmed the identity of the
product. *H NMR (500 MHz, CDCls) 5 8.79 (s, 1H), 6.49 (d, J = 3.6 Hz, 1H), 5.52 (dd, J = 3.2,
1.3 Hz, 1H), 5.35 (dt, J = 8.6, 4.3 Hz, 1H), 4.40 (td, J = 6.6, 0.9 Hz, 1H), 4.19 — 3.94 (m, 3H),

2.15 (s, 3H), 2.05 (s, 3H), 1.98 (s, 3H).

N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-
galactopyranosyl-L- threonine tert-butyl ester (SI-7):

The synthesis procedure was modified from reported literature'*?. Trichloroacetimidate
SI-5 (5.36 g, 11.27 mmol) and N-Fmoc-O-tBu-threonine SI-6*2 (3.6 g, 9.39 mmol) were mixed
in the reaction flask with freshly activated molecular sieves 4A (10 g) under nitrogen gas.

Anhydrous DCM:Et,0 (1:1, 120 mL) was added to dissolved the mixture, and the solution was
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left stirred at -30°C for 30 min. TMSOTTf (0.297 mL, 1.925 mmol) was added dropwise into the
reaction. The reaction was left stirred at 30°C for an hour. Upon monitoring the reaction, if there
was some starting material S1-6 left, 0.1 more eq. of TMSOTT was further added and the reaction
was allowed to proceed for another hour. The temperature of the reaction was then carefully
increased up to —10°C. Upon completion, diisopropylethylamine (DIPEA) was added to quench
the reaction. The reaction was diluted with DCM and washed with 0.1 M HCI and then water.
The organic layer was dried over Na;SO,4 and then concentrated. The crude product was purified
by column chromatography (silica gel; 3:1 EtOAc:Hexane) to yield SI-7 (2.6 g, 36%). Spectral
analysis of the product compared with reported literature*** confirmed the identity of the product.
'H NMR (500 MHz, CDCls) & 7.77 (d, J = 7.5 Hz, 2H), 7.63 (d, J = 7.2 Hz, 2H), 7.40 (td, J =
7.5, 2.4 Hz, 2H), 7.35 — 7.28 (m, 2H), 5.64 (d, J = 9.4 Hz, 1H), 5.47 (d, J = 2.6 Hz, 1H), 5.34
(dd, J =11.2, 3.2 Hz, 1H), 5.11 (d, J = 3.6 Hz, 1H), 4.35 (dddd, J = 23.3, 15.5, 13.1, 6.9 Hz, 6H),
4.16 — 4.04 (m, 3H), 2.16 (d, J = 7.1 Hz, 3H), 2.07 (d, J = 9.2 Hz, 3H), 2.06 — 2.02 (m, 3H), 1.52
(d, J =17.3 Hz, 9H), 1.37 (t, J = 13.7 Hz, 3H), 1.29 — 1.22 (m, 1H).

N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-D-
galactopyranosyl-L-threonine tert-butyl ester (S1-8):***

Compound SI-7 (5 g, 7.15 mmol) was dissolved in 3:2:1 of THF:Ac,0: AcOH (120 mL).
Zinc dust (5.9 g, 89.35 mmol) was added and then 11 mL of saturated aq. CuSO, was added to
activate zinc. The reaction was stirred at rt for about half an hour. After completion as monitored
by TLC, the zinc dust was removed by filtering the reaction mixture through Celite®. The filtrate
was coevaporated with toluene to concentrate the crude product. The crude product was purified
by column chromatography (silica gel; 1:1 EtOAc:Hexanes) to yield SI-8 (4.68 g, 92%). Spectral

analysis of the product compared with reported literature*** confirmed the identity of the product.
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'H NMR (500 MHz, CDCl3) & 7.78 (d, J = 7.5 Hz, 2H), 7.64 (d, J = 6.9 Hz, 2H), 7.41 (td, J =
7.4,2.9 Hz, 2H), 7.34 (dt, J = 11.9, 6.0 Hz, 2H), 5.89 (d, J = 9.6 Hz, 1H), 5.41 (d, J = 10.2 Hz,
2H), 5.09 (d, J = 8.8 Hz, 1H), 4.90 (d, J = 3.2 Hz, 1H), 4.63 (t, J = 8.9 Hz, 1H), 4.52 — 4.38 (m,
2H), 4.31 - 4.02 (m, 6H), 2.17 (s, 3H), 2.04 (s, 3H), 2.00 (s, 6H), 1.53 — 1.41 (m, 9H), 1.33 (d, J
= 6.3 Hz, 3H).

N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-D-
galactopyranosyl-L- threonine (Fmoc-pTn-Thr-OH):

The synthesis procedure was modified from reported literature**?. 10:1 TFA:H,O (10
mL) was added dropwise into compound SI-8 (4.7 g, 6.44 mmol) at rt. The reaction was stirred
for 2 hours. The mixture was coevaporated with toluene to remove the excess TFA and water.
The crude product was purified by column chromatography (silica gel, 5:1 DCM:MeOH) to yield
the product Fmoc-pTn-Thr-OH (4.27 g, 99%). Spectral analysis of the product compared with
reported literature'? confirmed the identity of the product. *H NMR (500 MHz, CDs0D) & 7.85
(d, J =75 Hz, 2H), 7.72 (t, J = 8.1 Hz, 2H), 7.46 — 7.39 (m, 2H), 7.35 (tdd, J = 7.4, 4.7, 0.9 Hz,
2H), 5.42 (t, J = 6.6 Hz, 1H), 5.10 (dd, J = 11.5, 3.2 Hz, 1H), 4.96 (t, J = 8.0 Hz, 1H), 4.62 (dt, J
= 13.8, 6.9 Hz, 1H), 4.54 — 4.47 (m, 1H), 4.46 — 4.37 (m, 2H), 4.34 — 4.24 (m, 3H), 4.18 — 4.08
(m, 2H), 3.98 (d, J = 27.1 Hz, 1H), 2.16 (d, J = 6.3 Hz, 3H), 2.10 — 2.03 (m, 3H), 2.03 - 1.91 (m,

6H), 1.33 — 1.22 (m, 3H).

1.4.3 Synthesis of MUC1 1 and Tn-MUC1 2-4

The MUC1 lipopeptide was derived from conjugation of phospholipid (DSPE-SUC-
NHS) and the tandem repeat MUCL peptide. The MUCL peptide was synthesized using Fmoc-
chemistry based solid phase support peptide synthesis, starting from a 2-chlorotrityl resin

preloaded with Fmoc-proline. The N-terminal protecting group, Fmoc-, was de-protected by 20%
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piperidine in DMF. The amino acid coupling was carried out with Fmoc amino acids (5 eq.)
using HBTU/HOBL (4.9 eqg.) and DIPEA (10 eq.), or Fmoc-Tn building block Fmoc-pTn-Thr-
OH (2eq.) using HATU/HOAT (1.9 eq.) and DIPEA (4 eq.). The peptide was cleaved from resin
by TFA/TIS/H,0=95/2.5/2.5 for 30 min. The excess TFA was evaporated out, peptide was
precipitated by diethyl ether and centrifuged to pallet the peptide precipitation. The peptide was
further reprecipitated three times. To remove the acetyl protecting group of the Tn, the crude
peptide was treated with 5% (v/v) hydrazine acetate for 2 hours. The crude reaction was
neutralized to pH 7. The deprotected peptide was then purified by HPLC, using reverse phase
column SUPERCOSIL LC18, 25cm x10 mm 5 pum with gradient solvent CH3;CN and H,0O (0.1%
TFA) gradient 0-22% in 25min and to 100% in 10min. The product was identified by MALDI-

TOF.

1.4.4 Purification and characterization of (glyco)-peptides 1-4

1: HRMS: m/z calc. for CggH127N2502¢: 1887.0430; found: 1887.9166 [M+H]".
2: HRMS: m/z calc. for CggH140N26033: 2090.2370; found: 2091.6226 [M+H]".
3: HRMS: m/z calc. for CggH140N26033: 2090.2370; found: 2091.4449 [M+H]".

4: HRMS: m/z calc. for CgsH153N2703g: 2293.4310; found: 2293.9621 [M+H]".
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and the MUC1 glycopeptide 2, 3 and 4.
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1.4.5 Synthesis of lipo-(Tn)-peptide (DPPE-MUCL1 5 and DPPE-Tn-MUC1 6-8

The phospholipid was linked to succinic acid linker by reaction of DPPE with succinic
anhydride and 2 eq. of Et3N. The carboxylic acid group of the succinic linker was then activated
by TSTU (N,N,N' N'-tetramethyl-O-(N-succinimidyl)uranium tetrafluoroborate) to provide
compound DSPE-SUC-NHS. The activated phospholipid was coupled to N-terminal of the
purified (glyco)peptide 1-4. The lipopeptide was purified by HPLC, using C4-column (Kromasil;
Sum, 4.6x150 mm 5 um; part # PSL847277), with gradient 30% isopropanol in H,O (0.1% TFA)

to 100% in 40 minutes.

1.4.6 Purification and characterization of lipo-(glyco)-peptide 5-8

5: HRMS: m/z calc. for C121H202N26033P: 26600653, found:2661.2769 [M+H]+.
6: HRMS: m/z calc. for C129H215N27043P: 28632593, found:2864.1654 [M+H]+.
7: HRMS: m/z calc. for C129H215N27043P: 28632593, found:2864.2926 [M+H]+.

8: HRMS: m/z calc. for C137H223N23043P: 3066.4533; found:3067.2689 [M+H]+.
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Figure 1.20: HPLC chromatogram and MALDI-TOF mass spectrum of the lipopeptide 5, and

lipo-glycopeptide 6, 7 and 8.
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Figure 1.20: (Cont’d)
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Figure 1.20: (Cont’d)
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Figure 1.20: (Cont’d)
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1.4.7 Preparation of iron oxide NPs (OA-1ONPs)

A mixture of iron (111) acetylacetonate [Fe(acac)s], 1,2-hexadecanediol, oleic acid, oleyl
amine in benzyl ether were stirred under a flow of nitrogen. The mixture was heated to 200°C for
2 hours, followed by refluxing (300 °C) for 1 hour. The black mixture was allowed to cool down
to room temperature, and the excess starting materials were washed out by adding ethanol into
the mixture followed by external magnetic separation. The iron oxide NPs dispersed in toluene
were centrifuged at 6,000 rpm to further remove the large particulates, and the supernatant

containing OA-1ONPs were collected (5 mg/mL).

1.4.8 The number of OA-IONP nanoparticle was estimated by TEM and TGA
analysis.

The lattice volume of magnetite is 592 A3 and each lattice composes of 8 FesO,
molecules. The average diameter of OAIONP determined from TEM is 8.16 nm. Assuming the
OAIONP is a sphere, the number of lattices in one OAIONP particle is 153 and each OAIONP
particle contains 1,222 molecules of Fe;04 (MW = 232). Therefore, 1 particle has the mass of
3.24x10™" g. From thermogravimetric analysis (TGA) measurements, OAIONPs have 33.17 %
weight change (Figure S6), implying that the metal core (Fe3;O,4) weight accounted for 66.8% of
total weight. Therefore, on average, there are (0.6683/3.24x10™%) = 2.06 x 10" particles in 1 g

sample.
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Figure 1.21: TGA curve of OA-IONP.

1.4.9 Preparation of NP5-9

The lipopolymer (DSPE-PEG, 2 mg) dispersed in 100 ul chloroform was mixed with
OA-IONPs (1 mg), which were pre-dissolved in THF. The lipopeptide or lipoglycopeptide (1
mg) dissolved in DMSO (50 pl) was added into the mixture. DMSO (4 mL) was slowly added
into the mixture while shaking. The incubated mixture was left sonicated for 30 min, then, all
low boiling point solvents, chloroform and THF, were completely evaporated under vacuum for
2 hours. Water (20 mL) was slowly added into the vial while shaking. DMSO and excess starting
materials were removed by centrifugal filter (100 kD cut off), and washed with water 5 times.
The solution of NPs was finally filtered through 0.22 um filter to remove any large particles. The
NPs coated only with lipopolymer (NP-PEG, NP-9), used as a control, were synthesized by the
same procedure. For NP-PEG-FITC used in dendritic cell uptake experiment, the NPs were
coated with the same procedure as NP-PEG, but DSPE-PEG(2000)-NH, was used instead. The

coated NPs was subsequently reacted with FITC in water. The excess FITC was washed
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extensively by centrifugal filter (100 kD cut off). The FITC conjugated NPs were then re-

suspended in PBS.

1.4.10 Verification of the glyco-lipopeptide (DSPE-MUC1(Tn) 6, 7 and 8 on the
coated nanoparticles

The existence of glyco-lipopeptide on the coated nanoparticles was determined by

MALDI-TOF.

Shimadzu Biotech Axima CFR 2.9.2.20100726: Mode Reflectron, Power: 60, Blanked, P.Ext. @ 3000 (bin 126)
%Int. 8.6 mV[sum= 6341 mV] Profiles 1-739 Smooth Gauss 3
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Figure 1.22: MALDI-TOF mass spectrum of glyco-lipopeptide coated OAIONP; NP-6, NP-
7, NP-8 indicate the present of the glyco-lipopeptide on each nanoparticle. The clustered
peaks in the base line represent the coating DSPE-PEG.
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Figure 1.22: (Cont’d)
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1.4.11 Quantification of the lipopeptide (DSPE-MUCL1) on the coated nanoparticles

The quantification of lipopeptide on the nanoparticles was determined by the intensity of
silver staining on SDS-PAGE from image analysis by ImageJ software. (Data are shown in

APPENDIX A)

1.4.12 The ratio of DPPE-MUC1 and DSPE-PEG coated on each nanoparticle
determined by Malachite Green phosphate assay

Since each of all coating materials is composed of a phosphate group, the amount of
phosphate, determined by Malachite Green phosphate assay kit, could refer to the amount of the
coating molecules. Malachite green phosphate detection kit (Sciencell Research Lab) was used to
quantify the phosphate concentration in solution.®* To prepare phosphate solution, 500 pg of
nanoparticle sample was dissolved in 500 uL of 70% perchloric acid. The solution was heated at
160 °C for 20 minutes. 10M NaOH was added into the solution up to 2 mL to neutralize
perchloric acid. The prepared solution was analyzed by the assay kit following the manufacturer
instruction. It was determined that 1 g of nanoparticles have 0.2 mmol of phosphate. Since 1 g
nanoparticles have 0.08 mmol of DPPE-MUC1 (determined by silver staining), the amount of
DSPE-PEG on the nanoparticles was determined to be 0.12 mmol. Therefore, the estimated ratio

of DPPE-MUCL1 and DSPE-PEG coating on each nanoparticle was about 2:3.

1.4.13 Elemental analysis for estimation of the number of DPPE-MUC1 molecules
coated on a single nanopatrticle

Assuming that iron atom content in metal core of the nanoparticle is not changed after
coating, the iron content of OAIONP after coating, analyzed by Inductively Coupled Plasma
Analysis (ICP), was compared with that of uncoated nanoparticles, of which the number of
particles had been determined by TGA analysis. The normalized iron content was calculated to

estimate the number of nanoparticle after coating. The number of DSPE-MUC1 molecules
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(estimated by SDS-PAGE method) divided by a number of iron oxide nanoparticles (estimated

by ICP) gave the number of DPPE-MUC1 molecules coated on a single nanoparticle.

1.4.14 Bone marrow derived dendritic cell culture

Dendritic cells (DCs) were derived from bone marrow cells of C57BL/6 mice as
described by Lutz.***> Briefly, bone marrow was collected from the tibias and femurs. Red blood
cells were depleted by ACK lysing buffer (Life Technologies). The bone marrow cells (2.5 x 10°
cells) were collected and cultured in 100-mm Petri dishes containing RPMI 1640 medium (10
mL) supplemented with 10% heat-inactivated FBS, 50 uM 2-mercaptoethanol, 1% antibiotic-
antimicotic, and 20 ng/mL mouse recombinant granulocyte-macrophage colony-stimulating
factor (GM-CSF, Peprotech). After 9 days, non-adherent and loosely adherent cells (imDCs)
were harvested, washed, and used for in vitro experiments. To determine the NP uptaken by
dendritic cells, DCs were incubated with 50 ug/mL NP-PEG-FITC, MPLA 2 pg/mL in a 8-well
plate culture at a density of 2 x 10* cells per well at 37 °C for 12 h. After washing, the cells were
fixed with 4% paraformaldehyde for 20 min at room temperature. The fixed cells were observed
under fluorescent microscope. The NP uptaken by dendritic cells was also confirmed by Prussian
blue staining after incubation of DCs with NP-9 (50 ug) with or without MPLA (2 pg/mL).

(Figure 1.13)

1.4.15 Flow cytometry of dendritic cellular marker expression

After incubation of NP-PEG (50 pg) with 2 pg/mL MPLA, DCs were stained with
allophycocyanin (APC)-conjugated anti-mouse CD11c monoclonal antibody for 30min on ice to
label the cell membrane. After washing twice with FACs buffer (1% BSA + 0.1% NaN3/PBS),
DCs were further stained with R-phycoerythrin (PE)-conjugated anti-mouse CD40, or CD80, or

CD86, or I-A” monoclonal antibodies 30min on ice. The cells were washed again twice with
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FACS buffer, re-suspended in FACS buffer, and detected with a LSR Il instrument. Data
analysis was done with Flowjo software. (All monoclonal antibodies in this experiment are from

BD Pharmingen, San Diego, CA, USA)

1.4.16 Histology of the NPs in the targeted lymph node

8 week- C57BL/6 mice were injected subcutaneously under scruff with NP-9 (500 pg)
and MPLA (20 pg) in PBS (100 ul). Approximately 24 hour post-injection, the axillary and
inguins lymph nodes were excised. The lymph nodes tissue was sent to Investigative
HistoPathology Laboratory (Michigan State University, MI, USA) where histologic slides were

prepared and analyzed by Prussian blue iron stain on a nuclear fast red background.

1.4.17 Mouse immunization

Pathogen-free female C57BL/6 mice age 7-9 weeks were obtained from breeding and
cared for in the University Laboratory Animal Resources facility of Michigan State University.
All animal care procedures and experimental protocols have been approved by the Institutional
Animal Care and Use Committee (IACUC) of Michigan State University. Mice (5 mice each
group) were immunized subcutaneously under scruff with NP or soluble vaccine in 100l PBS

on days 0, 14 and 28. Serum samples were collected on day 0 (before immunization) and day 35.

1.4.18 ELISA

A 96-well nunc microtiter plate was coated with 10 pg/mL, 100 pl/well of purified
MUC1 or glyco MUC1 peptides in 0.05 M carbonate buffer (pH 9.6) and incubated at 4°C
overnight. The plate was then washed four times with PBS/0.5% Tween-20 (PBST), followed by
blocking with 1% (v/v) BSA in PBS at room temperature for 1 hour. Subsequently, the plates

were washed four times with PBST. Then, the plates were incubated with 100 pl of diluted
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mouse antisera in 0.1% BSA/PBS at 37°C for 2 hours, followed by washing four times with
PBST. Bound antibodies were detected with 1:2000 diluted horseradish peroxidase (HRP)
conjugated goat-anti-mouse IgG, or 1gG1, or 1gG2b, or 1gG2c, or 1gG3 at 37 °C for 1 hour,
followed by washing four times with PBST. Then, plates were incubated with TMB substrate for
15 min. The reaction was stopped with 2M H,SO, (50 pL), and the absorbances were measured
at 450 nm using a microplate autoreader (BioRad). The titer was determined by regression
analysis with log10 dilution plotted with optical density. The titer was calculated as the highest

dilution that gave OD = 0.3.

1.4.19 Cell culture

MUC1-Ag104: a kind gift from Prof. Dapeng Zhou (University of Texas MD Anderson
Cancer Center): culture medium: DMEM, 10% FBS, 100 U/mL/100 ug/mL Pen/Step (All from
Sigma Aldrich); MCF-7: a kind gift from Prof. Olivera J. Finn (University of Pittsburgh) Eagle’s
minimum essential medium with L-glutamine (2 mM), non-essential amino acids and sodium
pyruvate, bovine insulin (10 pg/mL), and FBS (10%), 100 U/mL/100 pg/mL Pen/Step.
EA.hy926(Endothelial cell): culture medium: DMEM, 10% FBS, 100 U/mL/100 ug/mL

Pen/Step (All from Sigma Aldrich)

1.4.20 Flow cytometry analysis

wt-Ag104, EA.hy926, MUC1-Ag104 or MCF-7 cells (3 x 10° cells) were incubated with
1/20 dilution antisera in PBS from different groups of immunized mice for 30 minutes on ice.
The cells were washed twice with FACS buffer (1% BSA + 0.1% NaN3/PBS) and incubated with
a 1:50 diluted goat anti-mouse 1gG labelled with FITC (BioLegend, 405305) for 30 min on ice.
The cells were washed again twice with FACS buffer, re-suspended in FACS buffer, and

detected with a LSR 1l instrument. Data analysis was performed with Flowjo software.
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1.4.21 Complement dependent cytotoxicity

Complement dependent cytotoxicity on MUC1-Ag104 and MCF-7 tumor cells was
determined by MTS assay. MUC1-Ag104 or MCF-7 7000 cells/well were incubated on ice with
1/20 dilution in 100ul PBS of antisera from different groups of immunized mice. After removing
the unbound antisera through washing, rabbit sera 1/5 dilution in 100 pl culture medium were
added, then incubated at 37°C for 8 hours. MTS (CellTiter 96® AQueous One Solution Cell
Proliferation Assay; Promega, 20 pul) was added into each well and further incubated at 37°C for
4 hours. The optical absorption of the MTS assay was measured at 490nm. Only cells cultured in
medium were used as positive control (maximum OD) and culture medium as a negative control
(minimum OD). All data were done in four repeats. The cytotoxicity were calculated by the
formula: cytotoxicity (%) = (OD positive control — OD experimental)/(OD positive control — OD

negative control) x 100.
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APPENDIX A

Quantification of the lipopeptide (DSPE-MUC1) on the coated nanoparticles

Calibration curve of gquantity of DSPE-MUC1_noTn_1 on
OAIONPs
25

20 y = 8.0003x+ 7.1795 Q
i R? = 0.9804 *
” % 10 o
- f .
- — ———— — — g )
° Quantity of DéPE-M ucl (ug)
Lane sample load (uL) quantity (ug) peakarea percent 5 pg/uL
2 5(0.1g/L) 2 0.2 1331.184  1.008
3 5(0.1g/L) 6 0.6 15279.246 11.57
4  5(0.1g/L) 10 1 20401.439 15.448
5 5(0.1g/L) 14 1.4 25187.095 19.072
6 5(0.1g/L) 18 1.8 27770.924 21.029
7 NP-9 18 - - -
8 NP-5 4 0.72 17062.489 12.92 0.18
9 NP-5 8 1.47 25030.217 18.953 0.18

Figure 1.23: Quantification of the lipo(glyco)peptide on the coated nanoparticles.
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Figure 1.23: (Cont’d)

s T Calibration curve of quantity of DSPE-MUCI_(PDT)_Tn_2 on
OAIONPs
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- 20 { Y=7.8405x+ 5.5989 *
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0 — —
= 0

1
Quantity of DSPE-MUC1 (pg)

load Quantity

Lane sample wl)  (ug) peak area  percent 6 ug/uL 6 pg/uL(Avg)
2 6 (0.1g/L) 2 0.2 1727.205 1.713

3 6 (0.1g/L) 6 0.6 10593.903 10.506

4 6(0.1g/L) 10 1 13205.974 13.097

5 6(0.1g/L) 14 1.4 16790.823 16.652

6 6(0.1g/L) 18 138 19940.087 19.775

7 NP-9 18 - - -

8 NP-6 4 1.42 16889.409 16.749 0.36 0.30

9 NP-6 8 2.03 21688.258 21.509 0.25 '

72



Figure 1.23: (Cont’d)

- = - - Calibration curve of quantity of DSPE-MUCI_(GST)Tn_3 on
b3 OAIONPs
25
L " y = 8.3693x + 5.5851 e
- 8 R? = 0.9584 o«
3 15 .
- : o «
]
. g
: 5
-
o
- —— o — ° ! :
Quantity of DSPE-MUCL (ug)
load Quantity 7 7

Lane sample eak area percent
e g P P ng/ul  pg/ul (Avg)

2 7(0.1glL) 2 0.2 602.335  0.841
3 7(01gL) 6 06  7075.205 9.881

4  7(0.1glL) 10 1 10443.861 14.586

5 7(0.1g/L) 14 14 13043518 18.216

6 7(01g/l) 18 1.8 14198589 19.83

7 NP-9 18 - - -

8 NP-7 2 126 11530.811 16.104 0.63 054
9 NP-7 4 179 14708.882 20.542 0.45 '
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Figure 1.23: (Cont’d)

. .

Calibration curve of quantity of DSPE-MUC1_2Tn_4 on

25 4

OAIONPs

q w0 | y=11.33x+ 2.1393 /’
odl : R? = 0.9908 '___‘../'
i” 7 g
- E 10 o '
- £ P
- ol .
ey - —— -_—— ¢ Quantity of mplz-mucuug; z
load Quantity 8 8
Lane sample (uL) (1) peak area percent ug/ul  pg/ul (Ave)
2 8(0.1g/L) 2 0.2 2762.033  3.685
3 8(0.1g/L) 6 0.6 7449.004  9.939
4 8(0.1g/L) 10 1 10266.075 13.697
5 8(0.1g/L) 14 1.4 13059.146 17.424
6 8(0.1g/L) 18 1.8 16940.995 22.603
7 NP-9 18 - - -
8 NP-8 2 1.00 10066.953 13.432 0.50 0.44
9 NP-8 4 1.51 14405.903 19.221 0.38 '
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APPENDIX B

NMR spectra
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Figure 1.24: 'H NMR spectrum of SI-3.
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Figure 1:25: *H NMR spectrum of SI-4.
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Figure 1.26: "H NMR spectrum of SI-5.
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Figure 1.27: *H NMR spectrum of SI-7.
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Figure 1.28: *H NMR spectrum of SI-8.
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Figure 1.29: *H NMR spectrum of Fmoc-pTn-Thr-OH.
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CHAPTER 2: Engineered Virus-Like Particle Qpf as a Novel Carrier for TACA-Based
Anticancer Vaccines

2.1 Introduction

2.1.1 Virus-like particle as a vaccine carrier

The first part of this dissertation has already shown the importance of nanoparticle
platform that helps direct the antigen into lymph node and multivalent display of the antigen to B
cells resulting in higher immune response when compared with the soluble form. Although the
combination of the nanoparticle with adjuvant MPLA can bypass the requirement of Th epitope
for antibody isotype switching, the 1gG titers of the generated antibodies were still inferior to
those induced by immunogenic protein carriers. This is probably due to the lack of direct effect
from the Th epitope. Another type of carrier platforms that our group has demonstrated its
promising potential in activating the immune system to elicit strong anti-TACA immune
responses is virus-like particle.

Virus-like particles (\VLPs) are highly organized nano-constructs built from self-assembly
of multimeric subunits of one or more proteins. This self-assembled nanoparticle resembles the
structural organization of the protein in a viral capsid. VLPs differ from natural viruses in the
way that VLPs are not able to infect host and they are non-replicating due to the lack of
infectious viral genetic materials. Many features of VLPs render themselves a highly attractive
candidate platform for vaccine application. The repetitiveness of highly ordered organization of
the protein(s) in the VLPs is well recognized as pathogen-associated molecular patterns
(PAMPs)*, which is ideal for effective polyvalent display of antigen to crosslink B-cell receptors
to induce intense cellular signaling for strong immune activation.? The distance between subunits

of the capsid allows positioning B cell epitopes 5-10 nm away from each other, which was found
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to optimally activate B cells.® Similar to the iron oxide nanoparticle, the nanostructure of the
VLPs, which is in size range of 20 to 100 nm, can efficiently drain into lymph nodes to directly
interact with residing immune cells, which has been demonstrated in the first chapter (For
review, see®). During the recombinant protein expression, the nucleotide molecules (RNA) from
E. coli cell host can be encapsulated in the empty cavity of the VLPs. These non-infectious
genetic materials can act like internal adjuvants, and subsequently be released after particle
dissociation during cellular uptake to stimulate internal cellular signals via TLR3/7/8/9 in the
antigen presenting cells. Moreover, the production of VLPs can be done in a variety of
expression systems including plant, bacterial, yeast, insect, mammalian cell and cell-free
systems. These expression systems allow the production to be scaled up to manufacturing level.”
All of these characteristics make VLPs a promising platform for vaccine development, which has
been utilized in many recent vaccines including those against viruses, bacteria and chronic

diseases.®

2.1.2 Bacteriophages

Viruses are viewed as the simplest organism that live to transfer genetic material, either
DNA or RNA, into their host cells in order to replicate themselves. The hosts for viruses extend
from single-cell organism to vertebrate. The specificity of the host to viruses depends on the
compatibility of the cellular machinery that a certain group of viruses will take over for the
replication. A group of viruses that specifically infects only bacteria is known as bacteriophages,

or phages.

2.1.3 Bacteriophage Qp

Bacteriophage Qp belongs to genus allolevivirus, which is in Leviviridae family. This

bacteriophage carries a single-stranded RNA genome encoding for a maturation protein (Al-
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protein), a replicase enzyme and a coat protein. The production of Qf VLP can be carried out by
recombinant protein expression in E. coli, yeast and cell-free protein synthesis, which provide
flexibility in research and capacity in large-scale production.” The monomer of QP’s coat protein
is composed of 132 amino acids. It can be divided into 9 domains including 2 domains of beta
hairpin (BA and BB) starting from the N-terminus, followed by 5 domains of stranded beta sheets
(BC, BD, BE, BF, BG), and ending with 2 domains of alpha-helixes (oA and aB) towards the C-
terminus (Figure 2.1a). The alignment of the alpha-helixes of a subunit over beta stands F and G
of another subunit results in initial dimer formation (Figure 2.1b,c). The beta-sheet domains are
located in the internal side of the capsid, which is involved the binding to the hairpin sequence of
the encapsulated RNA.2 The single-stranded RNA is believed to facilitate the self-assembly of
the viral capsid by forming an initial complex with a few dimers first. This intermediate complex
will attract each other to assemble to form fivefold- and quasi-sixfold units. These multifold-
units will finally assemble to form a well-organized icosahedral construct. Each Qp viral capsid
is composed of 180 units of the monomer per capsid with triangulation number (T) = 3.° The QB
viral capsid has diameter approximately 27 nm.*® In vaccine applications, this single-stranded
RNA (ssRNA\) is an agonist of TLR7,** where their interaction helps enhance immune activation
via Thi type response’? and presentation of Th epitopes on MHC class 11.** In contrast to
recombinantly expressed coat protein from E. coli, the native viral capsid contains 3-5 subunits
of maturation protein or Al protein, in which the amino acid sequence is extended C-terminally
to 196 amino acids as a result of natural read-through of the stop codon UGA in the gene of the
coat protein.* This extended domain of Al protein is believed to help infect bacteria.’® ** The
incorporation of Al protein into the natural viral capsid suggests that extending of the C-terminal

of some subunits with a short peptide does not disrupt the ability of the admixed proteins to form
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the capsid. Since the C-terminally extended peptide was found to be exposed on the surface, this
implication has been applied for in situ conjugation by genetic manipulation to link an antigen
peptide for vaccine application® or a poly-histidine tag for ease of purification.'” QB VLP is
exceptionally stable compared to other viral capsids from the same family due to inter-subunit
disulfide bonds between cysteine residues at positions 74 and 80 (green residues in Figure 2.1d)
of the adjacent subunit where they form networks to hold five- and six-fold units together
(Figure 2.1d).%> 18

a)

Figure 2.1: QP protein structure (PDB-ID: 1QBE), a.) QB subunit protein with secondary
structure domains; b,c) The alignment of the dimer subunit and all lysine residues; d) The
organization of fivefold- and quasi-sixfold units to form icosahedral shape with triangulation
number (T) = 3. The green residues are cysteines at position 74 and 80, which form an intra-
subunit disulfide bond.
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2.1.4 Bacteriophage Qp VLP in vaccine applications

QB VLP has been long investigated, both pre-clinically and clinically, as a vaccine carrier
for many antigens by Martin F. Bachmann’s group and Cytos Biotechnology. A vaccine against
nicotine for smoking-cessation was evaluated in 2005."° Due to the low immunogenicity of
nicotine, inducing potent immune response to neutralize and block the addictive molecule into
the brain was challenging. Cytos Biotechnology has demonstrated that covalently conjugating
nicotine onto QP VLP in high valency number (585 nicotine molecules per particle) can greatly
enhance the immunogenicity of nicotine. Administering the nicotine conjugate vaccine with
alum adjuvant can induce Thl immune response in mice, rats and rabbits. The titers of the
antibody response were shown to be 50-fold higher than titers from nicotine conjugated to a
common carrier protein, BSA. The vaccine was shown to reduce the nicotine level in brain by
approximately half in the vaccinated mice. The QB VLP as a carrier platform for nicotine proved
safe and low in side-effect in phase | clinical trial. In phase Il clinical trial, the nicotine
conjugated vaccine was safe and able to induce the immune response in all immunized patients.
However, only a group of the subjects that showed sufficiently high antibody response achieved
statistically significant difference in smoking-cessation.

In 2006, Bachmann’s group reported using QP VLP to induce antibodies against a house
dust mite allergen Der p1 in human subjects (phase I clinical trial).”® The study indicated that the
repetitive pattern display of otherwise non-immunogenic peptide allergen on VVLP can enhance
immunogenicity of the antigen. The vaccine was capable of inducing IgM and IgG response
without the help from adjuvant. The immune response was found to be dose-dependent.

In 2007, QP based vaccine has been investigated to generate antibody against a self-
antigen, angiotensin 11, for hypertension treatment.?® The short peptide of angiotensin Il

(angiotensin;.g) covalently linked to QB VLP was found to induce strong antibody response with
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high affinity against the whole angiotensin Il in mice and rats without using an adjuvant. The
vaccinated rats were found to have significant lower blood pressure compared with a control
group. However, the antibody response subsided over time after the last injection. Phase |
clinical trial of this vaccine was shown to be highly efficient in human subject (100% responder
rate), yet well tolerated and safe. With the promising results, this angiotensin Il conjugated Qp
vaccine (CYTO006-AngQp) was assessed in phase Il clinical trial. Although the vaccine proved
immunogenic, well tolerated and no adverse side effect, the efficacy of the vaccine was dose
dependent and the antibody response was also reversible as found in phase I. Only a dose of 300
ug induced sufficient anti-angiotensin Il antibody titers to significantly reduce blood pressure in
patients.

The use of QB VLP as a carrier platform for glycoprotein hemagglutinin (HA) to induce
neutralizing antibodies against H5N1 influenza virus has been evaluated in 2013.% E. coli
derived globular head domain of hemagglutinin (HA) glycoprotein, which was found as a
neutralizing epitope on the influenza viral capsid®, was conjugated on QB VLP. Compared with
a licensed anti-H5N1 influenza vaccine, Panvax, the antigen-Qp VLP conjugate formulated with
alum adjuvant induced as high neutralizing antibody titer as Panvax. Although, the QpB-based
vaccine requires approximately 5 times higher dose of the globular HA content to induce
comparable titer, the Qp-based vaccine is superior over Panvax in activating T helper cells to
elicit Thl related cytokine interferon-y (IFN-y), while the protecting immunity from Panvax did
not involve T helper cell activation. This is due to the presence of Th epitope on both the
globular protein and the QB VLP. Both arms of immunities were thought to synchronize in

reducing virus titers in challenged mouse and ferret animal models. Moreover, in another
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publication, mice immunized with the conjugate vaccine were protected from lethal infection
with homologous and highly drifted viral strains.”*

One important inference from this work is the potential Th epitopes of QB VLP.
EPIMAX technique was utilized to reveal the peptide regions in Qp viral capsid that are capable
of activating CD4" T cells in splenocytes from mice. Peptide regions 41-71 and 101-132 (Table
2.1) were found to induce CD4" T cells to release high level of cytokine IFN-y, hence, these two
regions are suspected to contain Th epitopes (Figure 2.2). The resulting peptide regions are

aligned on the 3D crystal structure of QP subunit as shown in Figure 2.3.
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Figure 2.2: QP specific T cell responses were measured from level of cytokines secreted from
splenocytes of HA conjugated QB immunized mice with peptide pools spanning Qpf capsid
protein regions. Each bar represents the total cytokine response to each peptide pool and the
colored boxes represent level of each specific cytokine. Each peptide pool is composed of 5
peptides fragments that have the overlap sequences as listed in Table 2.1. The figure is
reproduced from reference®.
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Table 2.1: Sequences of QP specific peptides used for re-stimulation of splenocytes from the
vaccinated mice.*

Protein | Peptide# | Peptide pools | Amino Acid Sequence
QB 1 QB1 AKLETVTLGNIGKDG
Qp 2 Qp 1 TVTLGNIGKDGKQTL
QB 3 QB1 GNIGKDGKQTLVLNP
QB 4 QB1 KDGKQTLVLNPRGVN
Qp 5 Qp1 QTLVLNPRGVNPTNG
QB 6 QB2 LNPRGVNPTNGVASL
Qp 7 QB2 GVNPTNGVASLSQAG
QB 8 QB2 TNGVASLSQAGAVPA
Qp 9 Qp 2 ASLSQAGAVPALEKR
QB 10 QB2 QAGAVPALEKRVTVS
QB 11 QB3 VPALEKRVTVSVSQP
Qp 12 QB3 EKRVTVSVSQPSRNR
QB 13 QB3 TVSVSQPSRNRKNYK
Qp 14 QB 3 SQPSRNRKNYKVQVK
QB 15 QB3 RNRKNYKVQVKIQNP
Qp 16 Qp 4 NYKVQVKIQNPTACT
Qp 17 Qp 4 QVKIQNPTACTANGS
QB 18 QB4 QNPTACTANGSCDPS
Qp 19 Qp 4 ACTANGSCDPSVTRQ
QB 20 QB4 NGSCDPSVTRQAYAD
Qp 21 QB 5 DPSVTRQAYADVTFS
QB 22 QB5 TRQAYADVTFSFTQY
QB 23 QB5 YADVTFSFTQYSTDE
Qp 24 QB S5 TFSFTQYSTDEERAF
QB 25 QB5 TQYSTDEERAFVRTE
Qp 26 QB 6 TDEERAFVRTELAAL
QB 27 QB6 RAFVRTELAALLASP
Qp 28 QB 6 RTELAALLASPLLID
QB 29 QB6 AALLASPLLIDAIDQ
QB 30 QB6 ASPLLIDAIDQLNPAY
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Figure 2.3: X-ray crystal structure of QB subunit (1gbe). The red and blue colored regions
display the most probable Th epitopes. Red region = Qp41.71, Blue region = QBi01-132.

In this study®®, the importance of the sSRNA packaged in QB VLP was illustrated. The
presence of the encapsulated ssSRNA in QB enhanced the expression of IFNy in CD4" T cell and
elicited antibody titers 4 times higher than the titer from the capsid with sSRNA replaced by
polyglutamic acid. Although the difference in the total titer was not statistically significant, the
inclusion of the ssRNA directed the immune response towards Thl type response as shown by
higher 1gG2a over 1gG1 response, which was reversed in the titers from the one without the
encapsulated ssRNA. Since the lack of the ssSRNA does not significantly affect the total
neutralizing titer when administered with alum adjuvant, directing immunity to favor Thl or Th2
response could be controlled by QB VLP devoid of or containing the encapsulated ssSRNA.

In 2010, QP VLP was assessed by Dannis R. Burton and M.G. Finn groups as an antigen
carrier for inducing broadly neutralizing antibodies against a cluster of high mannose glycan, a
“glycan shield” of the glycoprotein gp120 displayed on the surface spike of HIV.** Inducing
protective humoral immunity to generate neutralizing antibodies against HIV is highly

challenging as the conserved epitope on the viral envelop spike is shielded by highly variable
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immunogenic epitope and clusters of glycans. The discovery of broadly neutralizing monoclonal
antibody 2G12, which binds the high-mannose glycan shield and protect the viral infection,
suggested an alternative target for anti-HIV vaccine development. Due to the multivalent antigen
display pattern of Qp, the attached antigens can mimic the cluster of trimeric structure of the
viral envelop spike glycoprotein. Branched oligomannose glycans were conjugated via CUAAC
reaction on the wild-type QpB, mutant QBK16M or QBHPG, where the most reactive lysine at
position 16 was replaced by an unnatural amino acid homopropargyl glycine (Figure 2.1). The
mannoside QB conjugates were found to well represent the epitope of mAb 2G12 as shown by
strong binding profile from sandwich ELISA. Although the QP glyco-conjugates was able to
elicit high titers of antibodies specific to the synthetic high-mannose glycans, they failed to
induce antibodies that have specific binding against the native glycan shield on HIV as the mAb
2G12. One important implication from this work is that the QBK16M-Mang elicited lower
antibodies against the QP carrier than QBK16M-Man, and much lower than naked QBK16M.
This suggested that the bulkier the size of antigen attached on the Qp, the lower the titers of anti-
carrier antibodies. This is probably because the immunogenic B-cell epitopes on Qp capsid could
be shielded by the attached antigen, making the carrier epitope less accessible to QB-specific B

cells.
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Figure 2.4: Top panel: Branched oligomannose glycans were conjugated via CUAAC reaction
on the wild-type QB, mutant QBK16M or QBHPG, where the most reactive lysine at position 16
was replaced by an unnatural amino acid homopropargyl glycine. Bottom panel: Synthesis of
QBHPG glycoconjugates QBHPG-Man8 (11) and QPHPG-Man8/Man9 (12). The figure is
reproduced with permission from reference?

QB VLP has also been used as a carrier for inducing antibodies against inflammatory
cytokine interleukin-1p (IL-1p) to treat type 2 diabetes.” In 2014, a “detoxified version” of IL-
1B chemically conjugated on QB VLP was shown to be safe and able to mount IgG antibodies to
neutralize IL-1B and improved glucose tolerance in diet-induced type 2 diabetes mouse model.
This vaccine was further assessed in nonhuman primate subjects followed by phase | and II

clinical trial with patients with type 2 diabetes.?® Although the vaccine was demonstrated to be
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clearly safe in both subjects in the studies, the efficacy of the vaccine is relatively low, as the
titers of anti-IL-1B 1gG induced were not sufficiently high compared with the results tested in
mouse model. To generate the neutralizing titers of the anti-IL-1B IgG, the vaccine needed to be
given in high dose (900 pg/injection) up to eight injections. Moreover, the titers elicited were
decreased over time after immunization. The anti-carrier immune response against the Qp was
found to be relatively strong and this is suspected to be a factor responsible for low titers against
the conjugated antigen.

In 2015, Erin Crossey and colleagues reported QB VLP based vaccine to induce
antibodies against protein converstase subtillisin/kexin type 9 (PCSK9), which is a protein that
disrupts a regulation process of low-density lipoprotein cholesterol (LDL-C) in blood
circulation.?” High level of this secretory protein leads to increasing level of LDL-C, a purported
cause of hypercholesterolemia, atherosclerosis and cardiovascular disease. Even though,
inducing potent immunity against this self-antigen was considered challenging due to B cell
tolerance, this study is one of many cases mentioned earlier showing that conjugating the self-
antigen on QB VLP can break B cell tolerance and generated strong neutralizing immunity
against the self-antigen in mice and non-human primate macaques.?®

In addition to Cytos Biotechnology AG, Pfizer Vaccine Immunotherapeutics has also
been working on utilizing QB VLP in vaccine application. In 2016, there was a report of using
QP VLP for anti-IgE vaccine aiming to treat both allergic asthma and rhinitis.** The main part of
this study was on the importance of the encapsulated ssSRNA. The role of the RNA as a TLR7
agonist was emphasized through the elicited high antibody response in wide-type mice but low in
TLR7-knocked out mice. The lack of the encapsulated RNA can be compensated by adding

external adjuvants including alum and CpG adjuvants.
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In conclusion, many studies and clinical trials have proved the QB VLP as a promising
immunogenic antigen carrier to break B cell tolerance and induce high antibody responses
against self-antigens. The high potential of QB VLP in such purpose renders itself highly
attractive for the development of TACA-based anticancer vaccine, where the antigens are self-
antigens and weakly immunogenic. Moreover, after more than a decade, there is still no
approved vaccine derived from QB VLP. This is probably due to the QP based vaccines
mentioned above have not yet been optimized to be potent enough for approval. This also

suggests that much improvement of this vaccine carrier construct is still needed.

2.1.5 QP VLP as a carrier for TACA-based anti-cancer vaccines.

The major challenge of anti-TACA vaccine is the low immunogenicity of TACAs. Two
main factors are believed to contribute to their low immunogenicity. First, unlike glycopeptide
MUC1, most TACAs are non-peptidic. Hence, administering TACAs alone fails to induce
effective immunity due to the lack of help from T helper cells.?® Secondly, TACAs are self-
derived antigens, to which the self-tolerance mechanism suppresses their immunogenicity in
order to prevent autoimmunity. Therefore, immunogenic carriers are generally required to render
TACAs sufficiently immunogenic.

Keyhole limpet haemocyanin (KLH), or tetanus toxoid (TT) are traditional immunogenic
proteins used for TACA based vaccine design. Despite strong immunogenicity of KLH,
vaccination of KLH-Tn failed to generate 1gG of anti-Tn antibodies probably due to the very low
immunogenicity of the Tn antigen.®® Another reason for the low anti-TACA response is the
improper antigen display. This has been supported by studies from Danishefsky and Lo-Man
groups. They showed that by putting Tn antigen together into a trimeric cluster, instead of

monomeric form, the constructs can elicit more antibodies than those from the monomeric Tn
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conjugated constructs.®> As mentioned in the first chapter, the pattern of antigen display on the
vaccine construct plays a crucial role to effectively cross link B cell receptor to induce strong
cellular signals for B cell activation leading to IgM-to-1gG isotype switching and subsequent
potent antibody response. Since KLH is amorphous where its antigen display is not highly
ordered, it is not very effective for generating a strong humoral immune response. Moreover,
KLH is a glycoprotein, containing native glycans,* which can possibly compete with
conjugated TACAs for anti-glycan B cell responses.

Unlike KLH or TT, VLP is superior to those carriers for the proper size and highly
organized display pattern for particulate vaccine as described above. Our group has demonstrated
the utility of VLPs as a promising antigen carrier platform for TACA based anti-cancer vaccines.

In 2008, our group started to apply VLP as an immunogenic carrier for anti-TACA based
vaccine. Cowpea mosaic virus (CPMV) was the first VLP that was examined for the purpose.
CPMV is a plant virus, thus, non-infective and safe to humans. The viral capsid is composed of
60 subunits of a self-assembly protein to form a 30 nm icosahedral capsid. The Tn antigen
(GalNAc-a-O-Ser/Thr) was selected as a prototypical model for TACA in this study. Maleimide
linked Tn was reacted with site-specific mutagenesis derived cysteines on the exterior surface of
the viral capsid. The number of Tn loaded was 60 Tn/capsid. The immunization was tested in
mouse with a dose of 40 ug of Tn/mouse. The anti-Tn IgG titer elicited from the immunization
was 10,500. The sera from the immunized mice showed binding to Tn expressed cancer cells
MCEF-7 and multidrug resistant breast cancer cell line NCI-ADR RES as determined by FACS.
This work established a new type of carrier platform for presenting TACA in an organized

display pattern to induce strong immune response against otherwise low immunogenic antigen of
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the monomeric Tn antigen. This encouraging finding led to exploring other promising VLPs for
highly effective carriers for anti-TACA vaccine.

In 2012, tobacco mosaic virus (TMV) capsid was evaluated as a carrier for Tn antigen.*
TMV capsid derives from self-assembly protein of 2130 subunits to form a 300 nm long nano-
rod.3* Tn antigen was conjugated to genetically inserted cysteine near C-termini, which is
exposed on the capsid surface. From the analysis, 410 Tn antigens were attached on each capsid.
The TMV-Tn vaccine induced low level of IgG or IgM anti-Tn antibodies (titer =~ 1,600)
presumably due to the low density of Tn antigens on the viral capsid. The efficiency of
conjugation was improved by robust reaction of copper(l) catalyzed azide-alkyne cycloaddition
reaction (CUAAC). The number of Tn attached on TMV was increased up to 1530 Tn/TMV.
However, there were little changes of IgG/IgM titers compared with the previous method of
conjugation. When the conjugation site was changed to Tyr 139, which locates close to the
capsid’s surface, 2000 copies of Tn were linked onto a TMV capsid due to the well exposed and
reactive residue at this position. Putting the antigen on such a well exposed point on the capsid
could potentially get better recognition by B cells. Significantly higher antibody titers (titer =
2550) were elicited from immunized mice by this formulation. Note that, the dose in this
administration was 4 times (20 pg vs 4 pg Tn/mouse) higher than the previous two constructs.
By extending the linker to better exposed the Tn out from the surface, the resulting IgG antibody
titers increased up to about 7000 with 4pg of Tn/mouse dose. However, with 20 pg of Tn/mouse
dose, the short and long linkers elicited comparable antibody titers. This suggests that increasing
the linker length does not help increase the immune response. The resulting antibodies could
bind to Tn or GalNAc containing antigens coated on glycan microarrays and native Tn on human

leukemia Jurkat cells as determined by FACS. It is interesting that, despite the lower titer, the
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serum from the dose of 20 pg of Tn can bind stronger against the cells, compared with the serum
from mice receiving of 4pg Tn. This work indicated that the increased number of Tn on the
construct is not responsible for the higher antibody response, but the location where the antigen
is displayed, is crucial in inducing strong immune responses.

In 2013, it was the first time that QB VLP was reported by our group as a carrier for
TACA based anti-cancer vaccine.® In contrast to rod shape of TMV, QB has icosahedral shape,
which can present an antigen in an ordered manner. Although Qp and CPMV are about the same
in size, their capsid surface topologies are different. The CPMV is composed of 60 asymmetric
subunits of 66 kDa protein, while QP is composed of 180 subunits of 14 kDa protein. By
controlling reaction time and equivalence of the azide-modified Tn in the CUAAC reaction, the
number of Tn loaded onto the Qp capsid could be varied from 78, 150 to 340 Tn/Qp (Figure 2.5).
Compared with other VLPs mentioned before, Qp is superior to CPMV or TMV in ability to
induce dramatically higher IgG titers (titers = 263,600) at the same antigen dose (4ug of
Tn/mouse).

In addition to antibody response against Tn, it was found that the vaccine can also induce
immune response against the carrier QB and the triazole linker (titers ~ 35,300), which may
suppress the desired immune response against the Tn. The impact of local density of the
immobilized Tn on QB VLP has also been investigated. QB-Tn conjugates with varied density of
Tn on each capsid (low density (78 Tn/Qp), medium density (150 Tn/Qp) and high density (340
Tn/Qp)) were injected into groups of mice by either keeping amount of Q constant or both the
total amounts of Tn and QP constant. The results showed that only groups that received high
local density QB-Tn generated strong 1gG antibody response. This suggests the importance of the

high local density of the antigen on each particle in inducing high 1gG antibody response. These
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results provided another crucial factor for the design in the vaccine development. The resulting

sera from the immunized mice showed specific binding to GaINAc containing glycans coated on

glyco-microarray chip and native Tn expressed on human leukemia cancer cells, Jurkat cells.

The higher potency of QB over other VLPs in inducing immunity against TACA excited us to

investigate further into detail of this construct aiming to find the best formulation of this carrier

for anti-TACA-based vaccine. This led to a following study by the same group of investigators.
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Figure 2.5: Synthesis of Qp-triazole-Tn via CUAAC reaction. The reaction condition can be
adjusted to provide a variable number of Tns (78, 150 and 340 Tns) attached on the viral capsid.
This figure is adapted and reproduced with permission from reference®.
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(a)

Group # 1 2 3 4 5 6
Tn density (particle) L M H L M+N H+N
Vaccine Construct 11 10 7 11 10+Qp 7+QB
Tn Occupancy” (%) 23 44 100 23 44+0 100 +0
Total Tn” (ng) 0.23 0.44 1 1 1 1
Total Qp Virion® 18 18 18 75 75 75
(ng)

“Tn occupancy in QB-Tn 7, which displays 340 Tn antigens, was set as 100%.
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Figure 2.6: a) a table showing characteristic details of the vaccine compound with varied Tn
density used in 6 groups to investigate the effect of antigen density on the viral capsid. b) ELISA
results of IgG and c) IgM antibodies from 6 groups of immunized mice at 1/6400 dilution. This
figure is adapted and reproduced with permission from reference®.

In 2015, our group found that the conjugation linker between the Tn and Qp played an
important role in generating of protecting antibodies against Tn expressing cancer cells.*® The
results showed that the triazole formed in the linker from CuAAC conjugation method can
induce immune response against the linker. In contrast to the previous finding, increasing the
density of the Tn on each capsid from 360 to 540 did not result in higher anti-Tn 1gG antibody
titer, but higher anti-triazole-linker IgG antibody titer was produced instead (Figure 2.7a-c). This
suggests that there are some optimal points in increasing the number of the attached antigen on
each capsid to obtain the best result, especially in this case that there are other competitive
immunogenic components in the construct, such as the rigid triazole ring. The triazole

immunogen can compete with Tn to dominate the immune response and suppress anti-Tn
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immunity. Although the resulting sera can bind to Tn-expressing Jutkat cells, they failed to bind
to Tn expressing murine breast cancer TA3Ha cells (Figure 2.7d).

In contrast, when removing the competing epitope in the linker by changing the linker
from the rigid triazole linker to a non-rigid alkyl amide linker, the vaccine construct could not
only elicit significantly higher titers of 1gG antibody against Tn (1,461,000 vs 263,600) (Figure
2.7e,f), but the resulting sera also showed binding to both Jurkat and TA3Ha cells. The new
vaccine construct significantly improved survival rate of mice in tumor challenge from 0% to
50% when combined with chemotherapy. This finding clearly supports that an immunogenic
component in the vaccine construct can indeed suppress the desired immune response against
TACA. The further mechanistic investigation found that it is not the triazole moiety itself that
interferes the binding between the Tn and B cell receptor, rather most likely the induced anti-
triazole polyclonal antibodies hindered the recognition of Tn by Tn-specific B cells. Moreover,
this induced anti-triazole antibody was found to generate faster than those against the Tn. In
summary, this work suggested that any potentially immunogenic components in the vaccine
construct should be removed to minimize the suppressing effect towards the desired antigen

caused by the induced antibodies against the interfering component.
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Figure 2.7: a) Vaccine constructs QB-Tn 4 and QB-Tn 5. b,c) IgG titers elicited from the vaccine
constructs against Tn or triazole. The increased number of attached Tn induced lower anti-Tn
antibody titers due to suppression from increased anti-triazole immune response. d) Specific
recognition against Tn-expressing cancer cells of the elicited antibodies from QB-Tn 1 and Qp-
Tn 6. e) Vaccine constructs QB-Tn 6 where the triazole linker was replaced with low
immunogenic alkyl linker. f) anti-Tn antibody titers elicited from QB-Tn6. The IgG titers became
higher compared with those from QB-Tn 4 and QB-Tn 5. This figure is adapted and reproduced
with permission from reference®.

Investigations described above contributed key knowledge for the design of VLP based
anti-TACA vaccine as the following: 1) QB is, by far, the best carrier for the anti-TACA vaccine;
2) A co-adjuvant has been optimized; 3) The local density of the antigen on each capsid plays an
important role for effective immune response; and 4) Unnecessary immunogenic component,
such as immunogenic linker, should be excluded to maximize the desired immune response
against TACA. However, another big challenge still remains, which is the robust
immunogenicity of the carrier Qp itself. Similar to the triazole linker, the strong antibody
response against the carrier can cause carrier-induced epitopic suppression (CIES) resulting in
reduction of the desired immune response against TACA.*’ It is envisioned that minimizing such
strong immunogenicity of the carrier would re-focus the immunity towards generating higher

potency of the desired immune response against TACAS. To logically address this issue, we need
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to understand the mechanism of the suppressing effect for a rational approach towards carrier

modification.

2.1.6 Carrier-Induced Epitopic Suppression (CIES) in Qp

Carrier-Induced Epitopic Suppression (CIES) is referred as an effect derived from pre-
existing or co-induced immunity against immunogenic carrier that suppresses immune response
against any weaker immunogen attached on the related carrier. The exact mechanism of CIES is
still unclear. Based on several studies, the main immune cells responsible for CIES are B cells.*®
The mechanism of CIES has been proposed by several views. The investigation from Schutze et.
al. led to a theory of antigen/carrier specific B cells competition, where the higher rate of
proliferation of carrier-specific B cells will dominate the number of haptan-specific B cells in
competing for the antigen binding and stimulating cytokines for cellular activation.*®** In contrast,
Galelli et. at. found that the immunogenic carrier does not alter the number of haptan-specific
memory B cells, but it prevents the memory B cells from turning into antibody releasing plasma
cells.*®* In addition to both theories, CIES is also generally viewed as the clearance mediated by
pre-existing innate immunity against the carrier.

The effect of CIES on QB VLP as a vaccine carrier has been studied by the Bachmann
group.®” In this study, an 18 amino acid peptide antigen from Salmonella (D2) was used as a
model antigen. The CIES effect on QB was evaluated by comparing the antibody titers from
naive mice and pre-immunized mice with the carrier Q. The result showed that the antibody
titers against D2 antigen from pre-immunized mice were statistically significantly lower than
those from naive mice. This result clearly indicated the suppression effect of pre-existing
immunity against QB due to CIES. An interesting finding in this study is the effect of antigen

density on the carrier on the reduction of CIES. It was found that the higher the antigen density
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(142, 293 vs 13, 56, 94), the lower the suppression from pre-existing anti-carrier immunity
(Figure 2.8). The authors gave an explanation from a mechanistic investigation that the pre-
exiting carrier-specific antibodies will bind the subsequently injected vaccine. The bound
antibodies sterically interfere the presentation of the antigen and the binding between the antigen
and B-cell receptors. The increased antigen density can help block the anti-carrier specific
antibodies, resulting in less interference and increasing B cell interaction with the desired antigen
attached. This explanation resembles the finding from our group that the induced anti-triazole
antibodies will bind to the QB-Tn vaccine and sterically blocked Tn recognition by Tn-specific B
cells. It is worth noting that the pre-immunization with the carrier did not change the anti-carrier
antibodies titers from the vaccination, except with highest antigen density (293 D2/Qp), where
the anti-carrier significantly reduced in the naive mice, yet the anti-D2 antibodies titers increased
in pre-immunized mice. This is because the higher density of the attached antigen better shields
the B cell epitopes on the carrier, making the carrier less recognizable by carrier-specific B cells.
The shielding effect caused by the attached antigen is correlated well with the finding from an
investigation of QP based anti-HIV vaccine by Burton and Finn groups, which has already been
mentioned above.? Besides the increased antigen density, the authors suggested repeated
injections and increasing dose of the administration will also help to overcome the suppression
effect from CIES, leading to higher anti-D2 antibody response.

The mechanism of CIES of QP was investigated further by passively transferring of
antibodies or B cells or CD4" T cells from pre-immunized mice into naive mice, which were
subsequently immunized with the vaccine conjugate. The result showed that antibodies and B
cells are responsible for the CIES. This study also inferred that heterogeneous prime-boost

strategy for reducing CIES may not work with Qp based vaccine as pre-immunizing the immune
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system with D2 antigen conjugated with another VLP, AP205, did not significantly enhance the

titers of the antibodies against D2 antigen after subsequent injection with the D2-Qf conjugate.
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Figure 2.8: Antibody titers against D2 peptide (attached antigen) and QB VLP (carrier) elicited
from QP primed- or naive mice after 1%, 2" and 3" vaccination. The result suggests that the
higher density of D2 on the QP helped reduce the suppression from CIES. This figure is adapted
and reproduced with permission from reference®’.

The aforementioned studies showed clearly that VLP Qp has the ability to cause CIES to
the attached antigen. The suppression could limit the full potential of the QB in inducing
maximum immune response against the antigen. Although the suppression effect could be
partially addressed by the suggested solutions, including increasing the density of the antigen,

repeated injection or increasing the dose, the improved results were still very subtle. Therefore,
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an innovative strategy for reducing the CIES caused by the Qp carrier is needed to unlock its
maximum potential towards the best carrier for TACA-based anticancer vaccine.

The robust immunity against the vaccine carrier originates from B cell activation through
binding with B cell epitopes in the QB capsid protein. In order to reduce undesired immune
response, B cell epitopes on QP capsid protein will have to be either removed or modified to
block the interactions with B cells. The strategy to achieve this was investigated as the following:

1) Firstly, the candidate fragments for B cell epitopes were searched based on
computational prediction from available 3D structure, together with analysis of binding of
synthetic peptide fragments by anti-capsid sera.

2) The potential B cell epitope on the viral capsid surface was subjected to site specific
mutagenesis to induce structural changes and introduce a new conjugation site. The mutated Qf3
capsid was then conjugated with a TACA antigen model and tested for its ability to shield the
dominant epitope to further prevent recognition by B cells.

3) The QB VLP mutant was stabilized by additional disulfide network to make it less
susceptible to disassembly after reactions to conjugate the antigen onto the new conjugation
sites. In addition, the higher stability of the capsid can potentially enable longer interactions of
the conjugate with immune cells leading to stronger immune activation. The best mutant QB was
selected based on the criteria of higher stability, decreased immunogenicity against the carrier

and increased antibody response towards the conjugated antigen.

2.2 Results and discussion

2.2.1 B cell epitope prediction

B cell epitopes are immunogenic fragments of a protein recognizable by B cell receptors

(BCRs). The recognition of B cell epitopes occurs through complementary interactions between
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binding sites of B cell receptors and the antigenic fragments on the surface of an immunogen. B
cell epitopes are categorized into continuous and discontinuous types. The continuous, or linear,
epitopes are simple short fragments where all recognizable residues are aligned in sequence.
However, 90% of B cells epitopes are discontinuous or conformational epitopes®®, in which the
fragments or residues responsible for the binding with BCR are not contiguous, but brought close
together by the folding of tertiary or quaternary protein structure. The type of B cell epitopes on
the QP capsid was tested first by peptide scanning experiment. Eight synthetic 30-amino-acid
peptides with overlapping sequence by 15 amino acids covering the entire amino acid sequence
of QP capsid protein (Figure 2.9a) were immobilized onto ELISA plate individually. Serum
from wide-type QB (WtQp)-immunized mice was used to test the peptide recognition by anti-
wtQp 1gG antibodies. None of the synthetic peptides showed strong binding to the 1gG anti-Qp
antibodies from the serum compared with the binding with the whole capsids coated on the

ELISA plate (Figure 2.9b).
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Figure 2.9: a) Eight of synthetic 30-amino-acid peptides that overlapped sequence by 15
amino acids covering the entire amino acid sequence of QP capsid protein. b) ELISA result of
peptide scanning experiment showing the binding of the peptides fragments with the anti-
wtQp 1gG antibodies. The synthetic peptides were coated on the ELISA plate. The dilution of
serum (1/64000 dilution) from wtQB-immunized mice was added to test recognition towards
each peptide fragments. Group (-) is a negative control group where only PBS was used in
coating process.
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Figure 2.9: (Cont’d)
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For conformational epitopes, random mutations of B cell epitope on the 132-amino acid
QP viral capsid protein involves tedious work and high cost of mutations to the viral capsid. Due
to the complex structures of the capsid, the computational prediction based on available epitope
database are generally not very accurate. Nevertheless, the prediction could provide guidance
for potential mutation points and rational design in engineering the viral capsid, making the B
cell determination more practical with less time and cost. DiscoTope 2.0 server®
(http://www.cbs.dtu.dk/services/DiscoTope/) is one of available prediction severs for
discontinuous B cell epitopes. The prediction model is based on analysis of three-dimensional
structure of an input protein structure. The prediction algorithm behind DiscoTope employs
propensity scores from amino acid statistics, spatial proximity information and surface
accessibility profile of the protein structure to guide the determination of potential epitope
region. The prediction correlates well with available accessible surface profile from virus like

particle database (http://viperdb.scripps.edu/)* (Figure 2.10 and Figure 2.11).
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Figure 2.10: Discontinuous B cell epitope prediction by DiscoTope 2.0 server*® showing in
electron cloud surface is overlaid over 3D structure of Qp capsid protein. The red areas represent
protein fragments that obtain high scores from the prediction.
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Figure 2.11: A graph showing solvent accessible surface area (SASA) of each amino acid
residue in representative chain B of Qp capsid protein (1gbe). The figure and data were obtained
from VIPERdb (http://viperdb.scripps.edu).*

Since our strategy for reducing anti-carrier antibody response is based on structural
modification to block the interactions between B cell epitopes and B cell receptors, selected
amino acid residues in the protein sequence were subjected to site-specific mutations to lysine in

order to introduce both structural change and new conjugation site for an antigen of interest to
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additionally block the recognition by B cell receptors. In contrast to polymers or synthetic
inorganic nanoparticles, a single change of the viral capsid protein by the site-specific mutation
can distribute the structural change evenly over all identical 180 subunits and the display pattern
can be controlled completely and precisely over the capsid surface.

In addition to the prediction, the selection of a potential amino acid for the modification
is also based on following criteria: 1) the amino acid needs to be exposed well on the surface as
the highly accessible residue is more likely to interact with BCR; 2) it should not be involved in
inter-subunit interaction as the change may disrupt the self-assembly ability of the protein; 3) the
amino acid should not be in part of Th epitopes to avoid reduction of Th activation.

Regarding the first criteria, the well-exposed residues can be determined by the solvent
accessible surface area (SASA) from the available data mentioned above (Figure 2.11). The
amino acid residues that are found to be critical for self-assembly of the capsid were collected
from literature reports’® *? (Table 2.2 and Table 2.3). The potential Th epitopes of Qp have been
reported®” and mentioned earlier in the introduction (Figure 2.3).

Table 2.2: QB mutants reported that assemble to form the capsid.

entry | Mutation(s) category Yield(mg/L) | T, (°C)
1 WT - ++ 83.3
42 K16M gﬁgerior charge/reactive na na

34 T93M internal reactive site na na

34 D14R exterior charge - na

44 N10R exterior charge ++ na

5420 T18R exterior charge ++ na

6% D14R/T18R exterior charge - unstable
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Table 2.2: (Cont’d)

entry | Mutation(s) category Yield(mg/L) | T, (°C)
7" C74S Remove disulfide + 61.7
g’ C74S/C80S Remove disulfide ++ 61
o | v6aF nterdimer + 82.8
10 | D8IN ;gffﬁ'lr(;‘geé . 78.7
11™ | Q65H RNA binding ++ 78.6
12"* | D9IN RNA binding + 79.4
137 Q65H/D91N RNA binding + 81.6
147 Y62F/C74S/C80S | combination ++ 60.4
157 D81N/C74S/C80S | combination ++ 62
16™ | Q65H/CT74S combination + 60.7
17" | D9IN/CT74S combination + 62.1
18™ | QB65H/DILN/C74S | combination ++ 61.4
19 | Y62R erdier ¥ 67.3
20" | Y62W Trp replace + 77.0
21" | Y99W Trp replace + 74.8
22" | Y132W C-term.Trp replace + 80.9
23" L35W Trp replace ++ 72.2
24™ | P23A structure - 73.8
25" K2Q exterior charge ++ 74.5
26" K13Q/K16Q exterior charge ++ 75.6
27 | Al1S conjugation handle + 73.9
28% K13E exterior charge na na
294 K13Q exterior charge na na
30® | K16E exterior charge na na
31% K16Q exterior charge na na
324 K16F exterior charge na na
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Table 2.2: (Cont’d)

entry | Mutation(s) category Yield(mg/L) | T, (°C)
33% K16Y exterior charge na na
34% K46Q exterior charge na na
35% K13Q/K16Q exterior charge na na

Note: Yield ++ : >80 mg/L, + : >20-80 mg/L, —: <20 mg/L, na : not applicable

Table 2.3: QB mutants that fail to assemble into the VLP.

Entry | Mutation(s)

1420 WT_C-Ry55

2420 WT_C-G25Rz58

342b D14G KQT18 to R514-18

42 N10R/T18R

57 K2E

6 L8W

7" L19W

g7a L35G, L35H, L35A,
L35V

9" Y62E

107 C74H

117 C80H

Note: WT_C-R;55 = mQp with C terminal peptide extensions of polyarginine composed of 2, 5
and 8 arginine subunits, respectively. WT_C-G25R255 = mQp with C terminal peptide
extensions of the polyarginine with polyglycine linker composed of 2 and 5 glycine subunits,
respectively. D*GKQT™ to Rs'*"® = mQp, where the native peptide fragment D" GKQT is

replaced by polyarginine of 5 arginine subunits.

Based on the prediction and the criteria mentioned above, threonine at position 7 (T7),
asparagine at position 10 (N10), alanine at position 38 (A38), threonine at position at 75 (T75),

glutamic acid at position 103 (E103), alanine at position 117 (A117) and proline at 119 (P119)
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Entry | Mutation(s)

12" R86W

13" FO94H, FO4L, F94W
14" FO96H, FO6W

157 E104Q

16" E111Q

17" L128W

18" C74S/V108I

19% K46E

20% K13E/K16E

214 K2Q/K46Q

224 K2Q/K13Q/K16Q




were assigned as potential amino acid residues for the modification. Although E103, A117 and
P119 are on the region of the potential Th epitope determined by EPIMAX analysis® (Figure
2.2 and Figure 2.3), they are expected not to disrupt the Th epitope sequence as they are located
close to the end of the determined region and it would be interesting to find out if they are crucial
for the immunogenicity of the carrier. (Please note that the known Th epitopes were elucidated
from BALB/c mouse in which MHC class Il alleles (H-2%) in TCR differs from those in
C57BL/6 mouse (H-2b).44 Therefore, the known Th epitopes may not necessarily represent the
epitope for C57BL/6 mouse, the animal model in our study.)

The residues were modified genetically by site-specific mutagenesis. Each of the mutated
plasmids was transformed into a bacteria vector for the viral capsid protein expression. All
expressed mutated proteins, except E103K, were found to assemble to form viral capsids. The

characteristic properties of the QB mutants are summarized as in Table 2.4.

Table 2.4: Physical characteristics of QB mutants.

QB Mutants Yield(mg/L) SEC rv. (mL) (Zdﬁr‘]’q‘; PDI pof:rtl?ial
WT 60 11.7 2879 0046 -2.89
T7K 10 11.8 2900 0278  -1.08
N10K 12 11.7 2872 0192  -1.90
A38K 16 12.7 2658 0.083  -143
T75K 25 12.0 2902 0096 -164
ALL7K 31 12.1 2973 0187  -154
P119K 22 12.1 2972 0070  -2.00
A40C/D102C 38 118 2906 0031 -167
A38K/A40C/D102C 26 126 2755 0028  -155
A40S/D102S 20 12.0 27.82 0028  -137
A40C/D102C/K13R 15 11.9 2886 0119  -1.97
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Since the Qp capsid is composed of 180 subunits, a small local change of an amino acid
could dramatically alter the global charge of the capsid. The mutation of the native amino acids
to lysine in all mutants makes the surface charge of the mutant capsids more positive as assessed
by Zeta potential (Table 2.4) and non-denaturing agarose gel (Figure 2.12:). In non-denaturing
agarose gel, all mutants moved towards the cathode indicating higher positive surface charge of
the mutants compared with wtQp, which moved towards the anode. The positive charge of the
mutants is supposedly to be derived from the new lysine from the mutation as the positive charge
was neutralized after the conjugation reaction of surface lysines with NHS-Tn 1. This change in
the surface charge after mutation could be another evidence to support that the amino group in
the side chain of the non-native lysine is exposed on the external surface, which could provide
extra conjugation site for the antigen for epitope shielding in an anticipated mutation point.
Prasuhn and coworkers have investigated the effect of positive charges on QB on plasma
clearance rate.*” They found that the high surface positive charge of QB slowed down the
plasma clearance rate. The change in the surface charge in our QB mutants would allow longer
plasma circulation time, which would increase the chance of maintaining sufficient amount of
the injected vaccine for immune activation. Moreover, the longer plasma circulation time will
also help minimize the dose in vaccination and in therapeutic drug delivery. It should be noted
that mQP(T7K) and mQPB(N10K) are the most positively charged mutants, probably because
these residues are located in the most exposed area, which would alter the surface charge the
most. However, the surface charge of mQp(T75K) is the least altered. This may be because this

lysine is only partially solvent exposed.
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Figure 2.12: Electrophoretic mobility of QB whole capsids by native agarose gel. The samples
(~30 pg of each capsid protein) were loaded into 0.7% agarose gel in PBS with SYBR Safe DNA
gel strain as a straining reagent for the encapsulated RNA. The electrophoresis was performed in
TEA buffer at 4°C for 4 hours. Top panel) The encapsulated RNA strained in the capsids was
detected by UV light. Middle panel) The capsid proteins were detected by Coomassie staining.
Bottom panel) Overlaying the two panels confirms the presence of the encapsulated RNA in the

mQps.

Although the sizes of the mutant capsids are slightly different, it should be noted that the
size of A38K mutant is noticeably smaller than other mutants (Table 2.4, Figure 2.14). This is

probably because A38 is located in the domain found to have an influence on the arrangement
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between subunits.”® Therefore, a change in this residue may alter subunit organization, thus,
change in the capsid size. X-ray crystallography analysis suggests the difference in space group
of A38K mutant compared with wild-type QB. A38K mutant has space group 123 and contains 5
chains in an asymmetric unit, but the wild-type Qp has space group R3 and contains 20 chains in
an asymmetric unit. Although both structures can closely superimpose with each other, the re-
construction of the full capsid from the repeating units by respective symmetry operations failed
to provide the full capsid of A38K mutant. (Data is not shown) (The X-ray crystal structure
analysis was done by kind help from Dr. Xiangshu Jin.) Fiedler and coworkers reported that
changing nearby leucine residue at position 35 to tryptophan or phenylalanine (L35W, L35F)
reduces the capsid size of QB from diameter of 28 nm down to 21 nm.” Since L35 and A38 are
located in the same domain that involves the inter-subunit organization to cause difference in the
capsid size, it is of interest for study of manipulation of this domain to control the size of the
viral capsid. Such controllable size of the capsid would allow us to investigate the effect of size
on immunization profile and drug delivery efficiency. Moreover, the slightly change in size will
also allow the fine-tuning of antigen display pattern of the VLP, which play crucial role in

antigen cluttering for B cell activation.

2.2.2 Improve stability of Qp VLP

The distinct inter-subunit disulfide bonds in QP viral capsid provide exceptionally high
stability to the construct over other viral capsids from the same family.” For example, MS2 VLP
has a melting temperature (Tm) about 66°C*, while QB has Tm up to 83°C’®. Despite its high
stability, changing amino acids may alter the structural conformation of the protein folding
leading to decreased stability of the capsid as shown in many cases reported in the literature

(Table 2.2).”* The low stability of the capsid may not endure harsh condition in conjugation
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process involving organic solvents and reagents. Moreover, the less stable carrier may alter the
fate of the vaccine contents delivered into the immune system, which potentially reduce the
efficiency of the vaccine.”® For instance, the early degradation may expose inner B cell
epitope(s), or lose the particulate characteristic of the particle, which is crucial for inducing
strong immune responses. The self-assembled structure of the viral capsid was therefore
engineered to strengthen the stability of the capsid to accommodate structural modification and
rigorous condition in conjugate reaction. The rational design is based on additional disulfide
bonds to reinforce the covalent network between the subunits in the capsid construct. An amino
acid pair, in which each of them is from adjacent subunits but brought in spatial proximity in 3D
structure to potentially form a disulfide bond after being mutated into cysteine, was searched by
Disulfide by Design 2.0  web-based modeling software?®’ (DbD,
http://cptweb.cpt.wayne.edu/DbD2/). The algorithm of the software calculates the predicted
potential of a candidate amino acid pair as B-factor, the higher B-factor, the higher the potential
to form disulfide bond that can increase stability of the protein complex. From the prediction, an
amino acid pair of A40 and D102 gives the highest B-factor. The proximity (= 4 A) of the beta
carbons in the side chain of A40 and D102 was confirmed by 3D structure (Figure 2.13). We,
therefore, mutated these two amino acids to cysteines to determine the ability of the mutant
capsid protein to form additional disulfide bonds for increased capsid stability. The result
showed that the mutant A40C/D102C can assemble to form the capsid similar to wtQp as
determined by size and shape from SEC (blue line vs red line in Figure 2.14a, DLS (Table 2.4),

and TEM, respectively (Figure 2.14b).
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A

Figure 2.13: X-ray crystal structure of wtQp showing a) distances between [-carbon of
residues involving disulfide formation; b) disulfide bond networks from native disulfide
bonds between C74 and C80 (green residues) in wtQp and expected non-native disulfide

bonds in mQpB A40C/D102C (yellow residues).

a) SMAU
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mQP(A3EK)
mQB(A38K/A40C/D102C)
mQp(A40C/D102C)

Figure 2.14: a) Size exclusion chromatograms of wtQp (red) and mQps, A38K(yellow),
A38K/A40C/A102C (green), A40C/D102C (blue); b) TEM images of wtQp and mQps.
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Figure 2.14: (Cont’d)

b)

The formation of the additional disulfide bonds in mQB(A40C/D102C) was confirmed by
non-reducing SDS-PAGE (Figure 2.15). Any mQps involving A40C/D102C mutation showed
multimeric protein bands, while other mQs including mQB(A40S/D102S), which is chemically
equivalent but unable to form the disulfide bonds, showed similar band pattern as wtQp (Figure

2.15b).
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Figure 2.15: a) SDS-PAGE of the viral capsids in non-reductive (oxidative) condition (Left)
and reductive condition (right).

From the thermal stability measurements, the addition of non-native disulfide bond was
found to improve the stability of the capsid (Figure 2.16). The increased stability derived from
the non-native disulfide bonds was supported by the decreased stability of mQB(A40S/D102S)
(Figure 2.16 middle). The structural change in mQB(A38K) was found to decrease the stability
of the capsid. This is probably because A38K is involved in interaction between subunit as seen
in the effect of the alteration of this point on the capsid size. However, the addition of non-native
disulfide bonds can help strengthen the stability of the capsid up close to that of wtQp as shown

by the increased thermal stability of mQB(A38K/A40C/D102C) (Figure 2.16 bottom).
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Figure 2.16: Thermal stability of mQs determined by UV absorption at A = 310 nm at
increasing temperature.
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Figure 2.16: (Cont’d)
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Although the impact of non-covalent interactions between the interdimer residues on the
stability of QB VLP has been intensively studied by Fiedler and coworkers™, the additional
stability due to non-native di-sulfide bond between subunits had not been observed before. This
enhanced stability would confer flexibility in engineering and applications of this type of protein
particle.

To assess the potency of mQp in inducing immunity against either TACA or the carriers
themselves, a prototypical TACA, Tnl (Figure 2.17, see experimental section 2.5.15 for the
synthesis), were immobilized on the surface of mQps via amide formation between amino groups
of exposed lysines and NHS group of NHS-Tnl (Figure 2.17). LCMS together with data
processing with maximum entropy deconvolution algorithm (MaxEnt1)*® was used to determine
the number of Tnl on each capsid, as we found this method gave comparable results to
Microfluidic capillary gel electrophoresis analysis*®, yet with more quantitative information and

convenience (details for the method are included in experimental section).
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Figure 2.17: Conjugation reaction between NHS-Tn1 with the various mQ§ps.

Table 2.5: The average number of Tnl conjugated on each capsid of Qp particle and yield of
QB-Tn1 conjugate. [% add” Tn = (Tn1/subunitmop — Tnl/subunituop) x 100 / Tnl/subunityqp]

n .
Qps Tnl/QB  Tnl/subunit %oadd Yield

Tn (%)
WT 332 1.84 0 73
T7K 423 2.35 28 89
N10K 402 2.23 21 69
A38K 410 2.27 23 73
A38K/A40C/D102C 498 2.77 51 64
A40C/D102C 436 242 32 o7
A40S/D102S 410 2.33 27 66
K13R/A40C/D102C 328 1.82 -1 79
A75K 447 2.48 34 72
All7K 390 2.16 17 7
P119K 394 2.19 19 73
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Table 2.6: Physical characteristics of QB-Tnl1 conjugates.

QB-Tnl conjugates SECrv.(mL) Z-Ave (d.nm) PDI

WT-Tnl 11.7 29.62 0.086
T7K-Tnl 11.6 29.35 0.025
N10K-Tnl 11.6 28.82 0.063
A38K-Tnl 12.6 26.82 0.028
T75K-Tnl 11.8 31.66 0.110
All7K-Tnl 11.9 30.77 0.105
P119K-Tnl 11.9 31.87 0.169
A40C/D102C-Tnl 11.6 29.37 0.072
A38K/A40C/D102C-Tnl 12.4 27.61 0.024

From the average number of the conjugated Tnl on each capsid of mQ§, it was surprising
that despite no additional lysine added into the mQB(A40C/D102C), the average number of Tnl
per QP is as high as other mQps with an additional lysine. After comprehensive analysis of the
structure affected by the residue changes, we found that there is non-covalent interaction,
probably hydrogen bond (= 3 A), between the carboxyl group on the side chain of D102 and the
amino group on the side chain of K13 (solid blue line in Figure 2.18). This interaction may
suppress the reactivity of the amino group in conjugation reaction. This explanation is also
supported by another finding™ that lysine 13 in the wtQp is not reactive, as changing reactive
lysine to arginine (MQB(K13R)) did not reduce the number of conjugated molecules
(fluorescein-NHS ester) compared with wtQp. Therefore, when D102 is mutated to cysteine and
its side chain no longer binds the K13 residue, the amino group in the side chain of K13 can
possibly rotate out to the external surface and become more available to react with NHS-Tnl1.

This is also supported by the reduced average number of Tnl on mQB(K13R/A40C/D102C)
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(323Tnl/particle) when compared with mQB(A40C/D102C) (436Tnl/particle) and

mQP(A40S/D102S) (410Tn1/particle) (Table 2.5).

Figure 2.18: X-ray crystal structure of wtQp showing the hydrogen bond interaction (solid blue
line) between the carboxyl group on the side chain of D102 and the amino group on the side
chain of K13(distance = 3.145 A).

2.2.3 Immunization study

The ability of mQB-Tnl conjugates in reducing unwanted anti-carrier immune response
and increasing desired anti-TACA immune response were evaluated in vivo. C57BL/6 female
mice (n=5) were injected subcutaneously with 0.1 mL of the various mQp-Tnl conjugates as
emulsion with complete Freund’s adjuvant (CFA) for prime injection on day O and with
incomplete Freund’s adjuvant (IFA) for boost injections on days 14 and 28. The dose for each
injection was 1.93ug based on the amount of the attached Tnl. The sera from immunized mice
were collected on day 35 and used to determine the induced anti-Tn or anti-mQp antibodies titers

by ELISA coated with BSA-Tnl or mQp. ELISA results showed that all mQps we picked for in
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vivo study elicited higher antibodies titers against Tnl antigen, but lower antibodies titers against
self-carriers compared with wtQp (Figure 2.19). The mutant that can induce highest anti-Tnl
antibody response is mQB(A38K/A40C/D102C). To rule out variations between ELISA analysis,
the amount of elicited IgG antibodies from different groups of the study were measured based on
optical density (ODgso) in the same ELISA plate against BSA-Tn1 and corresponding carriers at
sera dilution 1/819200 and 1/1638400, respectively. The result pointed out a reverse trend of the
titers of antibodies against Tnl and mQs, that is any vaccine that elicited low anti-carrier
antibodies induced inversely proportionally high anti-Tnl antibodies (Figure 2.19c,d). The
higher elicited 1gG2 over IgG1 in mQps suggest T-cell dependent immune response bias towards
Th1 response (Figure 2.19e).

These results suggested that reducing CIES of the Qp based vaccine construct can indeed
result in enhanced anti-TACA antibody response. The number of Tnl on each capsid seemed to
play a role in increasing anti-Tn antibody response similar to what have been suggested by
Bachmann group.®” However, this is not the case for T75K and A117K mutants, as mQB(T75K)
has higher Tnl/capsid (447 versus 390 Tnl/capsid) but induced lower titer of anti-Tn1 antibodies
than mQP(AL117K) (Figure 2.19a). Interestingly, based on the antibody titers, the potency of
mQB(A38K/A40C/D102C) in inducing anti-Tnl antibody response seems to be as a result of a
combination of potency from A38K and A40C/D102C mutants (Figure 2.19a). This suggested
that the structural changes for suppressing CIES could be combined together in order to

minimize the suppression from a carrier caused by multiple B-cell epitopes.
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Figure 2.19: ELISA results of post-immunized sera (day 35) from groups of mice (n=5)
vaccinated with variant mQB-Tnl. a and b) Anti-Tnl titers of the post-immunized sera
presented in linear and log scale, respectively. The statistical significance of differences
between a mQp and wtQp was determined by the Student t test (** p < 0.01; *** p < 0.001;
**** p < 0.0001) c) ODyso from the ELISA result of the post-immunized sera at 1/819200
dilution against BSA-Tn1. d) ODgso from the ELISA result of the post-immunized sera at
1/1638400 against the corresponding carrier capsids. The statistical significance of differences
between a mQp and wtQp was determined by the Student t test. €) ODsso from ELISA result at
1/819200 sera dilution of 1gG subtypes antibodies (IgG1, 1gG2b, 1gG2c and 1gG3) elicited by
wtQB-Tnl, mQP(A38K/A40C/D102C)-Tn1 and mQP(A40C/D102C)-Tnl immunization
against BSA-Tnl.
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Since the structural change in mQB(A40C/D102C) and mQB(A38K/A40C/D102C) is
believed to make K13 become more reactive towards NHS-Tn1, it is reasonable to postulate that
the conjugation of Tnl on K13 would help together with conjugated Tnl on K16 to block the
flexible and highly exposed loop, which is potentially a dominant B cell epitope based on the
prediction. This would explain the statistically significant reduction of anti-carrier antibody
response and higher anti-Tnl antibody response in mQB(A40C/D102C) and
mQPB(A38K/A40C/D102C).

This hypothesis is also supported by analysis from a competitive ELISA. In the
competitive ELISA, sera from a wtQB-immunized mouse at dilution 1/204800 was incubated
with the wtQp, mQPB(A40C/D102C) or mQp-Tn conjugates with different number of Tn,
respectively. The mixtures of the pre-incubated sera with the corresponding Qp were added into
ELISA plate coated with wtQp. Any viral capsid that can be recognized by anti-wtQp antibodies
will compete with the coated wtQp for binding with the antibodies. QB capsids with higher
binding avidity with anti-wtQp antibodies will reduce the available antibodies binding on the
plate which will result in proportionally lower OD from the analysis. Despite the fact that A40
and D102 are not highly exposed residues, the result suggested that the changes of these residues
can reduce the recognition of the capsid by the antibodies, where the interaction generally
involves highly exposed residues (Figure 2.20). The effect became more obvious with the mQp-
Tn conjugates, where the Tns could possibly conjugated to K13 and shielded the suggested B
cell epitope. The lower antibody recognition of mQB(A40C/D102C)-Tn2(560) compared with
mQPB(A40C/D102C)-Tn1(436) suggested better B cell epitope shielding with higher numbers of

Tn on the capsid.
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Figure 2.20: Competitive ELISA showing reduced anti-wtQp antibody recognition of mQp-Tn
conjugates.

2.2.4 Binding of the elicited antibody against tumor cells

To test binding of sera from immunized mice against native Tn expressed on cancer cells,
human lymphoma Jurkat cells were used as a model for Tn expressing cancer cells. Quantitative
flow cytometry of Jurkat binding with anti-Tn mAb (Chi-Tn mADb) reportedly showed that there
are average 5 x 10° Tn’s expressed on each cell.> Although the serum from
mQB(A38K/A40C/D102C)-Tnl immunized mice showed the highest titers, the binding of the
serum on Jurkat cells was relatively weak compared with other mQps (Figure 2.21 left panel).
This may indicate the difference in specificity or affinity of the antibodies elicited by different
mQp where the patterns of Tn display are different.

Murine mammary adenocarcinoma cell line, TA3Ha, is another Tn expressing cancer cell
line commonly used in testing specific binding and in vivo cell growing inhibition by anti-Tn

antibodies.*** *°2 The flow cytometry data showed that the sera from the mQpB immunized mice
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bound TA3Ha cells with affinity comparable with the binding of the sera from wtQf immunized
mice and Tn-specific mAb. The low binding of TA3Ha cells with the antibodies is probably due
to the low expression level of Tn on this cell line (1.5 x 10° Tn’s/cell), which was reportedly
determined by quantitative flow cytometry.>* Moreover, the loss of Tn expression during in vitro
cell culturing could also happen as indicated by the weak binding of the anti-Tn mAb (bric111l

mAD) to the cells (Figure 2.21 right panel).
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Figure 2.21: Flow cytometry showing binding of elicited IgG antibodies by QP conjugates; a and b)
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Histogram showing binding recognition of the elicited antibodies against Jurkat cells and TA3Ha

cells, respectively, ¢ and d) Graph of median fluorescent intensities of the binding recognition of the

elicited antibodies towards Jurkat cells and TA3Ha cells, respectively.
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Figure 2.21: (Cont’d)
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2.2.5 Tumor challenge

Due to the ease of its synthesis, Tnl (Figure 2.22a) was used as a simplest prototypical
TACA in the initial immunization to find out the best mutant carrier capable of inducing highest
immune response against TACA. However, in term of cancer cell binding, Tn2 (Figure 2.22a)
was found to be superior to Tnl as wtQp-Tn2 and mQB(A38K/A40C/D102C)-Tn2 can induce
anti-TACA antibodies that bind Jurkat cells with higher affinity compared with the serum from
mice immunized with wtQp-Tnl and mQPB(A38K/A40C/D102C)-Tnl, respectively (Figure

2.22b).

a) HO _OH HO _OH

O o}
HO HO
AcHN AcHN
o) o H
WN OH WN ~"SOH
it Ho H
Tnl Tn2

Figure 2.22: a) Chemical structures of Tnl and Tn2. b) MFI of cellular binding against Jurkat
cells of the serum from mice immunized with wtQB-Tn2 and mQB(A38K/A40C/D102C)-Tn2
compared with those from wtQp-Tn1 and mQB(A38K/A40C/D102C)-Tn1.
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Figure 2.22: (Cont’d)
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Tn2 was, therefore, chosen as a TACA in tumor challenge experiment. To rule out the
factor of the antigen density on the viral capsid, the number of Tn2 on both wtQp and
mQPB(A38K/A40C/D102C) were controlled to be equally attached on each capsid approximately
370 Tn2/particle. Groups of 10 mice were administered subcutaneously with either wtQB-Tn2 or
mMQP(A38K/A40C/D102C)-Tn2. The doses for each administration were kept constant, 1.93ug
based on the amount of the attached Tn2. The adjuvants and schedule for vaccination were the
same as those vaccinations in initial trial for mQps. CFA and IFA were used in prime and boost
injections, respectively. Mice were vaccinated in 2-week interval (day 0, 14 and 28).

Sera from the vaccinated mice were collected a week after the last injection to determine
the anti-Tn antibodies titers and selective binding to the Tn-expressing tumor cells. Preliminary
ELISA results showed that mQB(A38K/A40C/D102C)-Tn2 elicited higher amount of anti-Tn
1gG antibodies than the serum from mice given wtQB-Tn2 (Figure 2.23). Although there was not
statistical significance between groups of mice, the data suggested higher potency of the
mQB(A38K/A40C/D102C) in eliciting Tn-specific antibodies, despite the similar number of Tn

attached on the viral capsid. The higher antibody response could contribute to the structural
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change of the B cell epitope due to mutation. However, it is reasonable to expect that the higher
density of the antigen would better shield the carrier’s B cell epitope, resulting in lower CIES,

hence even higher titers of anti-Tn antibodies.
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Figure 2.23: ODyso from the ELISA result of the post-immunized sera at 1/819200 dilution
against BSA-Tn2 from mice immunized with wtQp-Tn2 and mQpB(A38K/A40C/D102C)-Tn2.
The statistical significance of differences was determined by the Student t test.

For tumor challenge, murine mammary adenocarcinoma cell line, TA3Ha, was used as a
Tn expressed xenograft cancer model. The model has been used in many investigations of Tn-
based cancer vaccines.?!® *°2 53 Thjs cell line was grown by passage on A/J mice to minimize
the loss of Tn expression overtime caused by in vitro culture. Two groups of mice were
immunized  following  previously  described  procedure  with  wtQp-Tn2  and
mQPB(A38K/A40C/D102C)-Tn2, respectively. The immunization was done on day -36, -22 and -
8 before the tumor challenge. On day O (after blood collection), 5000 cells of TA3Ha cells were
injected intraperitoneally into all mice. A day after (day 1), cyclophosphamide (CP) at a dose of
50 mg/kg was injected intraperitoneally. The survival of all mice was monitored from the day CP

was given (day 1) till day 30. The protective efficacies of wtQp-Tn2 and
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mQPB(A38K/A40C/D102C)-Tn2 were compared by Kaplan-Meier survival curves. There was not
statistically difference in the binding of the induced antibodies from both vaccines against
TA3Ha cells (Figure 2.24). Although the difference is not statistically significant, the mQp
showed higher survival rate of the challenged mice compared with wtQp (Figure 2.25) (Control
experiments have been done in reference®.) To investigate immune protection against tumor
recurrence due to immune memory after tumor challenge, group of five mice surviving the first
tumor challenge were rechallenged with 5,000 TA3Ha cells without further vaccination and
administration of CP. All mice immunized with the mQpB-Tn2 conjugates survived from the
second tumor challenge for 30 days. This suggested protection against tumor recurrence of

immune memory in the immunized mice.
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Figure 2.24: Flow cytometry showing binding of elicited 1gG antibodies by wtQp-Tn2 and
mMQB(A38K/A40C/D102C)-Tn2 a) Histogram showing binding recognition of the elicited
antibodies against TA3Ha cells, respectively, b) Graph comparing median fluorescent intensities
of the binding recognition of the elicited antibodies towards TA3Ha cells.
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Figure 2.25: Kaplan-Meier survival curves comparing the protective effect of wtQp-Tn2 and
mQB(A38K/A40C/D102C)-Tn2: a) after 1% tumor challenge with treatment of CP (n=10), b)
after 2" tumor challenge without any further treatment (n=5). Statistical analysis of survival is
determined by using the log-rank test in GraphPad Prism software. Note: Control experiments
have been done in reference®.

2.3 Conclusions

Bacteriophage QP has been demonstrated as a promising immunogenic carrier able to
break self-tolerance to induce strong antibody response against TACA.* Carrier-induced

epitopic suppression (CIES) due to its strong immunogenicity is potentially problematic for VLP
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based vaccine, which limits the full potential of this type of carrier in inducing maximum desired
immune response against TACA.*’

From the results presented in this study, the carrier-induced epitopic suppression (CIES)
of QB VLP can be addressed by engineering the viral capsid to block the recognition of the B cell
epitopes by B cell receptors. Non-native disulfide bonds introduced into the capsid were found to
not only enhance the stability of the engineered capsids, but also induce structural change to
allow the conjugated antigen to shield the B cell epitope. Our results showed that reducing the
unwanted anti-carrier immune response of the mQPs can enhance the wanted titers of antibodies
against TACA. The approaches presented in this study provide a fundamental implication for
rational design of engineered VLP-based carrier to maximize the potency of vaccines targeting

TACA expressing cancers as well as other diseases.

2.4  Future perspective

The studies shown in this work has been demonstrated the proof-of-principle of
engineering VLP carrier to suppress CIES effect in order to improve the potency of the vaccine
in inducing the desired immune response against TACAs. Besides, there is a lot of room for
further improvement that are worth exploring in this promising platform.

In term of B cell epitope mapping, although the computational-based prediction can guide
us to the potential regions of the B cell epitopes, the exact location of the epitopes could be
further identified using monoclonal antibodies against the capsid. The monoclonal antibodies
elicited by hybridoma B cells from immunized mice could be used for 3D epitope mapping
based on cryo-electron microscopy reconstruction method™ to pinpoint the exact location of the

conformational epitopes.
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Moreover, the monoclonal antibodies could be used to compare the binding against the
capsid after B cell epitope editing or shielding by SPR or Bio-Layer Interferometry (BLI)
techniques. In addition to the location, these techniques would provide insight about the binding
affinity of the monoclonal antibodies against the modified B cell epitope(s) which will help us
narrow down the targeted residues for the next experimental design.

A novel strategy of presenting vaccine carrier with tolerogenic CD22 ligand for reducing
the unwanted anti-carrier immune response is also of high interest to be investigated. Sialic acid-
binding immunoglobulin-like lectins 2, known as CD22, was found to have a function as B cell
inhibitory co-receptor.™ Evidence from several studies® suggested that B cell antigen in co-
presenting with CD22 ligand (Figure 2.26) can regulate B cell activation specific to that antigen.
The physical tethering of CD22 ligand with the antigen will recruit intracellular domain of CD22
towards B cell receptor. The interaction in close proximity between signaling domains of both
receptors can suppress BCR mediated activating signal, leading to B cell tolerance specifically to
the antigen that binds to the corresponding B cell. The effects has been confirmed by a variety of

>0 57 and liposome.®® Macauley et al. have proved that

display platforms including polymer
CD22 ligand in conjugation with antigens can suppress the antigen-specific antibody production,
yet preserve the immune response against unrelated antigens.>®® Those studies also showed that
the inhibitory effect is not only for T cell independent antigen, but also for T cell-dependent
antigen where the antigen specific silencing comes through antigen specific B cell deletion from
the polyclonal B cell repertoire. Since CD22 is thought to be conserved functionally between

56b

mouse and human,>” this suggests that the concept of CD22 based specific B cell tolerance

could be practical in clinical trials.
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Figure 2.26: Chemical structure of tolerogenic CD22 ligand.

Therefore, it could be postulated that injecting QB displaying CD22 ligand prior to
immunization would tolerize the Qp specific B cells. Thus, anti-carrier immune response would
be suppressed in subsequent immunization with QB-TACA. The synthesis procedure of CD22
ligand has been reported.”® The synthetic CD22 ligand can be conjugated onto QB capsid in
similar way as TACA or by using chemoenzymatic reaction to extend the oligosaccharide units
from conjugated monosaccharide on VLP.>® Alternatively, the conjugation site can be
manipulated through site-specific unnatural amino acid incorporated into the capsid. This will
ensure the optimized distance between the ligand and the predicted/identified capsid epitope,* as
well as the optimized density of the ligand, in order to properly enforce the ligation between B
cell receptor and CD22 to induce the most inhibitory effect.”® The level of antibody response
against the desired antigens correlated with unwanted anti-Qp response can be compared with
immunization without prior tolerization.

As mentioned in the introductions in both chapters of this dissertation, the defined display
pattern of the antigen on the capsid play a crucial role in proper B cell receptor crosslink. This
work suggests the ability of genetic mutation to precisely control the TACA antigen display
pattern to mimic the native one in order to induce specific antibodies recognizing the native form

of TACA on cancer cells. For example, the conjugation of Tn antigen onto the reactive lysines at
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position 13 and 16 together with position 10 (from N10K) would be expected to yield
consecutive glycosylation that mimic the native trimeric Tn cluster in syndecan-1, of which high
cellular expression was well correlated with tumor invasion and metastasis.®® This hypothesis is
also supported by the finding that a synthetic dendrimer glycopeptide MAG-Tn3, where Tn
antigen is presented in trimeric cluster form, showed promising results for TACA-based
anticancer vaccine,*!® which are currently under evaluation in clinical trials.”® The role of
patterned antigen display could also be closely investigated through site-specific orthogonal
conjugation via chemical mutation®®® or unnatural-amino-acid incorporation derived from amber
codon suppression.

Moreover, the adjustable size of the VLP could be accomplished through mutation at
inter-subunit domain as reported in literature,” together with our finding on A38K mutant. The
adjustable size of the capsid can provide an additional way to fine tune the antigen display
pattern. Moreover, the understanding of the inter-subunit interaction of this domain not only
helps establish models for protein self-assembly in computational design,®* but also aid research
in virology evolution field. The ability to tune the size of the VLP capsid will overcome the
limitation of this construct in nanoparticle applications, such as drug delivery, in vivo imaging

and nano-reactor.%?
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2.5 Materials and methods

2.5.1 Site-directed mutagenesis of Qf VLPs

Primers were designed following a guildline in the manual of QuikChange® Site-
Directed Mutagenesis Kit. Online based software PrimerX
(http://www.bioinformatics.org/primerx/) was used to generate the primer sequence, or the
sequence can be designed manually in some cases. The designed primers were further analyzed
for proper %GC and Tm again by Oligoanalyzer 3.1 from IDT Inc. All primers were
commercially synthesized by IDT Inc. For PCR reaction, the reagent mixture and cycling setting

are prepared by adding reagents, respectively, as the following,

Reagents ul
10X buffer 5
20 ng plasmid template (from 20 ng/ul) 1
125 ng Forward primer (from 100 ng/ul) 1.25
125 ng Reverse primer (from 100 ng/ul) 1.25

dNTP mix 1
BP561-1 water 39.5
Pfu turbo 1

PCR thermocycler setting

Number of Temperature | Time
cycles
1X 95 C° 30 Sec
95 C° 30 Sec
5 C°lessthan | 1 Min
17X Tr,.1 of the
primers, or
using gradian
68 C° 6 Min
Finish 4C° till done

After PCR reaction, the resulting reaction was added 1ul Dpnl and incubated at 37°C for

1 hour to digest the template plasmid DNA. The reaction’s products were verified by 0.8%
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agarose gel electrophoresis with ethidium bromide as a staining reagent. The reactions were then
used without purification to transform DH5a E.coli. The transformed DH5a E. coli cultures
were plated onto SOB agar plate with 20pug/mL Kanamycin sulfate and incubated at 37°C
overnight. 4-6 colonies were selected to inoculate 6 mL SOB with 20ug/mL Kanamycin and
incubated at 37°C overnight to amplify the E. coli. Mutated DNA plasmid from the bacteria
cultures were extracted with QIAprep Spin Miniprep Kit (QIAGEN). The extracted plasmids
were submitted to GENEWIZ for sequencing. Plasmid of the mutated plasmids that provide
correct DNA sequences with highest scores of sequencing quality were used for transformation
into BL21(DE3)pLysS E. coli by the heat shock method, then plated on SOB agar plate as DH5a
E. coli. A single colony was selected for protein expression.

Table 2.7: Primers used in the construction of mutant Qp VLPs

Primer # | Name Sequence

1 CP_T7K F1 5-ATTAGAGACTGTTAAGTTAGGTAACATCGGG-
3l

2 CP_T7K R1 5-CCCGATGTTACCTAACTTAACAGTCTCTAAT-
3l

3 CP_NI10K F1 5-CTGTTACTTTAGGTAAGATCGGGAAAGATGG-
3l

4 CP_NI10OK R1 5-CCATCTTTCCCGATCTTACCTAAAGTAACAG-
3l

5 CP K13R F1 5-GGTAACATCGGGAGAGATGGAAAACAA-3

6 CP KI13R R1 5-TTGTTTTCCATCTCTCCCGATGTTACC-3'

7 CP_A38K F1 5'-
GCCTCGCTTTCACAAAAGGGTGCAGTTCCTGCG
-3

8 CP_A38K _R1 5'-
CGCAGGAACTGCACCCTTITTGTGAAAGCGAGG
C-3

9 CP_A38K [A40C] F1 | 5-CCTCGCTTTCACAAAAGGGTTGTGTTCCTGC-
3l

10 CP_A38K [A40C] R1 | 5-
GCAGGAACACAACCCTTTTGTGAAAGCGAGG-3'

11 CP_A40C F1 5-CACAAGCGGGTTGTGTTCCTGCGCTGG-3'

12 CP_A40C R1 5-CCAGCGCAGGAACACAACCCGCTTGTG-3
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Table 2.7: (Cont’d)

Primer # | Name Sequence

13 CP_A40S F1 5'-CACAAGCGGGTTCAGTTCCTGCGCTGG-3'

14 CP_A40S R1 5'-CCAGCGCAGGAACTGAACCCGCTTGTG-3

15 CP_T75K _F1 5'-CCGACCGCTTGCAAGGCAAACGGTTC-3

16 CP_T75K_R1 5-GAACCGTTTGCCTTGCAAGCGGTCGG-3'

17 CP_D102C F1 5-GCAGTATAGTACCTGTGAGGAACGAGC-3

18 CP_D102C_R1 5'-GCTCGTTCCTCACAGGTACTATACTGC-3'

19 CP_D102S F1 5-GCAGTATAGTACCTICTGAGGAACGAGC-3

20 CP_D102S R1 5'-GCTCGTTCCTCAGAGGTACTATACTGC-3'

21 CP_E103K F1 5-GTATAGTACCGATAAGGAACGAGCTTTTG-3'

22 CP_E103K_R1 5'-CAAAAGCTCGTTCCTTATCGGTACTATAC-3'

23 CP_A117K_F1 5'-
GCTTGCTGCTCTGCTCAAGAGTCCTCTGCTGAT
CG-3'

24 CP_Al17K_R1 5'-
CGATCAGCAGAGGACTCTTGAGCAGAGCAGCA
AGC-3'

25 CP_P119K_F1 5'-
GCTCTGCTCGCTAGTAAGCTGCTGATCGATGC-3'

26 CP_P119K R1 5'-
GCATCGATCAGCAGCTTACTAGCGAGCAGAGC-
3

2.5.2 QB viral capsid protein expression and purification

A single colony of BL21(DE3)pLysS E. coli with mutated plasmid was selected to be

inoculated into starting culture of 50 mL SOC containing 20ug/mL Kanamycin. The starting

culture was grown overnight at 37°C, 230 rpm. After overnight, the resulting cloudy culture was

then transferred into 1L culture medium with the antibiotic selection. The culture was continued

at the same condition until the ODgy was between 0.7-1.0, ImL of IM isopropyl B-D-1-

thiogalactopyranoside (IPTG) was then added into the culture to induce protein expression (final

concentration = 1mM). The culture was continued 4-5 hours. After 4-5 hours, the bacteria were

pelleted at 6,000 rpm for 30min. The culture medium was discarded. The pellets were re-

suspended in 0.1M PBS pH 7. The bacteria in the suspension were then lysed with a probe
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sonicator in an ice bath. The sonication generator was set at power of 30% for 10 min, with
interval of 5 second pulses and 5 second stops. The lysis was centrifuged at 14,000 rpm for 20
min. The supernatant containing the capsid protein was added PEG 8000 to final concentration
of 10% (w/v) and put on a nutating mixer at 4°C overnight to allow complete protein
precipitation. The precipitate was pelleted down at 14,000rpm for 20 min. The pellet was
resuspended in 0.1M PBS pH=7. The re-suspended solution was 1:1 (v/v) mixed with 1:1 (v/v)
chloroform/n-butanol till the mixture turns colloid. The colloidal mixture was centrifuged at
7,000 rpm for 1 hour to separate layer. The top (aqueous) layer was collected. Viral capsid
protein in the collected aqueous layer was further purified by sucrose density gradients 10-40%
(w/v). The linear (continuous) sucrose gradients was prepared following freezing-thawing
method.®® The loaded sucrose gradients were centrifuged with swing bucket rotor SW32 rotor at
28,000 rpm for 5 hours. The viral capsid band can be visualized by LED light shining through
the top of the tube. The bright blue band from scattered light was collected as fractions of 1mL.
The collected fraction was analyzed for purity of the capsid by size-exclusion chromatography
using column Superose 6 resin 10/300 (void volume = 9mL). The fraction that shows a single
peak at elution around 11-15 mL was determined as a fraction containing pure VLP. The
remaining sucrose in the collected fraction was removed by filtration through Millipore 100k
MWCO centrifugal filter tube, and washed thoroughly with the PBS buffer. Total protein
concentration in the final solution was quantified by Pierce BCA Protein Assay Kit, using bovine
serum albumin as the standard. The purified VLP was characterized by size-exclusion
chromatography, Dynamic light scattering (DLS), and transmission electron microscopy (TEM)
for particles’ size, homogeneity, shape, and purity. The change of the amino acid(s) as a result of

mutation was determined by the molecular weight difference compared with wide-type Q. The
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molecular weight of the protein was determined by LCMS QTOF ESI mass spectroscopy and the
multiple charge mass spectrums were transformed to single charge by Maximum Entropy

deconvolution algorithm (MaxEnt™ 1)*®

2.5.3 Synthesis and characterization of Qp or mQp conjugates36

13.2 mg of VLP QB or mQp (5.1 nmol particle, 0.9 umol subunit, 3.6 umol reactive
amines) suspended in potassium phosphate buffer (0.1 M, pH=7, 5.5 mL) was added into a 15-
mL falcon tube. DMSO 0.35 mL was slowly dropped into the solution. Tn1-NHS or Tn2-NHS
(20 mg/mL in 0.35 mL, 0.017 mmol, 4.7 eq. to the reactive amine) was added into the reaction
tube. The reaction mixture was rotated on a rotating mixer at room temperature overnight. The
reaction was diluted with 0.1 M PBS pH=7 to total volume 50 mL. The VLP conjugates were
purified by filtration through Millipore 100k MWCO centrifugal filter tube, and washed
thoroughly with the PBS buffer. The purified VLP conjugates were characterized as described
above. The average number of conjugated Tnl or Tn2 on each viral capsid subunit was estimated
from the intensity of peaks in the deconvoluted mass spectra from LCMS analysis. Results are

shown in Figure 2.30.

2.5.4 Size exclusion chromatography (SEC)

SEC analysis and purification were performed on an AKTApure 25L system, equipped
with Superose 6 Increase 10/300 GL column. 0.1 M potassium phosphate buffer pH=7 was used
as the eluent with a flow rate of 0.5 mL/min at 4 °C. The capsid protein was detected with a UV
detector at wavelength 280nm. 0.5 mL of sample was injected. The sample was eluted with 1.5

column volume and the fractions were collected every 1mL. Results are shown in Figure 2.29.
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2.5.5 Non-denaturing agarose gel

The viral capsid samples (30 ug of each capsid protein) were loaded into 0.7% agarose
gel in PBS with SYBR Safe DNA gel stain as a staining reagent for the encapsulated RNA. The
electrophoresis was performed in TEA (Tris-acetate-EDTA) buffer at 4°C for 4 hours. After
visualizing the encapsulated RNA bands by UV light, the gel was later stained with Coomassie

blue stain to detect the capsid protein.

2.5.6 Thermal stability measurement of viral capsid by temperature varied UV-
Vis spectroscopy

1mg/mL of VLPs in potassium phosphate buffer (0.1 M, pH=7) was measured against the
buffer as a standard solution. 1cm quartz cuvettes with caps were used as cells for the sample and
standard buffer. The measurement was done with Varian Cary 1 Bio UV-Vis spectroscopy
equipped with Cary temperature variable controller (Agilent Technologies). The wavelength was
set at 310 nm as this wavelength gives the most sensitivity for detecting the denatured protein
(Figure 2.27). The absorbances were measured every 1 °C with temperature change at a rate
5°C/min from 25°C to 60°C, then the absorbances were measured every 0.5 °C with temperature

change at a rate 1°C /min from 60 °C to 90 °C.
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Figure 2.27: UV-visible absorption of wtQp at varied temperature from 25 to 90°C. The
estimated wavelength that provides the most different absorption is 310 nm (dashed line).

2.5.7 Dynamic light scattering (DLS) and transmission electron microscopy (TEM)

The hydrodynamic diameter and zeta potential were assessed on a Malvern Zetasizer
Nano zs instrument. TEM images were collected on a JEM-2200FS operating at 200 kV using
Gatan multiscan CCD camera with Digital Micrograph imaging software. Samples were
prepared on ultrathin-carbon type A, 400 mesh copper grids, or ultrathin C film on holey carbon
support film, 400 mesh, Cu for high resolution TEM (Ted Pella, Inc.). The viral capsids were

strained by aqueous 2% uranyl acetate. Results are shown in Figure 2.28.

2.5.8 Immunization studies®®

Pathogen-free C57BL/6 female mice age 6—10 weeks were obtained from the Jackson
Laboratory and maintained in the University Laboratory Animal Resources facility of Michigan
State University. All animal care procedures and experimental protocols have been approved by
the Institutional Animal Care and Use Committee (IACUC) of Michigan State University.

Groups of 5 mice were injected subcutaneously under the scruff on day 0 with 0.1 mL of various
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QP constructs as emulsions in complete Freund’s adjuvant (Sigma-Aldrich, F5881), and boosters
were given subcutaneously under the scruff on days 14 and 28 with 0.1 mL of various Qp
constructs as emulsions in incomplete Freund’s adjuvant (Sigma-Aldrich, F5506). All Tn
vaccine constructs administered have the same amounts of Tn antigen (1.93 pg). Serum samples
were collected on day 0 (before immunization), 7, and 35. The final bleeding was done by

cardiac bleed.

2.5.9 Enzyme-linked immunosorbent assay (ELISA)

A Nunc MaxiSorp® flat-bottom 96 well plate was coated with BSA-Tn (10ug/mL) or
corresponding QP capsids (1ug/mL) in PBS pH = 7.4, overnight at 4 °C. The coated plate was
then washed 4 times with PBS/0.5% Tween-20 (PBST), followed by the addition of 1% (w/v)
BSA in PBS to each well and incubation at room temperature for one hour. The plate was
washed again 4 times with PBST. 100 ul of the dilution of mouse sera in 0.1% BSA/PBS were
added in each well. (For competitive ELISA, the diluted sera were incubated with 50 pg of the
viral capsids at 37 °C for 1 hour before adding into the plate.) The plate was incubated for two
hours at 37 °C and washed. A 1:2000 diluted horseradish peroxidase (HRP)-conjugated goat
anti-mouse 1gG, 1gG1, 1gG2b, 1gG2c, 1gG3 or IgM antibody (Jackson ImmunoResearch
Laboratory IgG #115—035-071, IgM #115—035-075) in 0.1% BSA/PBS was added to each well,
respectively. The plate was incubated for one hour at 37 °C, washed, and a solution of 3,3",5,5'-
tetramethylbenzidine (TMB) was added. Color was allowed to develop for 15 min, and then a
solution of 0.5 M H,SO, (50 ul) was added to stop the reaction. The optical density was
measured at 450 nm using a microplate autoreader (BioRad). Each experiment was repeated at

least four times, and the average of the quadruplicate was used to calculate the titer. The titer was
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determined by regression analysis with 1og10 dilution plotted with optical density. The titer was

calculated as the highest dilution that gave OD = 0.3.

2.5.10 Cell cultures

Human lymphoma Jurkat cells (kindly provided by Profs. Barbara Kaplan and Norbert
Kaminski, Michigan State University) were cultured in RPMI 1640 supplemented with 10%
FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, minimal essential medium nonessential amino
acid, 100 U/mL each of penicillin G, and streptomycin.

Murine mammary adenocarcinoma cell line TA3Ha (kindly provided by Prof. John
Hilkens, The Netherlands Cancer Institute) were isolated from ascites collected from passage
growing on A/J mice. The cells were cultured using RPMI 1640, 10% FBS, 100 U/mL penicillin

and 100 U/mL streptomycin.

2.5.11 Flow cytometry experiment

Cells were harvested from the culture. The cells suspended in FACS buffer (5% FBS,
0.1% NaNs; in PBS) were incubated with 1:20 diluted mice sera on ice for 30 min. The cell
suspension was centrifuged at 1600 rpm, 5 min at 4°C to remove the unbound antibodies. The
cell-bound IgG antibodies were then labeled with goat anti-mouse 1gG conjugated with FITC
(BioLegend, 405305) for 30 min. The excess secondary antibody was washed out and the cells
were suspended in FACS buffer. Acquisition of cells was performed with LSR 11 (BD), and data

was analyzed with FlowJo® software (Tree Star Inc.).

2.5.12 Anti-tumor immunoprotection (Tumor challenge)

After day 35 of the immunization, 5,000 cells of TA3Ha were intraperitoneally injected

into groups of C57BL/6 mice (n=10) on day 36. Mice were injected cyclophosphamide (50
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mg/kg) intraperitoneally on day 37. Survival of mice was monitored for 30 days. Statistical

analysis of survival was performed with GraphPad Prism using log-rank test.

2.5.13 Liquid chromatography—mass spectrometry (LCMS)

The samples for LCMS were prepared with the following procedure: 1:1 v/v of 40ug/mL
of VLP stock solution and 100mM DTT was mixed and incubated in a water bath at 37°C for 30
min. One drop of 50% formic acid was added into the mixture. The samples are ready for the
LCMS. LCMS was performed on Waters Xevo G2-XS quadrupole/time-of-flight UPLC/MS/MS.
The liquid chromatography was done on ACQUITY UPLC® Peptide BEH C18 column, 1304,
1.7 pm, 2.1 mm X 150 mm, using gradient eluent from 95% 0.1% formic acid in water to 95%
0.1% formic acid in ACN (0.3 mL/min flowrate) at column temperature 40°C. The multiple
charge mass spectra were transformed to single charge by using algorithm MaxEnd1*®. The
average numbers of Tn/subunit were analyzed by signal intensity of mass spectrum. Results are

shown in Figure 2.30.

2.5.14 Transmission electron microscopy (TEM) Images

A38K A40C/D102C

Figure 2.28: TEM images of wild-type QB and various Qf mutants.
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Figure 2.28: (Cont’d)

A38K/A40C/D102C  T75K_ Al117

[3)

A40S/D102S

2.5.15 Synthesis of Tnl and Tn2

All chemicals were reagent grade and used as received from the manufacturer, otherwise
noted. *H NMR spectra were recorded on an Agilent-500M spectrometer and processed by

MestReNova version 10.0.2.
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Scheme 2.1: Synthesis of Tn1-NHS and Tn2-NHS

2.5.16 Synthesis procedure

N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-
galactopyranosyl-L- serine benzyl ester (SI-11)**:

Trichloroacetimidate SI-5*° (3.01 g, 6.33 mmol) and N-Fmoc-O-Bn-Serine SI1-10% (2.2

g, 5.28 mmol) were mixed in the reaction flask with freshly activated molecular sieves 4A (10 g)
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under nitrogen gas. Anhydrous DCM:Dioxane (1:1, 60 mL) was added to dissolve the mixture,
and the solution was left stirred at rt. for 30 min. TMSOTT (0.297 mL, 1.925 mmol) was added
dropwise into the reaction. The reaction was left stirred at rt. for an hour. Upon monitoring the
reaction, if there was some starting material SI-5 left, 0.1 more eq. of TMSOTTf was further
added and the reaction was allowed to proceed for another hour. Upon completion,
diisopropylethylamine (DIPEA) was added to quench the reaction. The reaction was diluted with
DCM and washed with 0.1 M HCI and then water. The organic layer was dried over Na,SO,4 and
then concentrated. The crude product was purified by column chromatography (silica gel; 3:1
EtOAc:Hexane) to yield SI-11(alpha) (2.23 g, 58%). Spectral analysis of the product compared
with reported literature® confirmed the identity of the product. *H NMR (500 MHz, Chloroform-
d) 5 7.76 (dt, J = 7.7, 0.9 Hz, 2H), 7.66 — 7.59 (m, 2H), 7.44 — 7.28 (m, 9H), 6.00 (d, J = 8.1 Hz,
1H), 5.40 (dd, J = 3.4, 1.2 Hz, 1H), 5.31 - 5.19 (m, 3H), 4.87 (d, J = 3.6 Hz, 1H), 4.62 (dt, J =
8.2, 3.1 Hz, 1H), 4.45 — 4.36 (m, 2H), 4.24 (t, J = 7.2 Hz, 1H), 4.17 (dd, J = 10.9, 3.2 Hz, 1H),
4.10 — 3.94 (m, 4H), 3.59 (dd, J = 11.2, 3.6 Hz, 1H), 2.15 (s, 3H), 2.07 (s, 3H), 1.96 (s, 3H).

N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-D-
galactopyranosyl-L-serine benzyl ester (S1-12):°

The synthesis procedure was modified from reported literature.®® Compound SI-11 (2.41
g, 3.30 mmol) was dissolved in 3:2:1 of THF:Ac,0: AcOH (60 mL). Zinc dust (2.72 g, 41.23
mmol) was added and then 5 mL of saturated aq. CuSO,4 was added to activate zinc. The reaction
was stirred at rt. for about half an hour. After completion as monitored by TLC, the zinc dust was
removed by filtering the reaction mixture through Celite®. The filtrate was coevaporated with
toluene to concentrate the crude product. The crude product was purified by column

chromatography (silica gel; 1:1 EtOAc:Hexanes) to yield SI1-12 (2.24 g, 91%). Spectral analysis
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of the product compared with reported literature confirmed the identity of the product. *H NMR
(500 MHz, Chloroform-d) & 7.77 (d, J = 7.5 Hz, 2H), 7.61 (d, J = 7.5 Hz, 2H), 7.43 — 7.28 (m,
9H), 5.88 (d, J = 8.3 Hz, 1H), 5.58 (d, J = 9.5 Hz, 1H), 5.31 (d, J = 3.2 Hz, 1H), 5.20 (g, J = 12.1
Hz, 2H), 5.04 (dd, J = 11.4, 3.2 Hz, 1H), 4.78 (d, J = 3.7 Hz, 1H), 4.66 — 4.48 (m, 2H), 4.43 (d, J
= 7.1 Hz, 2H), 4.23 (t, J = 7.1 Hz, 1H), 4.16 — 3.89 (m, 5H), 2.16 (s, 3H), 2.01 (s, 3H), 1.97 (s,
3H), 1.91 (s, 3H).

N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-D-
galactopyranosyl-L- serine (S1-13):%

The synthesis procedure was as reported.®® The reaction yielded the product SI-13 (0.88
g, 98%). Spectral analysis of the product compared with reported literature®® confirmed the
identity of the product.

N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-D-
galactopyranosyl-L-serine 2-ethanolyl amide (SI-14):

Compound SI-13 (1.90 g, 2.89 mmol) in 1:1 anhydrous THF:DCM was activated using
HBTU (1.2 g, 3.18 mmol), HOBt (0.43 g, 3.18 mmol) and DIPEA (1.1 mL, 6.37 mmol) at rt. for
20 min. Ethanolamine (0.22 mL, 3.62 mmol) was added into the reaction mixture. Upon
completion, the precipitate was filtered out and the crude mixture in filtrate was dried and
purified by column chromatography (silica gel; 2-10% Methanol in Hexanes) to yield 1.8 g.
(89%). Spectral analysis of the product compared with reported literature confirmed the identity
of the product.®® *H NMR (500 MHz, Chloroform-d) & 7.75 (d, J = 7.6 Hz, 2H), 7.57 (d, J = 7.5
Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 6.87 (t, J = 5.7 Hz, 1H), 6.37 (d, J =
9.5 Hz, 1H), 5.92 (d, J = 7.4 Hz, 1H), 5.35 - 5.28 (m, 1H), 5.11 (dd, J = 11.4, 3.2 Hz, 1H), 4.89

(d, J = 3.3 Hz, 1H), 4.57 (ddd, J = 11.4, 9.5, 3.6 Hz, 1H), 4.50 — 4.31 (m, 3H), 4.17 (dt, J = 24.6,

168



6.5 Hz, 2H), 4.08 — 3.98 (m, 2H), 3.92 (d, J = 8.8 Hz, 1H), 3.73 (d, J = 17.4 Hz, 3H), 3.44 (s,
2H), 3.08 (s, 1H), 2.15 (s, 3H), 2.00 (s, 3H), 1.97 (s, 3H), 1.95 (s, 3H).

O-2-acetamido-2-deoxy-a-D-galactopyranosyl-L-serine or O-2-acetamido-2-deoxy-a-D-
galactopyranosyl-L-serine 2-ethanolyl amide (Tnl or Tn2):

The synthesis procedure was as from reported literature.®® Compound SI-13 (100 mg,
0.152 mmol) or SI-14 (660 mg, 0.94 mmol) under N, at 0 °C was added 5mL of 7N ammonia in
methanol. The reaction was warm up to rt. overnight. Upon completion, the solvent was
evaporated by flowing N, gas. The crude reaction mixture was dissolved in MeOH and then
precipitated in EtOAc. The filtrate was dried to yield Tnl (43.4 mg, 92 %) or Tn2 (330 mg, 99
%), respectively. Tnl: *H NMR (500 MHz, Methanol-d,) & 4.81 (d, J = 3.7 Hz, 1H), 4.31 (dd, J
=10.9, 3.6 Hz, 1H), 4.06 (d, J = 17.2 Hz, 1H), 3.92 — 3.65 (m, 7H), 2.01 (s, 3H). Tn2: *H NMR
(500 MHz, Methanol-d,) & 4.78 (d, J = 3.7 Hz, 1H), 4.28 (dd, J = 11.0, 3.7 Hz, 1H), 3.92 — 3.65
(m, 7H), 3.65 — 3.49 (m, 3H), 3.37 — 3.28 (m, 3H), 2.00 (s, 3H).

N-(N-Hydroxysuccinimidyl  adipoyl)-O-2-acetamido-2-deoxy-a-D-galactopyranosyl-L-

serine or N-(N-Hydroxysuccinimidyl adipatyl)-O-2-acetamido-2-deoxy-a-D-
galactopyranosyl-L-serine 2-ethanolyl amide (Tn1-NHS or Tn2-NHS):

Disuccinimidyl adipate (5 eq.) in anhydrous DMF (0.5 mL) was added to Tnl (40 mg,
0.13 mmol) or Tn2 (66 mg, 0.18 mmol) dissolved in DMF (0.5 mL). DIPEA (1 eq.) was added
in the reaction mixture. The reaction was left stirred for 2-3 h. Upon completion, DMF was
evaporated under vacuum until dryness. The crude product was precipitated in EtOAc twice and
then washed with 10% MeOH in EtOAc 3-5 times to remove the excess diNHS-linker. The final
precipitate was dried under vacuum to yield Tn1-NHS (50 mg, 72%). Tn1-NHS: *H NMR (500
MHz, Methanol-ds) & 4.83 (d, J = 3.7 Hz, 1H), 4.65 (t, J = 4.0 Hz, 1H), 4.25 (dd, J = 11.0, 3.7

Hz, 1H), 3.99 — 3.62 (m, 5H), 2.83 (s, 4H), 2.73 — 2.62 (m, 2H), 2.35 (t, J = 6.8 Hz, 2H), 2.00 (d,
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J=7.7 Hz, 4H), 1.77 (dt, J = 6.9, 3.5 Hz, 4H); Tn2-NHS (84.5 mg, 78 %). Tn2-NHS: *H NMR
(500 MHz, Methanol-ds) & 4.82 (d, J = 3.8 Hz, 1H), 4.59 (t, J = 5.2 Hz, 1H), 4.26 (dd, J = 11.0,
3.7 Hz, 1H), 3.92 — 3.65 (m, 8H), 3.60 (td, J = 5.8, 1.8 Hz, 2H), 3.37 — 3.26 (m, 6H), 2.83 (s,

4H), 2.73 — 2.63 (M, 2H), 2.42 — 2.27 (m, 2H), 2.01 (d, J = 2.0 Hz, 4H), 1.82 — 1.70 (m, 3H).
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APPENDIX A

Size Exclusion Chromatograms

QB(WT) and QB(WT)-Tnl
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Figure 2.29: Size-exclusion chromatography of wild-type Qp, varied QB mutants and their Tnl
derivatives.
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Figure 2.29: (Cont’d)

QB(N10K) and QB(N10K)-Tnl
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Figure 2.29: (Cont’d)

QB(A38K/A40C/D102C) and QB(A38K/A40C/D102C)-Tnl
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Figure 2.29: (Cont’d)

QB(T75K) and QB(T75K)-Tnl
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Figure 2.29: (Cont’d)

QB(P119K) and QB(P119K)-Tnl
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APPENDIX B

Liquid chromatography-mass spectra

QB_WT Tnl

Qb_WT_Tn_noEtOH_2
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Figure 2.30: Mass spectra of wild-type QB-Tnl and varied QB mutant-Tnl after applying
MaxEnd1 algorithm.
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Figure 2.30: (Cont’d)
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Figure 2.30: (Cont’d)

QB _K13R/A40C/D102C_Tnl
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Figure 2.30: (Cont’d)
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Figure 2.30: (Cont’d)
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Figure 2.30: (Cont’d)
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Figure 2.30: (Cont’d)
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APPENDIX C
NMR spectra
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N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyranosyl-
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Figure 2.31: *H NMR spectrum of compound SI-11
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Figure 2.33: 'H-"H COSY NMR spectrum of compound SI-11
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Figure 2.34: gHMQC NMR spectrum of compound SI-11
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Figure 2.35: gHMBC NMR spectrum of compound SI-11
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N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-D-

galactopyranosyl-L-serine benzyl ester (S1-12):
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Figure 2.36: *H NMR spectrum of compound S1-12

189



a_Tn_30Ac_NAc_Fmoc_Ser_OBn_3_CARBON_01

AcQ OAc

0
AcO
AcHM
o]

L

FmocHMN COOBn

—.

-

I

T T T T T
170 160 150 140 130

Figure 2.37: 3C NMR spectrum of compound SI-12
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Figure 2.38: *H-"H COSY NMR spectrum of compound SI-12
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Figure 2.39: gHMQC NMR spectrum of compound SI-12
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Figure 2.40: gHMBC NMR spectrum of compound SI-12
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N-(Fluoren-9-ylmethoxycarbonyl)-O-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-a-D-

galactopyranosyl-L-serine 2-ethanolyl amide (SI-14):
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Figure 2.41: *H NMR spectrum of compound SI-14
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Figure 2.42: *C NMR spectrum of compound SI-14
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Figure 2.43: *H-'H COSY NMR spectrum of compound SI-14
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Figure 2.44: gHMQC NMR spectrum of compound S1-14

197

L20

£30

140

150

60

L70

190

{100

L110

1120

(130

{140

L150

1 (ppm)



ol |

aTn_30Ac_NAc_Fmoc_Ser_OEtOH_14_gHMBCAD_01

AcO OAC
b ]
AcO
AcHRM
]

7 o H
B : FmocHN]\WN\/\OH

o]

120

£30

40

160

L70

180

L90

{100

L110

120

130

140

150

160

L170

{180

(190

T T T T T T T
8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

12 (ppm)

Figure 2.45: gHMBC NMR spectrum of compound Sl-14
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O-2-acetamido-2-deoxy-a-D-galactopyranosyl-L-serine (Tnl):
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Figure 2.46: 'H NMR spectrum of compound Tnl
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Figure 2.47: *C NMR spectrum of compound Tn1
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Figure 2.48: *H-'H COSY NMR spectrum of compound Tn1
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Figure 2.49: gHMQC NMR spectrum of compound Tnl
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O-2-acetamido-2-deoxy-a-D-galactopyranosyl-L-serine 2-ethanolyl amide (Tn2):
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Figure 2.51: 'H NMR spectrum of compound Tn2
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Figure 2.52: *C NMR spectrum of compound Tn2
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Figure 2.53: *H-'H COSY NMR spectrum of compound Tn2

206

L1.5

(2.0

L2.5

£3.0

3.5

L4.0

4.5

1 (ppm)



a_Tn_Ser_Et_OH_2_gHSQCAD_01

HO OH
o]

HO
AcHM

O
N
HaN ~0H
0

| I IJ‘ |

L10

120

cocat@ore o o o

L30

140

150

160

L70

180

190

100

1110

1120

£130

T T T T T T T T T T T T T T
62 60 58 56 54 52 50 48 46 44 42 40 38 3.6

2 (ppm)

Figure 2.54: gHMQC NMR spectrum of compound Tn2
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Figure 2.55: gHMBC NMR spectrum of compound Tn2
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Figure 2.56: *H NMR spectrum of compound Tn1-NHS
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Figure 2.57: *C NMR spectrum of compound Tn1-NHS
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Figure 2.59: gHMQC NMR spectrum of compound Tn1-NHS

212

(20

£30

40

150

160

£70

90

100

1 (ppm)



[ T VW

Tn1_NHS_12_gHMBCAD_01

= =
= @ &S =
OH
HO
0
- HO
AcHN
o 0©
0
My " OH
L H
0
- = =
- - s
T T T T T T T T T T T T T T T T
4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8

2 (ppm)

Figure 2.60: gHMBC NMR spectrum of compound Tn1-NHS
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N-(N-Hydroxysuccinimidyl adipatyl)-O-2-acetamido-2-deoxy-a-D-galactopyranosyl-L-serine 2-

ethanolyl amide (Tn2-NHS):
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Figure 2.61: *H NMR spectrum of compound Tn2-NHS
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Figure 2.62: *C NMR spectrum of compound Tn2-NHS
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Figure 2.63: *H-"H COSY NMR spectrum of compound Tn2-NHS
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Figure 2.64: gHMQC NMR spectrum of compound Tn2-NHS
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