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ABSTRACT

Vaccination is a powerful strategy to combat different diseases and provide long term

immunity with no overt toxicities. Our lab has been exploring the ability of bacteriophage Qp, a

virus like particle (VLP) in eliciting immune response against several antigens. Qf is an attractive
candidate for vaccine applications due to its exceptionally stable and highly organized icosahedral
structure. It provides a platform to overcome the low immunogenicity of many peptide antigens and
tumor-associated carbohydrate antigens (TACA). This thesis will focus on the design and
development of QpB-based anticancer vaccine against human breast cancer and Bovine Leukemia
Virus causing enzootic bovine leukosis.

Human Mucin-1 (MUC1) is a high molecular weight transmembrane glycoprotein that is
found on the apical borders for luminal or glandular epithelial cellular surfaces of many tissues. Of
the ~1.4 million tumor patients diagnosed each year in the US, about 900,000 patients were found
to overexpress MUC1 and were associated with poor prognosis compared to those with low levels
of MUCL. It can be aberrantly overexpressed (>100-fold) on the cell surface of a wide range of
human carcinoma including prostrate, lung, ovarian pancreatic, colon and more than 90% of breast
cancer. MUC1 protein is cleaved into two subunits MUC1-N (N-terminus) and MUC1-C (C-
terminus), which are associated by non-covalently interactions. MUC1 has thus become a highly
attractive target for the development of new anti-cancer agents. In chapter 1, the current MUC1-C
based immunotherapies including monoclonal antibodies, peptide vaccines, antibody-drug
conjugates and cytotoxic T cells were reviewed for a deeper understanding of MUC1-C
glycoprotein as an oncogenic target. In the following chapters (chapter 2 and chapter 3) both
domains of MUC1 protein; MUC1-N and MUC1-C were investigated as antigenic epitopes for Q-
based vaccines against human breast cancer. In chapter 2, a spontaneous mouse breast cancer model
(MUC1/MMTV) was developed by crossing mouse mammary tumor virus (MMTV)-polyoma

middle T (PyMT) mice with human MUC1 transgenic (MUC1.Tg) mice. While the xenograft tumor



model is relatively straightforward to establish, it is unable to represent well the genetic and
histological complexity of human tumors. To better mimic the immunosuppressive environment
and heterogeneity of human breast cancer, spontaneous tumor models are attractive. The
translational potential of the QB-‘MUC1 vaccine with a short glycopeptide ((MUC1) SAPDT*RPAP
(* denotes O-linked glycan) from the MUC1-N domain was evaluated. The QB-‘"MUC1 conjugate
produced a robust immune response including binding and killing a wide range of MUC1-
expressing tumor cells. It also significantly prolonged the overall survival of MUC1/MMTV mice
vaccinated with QB-‘'MUCL1 conjugate laying the groundwork for its clinical translation to human
patients. In chapter 3, preliminary results for QB-MUC1-C vaccine were demonstrated, which
explored two MUC1-C epitopes. The MUC1-C vaccine displayed encouraging results to be

developed as an anti-metastatic therapeutic candidate.

Bovine leukemia virus (BLV) is a C-type retrovirus of cattle that causes huge economic losses
with the infection rate escalated in the majority of countries worldwide. The National Animal
Health Monitoring System estimated that BLV is present in 89% of US dairy operations. BLV
causes enzootic bovine leukosis including frequent persistent lymphocytosis and lymphoma. In
chapter 4, an anti-BLV vaccine was developed by constructing a peptide-Qp3 conjugate using the
envelope glycoprotein gp51 peptide-epitope. The gp51-peptide epitope is known to be putative
receptor-binding site and directly implicated in virus infectivity. QB-gp51 peptide vaccine construct
elicited robust immune response with long lasting antibodies persisting for over 539 days, making
it the first BLV peptide-based vaccine candidate to generate such a long-term immunity, an

important criterion for an effective vaccine.
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Chapter1  MUC1-C: The Hidden Target for Cancer Immunotherapy?
1.1 Introduction

Cancer is a disease with uncontrollable growth of cells in the body leading to
abnormalities in body’s function resulting in high mortality worldwide. Amongst the
various treatments for cancer, immunotherapy is an attractive strategy that stimulates the
immune system of the body to fight against cancer. There are various types of cancer
immunotherapies including monoclonal antibodies (mAbs), chimeric antigen receptor
(CAR) T-cells, oncolytic viruses, checkpoint inhibitors, cytokines, immunomodulators, and
cancer vaccines.

A critical step to achieve an effective anti-cancer immunotherapy is the selection of
an antigenic target. Mucins are high molecular weight glycoproteins that are present on the
apical borders of reproductive tracts, salivary glands, gastrointestinal tracts, respiratory
tract, and urinary tracts.! Human mucins are encoded by 22 genes, designated MUCL1 to
MUC22, which can be classified as secreted, transmembrane and soluble proteins based on
their structure and physiological nature.? The transmembrane mucins (MUC1, MUC4,
MUC12, MUC13, MUC16 and MUC17) are heavily glycosylated with an extracellular
domain containing variable number of tandem repeat (VNTR) units, a transmembrane
domain and a cytoplasmic tail. These glycoproteins are responsible for many crucial cellular
functions like providing a mucosal barrier against pathogenic invasion, cell adhesions, cell
signaling, regulation of stress-induced death pathways.

MUC1 (CD227) was the first transmembrane mucin identified and structurally
characterized.3#5 6 It can be aberrantly overexpressed (> 100-fold) on the cell surface of a
wide range of human carcinoma including prostrate, lung, ovarian pancreatic, colon and
more than 90% of breast cancer.” 8 MUC1 expression in normal epithelial cells is polarized

with the protein mainly present at the apical surface of the cells. However, in cancer cells,



MUC1 expression loses the cellular polarity, thus becoming accessible to the immune
system.2 9:10 These findings supported MUC1 being ranked as one of the top cancer antigens
by the National Cancer Institute Project for the Acceleration of Translational Research.1?

MUCL1 is composed of two subunits, i.e., N- and C-terminal subunits. The MUC1-
N subunit forms a heterodimer with the MUC1-C subunit, which is localized on the cell
surface. The MUC1-N terminal subunit (MUCL1-N) is a polypeptide consisting of 20-125
tandem repeats each with 20 amino acids in length. The tandemrepeat contains multiple Ser
and Thr residues (PDTRPAPGSTAPPAHGVTSA), which can be glycosylated leading to
up to five O-glycans per repeat (Fig. 1).12
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Figure 1. Schematic representation of full length MUCI1protein and sites of N-
glycosylation. (A) The full length MUCL1 is subdivided as N-terminal subunit (MUC1-N)
consisting of variable number of tandem repeats and C-terminal subunit (MUC1-C). The
cleavage of MUCL1 takes place around the sea-urchin sperm protein, enterokinase and agrin
(SEA) domain, forming a stable heterodimeric complex.(B) The extracellular domain (ECD)
of MUC1-C contains one site (asparagine residue) for N-glycosylation. The molecular weight
of MUC1-C subunit can rage between 17 kDa — 25 kDa depending on the extent of N-
glycosylation. This figure is reproduced with permission from the publisher.13

MUCL1 is translated as a single polypeptide chain, which can undergo proteolysis.

One major site of cleavage is at the SEA domain in the endoplasmic reticulum (ER) forming



two subunits, i.e., N- and C-terminal subunits (Fig. 1A). The two subunits form a
heterodimer during post-translational glycosylation. The SEA domain is a highly conserved
120 amino acid domain and the cleavage site is 59 amino acids proximal to the
transmembrane domain between Gly316 -Ser317,14-16 Other studies emphasized the crucial
role of enzymes such as tumor necrosis factor-alpha converting enzyme (TACE-ADAM 17)
and membrane type matrix metalloproteinase MMP14 (MT1-MMP) in the MUC1 cleavage.
17,18 The heterodimer formed is stable when subjected to high temperature, reducing agents
like B-mercaptoethanol or acidic condition but dissociates in sodium dodecyl sulfate.1® 20
The rate at which this cleavage takes place is between 5-30 min at 37 C and it is pH-
dependent with maximum cleavage observed at physiological pH conditions.?!

Many strategies including cancer vaccines, mAbs, antibody-drug conjugates
(ADCs), targeted radiotherapy, aptamers and peptide-based therapies have targeted MUC1-
N tandem repeats as antigens.22-26 In one of these studies, mice were immunized with a
MUC1 cDNA vaccine containing MUC1-N (22 tandem repeats) plasmid, which
significantly reduced the number of lung metastases.2” Another study reported the use of
anti-MUCL1 antibodies (GP1.4) to treat MUC1-positive tumors in the pancreas. The
mechanism involved internalization of the GP1.4 antibody after binding to MUCL1 on
cellular surface to the intracellular region through the macropinocytotic pathway.2® This
leads to reduced epidermal growth factor receptor (EGFR) signaling, which inhibited
extracellular signal-regulated kinase (ERK) phosphorylation suppressing proliferation and
migration of cancer cells.?°A group of scientists used dendritic-cell based vaccine loaded
with MUC1-derived peptide to target non-small cell lung cancer (NSCLC). The patients
who received this vaccine had prolonged survival due to anti-tumor immune response.3° A
peptide-based vaccine (ImMucin) encoding for 21 amino acids in signal domain of MUC1-

N region targeted MUC1-expressing tumors. Balb/c mice with DA3 metastatic mammary



tumors overexpressing MUC1 immunized with ImMucin exhibited robust anti-tumor
immune response that increased their overall survival.3! The peptide sequence within
ImMucin is also known to be epitopes to both human major histocompatibility complexes
(MHC) class 1 and 2 alleles leading to MUC1-specific T cell activation. ImMucin has
successfully completed Phase I/11 clinical trial in multiple myeloma and received orphan
drug status by FDA and EMA .32

Aftercleavage, the MUC1-N subunit can be shed from the surface of cancerous cells
as detected at increased levels in the plasma obtained from the breast cancer patients.33 34
Many clinical trials involving mAbs (AS1402; huHMFG-1) and BrevaRex (AR-20.5) that
targeted the VNTR region in MUC1-N domain were unsuccessful. AS1402 induced potent
antibody-dependent cellular cytotoxicity (ADCC) response against MUC1- positive tumor
cells. BrevaRex, a murine anti-MUC1 monoclonal antibody, formed immune complexes
(antigen/antibody complexes) binding with receptors on dendritic cells. Despite the
promising preclinical results, the clinical development of mAbs AS1402 (huHMFG-1) and
BrevaRex (AR-20.5) failed, which was presumably due to MUC1-N shed in the blood
circulation sequestering the antibodies and preventing them from reaching the surface of
tumor cells.35-38

An alternative target for MUC1 based immunotherapies is MUC1-C that remains
anchored on the cell surface. MUC1-C is mainly composed of a 58-amino acid extracellular
domain (ECD), a 28 amino-acid transmembrane (TM) domain followed by a 72-amino acid
cytoplasmic tail (CT). The ECD also contains of one N-glycosylation site.3® MUC1-C is
involved in various cellular functions, as its ECD can function as a binding site for galectin-
3 that interacts with tyrosine kinase EFGR at the cell membrane. This leads to the activation
of phosphoinositide 3-kinase (PI3K)-AKT and mitogen-activated protein kinase (MEK)-

ERK pathways, which are vital for cancer cell survival and proliferation.4% 41 MUC1-C can



be localized to the nucleus and activate the Wnt/b-catenin, signal transducer and activator
of transcription (STAT) and NF (nuclear factor)-kB RelA pathways that promote survival
of cancerous cells and induce their transformation.*2 In vitro and in vivo xenograft models
have supported that the inhibition of this C-terminal subunit directly blocks its oncogenic
function and thereby inducing apoptosis in breast cancer cells.*® Various other studies have
demonstrated that transfection of MUC1-negative cells with MUC1-C alone resulted in
oncogenic activities such as increased growth rate, anchorage-independent cell growth, and
resistance to apoptosis of cancerous cells with chemotherapy agents), which were
previously attributed to the full length MUC1.44. 45, 46

There have been many excellent reviews on targeting MUC1 for anti-cancer therapy,
which primarily focus on the MUCZ1-N region.?2-26:39.47-50 | n this review, the various modes
of therapeutic tools involving mAbs, peptide-epitopes, cytotoxic T-cells (CTLs), and ADCs
that target MUC1-C for potential anti-cancer therapies will be summarized.

Immunotherapeutic tools targeting MUC1-C

A) Cytotoxic T-cell epitopes spanning the MUC1-C domain

The cellular adaptive immune system comprises of two types of T cells, i.e., helper
T cells (Th) and CTLs. CTLs expressing CD8 on their surface can recognize and kill tumor
cells in the body through T cell-mediated cytotoxicity. This can be achieved either by direct
cell-cell contact or the release of various cytokines such as interferon-gamma (IFN-y) and
tumor necrosis factor-alpha (TNF-o). Tsang et. al. successfully identified nine potential
CD8* CTL epitopes from MUC1 and highlighted their importance in enhancing a potent
immune response. Of the nine CD8* epitopes, seven are in the MUC1-C region and two
epitopes are in the VNTR region of MUC1-N.1 Based on the epitopes identified, scientists
discovered enhancer agonist peptides that can more potently activate T-cells to lyse human

tumor cells. These agonist peptides cover the human leukocyte antigen (HLA)-A2, HLA-



A3 and HLA-A23 MHC class | alleles, which are major histocompatibility complexes
(MHC) controlled by chromosome 6. The MHCs present the peptide epitopes to T-cell
receptors to activate T cells and provide immune defence.>2 In comparison to the native
peptide epitopes, incubation with these agonist peptides generated T-cell lines more
efficiently from the peripheral blood mononuclear cells (PBMCs) of cancer patients,
enhanced the production of IFN-y by peptide- activated human T cells and lysed human
tumor cell targets in an MHC-restricted manner. Point mutations in the native peptide
epitope sequences were performed to synthesize fourteen agonist peptides in the MUC1-C
region and three in the VNTR region. These agonist peptide epitopes with single amino acid
substitution at the HLA class I-binding site were then scanned for matches to consensus
motifs for HLA-A2-, HLA-A3-, and HLA- A24-binding peptides by using a computer
algorithm.5® The algorithm ranks potential MHC-binding peptides according to the
predicted one-half-time dissociation of peptide/MHC complexes, but it was unsuccessful in
predicting the MHC binding and HLA-A2 binding ability to activate human T cells to

produce interferon.

Five agonist peptides (C1A, C2A, C3A, C8A, C9A) from MUC1-C domain were
evaluated for their immunogenicity. Table 1 depicts the sequences of the native and the
mutant agonist epitopes with their predicted and actual binding ability to form stable
complexes with HLA-A2 molecules in T2 cell binding and stability assay.>* Three HLA-
A2-binding peptides for the MUC1-C domain, designated C1 (AA 1172-1181), C2 (AA
1177-1186), and C3 (AA 1240-1248), were identified, as well as their corresponding
potential agonists with higher predicted binding affinity (designated C1A, C2A, and C3A,
respectively). Two HLA-A2-binding peptides were also identified from the VNTR region,
designated V1 (AA 150-158) and V2 (AA 141-149) as well as two corresponding potential

agonists with higher predicted binding affinity (designated V1A and V2A, respectively).



Three agonist epitopes C2A (position 1177), V1A (position 150) and V2A (position 141)
exhibited higher binding affinity than their native peptide epitopes. The binding of C2A
peptide was 10 to16-fold higher than the control flu peptide; another known strong HLA-

A2 binding peptide.

Peptide Location Position Sequence Class | allele Predicted binding* Actual binding*
o] C domain 1172-1181 ALAIVYLIAL A2 49 249
C1A YLAIVYLIAL 226 245
c2 C domain 1177-1186 YLIALAVCQC A2 52 1
C2A YLIALAVCQV 736 299
Cc3 C domain 1240-1248 SLSYTNPAV A2 70 326
C3A YLSYTNPAY 320 342
V1 VNTR region 1560-158 STAPPAHGY A2 1 166
V1A YLAPPAHGY 320 486
V2 VNTR region 141-149 APDTRPAPG A2 0 210
V2A YLDTRPAPYV 128 647
C4 C domain 432-441 ALAIVYLIAL A3 5 NA
Caa ALFIVYLIAK 900 NA
C5 C domain 483-491 STDRSPYEK A3 3 NA
CBA SLFRSPYEK 300 NA
Ccé C domain 462-471 TYHPMSEYPT A24 6 NA
CBA KYHPMSEYAL 480 NA
c7 C domain 502-510 SYTNPAVAA A24 5 NA
C7A KYTNPAVAL 400 NA

Amino acids that were changed to generate an agonist epitope are in bold

* Predicted binding on the basis of reported motif [32]; score estimate of half time of disassociation of a molecule containing this sequence.

*#Peptides were used at a concentration of 12.5 pug/ml in a binding assay with T2-Az2 cells. Results are expressed as mean fluorescence intensity (MFI). NA:
A functional binding assay was not available for HLA-A3 and HLA-A24 peptides

Table 1. Predicted binding and T2-cell binding assay for MUC1HLA-A2-, HLA-A3-, and
HLA-A24-binding peptides and their potential agonists. This figure is reproduced with
permission from the publisher.5!

The immunogenicity of these agonist and native peptides were evaluated for their
abilities to generate CTLs in vitro. The T cell lines generated from the agonist peptides (T-
C1A, T-C2A, and T-C3A) produced higher levels of IFN-y as evaluated by enzyme linked

immunosorbent assay (ELISA) than those stimulated with the respective native peptides. In

the cytotoxicity analysis, the agonist T-cell lines C1A, C3A lysed the MCF-7 (human breast

carcinoma cell line, 86 % HLA-A2+, 48 % MUCl+) tumor cells more efficiently compared
to their corresponding native T-cell lines whereas the cytotoxicity assay results for C2 and

C2A had only minor differences. As the negative control, there was no lysis of the SK-Mel



(melanoma cell line ,100 % HLA-A2", MUC1"€9) demonstrating the specificity for MUCL.
The results corroborated that the T cells generated specifically from agonist epitopes of the
MUC1-C and VNTR region are able to lyse human tumor cells endogenously expressing

native MUC1 in an antigen-specific and HLA-A2 restricted manner.

B) Novel polyclonal and monoclonal antibody targeting the minimal fragment of MUC1-

C

MUCL1 is aberrantly overexpressed on the surface of cancer cells and when it is
introduced into MUC1-negative cells leads to increased cell growth and resistance to cancer
cell apoptosis by chemotherapeutic drugs. As discussed previously, MUC1 can be cleaved.
Two subunits may be generated, i.e., a high molecular weight species (150-300 kDa) with
the VNTR region and a low molecular weight species (20-35 kDa; MUC1") with the
cytoplasmic tail.>* The low molecular weight MUC1 species (20-35 kDa; MUC1") contains
part the MUC1-C subunit discussed previously. The MUC1* was found to be composed of
the cytoplasmic tail, the transmembrane domain and 45 amino acids (N-1110-1154-C) from
the ECD, the minimal fragment of MUC1-C ECD protein on the surface of cancer cells and

tissues that was able to mimic the oncogenic functions of full-length MUC1.54

The main focus of the study led by Bamdad et. al. is to investigate the expression
patterns of MUC1" and examine its specific role in mediating growth of cancerous cells in
comparison to the full-length MUC1 protein. MUC1" remains membrane bound after the
high molecular weight MUC1-N is cleaved and released from the surface of the cells. A set
of antibodies targeting different regions of MUC1 was used to characterize and distinguish
MUC1" from full-length MUC1. The commercially available VU4HS5 antibody binds to the
VNTR region and Ab-5 antibody targets the cytoplasmic tail of MUC1. However, there

were no commercially available antibodies that recognized the extracellular domain of



MUC1". To fill this gap, novel polyclonal and monoclonal anti-MUC1* antibodies have
been developed to distinguish the full length MUC1 and MUC1" proteins.®* The anti-
MUC1* antibodies were elicited against the forty-five amino acid peptide (N-1110-1154-
C) that is N-terminal to the transmembrane domain (Fig. 2A, B). Anti-MUC1* was
characterized by western blot, immunoprecipitation, immunohistochemistry (IHC) and
fluorescence activated cell sorting (FACS). MUC1” was stained by anti-MUC1* antibodies
in MUC1-positive cells like T47D, ZR-75-1, ZR-75-30, BT474, DU145, and Capan 2. It

showed no reaction to the MUC1-negative cells including HCT116, 3Y1 and HEK293.
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Figure 2. Schematic representation of full-length MUCL1 and the membrane-bound
minimal fragment MUC1* along with antibody recognition sites A. Full-length MUC1
protein depicting the recognition sites for antibody VUH5, AB-5 and Anti-MUC1* B.
Minimal fragment, MUC1*, with the cytoplasmic tail, transmembrane domain, and at least
45 amino acids from the extracellular domain (ECD) C. Western blot analysis of whole cell
lysates of MUC1-positive cultured cancer cells (Lanesl-6; T47D, ZR-75-1, ZR-75-30,
BT474, DU245 and Capan 2) versus MUC1-negative cells (Lanes 7-9; HCT116, 3Y1 and
HEK?293) D. Immunoprecipitation of T47D cells with control antibody Ab-5 versus Anti-
MUC1*. Gels were probed with either control antibody VU4H5 (upper) or Anti-MUC1*
(lower). E. Western blot analysis of T47D, ZR-75-1, ZR-75-30 pre- and post-
deglycosylation and blotted with Anti-MUC1* depicting 16-18 kDa as the actual molecular
weight of cleaved MUC1 (MUC1*). F. The table summarizing the reactivities of antibodies
to either full-length MUC1 (high molecular weight; Hi MW) or cleaved MUC1 (MUC1%*;
low molecular weight; Lo MW). This figure is reproduced with permission from the
publisher.>

To further confirm that the stained MUC1" species is indeed MUC1 protein, the
lysates from MUC1-positive cancer cells (T47D, ZR-75-1, ZR-75-30, BT474, DU245 and
Capan 2) were immunoprecipitated by the anti-MUC1* antibodies and analysed by westem

blot. VU4H5 and Ab-5 were used as controls, which weakly immunoprecipitated cell-
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associated MUC1 species as compared to anti-MUCL* antibodies suggesting that the
predominant form on cancer cells is the cleaved MUCL1 fragment (Fig. 2C, D). This
membrane-bound cleavage product MUC1" showed 20-35 kDa in molecular weight for the
glycosylated protein and an approximately 16 kDa for the un-glycosylated form (Fig. 2E).
On analysis of immediately-adjacent sections of cancerous breast, lung and colon tissues by
fluorescence imaging, it was revealed that MUC1" was distributed over the entire cell
surface of cultured cancer cells. In contrast, the full-length MUC1 protein stained by
VU4H5 was either not present or present in minor amounts restricted to the cytoplasm.
Furthermore, anti-MUC1* antibodies produced more intense staining than the VU4H5even
though there is a much higher probability for this tandemrepeat antibody (VU4H5) as it can
bind to hundreds of epitopes per receptor compared toa single epitope available per receptor
for anti-MUC1*. One critical finding was that some cancer tissue samples stained positive
for MUC1" but negative for full-length MUC1.54 For example, some colon cancer specimen
was stained positive by anti-MUC1* with the most intense staining depicted in the most
diseased area of the specimen. In contrast, VU4H5 only faintly stained the areas in
proximity to the margins of malignancy with no staining in the diseased region. This
observation highlighted that most cancerous specimens may give false negative MUC1
staining when stained with antibodies targeting the VNTR region of MUC1. These
evidences demonstrated that MUC1" is the predominant species on cultured cancerous cells

and tissue specimens and can be used as an important epitope for cancer diagnostics.

The cell growth characteristics of cells expressing the cleaved MUC1" protein was
studied in comparison to those with the full length MUCL1 protein. The number of cells
increase primarily due to two factors, i.e., 1) through the increase in cell growth; and 2)
through increasing cell survival factors such as resistance to chemotherapy induced cell

death. To evaluate this, the single clones of MUC1"1110 (construct whose extracellular
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domain was terminated after forty-five amino acids N-1110-1255-C) and MUC1 were
transfected in MUC1-negative cells (3Y1 or HCT116).>* A clonogenic assay revealed that
the MUC1*1110 clones produced more, bigger and denser colonies than those with the full
length MUC1. Further analysis using chemotherapeutic agents such as cytarabine (AraC),
cisplatin or etoposide depicted that the cells transfected with either full length MUC1 or the
cleaved MUC1*1110 became resistant to death induced by these agents. Additionally, a cell
cycle experiment was performed to analyze the increase in cell growth by measuring the
ratio of the number of cells in G2/M phase (indicator of cell division) to the number of cells
in the G1 phase of HCT116 transfected cells with either full length MUC1 or the cleaved
MUC1*1110.%* The results reported that the transfection of MUC1*1110 increased the ratio of
G2:G1 much more than that of cells transfected with the full length MUCL. This could also
be indicative of the fact that the full length MUC1 protein undergoes a significant amount
of proteolysis to the MUC1* form.

Itis generally known that class | growth factor receptors can trigger cell growth by
dimerizing the ECD of the receptor. To test this, MUC1* expressing cells were treated with
a bivalent antibody against MUC1*1110-ecp, Which stimulated tumor cell proliferation and
transient phosphorylation of ERK1/2, a key step in the MAP kinase activation signaling
cascade. These results suggested that MUC1* might act as a growth receptor or co-receptor.
The potential ligand for MUCL1* was identified as non-metastatic protein 23 (NM23), a
nucleoside diphosphate kinase-A (NDPK-A) enzyme through ligand fishing experiment,
specifically of H1 and H2 isoforms using N-terminal microsequencing in cancer cell
lysates.>®> NM23 is cytoplasmic but often secreted by cancer cells, which is linked to both
metastasis suppression and metastasis promotion.6: 57 NM23 bounded to the extracellular
domain of MUC1* with nanomolar affinity and stimulated the growth of NM23 transfected

MUC1-positive cancer cells.
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C) Cell penetrating peptide epitopes targeting MUC1-C

MUC1-C has been known to be involved in many critical oncogenic activities and
one of those functions is its involvement in uncontrolled growth of cancerous cells and
resistance to chemotherapy induced apoptosis.*3 5859 To inhibit this, agents have been
developed to directly target the glycoprotein. One such inhibitor is a cell penetrating peptide

GO-201 that blocks the oligomerization of MUC1-C glycoprotein, which prevents it to be

transported to the nucleus and mitochondria.*? 60

The N-terminal region of MUC1-CD consists a CQC motif that has been shown to
be of utmost importance in MUC1 oligomerization and maintenance of the redox balance
in human breast cancer cells.51-64 This cysteine-dependent oligomerization when targeted
abrogates MUC1 induced transformation and its nuclear localization, which causes growth
arrest and apoptosis of carcinoma cells. A peptide inhibitor derived from the N-terminal
region of the cytoplasmic domain of MUC1 has been synthesized, which consists the CQC
motif (CQCRRKNYGQLDIFP), designated as GO-201. To enhance the entry into cells, the
peptide inhibitor, GO-201 was further functionalized with a poly D-arginine transduction

domain. A control peptide CP1 was synthesized with the CQC sequence mutated to AQA

(Fig. 3).

MUC1-C

ED ™ CcD
(58 aa) (28 aa) (72 aa)
[ IZ A |

[CQCRRKNYGQLDIFPARDTYHPMSEYPTYHTHGRY VPPSSTDRSPYEKVSAGNGGSSLS Y TNPAVAAASANL

Transduction MUC1-CD
Domain Sequence
NH2-d-RRRRRRRRR-CQCRRKNYGQLDIFP-COOH GO-201

NH2-d-RRRRRRRRR-AQARRKNYGQLDIFP-COOH CP-1

Figure 3. Schematic representation of the cytoplasmic domain (CD) with 72 amino
acid sequence of MUC1-C subunit. GO-201 peptide sequence (shaded) with 15 amino
acids at the N-terminus along with the control peptide CP1 sequence. Both peptides were
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synthesized with poly-d-arginine transduction domain. This figure is reproduced with
permission from the publisher.6°

For analysis of the binding affinity of the synthesized peptides to the MUC1-CD,
the BIAcore sensor chip was immobilized with His-tagged MUC1-CD. The dissociation
constant Kd for GO-201 to His-MUC1-CD was calculated to be 30 nM, which was similar
to the Kd for MUC1-C oligomerization.6? Incubation of MUC1-CD with GO-201
significantly decreased the formation of MUCL oligomers with the simultaneous increase
in monomers as detected by polyacrylamide gel electrophoresis. Incontrast, incubation with
CP1 had no such effects highlighting the significance of CQC motif. The protein binding
results were consistent with similar experiments performed with HEK293 cells for assessing
MUC1 oligomerization. A time-dependent increase in cellular uptake was evaluated by the
mean fluorescence intensity of FITC-labeled GO-201 and CP1 peptides in both ZR-75-1
and MCF-7 cells. Previous work has revealed that the increase in levels of reactive oxygen
species (ROS) above the reducing capacity of the cells could lead to DNA damage due to
the formation of double-strand breaks.®® This was consistent with the exposure of ZR-75-1
and MCF-7 cells to GO-201 leading to high ROS levels and activation of DNA damage
response whereas treatment with CP1 did not lead to apparent responses. In addition,
treatment with GO-201 initiated S-phase growth arrest in human breast cancer cells (ZR-
75-1 and MCF-7) as evident by a distinct sub-G1 DNA peak and prominent uptake of
propidium iodide, which is consistent with induction of late apoptosis/necrosis and loss of
membrane integrity respectively. As a control, GO-201 had negligible to no effect in non-

malignant MCF-10A breast cancer cells.

To investigate the anti-tumor activity in vivo, GO-201 was administered to mice
implanted with ZR-75-1 cells at 10mg/kg/d for 21 days in comparison to 50mg/kg/d dosage

of CP1 or just PBS alone. Tumor regression and prolonged delays in regrowth were
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observed for GO-201, which was partially explained by the induction of tumor necrosis.
The control peptideand vehicle had no anti-tumor activities. Administration of GO-201 was
also well-tolerated with no observable acute toxicities at the mentioned dosage in Balb-c
nu/nu female mice. To further emphasize that the CQC motif is the Achilles heel of the
MUC1 oncoprotein, a shorter peptide (CQCRRKN) designated as GO-202 was used as a
control peptide. The tumorigenicity results for GO-202 were similar to those of GO-201
with 15 MUC1 amino acids. The mice treated with GO-201 and GO-202 did not have any
observable tumors till day 152. The experiment was repeated and it gave similar results for
the xenograft models with MCF-7 and estrogen-independent breast cancer cells, MDA-MB-

231.

D) Monoclonal antibodies targeting MUC1-C

Antibodies targeting the extracellular domain of MUC1-C (58 A.A, N-1097-1154-
C) and MUC1-C* (45 A.A, N-1110-1154-C) were developed through the phage display
process.®® In this process, the phage phenotype is directly linked to its encapsulated
genotype, which ultimately leads to the presentation of libraries of molecules on the surface
of the phage.®®: 67 Antigens mimicking the MUC1-ECD and MUC1-C* were generated as
human Fc-fused forms to present them in their natural conformation during the antibody
screening process (Fig. 4). A total of 600 phage clones was examined for binding

specificities against MUC1-C and MUC1-C* with 24 human antibodies isolated through
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phage display antibody panning.

Extracellular

Alpha TUMOR MUCA-C
domain
| &~ &
NORMAL MUC1 L % 1 a)»g Wy
2 58AA o i
E Beta ECD § : d‘mnﬁ
z domai
.

Coomassie Brilliant IB: Anti-Human FCAb
Blue Stain

Figure 4. Schematic representation of MUC1 and potential binding sites for antibodies
targeting 58 amino acids and 45 amino acids (AA) in the MUC1-C domain. (A) The
ECD of MUC1-C depicting the binding domains to generate MUC1-C (58 AA and 45 AA)
antibodies. (B) Purification of the expressed antigens (45 AA MUC1 Ag and 58 AA MUC1
Ag) using protein A column and characterizing it through Coomassie blue stain and westem
blot against anti-human Fc antibody. This figure is reproduced with permission from the
publisher.56

Five clones were selected based on their strong binding to the MUC1 expressing
cells and the mammalian expression system was used to produce the antibodies in full-sized
IgG1 format. Amongst the five clones, two (SKM1-06, 07) displayed minimal expression
whereas the other three (SKM1-02, 13, 20) had relatively robust expression (Fig. 5A).
Various immunological assays such as ELISA, dual FACS analysis, bio-layer
interferometry (BLI) assay and confocal image analysis were used to validate the
specificities and functionalities of the selected three clones (SKM1-02, 13, 20) and MIN-
C2 (anti-MUC1R domain; B domain is referred to the MUC1-C domain consisting of ECD,

TM and CT domains) antibody was used as a reference.
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Figure 5. Expressing MUC1-C specific antibodies and its binding evaluation of MUC1-
positive breast cancer cells. (A) The expression level (mg/ L) of the five antibodies
expressed through Expi-CHO cells and purified by protein A column. (B) Purified SKM1
antibodies (left panel) characterized by SDS-PAGE and compared with MIN-C2 antibody
developed by Minerva Biotechnologies (right panel). (C) FACS analysis of SKM1-02(red
line), 13(blue line), 20(blue line) antibodies with MUC1-positive breast cancer cells (ZR-

75-1, BT-20 and T47D). This figure is reproduced with permission from the publisher.66

The top three clones SKM1-02, 13, 20 were subjected to FACS analysis of MUC1-
expressing cell lines; ZR-75-1, T47D and BT-20 (TNBC; triple negative breast cancer).
TNBC is one of the most aggressive forms of breast cancer (Fig. 5C). It is termed as ‘triple-
negative” because it lacks the common receptors (estrogen or progesterone) found in other
breast cancer cells and express little or no HER2 protein. Itaccounts for 10-15% of all breast
cancers with very high rate of growth and metastasis. 68 ELISA and the direct interaction
experiment between the antibody and the MUC1-C antigen using BLI were also performed.

The results depicted that SKM1-02 antibody possessed the highest binding capability
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compared to the other two antibodies. Furthermore, SKM1-02 Ab had similar binding to
MUC1-C and MUC1-C* antigen whereas the SKM1-20 clone exclusively bound to the
MUC1-C 58 aa ECD epitope. Similar results were obtained with immunofluorescence
staining, which revealed overlapping staining for SKM1-02 Ab and the control antibody
MIN-C2 suggesting that both antibodies share similar binding sites within the MUC1-ECD

on the breast cancer cell surface.

Translocation of MUC1-C to thenucleus is like adomino, where one step influences
the next. It begins with beta-catenin repression of E-cadherin expression, which further
destabilizes the adherens junctions. This causes cytoskeletal rearrangement, which
ultimately results in the loss of inhibition of cell-cell contact.®® To evaluate these antibodies
(SKM1-02, 13, 20) as potential anti-metastatic candidates for their inhibitory roles in the
invasion of MUC1-expressing breast cancer cells (ZR-75-1, T47D, BT-20), cancer cell
invasion and cancer growth inhibition assays were performed. The results demonstrated that
all three antibodies with high levels of migration inhibition. To develop these antibodies as
a viable therapeutic drug, their thermal stability and affinity were explored. SKM1-02 mAb
displayed superior qualities with dissociation constant of 6.5 nM against MUC1-C and was
even able to bind to the antigen at 72 °C. These results showed that these antibodies can be
developed as highly effective therapeutic candidatesagainst human breast cancer, especially

TNBC.

In one study, Kwon et. al. demonstrated the binding of the anti-MUC1 mAb to the
recombinant and native MUC1-C protein present on the membrane surface of MUC1-
positive breast cancer cells.”? Anti-MUC1 recognized the ECD region of MUC1-C
glycoprotein. The human cDNA encoding the polypeptide sequence (rhMUC1-EC192) of

192 amino acids from the extracellular region of MUC1-C (N-961-1152-C) for mAb (anti-
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MUC1) was obtained from MCF-7 cells. Female balb/c mice were immunized with this
purified recombinant human MUC1 protein to successfully obtain the anti-MUC1 mAb
from the immunized mice. Anti-MUC1 (MUC1-1H7 clone, 1gG1) binds efficiently to
rhMUC1-EC192 protein with the Kd of 15nM as analyzed by surface plasmon resonance
(SPR). The western blot analysis with the lysates of MUC1-positive (MCF-7, ZR-75-1,
T47D) and MUC1-negative (MDA-MB-231) breast cancer cells revealed that anti-MUC1
antibody was unable to recognize MUCL protein in any of the samples. However, the mAb
successfully immunoprecipitated native-state MUC1 protein in MCF-7, ZR-75-1and T47D
cell lysates. The results depicted that anti-MUCL1 antibody was able to recognize and bind

only to the MUC1-C in its native form.

The efficiency of the anti-MUC1 mAb was assessed, and its specificity and binding
affinity were determined.”® It revealed that the anti-MUC1 mAb bound with significant
immunofluorescence staining both on the surface and intracellular locations of intact cells
with MUC1 overexpression (MCF-7, T47D and ZR-75-1). This signifies that anti-MUC1
was able to recognize the MUC1-C ECD whereas the control antibody (anti-MUC1-CT2)
failed to show any intracellular staining without permeabilization. To evaluate
internalization of the antibody, confocal imaging was carried out with an amine-reactive
fluorescent label (DyLight 488). The results suggested that the anti-MUC1 mAb was
predominantly internalized in T47D cells and significantly delayed the proliferation of these
cancer cells. This suggests a potential correlation between the internalization of anti-MUC1

antibody and its anti-proliferative effect on MUC1-postive breast cancer cells.

In-vivo biodistribution of anti-MUC1 was evaluated in a mouse xenograft model to
demonstrate its effectiveness in targeting of the tumor cells versus the healthy cells. It used

total flux of fluorescence of DyLight-labeled antibody.’® It clearly demonstrated that the
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mAD localized in the breast tumor region only, sparing any other vital organs. The results
were also confirmed with confocal imaging showing prominent staining in T47D and ZR-
75-1 derived tumors but relatively weaker staining in MCF-7 derived tumors. Anti-MUC1
mADb recognized and bound to the extracellular region of MUC1 in breast cancer cells with
tumor-specific localization. However, further work is still required to enhance its potency
as it was effective in anti-proliferative assays against only in T47D breast cancer cells
compared to three other MUC1* cancer cell lines (ZR-75-1, MCF-7 and MDA-MB-231)

tested.

In another work, Kufe et. al. developed and investigated a mAb (3D1) against the
a3 helix region of the ECD of MUC1-C subunit.”* Hybridomas were generated from mice
immunized with MUC1-C/ECD protein and clone 3D1 was selected based on its high
reactivity with Kp of 17nM against MUC1-N p62/MUC1-C ECD p58 heterodimer. A stable
heterodimer formation establishes when the 62-aa fragment of MUC1-N consisting the
amino acid sequence of LGL (p62-LGL) binds with the amino acid sequence of LTL in the
58-aa MUC1-C ECD region. Point mutations in p62-LGL to AGA and MUC1-C ECD LTL
to ATA abrogated the heterodimer formation, depicting the significance of LXL motifs.
When the MUC1-N p62/ MUC1-C heterodimer was disrupted, the binding of mAb 3D1 was
not affected. This indicated that 3D1 is not reactive to MUC1-N/MUC1-C junction. Another
interesting observation was that mAb 3D1 displayed no detectable affinity to the MUC1-N
p62 region confirming that the mAb recognizes and binds only to an epitope in the MUC1-

C ECD region (Fig. 6).
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Figure 6. Heterodimer (p62/p58) formation and leucine residue mutation leading to
attenuation of heterodimer formation. (A) Auto-cleavage site (G"SVVV) forming
MUC1-N and MUC1-C subunit. (B) Alignment of MUC1-N and MUC1-C subunit at the
junction (C) Sequence of p62 MUC1-N protein (left panel; LGL - AGA )and p58 MUC1-
C protein (right panel; LTL - ATA) highlighting the site of leucine residue mutation
leading to attenuation of cleavage. This figure is reproduced with permission from the
publisher.”t

The a3 helix region (VHDVETQFNQ) residing in MUC1-C ECD is largely
conserved in humans, cynomolgus monkeys and mice, which when mutated at D19 residue
to glutamic acid led to decrease in binding of mAb 3D1.7! The numbering system is based
on the amino acid sequence in the p58 region (N-1-58-C). This binding was further
abrogated when site-directed mutagenesis occurred in other conserved residues (V20 and

T22), clearly demonstrating that mAb 3D1 binds to the a3 helix (Fig. 7).16
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Figure 7. Evaluation of binding affinity of 3D1 mAb to the ECD of MUC1-C at the a3
helix. (A) Surface plasmon reference (SPR) depicting the binding of 3D1 mAb to ECD of
MUC1-C subunit through different perimeters as a tool for analysis. (B) Depicting % control
binding of 3D1 to WT MUC1 p62/58 heterodimer(WT), leucine residue mutated p62/58
heterodimer(LL/AA) and WT p62 alone (p62). CD1 mAb reacting with the cytoplasmic tail
(CT) of MUC1-C is used as a control. The results depict the percentage of control binding
in comparison to that with WT protein (>3.0 OD units)through ELISA. (C) Conservation of
amino acid sequence within human, cynomolgus monkey and mouse Mul-c extracellular
domains. (D) Depicting % control binding of 3D1mAb to WT p58 MUC1-C protein and
mutant proteins (D19E or D19E/V20A/T22A). CD1 mAb used as a control. The results
depict the percentage of control binding in comparison to that with WT protein (>3.0 OD
units). (E) NMR spectroscopy of p62/p58 heterodimer demonstrating the localization of
3D1 mAb epitope to the a3 helix.1® This figure is reproduced with permission from the
publisher.”

This mAb not only bound to its epitope (a3 helix) with low nM affinity but also
demonstrated selectivity for the MUC1-C expressing breast cancer cell lines.16 71 Human
HCT116 colon cancer cell was successfully transduced to express MUC1 (HCT116/MUC1)
and an empty vector for control (HCT116/null). The results from the flow cytometry
revealed that mAb 3D1 selectively bound to HCET116/MUCL1 cells with half-maximal

concentration (ECso) of 16.4 nM. Similar results were observed for the knock in and
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knockdown expression of MUCL1 in MDA-MB-468 triple negative breast cancer cells.
Additionally, the surface binding of mAb 3D1 to various types of cancer cells was depicted
by its specific binding to H441 non-small cell lung cancer (NSCLC) lines, primary NSCLC
cells from resected tumors, ZR-75-1 luminal breast cancer cells and formalin-fixed,
paraffin-embedded (FFPE) sections of tumors expressing MUC1-C but not the normal

epithelial cells.

E) Antibody-drug conjugates targeting MUC1-C

Antibody drug conjugates or ADCs are a class of targeted immunotherapy in which
a therapeutic mAb delivers chemotherapeutic drugs to the tumor cells sparing the healthy
cells. These immunoconjugates are not only highly selective but also stable and potent.”
The 3D1 mAb further proved to be advantageous when it successfully delivered
monomethyl auristatin E (MMAE) when conjugated using a cleavable maleimido caproyl-
valine-citrulline linker. 3D1-MMAE ADC was internalized at 37 °C in HCT116/MUC1
cells with half-maximal lethal concentration (LCso) of 3.8 nM whereas it was ineffective in
killing HCT116/null cells.”* To assess the toxicity of this ADC, human MUC1-transgenic
(MUC1-Tg) mice were administered with 15 mg/kg i.v of mAb 3D1-MMAE conjugate,
based on the pharmacokinetic studies of mAb 3D1 performed in C57BL/6 mice. Compared
to wild type mice, human MUC1-Tg mice are a suitable model to test the toxicity of mAb
3D1-MMAE ADC as it expresses MUCL1 in similar patterns and levels as those found in
humans. The findings depicted no evident weight loss in the mice or any histopathologic
damage to diverse types of normal tissues expressing MUC1 like lung, colon and kidney.
Effective inhibition was observed when mAb 3D1-MMAE ADCs were administered in
nude mice with HCC827 NSCLC xenografts along with no overt toxicities. To assess the

clinical development potential, mAb 3D1-MMAE ADC was humanized by
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complementarity determining region (CDR) grafting and it also exhibited significant
antitumor activity in MUC1-Tg mice against mouse MC-38/MUC1 colon cancer with no

associated adverse effects on MUC1-C expressing healthy tissues.

Conclusions and Future Outlook

In summary, the MUC1-C domain has displayed its crucial role in many critical
cellular functions making it an oncogenic protein. The identification of seven potent CTL
epitopes derived from the MUC1-C domain opens another platform to employ these CTL
antigens in various immunotherapies like recombinant-based vector vaccines. With further
investigations, scientists were able identify the 45 amino acid fragment (MUC1%*) in the
MUC1-C as the predominant form of MUC1 protein on the surface of cancer cells and
tissues that was able to mimic the oncogenic functions of full-length MUCL1. In addition,
MUC1* proved to be diagnostically more effective in staining the most diseased portions
of certain MUCL1 expressing cancers, which were not effectively stained by full-length
MUC1. The research findings highlighted the importance of understanding of the
interactions between the MUC1* protein with its ligand in the development of the peptide-
based inhibitors like GO-201, which directly targets MUC1* oligomerization and ultimately
induced apoptosis of human breast cancer cells. The generation of novel antibody; SKM1-
02 using phage display; anti-MUC1 and antibody drug conjugate; 3D1-MMAE, have
provide promising leads targeting the extracellular domain of MUC1-C protein with high

selectivity and potency.

These research findings toward understanding oncogenic role of MUC1-C protein were
critical in using it as an immunotherapeutic target. On the other hand, much more studies are

still required to deeply understand its mechanistic role. Strategic developments in a preclinical
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setting that aim at defining the functions of this membrane-bound glycoprotein is of utmost

importance.
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Chapter 2 Effective Tumor Protection by QB-‘MUC1 Vaccine in a Spontaneous
Tumor Model Resembling Human Triple Negative Breast Cancer

2.1 Introduction

Cancer immunotherapy has become an important strategy to treat cancer
complementing the traditional methods of surgery, radiation and chemotherapy.!:2 Anti-cancer
vaccine is an exciting direction for immunotherapy, which can potentially provide long lasting
protection against cancer.3-> Mucin-1 (MUC1), a high molecular weight membrane-bound
glycoprotein, is an attractive target for anti-cancer vaccine development. MUCL1 is found on the
apical borders of luminal or glandular epithelial cellular surface of many tissues.® ” In normal
cells, it provides a physical barrier to pathogens and also acts as a lubricant. In contrast, on a
wide range of cancer cells, the level of MUC1 expression can be more than 100-fold higher
than that on normal cells. Furthermore, MUC1 on tumor cells often contain shortened O-linked
glycans, which expose the protein backbone for immune recognition.® These unique
glycoprotein structures distinguish tumor associated MUC1 (*MUC1) from those on normal
cells.® With such contrasting structural and biochemical properties in normal vs cancer cells,

IMUCT1 has been rated as a top tumor associated antigen by the National Cancer Institute.1°

The selection of MUCL1 glycoprotein/glycopeptide antigen structures utilized for
vaccine design is a critical step. A prominent structural feature of MUCL is the 20-125 variable
number  tandem repeats (VNTR) with 20 amino acids in length
(PDTRPAPGSTAPPAHGVTSA), each of which contains five potential sites of O-linked
glycosylation on Ser and Thr residues.!! There have been many innovative MUC1 based
vaccine studies, using a variety of antigenic MUC1 structures.12-14 It has been shown that
focusing the immunogen design on a short glycopeptide SAPDT*RPAP (* denotes O-linked

glycan) led to significantly enhanced vaccine efficacy. Prophylactic vaccination with the
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conjugate of the '™MUC 1 glycopeptide with an immunogenic bacteriophage QP carrier reduced

the tumor burden in a tumor metastasis and a xenograft model in mice.1®

While the xenograft tumor model is relatively straightforward to establish, it is unable
to represent well the genetic and histological complexity of human tumors.1® To better mimic
the immunosuppressive environment and heterogeneity of human breast cancer, spontaneous
tumor models are attractive. Herein, a spontaneous mouse breast cancer model
(MUC1/MMTV) was developed by crossing mouse mammary tumor virus (MMTV)-polyoma
middle T (PyMT) mice with human MUC1 transgenic (MUC1.Tg) mice.l” To evaluate the
translational potential of the QP based MUCI1 vaccine, MUCI/MMTV mice have been
vaccinated with the QB-'MUC1 conjugate, which significantly improved mouse survival from
breast cancer.

2.1  Results and Discussion

2.1.1 Immunization with QB-‘'MUC1 vaccine at different timepoints resulted in similar
antibody titers in MUC1/MMTYV and MMTYV mice

To facilitate translation, a spontaneous breast cancer model was established based on
the mouse mammary tumor virus promoter (MMTV)-polyoma virus middle T (PyMT) mice.
These mice express the PyMT antigen under the direction of the MMTV promoter/enhancer,
which promotes malignant transformation and leads to the development of multiple palpable
mammary tumors in all female mice.1”- 18 This is a highly aggressive tumor model, as tumor
can appear as early as 4 weeks post-natal in these mice and between the ages of 8-18 weeks,
the solid tumors become completely invasive.*®

Mouse mucins have very different sequences compared to human MUC1. As a result,
unlike in humans, MUCL is foreign in mice and immunogenic. To mimic the immunotolerance
to MUC1, the MMTV mice were crossed with human MUC1 transgenic mice. The female

offspring of the resulting mice double transgenic in MUC1 and PyMT (referred to as
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MUC1/MMTV) all spontaneously develop palpable breast cancer at 5-7 primary sites
resembling human triple negative breast cancer (TNBC) in 8-10 weeks, which progress very
rapidly and share morphological similarities with human mammary carcinoma. Compared to
xenograft models of mouse breast cancer, the MUC1/MMTV mouse can mimic more closely
the human breast cancer clinical conditions with a native tumor microenvironment and immune
tolerance to MUCL. Furthermore, these mice are immuno-competent, thus providing an
appealing platform for evaluation of anti-MUC1 vaccines.

To determine the vaccine efficacy against the more clinically relevant spontaneous
breast cancer, the QB-'MUC1 glycopeptide SAPDT*RPAP (* denotes N-acetyl galactosamine
GalNACc) conjugate was prepared. Cohorts of 1-month old MUC1/MMTV and MMTV mice
were immunized subcutaneously with one prime and four weekly boosters of QB-‘MUCL1 at 4
nmol '™MUC1 per dose. Monophosphoryl lipid A (MPLA) was used as the adjuvant (Fig. 8a).
The control groups of mice (MUCL/MMTV and MMTV) received QB + MPLA (Qp) or
phosphate buffered saline (PBS) + MPLA (PBS) following an identical schedule.

a.
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Figure 8. Immunization protocol and assessment of anti-‘tMUC1 antibody in
MUC1/MMTV and MMTV mice for two different age when mice were immunized (1-
month and 2-3-month old). a) Schematic representation of the immunization protocol for mice
vaccinated with QB-'MUCL. Mice were vaccinated on days 0, 7, 14, 21 and 28 with 4 nmol
'MUCT per dose using MPLA adjuvant. Mice in the control groups were vaccinated with the
protein carrier QB-only or PBS using the same protocol. Blood was collected on days 0, 6, 20,
and 35 to generate sera for analyses. b) Anti--MUC1 IgG titers of MUC1/MMTYV and MMTV
mice in treatment groups (1-month and 2-3-month old) on day 35 post-immunization. Statistical
significance was determined by two-tailed unpaired Student’st-test using GraphPad Prism, **p
<0.01, ***p < 0.001. Each symbol represents one mouse (n = 3—6 mice for each group).
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Figure 8 (cont’d)
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On day 35 after the initial injection, blood was collected from mice to harvest serum
followed by enzyme linked immunosorbent assay (ELISA) analysis of the 1gG antibody titers
using BSA conjugate of thetMUC1 glycopeptide as the coating antigen toavoid the interference
of anti-Qp antibodies. As shown in Fig. 8b, QB-‘MUCL1 vaccine elicited a robust anti-‘MUC1
19G response in both MUC1/MMTV and MMTV mice. For MUC1/MMTV mice, the average
IgG titers were 2.2 X108 (1-month) and 2.9 x10° (2-3-month) ELISA units respectively. For
MMTV mice, the average I1gG titers were similar at 2.0 x10° (1-month) and 1.9 x108 (2-3-
month) ELISA units. The antibody responses in both MUC1/MMTV and MMTV mice were
about three orders of magnitude greater for the treatment group of mice when compared with

the post-immune sera from the groups of mice receiving the mock control of QB-only or PBS.
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2.1.2 Immunization of MUC1/MMTV and MMTYV mice at 1-month of age did not
provide significant protection against tumor development

Following 4 weekly immunizations, mice were monitored for tumor growth twice a
week. Mice in the treatment and the control group with MUC1/MMTV genotype started
developing palpable mammary gland tumors at about the same time, approx. 16 weeks of age
and similar outcome was observed for MMTV immunized mice. The tumor burden was
calculated by averaging the tumor area (length x width) in mm? of the three-biggest tumors
developed when the mice were 23-week of age (Fig. 9a), which was when a mouse in either
the treatment or the control study reached the size required for euthanization (biggest tumor
area >200 mm?). The overall survival of MUC1/MMTV mice in both treatment and control

groups was monitored and no significant differences in their survival were observed (Fig. 9b).
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Figure 9.a) Tumor burden analysis of MUC1/MMTV and MMTV mice in the treatment group
receiving QB-'MUCL1 at 4 nmol of '™MUC 1 per dose with MPLA as an adjuvant at one month of
age. Mice in the control groups were vaccinated with the protein carrier Q f-only or PBS. Mice
were immunized when they were 1-month of age and analyzed for their tumor burden twice a
week. At the age of 23-weeks, tumor burden of each mouse was determined by averaging the
area (length x width) of the three biggest tumors and reported in mm?. b) The days of survival
since birth in both treatment and control groups of MUC1/MMTYV and MMTV mice. Health
conditions of the tumor bearing mice were observed and mice were euthanized when the biggest
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Figure 9 (cont’d)
tumor area > 200 mm? and/or their body conditions significantly deteriorated due to tumor

development. Statistical significance was determined by Log-rank Mantel-Cox test using
GraphPad Prism, ns p > 0.05. Each symbol represents one mouse (n= 3—8 mice for each group).

2.1.3 Antibodies induced by Qp-‘MUC1 vaccine in MUC1/MMTV and MMTV mice
\é\érlllzn immunized at 2-3 months of age elicited strong binding to MUC1- expressing tumor

We hypothesize that the lack of tumor protection may be due to the immaturity of the
immune system of mice when immunization started at one month. Thus, groups of female
MUC1/MMTV and MMTV mice were immunized starting at the age of 2-3 months following
the same immunization protocol. Following 4 weekly injections of QB-‘MUC1 at 4 nmol dose
of tMUCJ1, sera were collected on day 35 afterthe initial immunization. ELISA analysis showed
that the average anti- 'MUC1 IgG titers were 2.9 x10° and 1.9 x108 ELISA units for
MUC1/MMTV mice and MMTV mice respectively. The anti-tMUCL1 IgG titers in control mice
receiving Qp or PBS only were below 2,000 ELISA units.

The abilities of the induced anti-‘MUC1 antibodies to bind with the native MUC1 protein
present on tumor cells were analyzed through flow cytometry. To test the breath of cancer cell
recognition, the post-immune sera from both MUC1/MMTV mice and MMTV mice receiving
QB-'MUCL1 (treatment) were incubated with a variety of MUCL1 expressing tumor cells
including B16MUC1 melanoma, PANC-02 pancreatic cancer cells, and ZR-75-1 breast cancer
cells. To establish the MUC1 dependence of cell binding, the MUCL1 negative B16F10 cells
were used as a control. Sera from MUC1/MMTV mice immunized with QB-‘MUCL1 exhibited
significantly stronger binding to all MUC1+ tumor cells as compared to sera from
MUC1/MMTV mice immunized with QB-only or pre-immune sera (Fig. 10a). Importantly, the

post-immune sera binding to the B16F10 cells not expressing MUC1 were much weaker,

demonstrating the serum selectivity toward tMUC1 (Fig. 10a).
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Figure 10. Results for flow cytometry analysis of cell binding by post-immune sera (day
35) elicited in MUC1/MMTYV mice receiving QB-*MUC1 with 4 nmol ‘MUCI per dose.
Mice in the control groups were vaccinated with (the protein carrier; QB-only or placebo; PBS).
Mice were immunized when they were 2-month of age and their mean fluorescence intensities
following incubation with tumor cells and detection by fluorescently labelled secondary
antibodies are reported. a) BI6MUC1 and B16F10 cells. b) PANC-O2 cells. ¢) ZR-75-1 cells.
Statistical significance was determined by two-tailed unpaired Student’s t-test using GraphPad
Prism, *p < 0.05, **p < 0.01, ***p < 0.001. Each symbol represents one mouse (n = 5—6 mice
for each group).
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Figure 10 (cont’d)
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It is interesting to note that the binding of post-immune sera from MMTV mice
receiving the QB-'MUC1 vaccination was significantly higher to MUC1+ tumor cells (5-fold
for B16MUC1 cells, 2-fold for PANC-O2 cells and 3-fold for ZR-75-1 cells) than that by sera
from the treatment group with MUC1/MMTYV background despite similar 1gG titers from both
groups (Fig. 11). The strong tumor cell binding in MMTV treatment group is likely because the
IMUCL1 is foreign in MMTV mice whereas it is a self-antigen in MUC1/MMTV mice, leading
to limited repertoire of anti-‘MUC1 antibodies resulting in weaker binding of antibodies

produced in MUC1/MMTV mice to MUC1+ tumor cells.
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Figure 11. Results for flow cytometry analysis of cell binding by post-immune sera (day
35) elicited in MMTYV mice immunized with QB-MUC1 with 4 nmol ‘tMUCI1 per dose. Mice
in the control groups were vaccinated with (the protein carrier; mQp-only or placebo; PBS).
Mice were immunized when they were 2-month of age and their mean fluorescence intensities
are reported. a) BI6GMUCI and B16F10 cells. b) PANC-O2 cells. c) ZR-75-1 cells. Statistical
significance was determined by two-tailed unpaired Student’s t-test using GraphPad Prism, *p
< 0.05, ****p < (0.0001. Each symbol represents one mouse (n = 5—6 mice for each group).

40



2.1.4 Immunizing MUC1/MMTYV and MMTYV mice with QB-‘MUC1 at a higher dosage
of tMUC1antigen (8 nmol) produced similar anti-‘MUC1 immune responses as the 4 nmol
tMUC1 dosage_

As the dose of a vaccine may impact the immune responses, we next investigated the
effect of dose by immunizing MUC1/MMTV and MMTV mice with QB-'MUCL at the double
dose of tMUC1 (8 nmol) following the identical immunization protocol. These mice produced
significantly higher 1gG titers as compared to the control groups receiving mock immunization

with PBS or Qp-only (Fig. 12). On the other hand, no statistically significant differences in

anti-‘MUC1 1gG titers were observed between the mice receiving 4 nmol vs 8 nmol of the

antigen.
1087 .
ns *kk ® MUCI/MMTV (Treatment-4 nmol MUC1)
- S

—_ [ —

o

2 i i _é_ B \MUCL1/MMTV (Treatment- 8 nmol ‘MUC1)
@
3 10°3 t A MMTV (Treatment-4 nmol 'MUC1)
N—r
0 Y MMTV (Treatment-8 nmol 'MUC1)
(O]
= 104+ QR-only
5 @ F o res
(@]
- ° o O Dayo0sera

10?2 T
Day 35 mouse sera

Figure 12. a) Comparison of post-immune sera (day 35) of MUC1/MMTV and MMTV mice
in the treatment group receiving QB-‘MUC1 with 4 nmol and 8 nmol *MUCI1 per dose. Mice in
the control groups were vaccinated with the protein carrier Q-only or PBS. Mice were
immunized when they were 2-month of age and their IgG antibody titers are reported. Statistical
significance was determined by two-tailed unpaired Student’s t-test using GraphPad Prism,
***p < 0.001. Each symbol represents one mouse (n = 3—8 mice for each group).

Similar to the ELISA results, both MUC1/MMTV and MMTV mice in the treatment
groups (4 nmol and 8 nmol tMUC1 dosage) exhibited strong tumor cell binding for BL6MUC1
(MUC1-positive) and minimal binding for B16F10 (MUC1-negative). As expected, the sera
from the mice in the control groups displayed significantly lower binding for both BL6MUC1

and B16F10 cells when compared to the sera from the mice in the treatment groups (Fig. 13).

These results reveal that both 'MUC1 dosages can produce potent anti-‘MUC1 antibody
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response for strong tumor cell binding. From a practical point, we used the lower tMUC1 dosage

(4 nmol) for further studies and analysis.
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Figure 13. Mean fluorescence intensities for BL6MUC1 and B16F10 cell binding by post-
immune sera (day 35). The treatment group received QB-‘MUCL with 4 nmol and 8 nmol
MUCI per dose. Mice in the control groups were vaccinated with the protein carrier Q -only
or PBS. Mice were immunized when they were 2-month of age. a) MUCI/MMTYV mice. b)
MMTV mice. Statistical significance was determined by two-tailed unpaired Student’s t-test
using GraphPad Prism, ns: *p > 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Each symbol
represents one mouse (n = 4—8 mice for each group).
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2.1.5 Antibodies induced by QB-tMUC1 vaccine in MUC1/MMTYV mice exhibited potent
tumoricidal activities in vitro, significantly reduced tumor burden and prolongated mouse
survival in the spontaneous breast cancer model

With the strong binding of post-immune sera in mice vaccinated with QB-‘MUC1, the

tumoricidal activities of the sera were analysed by the complement dependent cytotoxicity

(CDC) assay (Fig. 14).
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Figure 14. Percentage lysis of MUC1-positive cancer cells for the post-immune sera (day
35) of MUC1/MMTYV mice. The treatment group received QB-‘MUC1 with 4 nmol 'MUCI1 per
dose. Mice in the control groups were vaccinated with the protein carrier QB-only or PBS. Mice
were immunized when they were 2-month of age. a) Percentage lysis for BI6MUCI cells b)
Percentage lysis for ZR-75-1 cells. Statistical significance was determined by two-tailed
unpaired Student’s t-test using GraphPad Prism, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Each symbol represents one mouse (n = 6—8 mice for each group).
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MUC1-positive cultured breast cancer cells (ZR-75-1 and B16MUCL1) were incubated
with post-immune sera from the treatment group of MUC1/MMTV mice followed by rabbit
complement. The results revealed that in comparison to the MUC1/MMTV mice in the control
group (Qp-only) and pre-immune sera (day 0), a significantly higher percentage of tumor cells
was killed by the sera from the treatment group, suggesting the efficacy of the vaccine in tumor
protection.

The tumor burdens of immunized mice were analyzed at 23-week of age (Fig. 15a). It
was observed that the treated MUC1/MMTYV mice showed significantly lower tumor burden in
comparison to treated MMTV mice or mice in the control group. This result is supported by the
in-vitro experiment displaying strong tumor binding data observed for MUC1/MMTV mice in
the treatment group (Fig. 10). Significantly higher percentage of mice in treated MUC1/MMTV
(n=6) group survived compared to the MUC1/MMTYV receiving the mock control (83% vs 14%)
at week 23. For the MMTYV mice in the treatment group, no mice survived in MMTV treatment

group (Fig. 15b) at week 23.
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Figure 15. a) Tumor burden analysis of MUC1/MMTV and MMTV mice in the treatment
group receiving QB-‘'MUC1 at 2-month of age. Mice received 4 nmol of tMUCT per dose. Mice
in the control groups were vaccinated with (the protein carrier; Q-only or placebo; PBS). The
tumor burden was analyzed twice a week. For each 23-week old mouse, tumor burden was
calculated by averaging the area (length x width) of the three biggest tumors and reported in
mm?. b) The days of survival since birth of MUCI/MMTYV and MMTV mice in both treatment
and control groups were plotted. Based on the health conditions of the tumor bearing mice
observed, mice were euthanized when the biggest tumor area > 200 mm? and/or their feeding
conditions were affected. Statistical significance was determined by Log-rank Mantel-Cox test
using GraphPad Prism, *p < 0.05. Each symbol represents one mouse (n = 3—8 mice for each

group).

45



While these mice produced high levels of antibodies capable of binding MUCL1-
expressing tumor cells in vitro (Fig. 11), the tumors developed in MMTV mice lack the tMUC1
antigen required for binding. Therefore, the treated MMTV mice showed no significant
difference in their tumor burden when compared to the mice in the control group, highlighting
the importance of tMUC1 antigen. Overall, the treated MUC1/MMTV mice lived for more than
4 weeks longer than the treated MMTV mice or control mice. This significant prolongation in
the survival of mice with the aggressive tumors resembling the TNBC in the humans, highlights
the translational potential of our QB-‘MUC1 vaccine.

2.2 Conclusion

In this study, we evaluated the efficacy of QB-‘MUC1 vaccine in MUC1/MMTV and
MMTV mice. As all these female mice spontaneously develop breast cancer, this model can
more closely mimic human conditions as compared to xenograft models of breast cancer. We
immunized MUC1/MMTV and MMTV mice at two different timepoints: 1-month of age and
2 months of age. It was discovered that despite a strong antibody response, the treatment group
of mice immunized at 1-month did not show any significant differences in tumor burden and
their overall survival was also unaffected. Interestingly, immunization of MUC1/MMTV mice
at 2 months of age elicited a potent 1gG response and strong tumor cell binding to MUC1-
expressing cells (B16MUC1, PANC-O2 and ZR-75-1). Post-immune sera from treated
MUC1/MMTV mice had significantly higher complement dependent cytotoxicity (CDC)
toward MUC1-expressing tumor cells (B16MUC1 and ZR-75-1) cells than control
MUC1/MMTV mice. Both dosages of 'tMUCL1 (4 nmol and 8 nmol) exhibited similar immune
response enabling further studies at lower doses. The treatment group of MUC1/MMTV mice
experienced a significantly lower tumor burden compared to MMTV mice in the treatment
group. Additionally, 83% of treated MUC1/MMTV mice outlived the treated MMTV. These

results emphasize the significance of tMUC1 peptide antigen that is lacking in MMTV mice.
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This tumor-associated antigen tMUC1 played a key role in delaying tumor development in the
treated MUC1/MMTV mice and ultimately prolonging their overall survival. In conclusion,
QB-'MUC1 vaccine proved to be an effective immunotherapy tool in an aggressive and rapidly
growing spontaneous tumor model, laying the groundwork for its clinical translation.
2.3 Materials and Methods
2.3.1 Reagents and instruments

All chemicals were reagent grade and were used as received from the manufacturer,

unless otherwise noted. The QB-'MUC1 was synthesized following a published procedure.®

Centrifugal filter units of 10,000 and 30,000 molecular weight cut-off (MWCQ) were purchased
from EMD Millipore. Liquid chromatography-mass spectrometry (LCMS) analysis was
performed on QB-'MUC1 conjugate. The samples for LCMS were prepared with the following
procedure: 1:1 v/v of 40 pg mL! of QB-'MUC1 stock solution and 100 mM 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. LCMS was performed on Waters Xevo G2-XS quadrupole/time-of-flight
UPLC/MS/MS. The liquid chromatography was doneon ACQUITY UPLC®Peptide BEH C18
column, 130A, 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 CH3CN (0.3 mL min-1 flowrate) at column temperature
40 °C. The multiple charge mass spectra were transformed to single charge by using algorithm
MaxEnd148a. The average numbers of MUC1/subunit were analyzed by signal intensity of
mass spectrum. Protein concentration was measured using the Coomassie Plus Protein Reagent
(Bradford Assay, Pierce) with bovine serum albumin (BSA) as the standard.
2.3.2 Cell lines

All cell lines were purchased from American type culture collection (ATCC) or kindly
provided by Profs. O. J. Finn (Univ. of Pittsburgh) and S. J. Gendler (Mayo Clinic). B16-MUC1

melanoma cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL/100 pg/mL
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Pen/Step, 2 mM L-glutamine, 1 mM sodium pyruvate and 0.3 mg mL-! G418. B16F10 cells
were cultured in DMEM supplemented with 10% FBS, 100 U/mL/100 pg/mL Pen/Step, 2 mM
L-glutamine, 1 mM sodium pyruvate. ZR-75-1 breast cancer cells were cultured in RPMI1-1640
supplemented with 10% FBS, 100 U/mL/100 pg/mL Pen/Step, 2 mM L-glutamine, 1 mM
sodium pyruvate. PANC-02 pancreatic cancer cells were cultured in RPMI-1640 supplemented
with 10% FBS, 100 U/mL/100 pg/mL Pen/Step, 2 mM L-glutamine, 1 mM sodium pyruvate
and 0.3 mg mL-1 G418. These cell lines were maintained in a humidified incubator at 37°C in

a 5% CO,, 95% air atmosphere.

2.3.3 Mouse immunization and evaluation of tumor burden

All animal care procedures and experimental protocols were approved by the Michigan
State University Institutional Animal Care and Use Committee (IACUC). A spontaneous mouse
tumor model was developed by genetically crossing mouse mammary tumor virus (MMTV)-
polyoma middle T (PyMT) mice with MUC1.Tg mice. The female offspring of the resulting
mice double transgenic in MUC1 and PyMT (referred to as MUC1-MMTV) spontaneously
develop palpable breast cancer at 5-7 primary sites resembling human TNBC in 8-10 weeks.
Mice were injected subcutaneously at the scruff of the neck with 0.2 mL vaccine construct that
included monophosphoryl lipid A (MPLA, 20 pg) as the adjuvant on day 0 plus weekly booster
injections given subcutaneously on days7, 14, 21 and 28. Serum samples were collected weekly
on days 0 (before immunization), 6, 20, 27 and 35. For treatment groups, mice received two
different QB-‘MUC1 vaccine constructs with 4 nmol and 8 nmol tMUC1-N antigen dosage per
mouse. For the control groups, MUC1/MMTV group of mice received equivalent amount of

QP protein carrier and MMTYV group of mice received placebo (PBS).

For tumor burden analysis, MUCL/MMTV and MMTV mice in both treatment and

control groups were monitored twice a week when they started developing palpable mammary
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gland tumors. The tumor burden (mm?) was calculated by averaging the tumor area (length x
width) of three-biggest tumors developed on 23-week old mice. Health conditions of the tumor
bearing mice were observed and mice were euthanized when the biggest tumor area > 200 mm?

and/or their body conditions were significantly deteriorated.

2.3.4 Synthesis of tMUC1-NPL glycopeptide

The 'MUC1 glyco-peptide was synthesized using Fmoc based solid phase support
peptide synthesis (SPPS) on p-nitrophenyl carbonate Wang resin pre-loaded with Fmoc-1,4-
diaminobutane 40 using Fmoc chemistry. The N-terminal protecting group, Fmoc, was de-
protected by 20% piperidine in DMF. The amino acid coupling was carried out with Fmoc
amino acids (5 eq.) using (2-(1H-benzotriazoll-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU)/hydroxybenzotriazole (HOBt) (4.9 eq.) and DIPEA (10eq.). For
glyco-peptide synthesis, Fmoc-Tn building block Fmoc-GalNAc-Thr 33 (2 eq.) was used as a
building block, which was introduced into the peptide chain mediated by 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-oxide
hexafluorophosphate (HATU)/1-hydroxy-7-azabenzotriazole (HOAL) (1.9 eq.) and DIPEA (4
eq.). After assembly of glyco-peptide, the N-terminal Fmoc group was removed and capped
with acetic anhydride. The peptide was cleaved from resins by TFA/TIPS/H20 = 95/2.5/2.5 for
2 h. The excess TFA was evaporated. The glyco-peptide was precipitated by diethyl ether and
centrifuged to pellet the solid. To remove the acetyl protecting groups of the Tn, the crude
glyco-peptide was treated with 5% (v/v) hydrazine in water for 6 h. The crude reaction was
neutralized to pH 7. The deprotected tMUC1-N glyco-peptide was purified on a Shimadzu
HPLC (LC-8A Liquid Chromatograph Pump, DGU-14A, Degasser and SPD-10A UV-Vis
Detector), using S6 reverse phase column SUPERCOSIL LC18, 25 cm x 10 mm 5 pum with
gradient solvent CH3CN and H20 (0.1% TFA) gradient 0-5% in 2 min, 5-40% in 2—40 min.

The yield of purified tMUC1 glycopeptide was 30-40%. For conjugation of the tMUC1 glyco-
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peptide onto Qp, the purified tMUC1-N was treated with adipate bis(4-nitrophenyl) ester and
then purified by HPLC to obtain tMUCZ1-NPL glyco-peptide with 95% yield.
2.3.5 Synthesis and characterization of QB-‘MUC1 vaccine

The amount of antigen added was based on the ratio of antigen per accessible capsid
surface amines. The Qp (with mutation; A38K/A40C/D102C) is comprised of 180 identical
subunits with five accessible surface amines per subunit. As a result, the total number of surface

accessible amines available for conjugation is 900. For synthesis of QB-'MUC1, a solution of
QP (6.5 mg, 0.46 pmol subunit, 1.84 pmol reactive amine) in 0.1 M K-Phos buffer (pH = 7.0,

1.123 mL) was cooled on an ice bath, then added to a frozen solution of tMUC1-NPL (176 pL
from a 50 mM stock solution in DMSO, 8.8 umol). The mixture was allowed to warm to rt and
gently inverted several times to ensure mixing of the reactants. The reaction was incubated at
37 °C for 16 h. The reaction mixture was purified by Amicon Ultra 30 kDa MW cut-off against
0.1 M K-Phos buffer. The total protein concentration was determined by Bradford assay against
BSA standards. Percent protein recovery was found to be approximately 85 %. The extent of
particle modification was determined by ESI-TOF LC-MS and by reducing SDS PAGE through
Image Lab software by Bio Rad.
2.3.6 Synthesis of BSA-tMUC1 conjugate

For BSA conjugation, '"MUC1 (2.5 mg) functionalized with adipate bis(4-nitrophenyl)
ester was added respectively to a solution of BSA (2 mg) in pH = 7.0, 0.1 M K-Phos buffer
(~200 pL). The reaction was incubated at 37 °C overnight. The product was purified by an
Amicon Ultra 10 kDa MW cut-off against 0.1 M K-Phos (5 x 0.5 mL). Total protein content
was quantified by Bradford assay against BSA standards. The extent of modification was
determined by MALDI MS.
2.3.7 Evaluation of antibody titers by ELISA

A Nunc MaxiSorp® flat-bottom 96 well plate was coated with a solution of the
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corresponding BSA-'MUCI conjugate (10 pg mL-1, 100 puL/well) in NaHCO3/Na2COgz buffer
(0.05 M, pH 9.6) and incubated at 4 °C overnight. The coated plate was washed with PBS/0.5%
Tween-20 (PBST) (4 x 200 pL) and blocked by 1 % BSA/PBS (100 puL/well) at rt for 1 h. The
plate was washed again with PBST (4 x 200 uL) and incubated with serial dilutions of mouse
sera in 0.1 % BSA/PBS (100 puL/well, 4 wells for each dilution). The plate was incubated for 2
h at 37 °C and then washed with PBST (4 x 200 pL). A 1:2000 dilution of HRP-conjugated
goat anti-mouse 1gG (Jackson ImmunoResearch Laboratory) in 0.1% BSA/PBS (100 pL) was
added to the wells respectively to determine the titers of antibodies generated. The plate was
incubated for 1 h at 37 °C. A solution of enzymatic substrate was prepared by dissolving
3,3',5,5'- tetramethylbenzidine (TMB, 5 mg) in a mixture of DMSO (2 mL) and citric acid buffer
(18 mL) in a 50 mL centrifuge tube covered with aluminum foil. H202 (20 uL) was added and
the mixture was homogenized by vortexing. The plate was washed with PBST (4 x 200 pL)
and a solution of enzymatic substrate was added (200 pL). Color was allowed to develop for
15 min and 0.5 M H2SO4 (50 uL) was added to quench the reaction. The absorbance was
measured at 450 nm using a microplate reader. The titer was determined by regression analysis
with log10 dilution plotted with optical density. The titer was reported as the highest fold of
dilution giving the optical absorbance value of 0.1 over those of the pre-immune control sera
(OD =0.2). All samples were tested in triplicates replicates.
2.3.8 Detection of cellular binding of anti-tMUC1 antibodies to tumor cells by FACS
B16-MUC1 cells, B16F10 cells, ZR-75-1 cells or PANC-O2 cells were respectively
cultured till 80% confluency at 37 °C under 5% CO2 in cell growth medium. The cells were
detached using 0.25% trypsin followed by incubation at 37 °C under 5% CO2 for 5 min. The
cell growth medium was transferred to a conical centrifuge tube, and centrifuged at 1,600 rpm
for5 min at 4 °C. The pellet was re-suspended in growth medium (10 mL). The number of cells

was determined using a haemocytometer. The cells were transferred based on requirement of
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the experiment (between 0.35 x 108 cells - 0.5 x 106 cells was recommended). The cells were
resuspended in 2 mL of 1X PBS and viability dye (Live/Dead blue) was added at 1/1000
dilution. The cells were incubated on ice in dark for 30 min. The cells were then diluted to 10
mL of FACS buffer (1% FBS, 0.1% NaN3s in 1X PBS, pH 7.4) and centrifuged at 1,600 rpm for
5min at4 °C. The pellet was washed twice with FACS buffer and then resuspended in FACS
buffer such that each well in the V-bottom 96 well plate receives the required number of cells
in 95 L of volume. The cells were incubated with 1:20 dilution of mouse sera (5 pL) in FACS
buffer for 30 min on ice. The incubated cells were washed twice with FACS buffer, followed
by incubation with 1/50 dilution of FITC conjugated goat anti-mouse IgG (minimal x-
reactivity) antibody for 30 min. The cells were washed thrice and were fixed with 4% formalin
in 1X PBS for 10 min at room temperature. The fixed cells were washed thrice with FACS
buffer and then re-suspended in FACS buffer and analyzed by Cytek Aurora. Data was
processed by FlowJo software.
2.3.9 Complement dependent cytotoxicity

Complement dependent cytotoxicity of B16-MUC1 or ZR-75-1 cells was determined
by MTS assay. B16-MUC1 or ZR-75-1 cells (10,000 cells/well) were cultured for 12—-72 h (12
h for B16- MUCL1, 72 h for ZR-75-1), and incubated with a 1/20 dilution of mouse sera in 50
pL of culture medium at 37 °C for 30 min from different groups of immunized MUC1/MMTV
mice. Rabbit serum complement at 1/15 dilution in 60 pL of culture medium was added and
then incubated at 37 °C for 4 h. MTS (CellTiter 96® AQueous One Solution Cell Proliferation
Assay; Promega, 20 nL) was added into each well and further incubated at 37 °C for 2 h. The
optical absorption of the MTS assay was measured at 490 nm. Cells cultured in MTS were used
as a positive control (maximum OD), and the culture medium was used as a negative control
(minimum OD). All data were performed in four replicates. Cytotoxicity was calculated as

follows: Cytotoxicity (%) = (OD positive control — OD experimental) / (OD positive control —
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OD negative control) x 100. The lowest cell viability values were used as baseline and all other

data points were calibrated accordingly.
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APPENDIX
Figure 16. Mass spectrum of functionalized 'MUC1-NPL.
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Figure 17. Electrophoresis analysis (SDS-PAGE) of QB-‘MUC1 vaccine conjugates showing
the number of tMUC1 copies on each viral capsid subunit is 280 as calculated by Image Lab

software.
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Figure 18. ESI-TOF HRMS spectra of QB-‘MUC1 vaccine conjugate showing the number of
IMUC1-NPL copies on each viral capsid is 280 on average.

+2 MUC1
16,870
100 A Fay
+1 'MUC1
15,540
v
+3 MUC1
% - 18,210
P>
Unmodified subunit
14,200
0 =
14000 16000 18000 20000 22000 24000
Mass (Da)

57



Chapter 3 Investigating Epitopes of MUC1-C Protein as an Antigenic Target for
Anti-Cancer Vaccine Development

3.1 Introduction

Vaccination is a powerful tool that harnesses the immune system of the body to combat
diseases, which can potentially provide long term immunity with few side effects. One of the
attractive targetsfor the development of anti-cancer vaccine is human mucin-1 (MUC1) protein.
It can be aberrantly overexpressed (>100-fold) on the cell surface of a wide range of human
carcinoma including prostrate, lung, ovarian pancreatic, colon and more than 90% of breast
cancer.r: 2 MUC1-C protein is cleaved into two subunits MUC1-N (N-terminus) and MUC1-C
(C-terminus), which are associated by non-covalently interactions. Many studies have utilized
various epitopes of the MUC1-N subunit as antigens for cancer vaccines but have not yet met
with clinical successes.®-11 On the other hand, the transmembrane MUC1-C domain has been
shown to have oncogenic potential. 1?13, 14,15 MUC1-C is composed of a 58-amino acid
extracellular domain (ECD), a 28 amino-acid transmembrane (TM) domain followed by a 72-
amino acid cytoplasmic tail (CT). Several studies have investigated the MUC1-C subunit as an
alternative antigen for immunotherapy development targeting cancer as discussed in chapter-
1.16-21 However, to date, it has not been reported in a vaccination strategy.

In this study, we report two epitopes of the MUC1-C domain for the development of
Qp-based vaccine. Bacteriophage QP is a virus like particle (VLP) that displays antigens in a
highly organized 3-dimensional orientation. It helps in stimulating the immune system against
the antigen to generate high and long-lasting antibody response.22 The two epitopes span
through the MUC1-C domain from N-1098-1155-C (58mer) and N-961-1152-C (192mer). The
MUC1-C epitopes (58mer and 192mer) were conjugated to a mutant QP using the maleimide
linker chemistry to yield QB-MUC1-C (58mer and 192mer) vaccine constructs. Various aspects
of immune response generated by these vaccines were evaluated in this report through ELISA,

FACS and cell invasion assay (CIA).
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3.2 Results and Discussions
3.2.1 Expressing and characterizing un-glycosylated-MUC1-C (58mer and 192mer)
Monoclonal antibodies generated against the ECD of MUC1-C 58mer (N-1098-1155-
C) had previously displayed potent anti-tumor activities with strong binding to the MUC1-C
protein and MUC1-expressing tumor cells through ELISA, FACS and various other
immunological assays.2° In this work we successfully expressed 58 a.a protein from the MUC1-
C domain in E. coli (pET-28a(+)-TEV vector) with a histidine-tag and a cysteine at the C-
terminus. The cysteine moiety was added to enable the covalent conjugation during the vaccine
construction and the histidine-tag rendered it convenient for its purification and
characterization. The protein was characterized through reducing sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analysis through an anti-his

secondary antibody (Fig. 19).
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Figure 19. Characterization of E. coli expressed un-glycosylated MUC1-C (58mer) from
ECD. Electrophoresis (SDS-PAGE and Western blot) of MUC1-C (58mer; M.W. 7.2 kDa)
displaying ladder and lane 1 (reducing SDS-PAGE, Coomassie blue stain) and lane 2 (anti-
histag Western blot.

Another study utilized the 192mer protein sequence (N-961-1152-C) from the MUC1-
C ECD to express a monoclonal antibody, which successfully demonstrated specific binding to
human MUC1-C in its native form through western blot and immunoprecipitation analysis.?!

This result suggested that the 192 mer may be a suitable antigen. The native MUC1-C 192mer
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sequence undergoes auto-proteolysis into two fragments that makes it difficult to target the full-
length MUC1-C 192mer as an antigen for vaccine development. A point mutation (S1098A)
was introduced into the sequence to prevent the auto-proteolysis leading to the design of the
histidine-tagged un-glycosylated MUC1-C 192mer expressed in E. coli (N-961-1152-

HHHHHH-C; pET30a vector) for our study (Fig. 20).
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Figure 20. Characterization of E. coli expressed un-glycosylated MUC1-C (192mer) from
ECD. Electrophoresis (SDS-PAGE and Western blot) of MUC1-C (192mer; M.W. 22 kDa)
displaying ladder and lane 1 (reducing SDS-PAGE, Coomassie blue stain) and lane 2 (anti-

histag Western blot).

3.2.2 Bio-conjugation and characterization of MUC1-C (58mer and 192mer) to Qp for
constructing Qp-MUC1-C vaccine

A mutant bacteriophage Qf (A38K/A40C/D102CQp) has been developed in our lab as
a potent carrier for conjugate vaccine development.?® QB-based vaccine constructs have
induced robust antibody response against the target antigen with reduced anti-carrier
antibodies.?® For bioconjugation, freshly expressed QP was first oxidized to ensure no free
sulfhydryl groups on QP carrier to minimalize any interference during lysine-based conjugation
with a cysteine reactive bifunctional linker N-succinimidyl 6-(3-maleimidopropionamido)
hexanoate (SMPH). Oxidized Qp was functionalized with the SMPH linker (100 mg/ mL in
DMSO; 30X molar ratio) in 0.1M KPB, pH 8 for 1h at room temperature. Excess SMPH was
removed by filtration through a membrane filter (30,000 MW cut-off). Simultaneously, purified

MUC1-C (58mer and 192mer) was reduced using tris-(2-carboxyethyl)-phosphine (TCEP)
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immobilized beads. TCEP-reduced MUC1-C (58mer and 192mer) was then added to Q-
SMPH for an overnight incubation at room temperature to construct QB-MUC1-C vaccine

(Scheme 1).

o o)
1. 30X SMPH, 1h, RT MH N MUC1-C-R
2. MUCI-C-R (TCEP reduced) g e

( reduced) R H \g/\o/ X
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Scheme 1. Schematic demonstration of QB-MUC1-C (58mer and 192mer) conjugates.
Oxidized QP functionalized with 30X SMPH linker in 0.1M KPB buffer, pH 8 for 1h at room
temperature. After removing excess SMPH linker, TCEP reduced MUC1-C (58mer and
192mer) was immediately added to oxidized QP in 1M KPB buffer, pH 8 for overnight
incubation at room temperature. The QB-MUC1-58mer vaccine had 250 copies of MUC1-C
(58mer) per QP capsid and QB-MUC1-C (192mer) vaccine had 30 copies of MUC1-C (192mer)

per QP capsid.

QpB-MUC1-C (58mer) conjugate was characterized through qualitative analysis using
reducing sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS PAGE) and westem
blot analysis using anti-histag antibody (Fig. 21a, b). As demonstrated in lanes 4,5 and 6 in
SDS-PAGE and western blot, the QB-MUC1-C (58mer) conjugate remained stuck in the well
in the stacking gel due tothe high molecular weight of the conjugate. The unconjugated QP and

MUC1-C (58mer) migrated down the resolving gel.

The QB-MUC1-C conjugates were purified with FPLC-SEC (Fig. 21c) and the antigen
loading levels for MUC1-C (58mer) were quantified by using MUC1-C (58mer) calibration
curve obtained by a method adapted from ELISA (Fig. 21d). The ELISA plate was coated
overnight with 0-50 ng/well of MUC-C 58mer to create a standard curve. A known amount of

QpB-MUC1-C (58mer) conjugate mixture, which was pre-washed with 0.1 M KPB buffer in
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(100,000 MW cut-off) centrifuge filter after the bioconjugation. was also coated in the same
ELISA plate. Absorbance was measured at 450 nm and the antigen loading level for MUC1-C
(58mer) in the QB-MUC1-C (58mer) conjugate mixture was calculated. On average, 250

copies/QP capsid was obtained.

a. b.
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Figure 21. Characterization of QB-MUC1-C (58mer) vaccine construct. Analysis of Qp-
only (lane 1), QB-SMPH (lanes 2, 3) and QB-MUC1-C (58mer) conjugate (lanes 4-6). The pre-
washed and QB-MUC1-C (58 mer) conjugate mixture consists of unconjugated Qf (14 kDa)
and unconjugated MUC1-C (58 mer) (7.2 kDa) along with the QB-MUC1-C (58 mer) conjugate.
a) SDS-PAGE with Coomassie blue stain b) Western blot analysis with anti-histag antibody c)
FPLC-SEC analysis of QB-MUC1-C (58 mer) conjugate mixture. It was performed on a GE
AKTA Explorer (Amersham Pharmacia) instrument equipped with a Superose-6 column.
Microfluidic capillary gel electrophoresis was performed on a Bioanalyzer 2100 Protein 80
microfluidics chip (Agilent Technologies). d) Calibration curve of MUC1-C (58 mer) by using
Bradford dye and reading absorbance.
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Figure 21 (cont’d)
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The antigen loading levels for MUC1-C (192mer) with 30 copies/Qp capsid were
calculated by using MUC1-C (192mer) calibration curve obtained by FPLC-SEC (Fig. 22a).
After the overnight bioconjugation, the QB-MUC1-C (192mer) conjugate mixture was injected
in the FPLC-SEC column (Fig. 22b) and the amount of unconjugated MUC1-C (192mer) was
calculated using the calibration curve. The purified fraction for QB-MUC1-C (192mer)

conjugate was then injected in mice for evaluating the immune response.

Injected amount of MUC1(ug)

| 250
150
100
50

Figure 22. Characterization of Qp-MUC1-C (192mer) vaccine construct. a) Calibration
curve of MUC1-C (192mer) by using FPLC-SEC and calculating area under the peak for each
peak corresponding to a known amount of MUC1-C (192mer) injected into the column b)
FPLC-SEC analysis of QB-MUC1-C (192 mer) conjugate mixture consisting of unconjugated
QP (14 kDa), unconjugated MUC1-C 192mer (22 kDa) and unconjugated SMPH linker along
with the QB-MUC1-C (192 mer) conjugate.
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Figure 22 (cont’d)
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3.2.3 Immunization of MUC1.Tg mice with QB-MUC1-C (58mer and 192mer) elicited
strong antibody responses

MUC1 transgenic (Tg) mice (n=4-5) were immunized subcutaneously with the Q-
MUC1-C (58 mer and 192 mer) using one primer plus 2 booster injections, 2 weeks apart (Fig.
23a). Each dose contained 0.83 nmol dosage for the MUC1-C (58mer) and 0.27 nmol dosage
for MUC1-C (192mer) with monophosphoryl lipid A (MPLA) as an adjuvant. On day 35 after
the initial injection (1 week after the 2"d booster), blood was collected from mice to harvest
serum followed by ELISA analysis of the IgG antibody titers. The ELISA plates were coated

with MUC1-C (58mer) for anti-MUC1-C (58mer) 1gG response and MUC1-C (192mer) for
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Figure 23. Immunization protocol and assessment of anti-MUC1-C antibody in mice. a)
Schematic representation of the immunization protocol for C57BL/6 mice (n=4-5) using Q-
MUC1-C (58 mer and 192 mer) vaccine constructs. Mice were vaccinated on days 0, 14 and 28
with 0.43 nmol MUCI1-C (58 mer and 192 mer) per dose using MPLA adjuvant. Blood was
collected on from mice injected with both vaccine constructs on days 0, 7, 21, 35 and on day
85 post-immunization for mice injected with QB-MUC1-C (192 mer) vaccine. b) Anti-MUCI-
C (58 mer and 192 mer) IgG titers of different vaccine groups on day 35 post-immunization.

c)Persistence of antibody titers for mice injected with QB-MUC1-C (192mer) vaccine.

As shown in Fig. 23b, both QB-MUC1-C (192 mer and 58 mer) vaccine constructs
elicited robust 1gG responses, averaging 1.4 x10° and 7.5 x10* ELISA units, respectively. The
persistence of IgG antibody responses elicited by QB-MUC1-C (192 mer) vaccine was
monitored over time (Fig. 23c). On day 85 post-immunization, the average anti-MUC1-C (192
mer) 1gG titer was 2.6 x 10° ELISA units (Fig. 23b). These results suggested that the MUC1-C
vaccines were successfully able to generate long-lasting plasma cells capable of continuous

production of anti-MUC1-C antibodies.
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3.2.4 Antibodies induced by QB-MUC1-C (58 mer and 192 mer) vaccine elicited binding
to MUC1-expressing cancer cells

In the next step, the binding ability of the anti-MUC1-C (192 mer and 58 mer) antibodies
was tested with MUC1-positive (ZR-75-1) and MUC1-negative (MDA-MB-231) tumor cells
through FACS analysis in vitro (Fig. 24). For ZR-75-1 cells, anti-MUC1-C (58mer) antibodies
bound significantly higher to ZR-75-1 tumor cells than pre-immunized sera (D0) whereas anti-
MUC1-C(192mer) antibodies produced non-significant binding to ZR-75-1 cells. As a control,
MUC1-negative MDA-MB-231 cells were used and anti-MUC1-C (58 mer and 192 mer)

antibodies had minimal binding as compared to pre-immune sera.
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Figure 24. Results for flow cytometry analysis of cell binding by post-immune sera (day
35) elicited by mice receiving QB-MUC1-C (58mer and 192mer) vaccine constructs. a)
MUC 1-postive ZR-75-1 cells. b) MUC1-negative MDA-MB-231 cells. Statistical significance
was determined by two-tailed unpaired Student’s t-test using GraphPad Prism, ns: p > 0.05; *p
< 0.05. Each symbol represents one mouse (n = 3-5 mice for each group).
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Even though the post-immune sera (D35) for both MUC1-C vaccines produced similar
1gG titers (Fig. 23b), the FACS analysis results showed that only anti-MUC1-C (58 mer)
antibodies in the post-immune sera (D35) had significantly higher binding to MUC1-positive
cells than pre-immune sera (DO0). This was due to the dispersion of mean fluorescence intensity
(MFI) within the group of mice with anti-MUC1-C (192mer) antibodies. The average MFI for
mice immunized with QB-MUC1-C (192mer) was higher than that of QB-MUC1-C (58mer).
This demonstrated that both MUC1-C (58 mer and 192 mer) epitopes showed promises in

binding to MUC1-expressing cell lines.

3.25 Anti-MUC1-C (192 mer and 58 mer) antibodies strongly inhibited invasive
activity of MUC1-expressing cancer cells

MUC1-C domain is known to regulate the metastatic invasion by cancerous cells.?*
MUC1-C (192 mer) epitope was investigated for its role in cancer cell invasion assay by
utilizing MUC1-expressing tumor cells in an invasion chamber setting. Antibodies elicited from
QPB-MUC1-C (192 mer) vaccine (D35 192 mer sera) successfully displayed high levels of
migration inhibition for MUC1-positive cells (ZR-75-1 and T47D; Fig. 25a, b). In contrast, the
antibodies did not exhibit any significant effectson MUC1-negative cells (MDA-MB-231; Fig.
25¢) when compared with pre-immunized sera (DO sera) highlighting the important role MUC1

plays in this assay.
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Figure 25. Evaluation of metastatic activity of anti-MUC1-C (192 mer) antibodies in-vitro
Matrigel invasion assay. A suspension of 0.3 x 10 6 cells/well was incubated with pooled pre-
immunized (DO) and post-immunization (D35 sera) for 24-48h at 37 °C in 5% CO2. The
fluorescence of the cells that migrated to the lower chamber containing CyQuant GR dye was
read at 480nm/520nm. a) MUC1-positive T47D cells. b) MUC1-positive ZR-75-1 cells. c)
MUC1-negative MDA-MB-231 cells. Statistical significance was determined by two-tailed
unpaired Student’s t-test using GraphPad Prism, *p < 0.05, ****p < 0.0001. Each symbol

represents one mouse (n = 3 technical replicates).

3.3 Conclusion

The QB-MUC1-C (58mer and 192mer) vaccines when administered to MUC1.Tg mice
yielded high and robust anti-MUC1-C 1gG antibody response as determined through ELISA.
The 1gG titers of 2.6 x10° ELISA units on day 85 post-immunization depicted the long-lasting
antibody response elicited by QB-MUC1-C (192mer) vaccine. Both MUC1-C vaccines elicited

similar 1gG titers (D35 titers) but the antibodies obtained from QB-MUC1-C (58mer) vaccine
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produced a significantly higher cellular binding to MUC1-expressing tumor cells when
compared with pre-immunized sera (D0). Even though the cellular binding for anti-MUC1-C
(58mer and 192mer) antibodies as evaluated by FACS for ZR-75-1 cells were similar but anti-
MUC1-C (192mer) antibodies in 50% of the treated mice did not produce any significant
binding compared to DO sera. Alternatively, the anti-MUC1-C (192mer) displayed successful
inhibition of metastatic invasion by MUC1-expressing tumor cells through cell invasion assay
(CIA). These results are encouraging and show that these epitopes have the potential to be anti-
metastatic therapeutic candidates. However, the results are still preliminary, which will require
a broader range of cell lines to be explored for cellular binding experiments. Additionally, the
results obtained from un-glycosylated MUC1-C (58mer and 192mer) epitopes provided a strong
foundation to explore the glycosylated versions of these MUC1-C proteins.
3.4  Materials and Methods
3.4.1 Reagents and instruments

All chemicals were reagent grade and used as received from the manufacturer unless
otherwise noted. The plasmids for MUC1-C 58mer and MUC1-C 192mer were purchased from
GenScript. The cell lysis detergent, DNase | and lysozyme were purchased from Sigma.
Protease inhibitor cocktail was purchased from Roche and cobalt his-tagged resin from Takara
Bio. Cell invasion assay kit (CBA-111-T) was purchased from Cell Biolabs. Centrifugal filter
units of 3,000 10,000 and 100,000 molecular weight cut-off (MWCQ) were purchased from

EMD Millipore

3.4.2 Cell lines

All cell lines were purchased from American type culture collection (ATCC). T47D
cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL/100 pg/mL Pen/Step,
2 mM L-glutamine, 1 mM sodium pyruvate. ZR-75-1 cells were cultured in RPMI-1640

supplemented with 10% FBS, 100 U/mL/100 pg/mL Pen/Step, 2 mM L-glutamine, 1 mM
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sodium pyruvate. These cell lines were maintained in a humidified incubator at 37°C in a 5%

CO,, 95% air atmosphere. MDA-MB-231 cells were cultured in Leibovitz medium (L15)

supplemented with 10% FBS, 100 U/mL/100 pg/mL Pen/Step, 2 mM L-glutamine, 1 mM

sodium pyruvate. This cell line was maintained in a humidified incubator at 37°C in a 0% CO..

3.4.3 MUCI1-C (58mer and 192mer) expression

For MUC1-C(58mer)-Histag-Cysteine (N-1098-1155-C), DNA encoding residues N-
1098-1155-C of human MUC1 (SWISS PROT entry P15941) was inserted into the pET-28a(+)-
TEV vector. The plasmid was transformed into BL21 (DE3) competent cells for E.coli bacteria
over-expression. Multiple colonies of BL21(DE3) E.coli cells were grown on LB-agar plates
with 20ug/mL kanamycin antibiotic for MUC1-C 58mer. DNA encoding for MUC1-C 192mer
(N-961-1152-C) was inserted into pET30a vector that was expressed in BL21 Star™ (DF3)
E.coli cells. Multiple colonies of bacterial cells were grown with 25ug/mL each of
chloramphenicol and ampicillin for MUC1-C 192mer. The expression, lysis and purification
protocols were the same for both MUC1-C 192mer and 58mer proteins. A single bacterial
colony was selected to inoculate a 25 mL starting culture of Super Optimal Broth (SOB) media
containing 20 pg/mL kanamycin. The starter culture was incubated overnight at 37°C, 220 rpm.
The following morning, the cloudy starter culture was transferred into 1L SOB culture medium
with 20 png/mL kanamycin and cultured at 37°C, 220 rpm until the ODsoo Was between 1.5-1.7.
At that point, 1 mL of 1M isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to induce
protein expression and cultured overnight at 30°C, 220 rpm. Cells were then pelleted at 12,000
rcf for 30 min, culture media discarded and pelleted cells were re-suspended in 30 mL 50 mM
potassium phosphate (KPB) buffer with 0.2 mM NaCl pH 8 and stored at -80°C until lysis.
3.4.4 Lysis of cells expressing MUC1-C (192mer and 58mer)

Cells collected after IPTG induced protein expression were lysed by adding 1X cell lytic

buffer. Volume of 1X cell lytic bufferis 1.5X per gram of the pellet. Lysozyme (2 mg/mL final
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concentration) and protease inhibitor cocktail (one tablet in water makes 7X concentration; use
0.5X for final concentration) was added. The cell paste was gently mixed with a spatula to avoid
any foaming and sonicated with a probe sonicator in a iced water beaker for 20 min with
pulsation. After sonication, the cell paste was stirred while adding 100 uL. Dnase I (5000 U) for
20 min at 4°C. Lysed cells were centrifuged at 20,000 rcf for 30 min using a Fiberlite F21-
8x50y at 4°C and the supernatant with the capsid protein was collected into a 50 mL centrifuge
tube. The resultant pellet was washed thrice with 20mL of 50 mM KPB with 0.2 M NaCl buffer
and all three wash-fractions were pooled together and filtered through 0.45 micron syringe
filter. The leftover cell pellet was then digested overnight by using 6M guanidine chloride in
50 mM KPB with 0.2 M NaCl at 4°C. The cell paste was stirred with 500 U of DNase I similar
to previous lysis and washed similarly with KPB and the lysates were pooled and then subjected
to affinity column purification as described below.
3.45 MUCI1-C (192mer and 58mer) Purification

The pooled lysates were incubated with 5 mL cobalt his-tagged resin pre-washed with
5 column-volume of 50 mM KPB buffer for 2h at 4°C The mixture was then transferred to a
column and the flow through was collected and analyzed for unbound proteins later. The
column was washed with 20 column volumes of 50 mM KPB buffer and then subjected to
gradient elution (1 mM, 10 mM, 20 mM and 150 mM imidazole in 50 mM KPB with 0.2M
NaCl. MUC1-C was eluted at 150 mM imidazole and 1 mL aliquots (25 mL final volume) were
collected and concentrated using (3,000 MW cut-off) centrifuge filters. Protease inhibitor was
added to the protein to prevent degradation during storage. The eluted fractions and the flow-
through was analyzed by SDS-PAGE stained with Coomassie and western blot using anti-his
antibody against the histag. For MUC1-C (58mer), the yield was 1 mg/L of broth and the yield

for MUC1-C (192mer) was 10 mg/L of the broth.
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3.4.6 Synthesis of QB-MUC1-C (58mer and 192mer) vaccine

Qp (5 mg, 0.5 mL) capsid protein was oxidized using hydrogen peroxide (0.015 mL
from 30% stock solution) for 30 min at room temperature and the excess hydrogen peroxide
was removed by washing oxidized Qf in the 0.1 M KPB, pH 8 buffer. Oxidized QP was
functionalized with the SMPH linker (100 mg/ mL in DMSO; 30X molar ratio) in 0.1M KPB,
pH 8 for 1h at room temperature. Excess SMPH was removed by a buffer exchange (5 x 0.5
mL) with centrifuge filters (30,000 MW cut-off). Simultaneously, purified MUC1-C (58mer
and 192mer) was reduced using TCEP immobilized beads for 1h on a rotator at room
temperature. Immediately after the reduction reaction, MUC1-C (58mer and 192mer) was
added to QB-SMPH. For QB-MUC1-C (58mer) vaccine, 5 eq. of TECP-reduced MUC1-C per
surface accessible amine was utilized. For QB-MUC1-C (192mer) vaccine, 0.11 eq. of TECP-
reduced MUC1-C per surface accessible amine was utilized.
3.4.7 Immunization Studies

All animal care procedures and experimental protocols were approved by the Michigan
State University Institutional Animal Care and Use Committee (IACUC). Five MUC1.Tg 7-10-
week female mice were used for in-vivo studies for each QB-MUC1-C (58mer and 192mer)
vaccine. Mice were subcutaneously injected at the scruff with 0.83 nmol dosage of MUC1-C
58mer (0.006 mg, 0.016 mL from 0.92 mg/mL QB-MUC1-C in 0.1 M KPB) and 0.27 nmol
dosage of MUC1-C 192mer (0.006 mg, 0.007 mL, 2.2 mg/mL QB-MUC1-Cin 0.1 M KPB) per
injection. The total volume of each injection was 0.2 mL per construct that included
monophosphoryl lipid A (MPLA; 0.02 mg, 0.02 mL from 1 mg/mL MPLA in DMSO) as the
adjuvant on day O plus booster injections given subcutaneously on days 14 and 28. Serum
samples were collected on days 0 (before immunization), 7, 21, and 35. For mice injected with
QB-MUC1-C (192mer), additional blood was collected on day 85 to monitor the persistence of

antibody response. The 1gG antibody titers were evaluated by enzyme-linked immunosorbent
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assay (ELISA).

3.4.8 Evaluation of antibody titers by ELISA

A Nunc MaxiSorp® flat-bottom 96-well plate was coated with MUC1-C protein (10
pg/mL, 100 pL/well) in NaHCO3/Na,CO3/NaN; coating buffer (0.05 M, pH 9.6) and incubated
overnight at 4°C. The coated plate was washed 4 times with PBS/0.5%Tween-20 (PBST),
followed by addition of 1% (w/v) BSA in PBS to each well and incubated at room temperature
for 1h. The plate was washed again 4 times with PBST (4 x 200 pL). Serial dilutions of mouse
sera in 0.1% BSA/PBS (100 uL) were added to each well and incubated for 2 h at 37°C. Wells
were then washed with PBST (4 x 200 pL) and a 1:2,000 dilution of HRP-conjugated goat anti-
mouse 1gG (Jackson ImmunoResearch Laboratory catalog # 115-005-062) in 0.1% BSA/PBS
(100 pL) was added to each well and incubated for 1 h at 37°C. Enzymatic substrate was
prepared by dissolving 3,3',5,5'- tetramethylbenzidine (TMB, 5 mg) in DMSO (2 mL) and citric
acid buffer (18 mL) in a 50 mL centrifuge tube covered with aluminum foil. H,O, (20 uL) was
added and vortexed to homogeneity. The plate was washed with PBST (4 x 200 pL) and
enzymatic substrate was added (200 uL). Color was allowed to develop for 15 min, and then
0.5 M H,S0O,4 (50 uL) was added to quench the reactions. Absorbance was measured at 450 nm
using a microplate reader (BioRad). Titers were determined by regression analysis with logio
dilution plotted against optical density. The titer was reported as the highest fold dilution giving
an optical absorbance value of 0.1 over pre-immune control sera (OD = 0.2). Samples were
tested in triplicate.

3.4.9 Detection of cellular binding of anti-MUC1-C (192mer and 58mer) antibodies to
tumor cells by FACS

ZR-75-1 cells and MDA-MB-231 cells were cultured respectively till 80% confluency
at 37 °C under 5% CO2 in cell growth medium. The mixture of cells was detached using 0.25%

trypsin followed by incubation at 37 °C under 5% CO2 for 5 min. The cell growth medium was
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transferred to a conical centrifuge tube, and centrifuged at 1,600 rpm for 5 min at 4 °C. The
pellet was re-suspended in growth medium (10 mL). The number of cells was determined using
a haemocytometer. The cells were transferred based on requirement of the experiment with the
recommended cell number between 0.35 x 106 - 0.5 x 108 cells. The cells were resuspended in
2 mL of 1X PBS and viability dye (Live/Dead blue) was added at 1/1000 dilution. The cells
were incubated on ice in dark for 30 min. The cells were then diluted to 10 mL of FACS buffer
(1% FBS, 0.1% NaN3s in 1X PBS, pH 7.4) and centrifuged at 1,600 rpm for 5 min at 4 °C. The
pellet was washed twice with FACS bufferand then resuspended in FACS buffer such that each
well in the V-bottom 96 well plate received the required number of cells in 95 pL of volume.
The cells were incubated with 1:20 dilution of mouse sera (5 pL) in FACS buffer for 30 min
on ice. The incubated cells were washed twice with FACS buffer, followed by incubation with
1/50 dilution of FITC conjugated goat anti-mouse 1gG (minimal x-reactivity) antibody for 30
min. The cells were washed thrice and were fixed with 4% formalin in 1X PBS for 10 min at
room temperature. The fixed cells were washed thrice with FACS buffer and then re-suspended
in FACS buffer and analyzed by Cytek Aurora. Data was processed by FlowJo software.

3.4.10 Migration inhibition of MUC1-expressing cells by anti-MUC1-C (192mer)
antibodies in fluorometric cell invasion assay

The cell invasion assay protocol was adapted from CytoSelect ™ 24-well cell invasion
assay (basement membrane, fluorometric format; CBA-111-T). The Matrigel basement
membrane in the upper compartment was warmed up at room temperature for 10 min before
rehydrating it. Afterrehydrating it for 1h at room temperature with 0.3 mL of serum free media
(DMEM containing 0.5% BSA, 2 mM CaClz and 2 mM MgCl2) 3x10° cells (T47D, ZR-75-1
and MDA-MB-231) in 0.3 mL were seeded directly onto the Matrigel-coated inserts. The cells
were incubated with sera containing anti-MUC1-C (192mer) antibodies post-immunization
(D35) and pre-immunized sera (D0) with 1:20 dilution in the upper compartment. The lower

compartment contained medium supplemented with 10% FBS. After 48h incubation, the
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invasive cells passed through the Matrigel basement membrane to the lower compartment after
being dissociated by the addition of cell detachment buffer. The number of invasive cells
passing through the membrane into the lower chamber was quantified using CyQuant® GR

Flourescent Dye. Technical replicates were taken.
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Chapter 4  Design and Synthesis of Bovine Leukemia Virus Associated Peptide Based
Qp Conjugate Eliciting Long-lasting Neutralizing Antibodies in Mice

Reprinted (adapted) with permission from {Chugh, S.; Swenson, C.; Yuzbasiyan-
Gurkan, V.; Huang, X. Design and Synthesis of Bovine Leukemia Virus-Associated Peptide-
Based QP Conjugate Eliciting Long-Lasting Neutralizing Antibodies in Mice. ACS Infect Dis
2022, 8 (5), 1031-1040. DOI: 10.1021/acsinfecdis.2c00001}. Copyright {2023} American
Chemical Society.

4.1 Introduction

Bovine leukemia virus (BLV), a C-type retrovirus of dairy and beef cattle, is a major
worldwide infectious disease that adversely impacts animal health and well-being, resulting in
huge financial losses for producers. The National Animal Health Monitoring System (NAHMS)
estimated that BLV is present in 89% of US dairy operations.! Canada, South America, and
China also have reported similar BLV prevalences.?# BLV causes enzootic bovine leukosis
including frequent persistent lymphocytosis and less commonly, lymphoma. Transmission is
horizontal via contaminated equipment or biting insects and cow to calf® transfer can occur by
introduction of infected blood or milk lymphocytes. The prevalence of BLV infection is
exacerbated by poor cattle management practices.® Although severe outward symptoms are
uncommon, BLV-infected cattle experience increased infections and impaired immunity.” The
resultant decreased milk production, reduced life-expectancy, and increased risk of carcass
condemnation at slaughter due to lymphoma or other co-infections and diseases causes an
estimated $285 million loss to the dairy industry and a $240 million cost increase for
consumers.® In addition, BLV DNA was found at higher frequencies in premalignant and
cancerous breast samples (38% and 59% respectively) compared to normal breast tissue (29%),
suggesting there may be an association between BLV and human breast cancer.® 10 These
reports raise concerns amongst consumers.

A variety of methods have been used in efforts to reduce the spread of BLV within a

herd, which include segregation of infected cattle from non-infected animals, adopting other

laborious and time-consuming practices like single use of disposable syringes, needles and
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obstetrical sleeves, sterilization following each use of equipment, or increasing fly control
measures. In contrast, over 21 nations eradicated BLV decades ago by culling cattle that tested
BLV-positive when the prevalence of infection was low. Due to the current escalated
prevalence of BLV infection in US cattle, a herd-wide test then cull approach is no longer
economically realistic.t!

Vaccines against BLV have been explored. Compared to other retroviruses like HIV,
the BLV genome is highly stable, especially within the envelope protein sequence.!? Past efforts
to develop vaccines!? utilizing attenuated provirus and recombinant vaccinia virus (RVV) were
fraught with limitations including risk of infection or recombination (live attenuated virus) as
well as inadequate protection after BLV challenge (RVV-env).1* Viral subunits or synthetic
peptide epitopes have been investigated as alternative immunogens to modified virus. Viral
peptides have increased safety, without risk of vaccine-induced infection or recombination with
endogenous or exogenous viruses. However, to date, peptide-based vaccines have performed
poorly due to insufficient!® or rapidly declining antibody responses.t6:1” Therefore, an
innovative and effective vaccine that provides long-term protection without risk of iatrogenic
infection is long overdue.

Herein we report a novel synthetic peptide-vaccine candidate against BLV that
eliminates previous barriers such as nominal immunogenicity, rapid waning of vaccine-induced
immunity, and risk of infection caused by the vaccine. The immunogenicity of the selected
antigen was enhanced by engineering a peptide-antigen to conjugate with the mutant
bacteriophage QB (mQp) carrier with a well-organized 3-dimensional structure. The peptide-
antigen investigated in this work was derived from the BLV gp51 envelope protein, which is
composed of surface glycoprotein subunits anchored to the core via transmembrane subunits.18
Membrane glycoprotein gp51 is directly implicated in virus infectivity because a portion of the

gp51-peptide (amino acid residues 177-192) present in one of the loops located at the top of the
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gp51 “head”, is an accessible antigenic target and potential BLV -receptor binding site.1®
4.2 Results and Discussion
4.2.1 Evaluating antigenicity of gp51-peptide epitope using BLV-infected cattle sera
Residues 177-192 of the gp51 envelope protein located at the putative receptor binding
site (highlighted as the red star in Fig. 26a), is a relevant epitope for vaccine design.®20 It has
been reported that the 177-192 residues stimulate T cell proliferation and antibodies directed
against this sequence inhibit syncytium formation, supporting roles for cell-mediated and
humoral immunity.2° For our vaccine study, two modifications to this peptide sequence were
incorporated: 1) addition of a glycine residue to the N-terminus to facilitate bio-conjugation;
and 2) installation of an amide moiety at the C-terminus to eliminate potential interference in
antibody response from a free C-terminus.?! These considerations led to the peptide sequence,
GPDCAICWEPSPPWAPE-NH: (1) for our vaccine study. Antigenicity of peptide 1 was
evaluated by enzyme-linked immunosorbent assay (ELISA) using sera harvested from BLV-
infected cattle. Significant serum binding to peptide 1 (average anti-gp51-peptide 1gG titer =
1.6 x 10° ELISA units, Fig. 26b) was observed, supporting the suitability of this antigen for

vaccine design.
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Figure 26. a) Structure of BLV gp51 protein by Alphafold structure prediction?? with amino
acid residues 177-192, a putative B-cell epitope on the gp51 envelope protein highlighted in
magenta. The red star denotes the potential binding site of gp51 to a receptor on host cells. b)
Sera from BLV-infected cattle and pre-immunized mice (day 0) were analyzed by ELISA to
demonstrate antigenicity of the peptide epitope. A Nunc MaxiSorp® flat-bottom 96 well plate
was coated with BSA-gp51 peptide-1 overnight and sera from both groups were evaluated.
Each symbol represents one animal (n=5). Statistical difference was determined through a two-
tailed paired Student’s t-test of the log(titer). ***** p < 0.00001.

4.2.2 Exploring two different linker strategy for functionalizing gp51-peptide epitope

A peptide alone typically has minimal immunogenicity and therefore must be
conjugated with a carrier to enhance the immune response. For effective bio-conjugation of
gp51-peptide-antigen 1 with a carrier protein, two different linker strategies were explored. In
the first approach, the N-terminus of the peptide was functionalized with a homo-bifunctional
dinitrophenyl adipate linker (NPL) to generate gp51-peptide-NPL 2 (Scheme 2a and Fig. 31).%
Inthe second strategy, an isothiocyanate (NCS) group was installed at the N-terminus of peptide
1, producing the gp51-peptide-NCS 3 (Scheme 2b and Fig. 32).2425 The NCS chemistry was
more efficient as the isothiocyanate derivatized antigen (gp51-peptide-NCS 3) could be used
directly for bio-conjugation following aqueous workup, whereas the crude gp51-peptides-NPL
2 antigen required an additional HPLC purification step to remove the excess unreacted NPL

linker.
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Scheme 2. The gp51-peptide antigen 1 was functionalized with two different linker
strategies: a) treatment with the homo-bifunctional adipate 4-nitropheny! diester NPL leading
to gp51-peptide NPL 2; b) conversion of the N-terminus of gp51-peptide 1 to an isothiocyanate
group producing gp-51-peptide NCS 3.

4.2.3 Bioconjugation of functionalized gp51-peptide to mQp and control protein carrier
Keyhole limpet hemocyanin

Previously, we developed mutant bacteriophage QP (mQp) as a potent carrier for
conjugate vaccine development.2® The mQp-antigen conjugate can induce a greater antibody
response against the target antigen with smaller quantities of non-protective anti-carrier
antibodies compared to the corresponding wild type Q.26 Bioconjugation with mQB(A38K)
carrier was achieved by overnight incubation with gp51 peptides 2 and 3 (5 eq. per amine)
respectively (Schemes 3a, b). The resulting conjugates 4 and 5 were obtained following
multiple washes and buffer exchange through membrane filtration (30 kDa MW cutoff) to
remove excess reagents. The average numbers of gp51-peptide on the mQp conjugates 4 and 5
were semi-quantified by reducing sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS PAGE) using Image Lab software, then further corroborated by LCMS QTOF ESI mass

spectrometry (Figs. 35 and 36). Loading for both linker-strategies averaged 100-120 copies of
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gp51-peptide per mQp capsid. However, besides the aforementioned ease of synthesis, NCS-
chemistry permitted recovery of valuable excess peptide as the free gp51-peptide 1 from the
flow-through of membrane filtration of the reaction mixture. The recovered free peptide can be

re-converted to gp51-peptide 3 enhancing the overall efficiency.

To benchmark the performance of the mQp-gp51-peptide conjugates as potential
vaccines, gp51-peptide was conjugated to the gold standard vaccine carrier, keyhole limpet
hemocyanin (KLH).27-28 Because the alkaline pH (pH 8) required for gp51-NCS 3 coupling is
incompatible with KLH protein structure integrity, conjugation of gp51 peptide 1 with KLH
was performed using gp51-peptide-NPL 2 (Scheme 3c).2% 2° The resulting KLH-gp51 construct
6 contained an average of 650 copies of gp51-peptide per KLH.

- H
a 51-petide-NPL
) _NH, gpSl-petide N\H/Rll
" 0.1M K-Phos buffer, pH 7.0 o 120

37°C, overnight

gp51-petide-NCS
3

R; : (CH,)4CO-gp51-peptide 1

0.1M K-Phos buffer, pH 8.0 R, : gp51 peptide 1

37°C, overnight

c) gp51-petide-NPL
2 2

0.1M K-Phos buffer, pH 7.0
37°C, overnight

KLH-gp51-peptide-NPL
6

Scheme 3. Schematic demonstration of a) formation of mQ-gp51 conjugate 4 from gp51-

peptide-NPL 2; b) formation of mQp-gp51 conjugate 5 using gp51-peptide-NCS 3; and c)

formation of KLH-gp51 conjugate 6 from gp51-peptide-NPL 2.

4.2.4 Immunization of WT mice with mQp-gp51 vaccines elicited high antibody titers
C57BL/6 mice (n=5) were immunized subcutaneously with the mQp-gp51 4, mQp-

gp51 5, or KLH-gp51 6 conjugate constructs using one primer plus 2 booster injections, 2 weeks
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apart (Fig. 27a). Each dose contained 3 ug of gp51-peptide with monophosphoryl lipid A
(MPLA) as an adjuvant. On day 35 after the initial injection (1 week after the 2" booster),
blood was collected from mice to harvest serum followed by ELISA analysis of the 1gG
antibodytiters. Inorder tofocus on the anti-gp51 responses and avoid interference by anti-mQ
antibodies, BSA-gp51-peptide-NCS conjugate was synthesized as the coating antigen for
ELISA analyses. As shown in Fig. 27b, mQp-vaccine constructs 4 and 5 elicited robust anti-
gp51-peptide 1gG responses, averaging 3.9 x10° and 4.2 x108 ELISA units, respectively. These
antibody responses were about three orders of magnitude greater than those of pre-immunized
mice (day 0) or mice that received only carrier mQp (mQp-only). Mice immunized with KLH-
vaccine construct 6 produced an average anti-gp51-peptide 1gG titer of 7 x10° ELISA units, or
six-fold less than those immunized by the mQp-gp51 constructs, highlighting the advantage of
the mQQP carrier. The NPL and NCS linker chemistry for mQp-constructs (4, 5) did not have a
significant impact on the amount of anti-gp51-peptide 1gG produced. Analysis of 1gG subtypes
generated by mQp-constructs (4, 5) documented increased quantities of all IgG subtypes, while
IgM responses were not significant (Fig. 27c). The strong anti-gp51-peptide 1gG responses
induced by mQp-constructs (4, 5) suggest effective activation of helper T cells, facilitating

somatic hypermutation and 1gG antibody isotype switching.
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Figure 27. Immunization protocol and assessment of anti-gp51 antibody in mice. a) Schematic
representation of the immunization protocol for C57BL/6 mice using vaccine constructs (4, 5
and 6). Mice were vaccinated on days 0, 14 and 28 with 3pg gp51-peptide per dose using MPLA
adjuvant. Additional mice were vaccinated with the protein carrier mQ3 (mQp-only) using the
same protocol. Mice immunized with mQp-gp51 and KLH-gp51 were given an additional
booster injection on day 539 to test the anamnestic responses. Blood was collected on days 0,
7,21, 35, 108, 539 and 546 to generate sera for analyses. b) Anti-gp51 IgG titers of different
vaccine groups on day 35 post-immunization. Each symbol represents a mouse (n=5 per group).
c) Anti-gp51 IgG-subtype antibody titers (4 and 5) and IgM antibody titers. Statistical
significance was determined by two-tailed unpaired Student’s t-test using GraphPad Prism,
***p < 0.001, ****p < 0.0001.
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425 mQp-gp51 vaccines induced long-lasting immune response in mice

An important criterion of an efficacious vaccine is the ability to induce long-lasting
immunity. The persistence of 1gG antibody responses elicited by the mQp-construct 5 was
monitored over time (Fig. 28a). On day 108 post-immunization, the average anti-gp51-peptide
IgG titer for vaccine construct 5 was 1.1 x 10% ELISA units. Significant amounts of anti-gp51-
peptide 1gG antibodies were still present on day 539 post-immunization (average 1gG titer was
2.4 x 10° and two mice had titer over 4 x 10° ELISA units) (Fig. 28b), suggesting generation
of long-lasting plasma cells capable of continuous production of anti-gp51 antibodies. By
comparison, mice immunized with KLH-gp51 6 had significantly diminished anti-gp51-peptide
I1gG antibody titers on day 539 compared to mQp-gp51-peptide vaccine immunized mice (Figs.

28a and 28b). These results confirm that mQp is a superior carrier compared to KLH.
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Figure 28. Anti-gp51 IgG antibody titers monitored over time. Immunization with mQf}-
gp51 induced long-lasting, boostable anti-gp51 IgG antibodies. a) Anti-gp51 IgG antibody titers
in mice vaccinated with mQp-gp51 5 and KLH-gp51 6 over time. Immune responses were
monitored over 546 days with sera from immunized mice in each group (n=5) pooled and anti-
peptide IgG titers reported for days 0, 7, 21, 35, 108, and 539. Circles and squares mark the
days of blood collection and arrows represent days of injection with vaccine constructs. b)
Individual anti-gp51 peptide IgG antibody titer from mice vaccinated with construct mQp-gp51
5 and KLH-gp51 6 on day 539. Mice that received mQp-gp51 vaccination had significantly
higher levels of anti-gp51 IgG antibodies than those that received KLH-gp51. ¢) Individual
anti-gp51 peptide IgG antibody titer of mice vaccinated with construct 5 on days 539 and 546
post initial injection was analyzed by ELISA to investigate the effect of a booster injection
given on day 539; Statistical significance was determined via a two-tailed unpaired Student’s
t-test using GraphPad Prism. The t-test was performed using log-values for IgG titers for both
vaccinated groups. **p < 0.01.

To evaluate whether antibody responses could be boosted, on day 539 after initial
immunizations, all five mice in the mQp-gp51 5 group received a mQp-gp51 5 booster
injection, and antibody responses were analyzed by ELISA one week later (day 546).
Interestingly, booster injections enhanced anti-gp51-peptide 1gG antibody titers 10-fold in mice

with anti-gp51 1gG titers less than 1 x 10° ELISA units on day 549 (Fig. 28c), suggesting that
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the initial vaccination series generated memory B cells with resultant boostable 1gG antibody
production.
4.2.6 Anti-gp51 peptide antibodies effectively recognize and bind to native gp51 epitope
and whole BLV particle

In order for anti-peptide antibodies induced by the mQp-peptide conjugate to be
effective, they must recognize and bind to the native BLV gp51 epitope. To test this,
recombinant gp51 protein was utilized as a coating antigen for measurement of antibodies by
ELISA. Sera from negative control groups (day 0 and QB-only) had significantly less anti-gp51
IgG antibody (mean titers =100 and 2,225 ELISA units, respectively) compared to day 35 sera
from mice immunized with mQB-gp51-peptide construct 5 (mean titer =5.6 x 10* ELISA units,
Fig. 29). Similar results were observed for mice immunized with vaccine construct 4 (Fig. 37).
This data provided evidence that antibodies generated in mice vaccinated with construct 5

recognized both the gp51-peptide 1 as well as the native BLV surface glycoprotein, gp51.
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Figure 29. IgG antibody titers against native BLV gp51 glycoprotein in sera from pre-
immunized mice, mice immunized with mQp-only, or mQB-gp51 5, respectively. Mice
immunized with mQ-gp51 5 had significantly increased IgG titers against gp51. Statistical
significance was determined through a two-tailed unpaired Student’s t-test using GraphPad
Prism. ****p < 0.0001.

After the ability of post-immune mQp-gp51 sera to recognize native gp51 was

established, we proceeded to assess binding of post-immunized sera to BLV particles. To
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accomplish this, we cultured a bovine cell line, BL3.1 (ATCC) that secretes infectious BLV.
Cell culture media was harvested, and a double-sucrose gradient protocol was performed to
purify BLV particles3? for examination by transmission electron microscopy (TEM) to confirm
the presence and structure of the virus (Fig. 38a). Isolated virus particles had typical C-type
retrovirus morphology, and their identity was confirmed by western blot analysis using
antibodies against BLV viral p24 gag gene and gp51 envelope proteins (Fig. 38b). The ability
of immunized mouse serum antibodies (mQP-gp51 5) to recognize BLV particles was
qualitatively assessed via immunogold labelling, with pooled pre-immunized mouse sera (day
0) serving as a negative control (Fig. 39). Gold particles adsorbed with antibodies from mQp3-
gp51 immunized mouse sera selectively recognized and bound to the surface of isolated BLV
particles, while pre-immunized mouse serum antibodies showed minimal non-specific binding

to the virus examined by TEM.

4.2.7 Evaluation of neutralizing activities of anti-gp51 antibodies by in vitro syncytium
inhibition assay

Finally, the ability of post-immune sera to inhibit virus induced cell-to-cell fusion was
investigated using an in vitro syncytium inhibition assay (SIA).32 BLV infects CC81 indicator
cells causing syncytium formation, where multiple cells fuse into multinucleated (>5 nuclei)
cell mass. The presence of anti-gp51 antibodies decreased CC81 cell fusion and the number of
syncytia formed per well presumably through binding to neutralize the virus.

To perform the SIA, BLV particles were pre-incubated with day O untreated pre-
immunization control pooled sera or day 35 post-vaccination pooled sera before adding the
sera/virus mixtures to 96-well plates pre-seeded with CC81 cells. Assays were performed in
triplicate. The density of the CC81 cells played an important role for accurate quantification of
the number of syncytia formed, withan optimal concentration of 1 x 10 cells per well, resulting

in a nearly confluent cell monolayer. Monitoring cells incubated with antisera revealed that
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after 3 days of incubation (Figs. 40a, b, c), sera from mQp-gp51 peptide immunized mice
reduced the number of syncytia formed by ~28% compared to pre-immune sera (Fig. 30),

suggesting the potential for mQB-gp51 peptide as a vaccine candidate.
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Figure 30. Syncytium inhibition assay results. Number of syncytia formed in CC81 cell
cultures following challenge withinfectious BLV premixed withpooled pre-immune sera (n=5)
or pooled mQp-gp51 peptide 5 immunized mouse sera (n= 5). The experiment was performed
in triplicate. Statistical significance was determined through a two-tailed unpaired Student’s t-
test using GraphPad Prism. *p < 0.05.

4.3  Conclusion

Two vaccine candidates based on mQp-gp51-peptide conjugates 4 and 5 were
synthesized using different linkers, NPL and NCS, respectively. Both constructs elicited
similarly robust levels of anti-gp51-peptide 1gG antibodies following immunization, suggesting
comparable effectiveness of these linkers. Due to the relative ease of synthesis and possibility
of recycling peptide antigen from the conjugation reaction mixture, the NCS linker was deemed
more advantageous. Antibodies induced by mQp-gp51 peptide conjugates exhibited strong
binding to both native gp51 envelope protein and infectious BLV particles. In order to
benchmark efficacy of our conjugates, induced antibody quantities were compared to the gold
standard carrier KLH gp51 peptide conjugate. The mQp-gp51-peptide conjugates generated 6-
fold increased 1gG antibody titers than the KLH-gp51 conjugate, establishing a clear advantage
of the mQp carrier. Importantly, antibodies persisted (IgG titers exceeded 104 ELISA units on

day 539 post-immunization), documenting the first BLV-peptide QB conjugate to induce a
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durable antibody response, a characteristic that is crucial for long term protection. Post-
immunized sera from mice administered with the mQp-gp51 conjugate also effectively reduced
BLV induced cell-to-cell fusion of susceptible target cells. Results of our studies highlight the
potential for the mQp-gp51-peptide conjugate to induce long lasting immunity. Compared to
more traditional virus-based immunogen designs, peptide conjugates have improved safety
profiles. Clinical translational studies are warranted to evaluate the efficacy of this vaccine
strategy to prevent BLV infection.
44  Materials and Methods
4.4.1 Reagents and instruments

All chemicals were reagent grade and used as received from the manufacturer unless
otherwise noted. The gp51-peptide 1 was acquired from SynPeptide Co. Ltd. and the
recombinant-gp51 was ordered from Bioclone Inc. The cell lysis detergent, DNase | and
lysozyme were purchased from Sigma. Centrifugal filter units of 10,000 and 100,000 molecular
weight cut-off (MWCO) were purchased from EMD Millipore. Mass spectra were obtained
using Waters Xevo G2-XS UPLC/MS/MS.

4.4.2 Cell Lines.

The feline kidney cell line, CC81 (generously donated by Dr. Luc Willems, University
of Liege, Belgium) was maintained in Dulbecco modified Eagle medium supplemented with
10% FBS, 2 mM L-glutamine, and penicillin-streptomycin. The BL3.1 cell line obtained from
American Type Culture Collection (ATCC) was cultivated in RPMI-1640 medium
supplemented with 10% FBS, 2 mM L-glutamine, and penicillin-streptomycin. These cell lines

were maintained in a humidified incubator at 37°C in a 5% CO2, 95% air atmosphere.
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4.4.3 Conjugation of mQp with gp51 peptide 1
4.4.3.1 Homo-bifunctional nitrophenyl linker (NPL)

The synthetic procedure was adapted fromthe literature.22 Briefly, 5 eq. of adipate bis(4-
nitrophenyl)ester (10.5 mg, 27 umol) and 10 eq. of di-isopropyl ethyl amine (DIPEA) (9.6uL,
54 umol) were added to a solution of gp51-peptide 1 (10 mg, 5.4 pmol) in dimethylformamide
(DMF, 1 mL) and stirred for 2 h at room temperature. Completion of reaction was monitored
by LCMS QTOF ESI mass spectrometry. The modified peptide was purified on a Shimadzu
HPLC (LC-8A Liquid Chromatograph Pump, DGU-14A, Degasser and SPD-10A UV-Vis
Detector), using reverse phase column SUPERCOSIL LC18, 25 cm x 10 mm 5 pm with
gradient solvent CH3CN and H20 (0.1% TFA) gradient 0-5% in 2 min, 5-40% in 2—40 min,
with 35% yield of the gp51-peptide-NPL 2.
4.4.3.2 Isothiocyanate chemistry (NCS)

The synthetic procedure was adapted from the literature.2* To a solution of gp51-peptide
1 (5 mg, 0.27 umol) in acetonitrile (70 uL), 0.1 M NaHCO3 was added to adjust pH 8 with a
final volume of 1 mL. This solution was layered over chloroform (3.3 mL) containing 50 eq. of
thiophosgene (10 pL, 13.5 pmol). The reaction mixture was then vortexed continuously for 1 h
at room temperature. Completion of the reaction was monitored by TLC and LCMS QTOF ESI
mass spectrometry. The aqueous layer was extracted four times with chloroform (2 mL) to
remove excess thiophosgene. Traces of chloroform were removed by bubbling N2 gas.

444 mQp (A38K) Expression

A single colony of BL21(DE3) E.coli with the QB mutant-A38K plasmid was selected
to inoculate a 25 mL starting culture of Super Optimal Broth (SOB) media containing 20 ug/mL
kanamycin. The starter culture was incubated overnight at 37°C, 220 rpm. The following
morning, the cloudy starter culture was transferred into 1L SOB culture medium with20 pg/mL

kanamycin and cultured at 37°C, 220 rpm until the ODgoo was between 0.7-1.0. At that point, 1
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mL of 1M isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to induce protein
expression and cultured overnight at 30°C, 220 rpm. Cells were then pelleted at 6,000 rpm for
30 min, culture media discarded, and pelleted cells were re-suspended in 30 mL 0.1 M
potassium phosphate buffer (KPBS) buffer, pH 7 and stored at -20°C until lysis.
445 wmQp (A38K) Purification

Cells collected after IPTG induced protein expression were lysed by mixing with 2 mL
1X cell lytic detergent (Sigma) per gram pelleted cells. An equal volume of 0.1 M KPBS buffer
plus lysozyme (2 mg/mL final concentration) was added and stirred while adding 100 pL Dnase
I (5000 U), and stirring was continued for 1h at room temperature. Lysed cells were centrifuged
at 14,000 rpm for 30 min using a Fiberlite F21-8x50y and the supernatant with the capsid
protein was collected into a 50 mL centrifuge tube containing 5 g of PEG-8000 to a final
concentration of 10% (w/v) and placed on a nutating mixer overnight at 4°C to enable complete
protein precipitation. The precipitate was pelleted at 14,000 rpm for 30 min, re-suspended in
10 mL 0.1M KPBS, pH 7, added to 10 mL of 1:1 (v/v) chloroform/n-butanol solution and mixed
until the solution became colloidal. The colloidal mixture was centrifuged at 7,000 rpm for 20
min in glass centrifuge tubes to separate the layers. The aqueous (top) layer was collected and
layered onto freshly prepared linear sucrose gradients (10-40%, wi/v), and centrifuged using a
swing bucket rotor (SW32) at 28,000 rpm for 4.5 h. The protein band was visualized using LED
light directed at the top of the tube and collected in fractions to isolate aggregated protein from
pure capsid protein.
446 mQp (A38K) Characterization

The fractions were analyzed for purity using Fast protein liquid chromatography
(FPLC), performed on a GE AKTA Explorer (Amersham Pharmacia) instrument equipped with
a Superose-6 column. Fractions showing a single peak at around 10-15 mL elution were

determined to be mQp capsid and any aggregated capsid eluted between 8-10 mL. All fractions
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containing pure mQP(A38K) were combined and concentrated to ~1mL for quantification by
the Bradford assay. After dithiothreitol (DTT) addition, the protein molecular weight was
determined by LCMS QTOF ESI mass spectrometry. The multiple charge mass spectrum was
transformed to a single charge by Maximum Entropy deconvolution algorithm (Max Ent™).
4.4.7 Synthesis and Characterization of mQp (A38K) Conjugates

The amount of antigen added was based on the ratio of antigen per accessible mutated
capsid surface amines. The mQp (A38K) is comprised of 180 identical subunits with five
accessible surface amines per subunit. As a result, the total number of surface accessible amines
available for conjugation is 900. To conjugate gp51-peptide 1, 5 eq. antigen/surface accessible-
amine was utilized. The gp51-peptide-NPL 2 (1.85 mg, 0.9umol) was dissolved in DMSO (25
ul), added toasolution containing mQp (A38K) (0.5 mg, 0.2 nmol), suspended in 0.1M KPBS,
pH 7 (final protein concentration 2.5 mg/mL), and incubated overnight at 37°C. The conjugate
was purified using Amicon ultra (30,000 MW cut-off) centrifugal filtration against 0.1 M
KPBS, pH 7 (5 x 0.5 mL).

For conjugation via isothiocyanate derivatization, gp51-peptide-NCS 3 (1.67 mg, 0.9
umol) was solubilized in DMSO (25 pL), added to mQp (A38K) (0.5 mg, 0.2 nmol), and
suspended in 0.1M KPBS, pH 8 (final protein concentration 5 mg/mL). The reaction mixture
was incubated overnight at 37°C, and then purified by Amicon ultra (30,000 MW cut-off)
centrifugal filtration against 0.1 M KPBS, pH 8 (5 x 0.5 mL). After achieving an average of
100-120 copies gp51-peptide antigen per capsid, conjugation was repeated at a 1 mg mQp scale
for in-vivo studies based on 3 pg antigen injected per mouse. The antigen loading level was
characterized by reducing SDS PAGE through Image Lab software by Bio Rad.

4.4.8 Synthesis and Characterization of KLH-gp51 Peptide 6
A solution of KLH (1.0 mg, 0.2 nmol) in 0.1 M KPBS (pH =7.0, 0.2 mL) was cooled

using an ice bath and added to gp51-peptide-NPL 2 solution (16 puL of 15 mM stock solution
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in DMSO, 238 umol). The mixture was gently inverted several times to ensure thorough mixing
of the reactants, incubated at 37°C overnight, and purified by Amicon ultra (100,000 MW cut-
off) centrifugal filtration against 0.1 M KPBS, pH 7 (5 x 0.5 mL). Total protein concentration
was determined via the Bradford assay using bovine serum albumin (BSA) standards. Percent
protein recovery was approximately 86%. The number of gp51-peptide-NPL 2 per KLH protein
molecule (molecular weight 8,000 KDa) was determined by calculating the amount of
unconjugated peptide in the filtrate using the peptide calibration curve generated by HPLC.
4.4.9 Synthesis and Characterization of the BSA-gp51 Peptide Conjugate

Synthesis of BSA conjugate was similar to that for mQf} (A38K) conjugates. The gp51-
peptide-NCS 3 (0.5 mg) was added toa solution of BSA (1 mg) in 0.1 M KPBS pH 8, incubated
at 37°C overnight followed by buffer exchange to 0.1 M KPBS pH 7 through Amicon Ultra (10
kD MW cut-off) filters. The protein concentration was quantified by the Bradford assay using
bovine serum albumin (BSA) standards and the extent conjugation was characterized by
MALDI MS.
4.4.10 Immunization Studies

All animal care procedures and experimental protocols were approved by the Michigan
State University Institutional Animal Care and Use Committee (IACUC). Five CB57BL/6
black 7-10-week female mice were used for in-vivo studies for each vaccine construct (4, 5 and
6) group. Mice were injected subcutaneously at the scruff of the neck with 0.2 mL vaccine
construct that included monophosphoryl lipid A (MPLA, 20 ug) as the adjuvant on day 0 plus
booster injections given subcutaneously on days 14 and 28. All three vaccine constructs had 3
pg of peptide antigen/injection per mouse. Serum samples were collected on days O (before
immunization), 7, 21, and 35. Mice (n=5) initially immunized with mQp-gp51 5 were bled
additionally on days 109, 539, and 546. These mice received an additional booster injection on

day 539 and on day 546 had a final blood collection and were humanely euthanized. The 1gG
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antibody titers were evaluated by enzyme-linked immunosorbent assay (ELISA).

4.4.11 Antibody Titers (IgG) Measured by ELISA

A Nunc MaxiSorp® flat-bottom 96-well plate was coated with BSA-gp51-peptide
conjugate (10 pg/mL, 100 pL/well) in NaHCO3/Na,CO4s/NaN; coating buffer (0.05 M, pH 9.6)
and incubated overnight at 4°C. The coated plate was washed 4 times with PBS/0.5%Tween-
20 (PBST), followed by addition of 1% (w/v) BSA in PBS to each well and incubated at room
temperature for 1h. The plate was washed again 4 times with PBST (4 x 200 pL). Serial
dilutions of mouse sera in 0.1% BSA/PBS (100 pL) were added to each well and incubated for
2 h at 37°C. Wells were then washed with PBST (4 x 200 puL) and a 1:2,000 dilution of HRP-
conjugated goat anti-mouse 1gG (Jackson ImmunoResearch Laboratory catalog # 115-005-062)
in 0.1% BSA/PBS (100 puL) was added to each well and incubated for 1 h at 37°C. Enzymatic
substrate was prepared by dissolving 3,3',5,5'- tetramethylbenzidine (TMB, 5 mg) in DMSO (2
mL) and citric acid buffer (18 mL) in a 50 mL centrifuge tube covered with aluminum foil.
H,0, (20 uL) was added and vortexed to homogeneity. The plate was washed with PBST (4 x
200 pL)and enzymatic substrate was added (200 puL), color was allowed to develop for 15 min,
then 0.5 M H,SO,4 (50 uL) was added to quench the reactions. Absorbance was measured at
450 nm using a microplate reader (BioRad). Titers were determined by regression analysis with
log1o dilution plotted against optical density. The titer was reported as the highest fold dilution
giving an optical absorbance value of 0.1 over pre-immune control sera (OD = 0.2). Samples
were tested in triplicate.

4.4.12 Cell-free BLV Preparation, Purification and Characterization

BLV-producing BL3.1 cells (ATCC) were cultured to obtain cell-free preparations of
BLV particles. Briefly, culture media (150 mL) at 72 to 96 h post-sub culturing was centrifuged
at low-speed (10,000 x g for 20 min) to harvest cell-free supernatant fluid that was filtered

through a 0.45 um filter, followed by volume reduction by centrifugation through 100kD
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membrane filters (Millipore). The final 100-fold BLV concentrate was prepared by pelleting
35mL of cell-free supernatant via ultracentrifugation (110,000 x g for 60 min) and resuspending
in 1.5 mL of DMEM.

The concentrated cell-free BLV pellet was purified using a double-sucrose gradient
protocol using a procedure adapted from the literature.3% 3% Four different sucrose solutions
were made to create the gradient. The 70% and 20% sucrose solutions were prepared in 0.1 M
PBS while the 60% and 30% solutions were prepared in DMEM. The sucrose solutions were
added to a 50 mL centrifuge tube in descending gradient concentration order followed by
careful addition of the supernatant containing the virus. The gradient tubes were then ultra-
centrifuged at 20,000 rpm for 2.5 h at 4°C. The 30-60% fractions were carefully collected into
clean tubes, PBS was added to a total volume of 10 mL and the solution was added to another
tube containing 2 mL of 20% sucrose, and the tubes were ultra-centrifuged at 20,000 rpm for
2.5 h at 4°C. The supernatant was poured off and all residual liquid was blotted on filter paper
by inverting the tubes. The virus-containing pellet was observed at the bottom of the tube. The
virus pellet was resuspended in a minimum amount of cold PBS and stored at -80°C. Virus
morphology was visualized by transmission electron microscopy (Fig. 38a).

To characterize the purified virus concentrate, virus was lysed by adding SDS-PAGE
sample loading buffer containing B-mercaptoethanol, boiling for 10 min, loading onto a 4-20%
SDS-polyacrylamide gel, and electrophoresing for 1 h at room temperature. The SDS-PAGE
bands were transferred onto a nitrocellulose membrane (GE Healthcare) for western blot
analysis (Fig. 38b). Following blocking with tris-buffered saline (TBS)— 0.1% Tween 20
(TBST) containing 10% of non-fat dry milk, the membrane was incubated overnight at 4°C
with primary antibodies using concentrations provided by the manufacturer: anti-gp51 (BLV1,;
dilution, 1:2,000; VMRD), anti-p24 (kindly provided by Dr. Luc Willems, University of Liege,

Belgium, 1:2,000). The nitrocellulose membrane was then washed three times for 5 min with
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TBST and incubated for 2 h with a horseradish peroxidase (HRP)-labelled goat anti-mouse 1gG
secondary antibody (dilution 1:2,000; Santa Cruz Biotechnology). After three TBST washes,
bands on the membrane were revealed by chemiluminescence (ECL Plus Western blotting
detection kit; GE Healthcare).

4.4.13 Syncytium Inhibition Assay

CC8L1 cells were cultured at 37°C, 5% COz in cell growth medium. Analiquot of CC81
cells and medium was transferred to a conical centrifuge tube, centrifuged at 1,600 rpm for 5
min at 4°C, supernatant was removed, and the pellet was re-suspended in growth medium (10
mL). The number of cells was determined using a hemocytometer. A suspension of 5x103 CC81
cells/well was seeded into a 96-well plate and cultured for 24h at 37°C, 5% CO..

Cell-free BLV concentrate from BL3.1 cells, as described above, was mixed with an
equal volume of 1:4 diluted post-vaccination serum and incubated for 30 min at room
temperature. Test samples were then added to triplicate CC81 indicator cell wells and incubated
for 8h at 37°C, 5% COg, fixed with 10% formalin, and stained (May-Grunwald Giemsa). Each
multinucleated fused cell with more than five nuclei visualized using an inverted light
microscope was counted as a syncytium and the number of syncytia per well was recorded. Ten
randomly selected fields (1 mm?) were counted in triplicate wells to reduce counting errors to
calculate the total number of syncytia per well. Multinucleated cells were differentiated from
clusters of cells via careful visualization at 20x and 40x magnification (Fig. 40d). The
percentage syncytium inhibition for each virus-serum mixture was calculated as (1- total
number of syncytia observed in the presence of post-vaccinated day 35 (D35) pooled serum-
inoculated CC81 cells / the number of syncytia observed in pre-vaccinated day 0 (D0) pooled
serum-inoculated CC81 cells) x 100 (%). Negative control cells incubated without sera had a
total number of 10 syncytia. By comparison, the number of syncytia per well formed in the

presence of BLV was significantly higher (> 67).
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APPENDIX
Figure 31. Mass spectrum of gp51-peptide-NPL 2
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Figure 32. Mass spectrum of gp51-peptide-NCS 3
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Figure 33. ESI-TOF HRMS spectrum of mQpB(A38K)
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Figure 34. (a) Electrophoresis (SDS-PAGE) of mQB(A38K) displaying ladder in lane 1 and
MQP(A38K) in lane 2 with two bands for monomer (14kD) and dimer (28kD) and (b) Fast
protein liquid chromatography (FPLC) analysis of mQB(A38K). It was performed on a GE
AKTA Explorer (Amersham Pharmacia) instrument equipped with a Superose-6 column.
Microfluidic capillary gel electrophoresis was performed on a Bioanalyzer 2100 Protein 80
microfluidics chip (Agilent Technologies)
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Figure 35. ESI-TOF HRMS spectra of mQp-gp51-peptide vaccine conjugate 4 showing the
number of gp51-peptide NPL copies on each viral capsid is 120 on average.
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Figure 36. Electrophoresis analysis (SDS-PAGE) of mQp-gp51-peptide vaccine conjugates 4
and 5 showing the number of gp51-peptide copies on each viral capsid subunit is 120 and 100 on
average respectively as calculated by Image Lab software.
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Figure 37. Titer of anti-gp51 1gG from mice immunized with mQp-gp51-peptide conjugate 4
or mQp-only.
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Figure 38. a) Double-sucrose gradient protocol for purifying the concentrated cell-free BLV
secreted by BL3.1 cells with transmission electron microscopy (TEM) image for BLV particles
resembling C-type retrovirus b) Western blot analysis for BLV producing cell line BL3.1 for
intracellular gag gene p24 (24kD, Lane 2) protein as an indication of BLV infection, gp51
surface protein (51kD, Lane 3).
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Figure 38 (cont’d)
b.

Lane

Lane 1 | Molecular weight ladder
Lane 2 | Concentrated cell-free BLV, blotted against p24
Lane 3 | Concentrated cell-free BLV, blotted against gp51
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Figure 39. Immunogold labelling of BLV particles imaged by TEM highlighting (red
arrows) the adsorption of gold particles on BLVs incubated with a) pooled sera from mice
immunized with mQp-gp51-peptide conjugate 5; b) pooled sera from pre-immunized mice.
The scale bars for the images are 200 nm. The red arrows indicate the locations of the gold
particles on cells. The higher number of red arrows in panel a vs panel b suggests there are
more antibodies recognizing the whole BLV particles in sera from mice immunized from mQp-
gp51-peptide conjugate 5 than those in sera from pre-immunized mice.
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Figure 40. Light microscope images for syncytium inhibition assay of a) indicator CC81
cells only. b, ¢c) CC81 cells after incubation with BLV mixed with day-35 sera from mice
immunized with mQp-gp51-peptide conjugate 5 (panel b) or sera from pre-immunized mice
(panel c); In this assay, multinucleated fused cells with more than five nuclei were counted as
syncytia. The number of multinucleate cells (number of nuclei >5) was determined in virus-
serum mixtures by visualizing using an inverted light microscope. d) Representative image
distinguishing syncytium (circle) vs cell aggregation (rectangle). The cell aggregates have
membrane separating the nuclei whereas in syncytium it does not.
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