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Abstract

Mucin 1 (MUC1) is a highly glycosylated O-glycoprotein that experiences alterations
in cancer cells and assists the tumor progression. In many human carcinomas and, in
particular in breast cancer, MUC1 is overexpressed and aberrantly glycosylated. As a
consequence, previously covered antigens are now exposed and accessible to the immune
system. This results in the production of antibodies towards these neoepitopes, providing an
exploitable divergence between healthy individuals and cancer patients antibody profiles. In
order to properly differentiate and develop specific diagnostic tools for early breast cancer

detection, we require of the appropriate chemical probes.

In this thesis, we have focused on the MUC1 tumor-associated carbohydrate Tn
antigen (a-O-GalNAc-Ser/Thr) because of its tumor high specificity, well-defined chemical
structure and starting point role for more complex tumor antigens. Previous studies report the
use of autoantibodies as potential cancer biosensors. With the intention of developing a more
effective and robust sensing device we considered the substitution of GalNAc
monosaccharides by stable glycomimic units. To investigate our hypothesis, two different
glycopeptide libraries presenting the natural Tn antigen or the sp?iminosugar-derived
unnatural analog were produced through microwave assisted solid-phase peptide synthesis.
The whole glycopeptide collection was then evaluated with anti-MUC1 (SM3, VU-3C6, and
VU-11E2) monoclonal antibodies (mADbs) in a microarray platform. The most promising
candidates were tested with healthy, stage | and stage IV breast cancer sera with the aim of
discovering serological autoantibodies (autoAbs) as stage-dependent breast cancer diagnostic

biomarkers.
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Despite the variability between mAbs, the suitability of the glycopeptides bearing the
unnatural sp-iminosugar-based Tn antigen mimic to detect anti-MUC1 antibodies was
demonstrated. The present results also revealed that the glycopeptide mimic-antibody
interactions are glycosylation pattern-specific and underlined the crucial contribution of the
PDTR epitope embedded in the glycopeptide backbone to mAbs binding. Furthermore,
stage | breast cancer serum experiments clearly showed autoAbs binding with a specific sp?-
iminosugar glycopeptide with almost no interaction with healthy serum, results which will

promote further studies on their function as early cancer biomarkers.
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1.1. Cancer

Advances in modern medicine like the improvement of sanitation, along with
vaccination, the discovery of new antibiotics and the development of new diagnostic tools
have greatly decreased the mortality caused by infectious diseases. In addition, prevention
programs have raised the awareness of cardiovascular diseases, providing information about
healthier lifestyles and reducing the impact of associated pathologies. This healthcare
background has led to cancer as one of the leading causes of death worldwide, altering its

position from the first to the sixth place depending on different socioeconomic factors (Figure

1).141

? ae

Ranking of cancer, 30-69 years old

1st (65)

2nd (79)

3rd - 4th (45) h
5th - Bt (4)

- Mo data |:| Not applicable

Figure 1. Global map of cancer as a leading cause of premature death at ages 30-69 years.*

We define cancer as the abnormal proliferation of cells and the spread of those cells
through almost any part of the body, beginning with nearby tissue invasion and culminating
in distant organs metastasis. Based on immune evasion, we can describe cancer evolution in

three different phases: elimination, equilibrium and escape. The immune system possesses a
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sophisticated defense network that allows cancer cells detection and eradication. During the
elimination phase, the tumor progression can be contained by the immune system. In the
equilibrium phase, new resistant cancer cell variants emerge, increasing survival and leading
to the escape phase, where the immune system defense mechanisms are surpassed and tumor

development will proceed (Figure 2).°

a Elimination — b Equilibrium c Escape

Cytotoxic* /< \
activity CD4*

Stromal[7 Dying Tumour cell Developing
cell tumour cell  variant tumour cell cell variant

Figure 2. Tumor immune escape progression.®

Its etiology is extremely diverse, including factors such as age, diet, nutrition,
alcoholism, infectious agents, physical activity, contamination, genetic and epigenetic
modifications, among a long list of causes.®® There are many types of cancer depending on
their origin, giving rise to breast, lung, prostate, ovarian and numerous other cancer
pathologies. Therefore, cancer is a complex term that shouldn’t be conceived as just one
disease but as combination of similar diseases with growth, spread and behavior differences.
Only understanding the relevant differences between them will allow us to develop specific

methodologies to properly diagnose and prescribe a suitable treatment.®

Breast cancer is actually considered the most frequent malignancy in women
worldwide, presenting a great morphological and molecular heterogeneity. Metastatic breast

cancer is nowadays considered as a non-curable disease. Unfortunately, the available
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therapies for this advanced stage have the purposes of maintaining the quality of life of the
patient and elongating the life expectancy. By contrast, early breast cancer that presents no
cancer cells spread outside the breast can be treated with actual therapies. Although the
importance of a treatment possibility is reassuring, the best approach to avoid tumor growth
and health deterioration is early detection.’®* Thus, the first step to approach this intricate
disease is to discern healthy cells from tumor cells. With that purpose, we have focused our

attention in MUC1, one of the most studied breast cancer hallmarks.1>18

1.2. Breast cancer and MUCI relationship

MUC1, also known as cancer antigen 15-3 (CA15-3), cluster of differentiation 227
(CD227), and Krebs von den Lungen-6 (KL-6), is a high molecular weight O-glycoprotein
expressed on the apical surface of epithelial cells. It is composed of a 20 amino acids variable
number tandem repeat (VNTR) (30-100) that includes 5 potential glycosylation positions
(GVTSAPDTRPAPGSTAPPAH; glycosylation positions underlined) and presents a high
glycosylation degree in normal tissues.’® Similar to other mucins, it is responsible for
epithelial barrier protection, lubrication, and cellular adhesion, among other functions.
However, it also plays a critical role in tumor malignancy processes, such as proliferation,
metastasis, and invasion.??®> MUC1 has been previously reported as an overexpressed
protein in most carcinomas and in particular in breast cancer, becoming a noteworthy
biomarker. Therefore, MUCL1 is directly related with breast cancer, and the biomolecular
reason for this situation is not only its remarkable overexpression but also the singular

aberrant glycosylation phenomenon that undergoes in the majority of breast carcinomas.?*

13



The glycosylation process can be considered as one of the most important lipid and
protein post translational modifications, with an estimation of around a 95% of cell surface
proteins being covered by glycans. It takes part in multiple biological structural and
recognition roles such as solubility, physical and enzymatic protection, lubrication, new
glycoproteins folding control, and subsequent three-dimensional configuration modification
and stability, tissue development, intracellular signaling, cell-cell recognition, and molecular
recognition for immune activation or pathological processes infection.?>" In addition,
several glycans have been already identified as mediators for tumor progression events like

proliferation, adhesion, neovascularization, dissemination and invasion (Figure 3).222328
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Figure 3. Examples of glycans involved in tumor progression.?
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Cell glycosylation status can suffer alterations by oncogenesis, giving rise to aberrant
glycosylation in cancer cells.*®?° In breast cancer, the mechanisms responsible for this
anomaly find their origin in changes in the expression of glycosyltransferases, relocalisation
of N-acetylgalactosaminyltransferases from the Golgi apparatus to the endoplasmic
reticulum and alteration of the normal glycosidase activity.3%3! Dysregulation in the precise
glycan production machinery provokes the shortening of normal long glycan chains that
cover MUCL1 thus, giving rise to previously covered O-glycans truncated neoepitopes
exhibition (Figure 4).1832 In breast cancer, this altered glycosylation profile is widely

accepted as a hallmark of cancer.®

Unglycosylated Hyperglycosylated H 1
MUC-1 MUC-1 YPOL%I%CSS]{ ated
unnatural normal cells tumor cells

Variable number tandem repeats
PDTRPAPGSTAPPAHGVTSA
(20 to 120 VNTR per MUCI molecule)

Unglycosylated MUC1 (potential Core-2 Core 1 glycosylations: low level
glycosylation site on serine or glycosylations and aberrant glycosylations
threonine in red) (Tn antigen)

Figure 4. MUCL1 in normal cells compared with MUCL in cancer cells with neoepitopes

exhibition.%?
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1.3. Tumor-associated carbohydrate antigens

These unexpected neoantigens are known as tumor-associated carbohydrate antigens
(TACAs) and can be used to distinguish normal cells from tumor cells.3*3> Those
components can be organized in two different glycoconjugates groups. Glycolipids, which
are lipids that present a carbohydrate covalently attached and are directly anchored through
the lipid region to the lipid bilayer on the cell surface.®® Glycoproteins, which carry glycans
covalently attached to the peptide backbone are usually integrated in the cell surface as
transmembrane proteins but they can also appear in a secreted form. In a similar way,
glycoproteins also present subcategories in function of the glycosylated amino acid residue.
Therefore, N-glycoproteins present glycans attached through an amide bond with Asn
residues and O-glycoproteins have the glycans amide bond linked through mainly the
hydroxyl group of Ser or Thr residues, and exceptionally Tyr residues.®” One important
feature of glycoproteins is that they are non-template driven. This implies that the
information for the glycans addition is not encoded at the DNA level, but monosaccharides
or sugar building blocks are assembled through complex enzymatic processes.®® As
mentioned, MUCL is an O-glycoprotein which means that the glycans attached will only be
located in the threonine and serine residues of the peptide backbone. In normal conditions,
MUCL1 is highly glycosylated but in cancer cells, previous cited alterations inhibit the correct
formation of the natural glycan structures. Thus, TACAs emerge because of the enzymatic
machinery malfunction, responsible for the glycan addition to the protein domain (Figure 5).
In this context, the most immature and shortest structure that we can find linked to the peptide

backbone is the Tn antigen.%
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e STnantigen
Ser/Thr

\ [ serthr  Tn antigen

T synthase activated by

Cosmc
] Ser/Thr
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Figure 5. Representation of MUC1 early stage O-linked glycosylation pathway.*°

The ‘T antigen nouvelle’ or just Tn antigen gets its name from Moreau et al. in 1957
and makes reference to a N-acetylgalactosamine monosaccharide linked to a Ser or Thr
residue though an a-O-glycosidic bond (a-O-GalNAc-Ser/Thr).*! It is the initial structure for
the glycan chain elongation pathway in normal conditions but constitute part of the essential
machinery for inducing metastasis and invasiveness.*? Its tumor specificity makes the Tn
antigen very little or no expressed at all in normal tissues while it is expressed in several
tumor types such as breast, ovarian, prostate, colon, stomach and lung carcinomas, a feature

that makes it a promising biomarker.*34
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Chapter 2.
Unnatural MUC1 based

glycopeptide library synthesis
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2.1. Introduction

2.1.1. Cancer immunotherapy

The medical history of cancer began a long time ago and it has evolved from ancient
radical surgery to the actual revolutionary oncology research. Surgical procedures, along
with treatments like radiotherapy and chemotherapy have experienced major changes and
improvements, giving rise to new more specific methodologies. Genetic engineering,
monoclonal antibodies, CAR T-cells and immune checkpoint inhibitors, among others have
improved pharmacology and clinical oncology. These innovations have allowed an effective
treatment for previously considered non-curable tumors. However, still a lot remains to be

done in the field of medical oncology.'?
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Figure 1. Timeline of cancer treatments.!

Currently, MUC1 associated Tn antigen has generated a lot of interest because of its
applications in cancer immunotherapy. The core concept of this unique type of therapies is

to induce a modification in the immune system to produce an effective response against
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tumor cells.>* One of the major strategies for cancer immunotherapy is the production of
therapeutic antitumor vaccines. Due to the specificity of the Tn antigen several researchers
have worked on the development of vaccines, achieving immune system activation, specific
antibodies production and tumor growth control in transgenic mice.>® However, cancer
epitopes present low immunogenicity because unlike exogenous antigens originated from
bacteria or viruses, they are present in small amounts on normal cells. In addition, there is a
certain immunological tolerance against cancer epitopes as TACAs because the immune

system perceives them as self-antigens.® !

2.1.2. Glycan mimic selected: sp?-iminosugar

The use of glycomimetics, compounds that are able to emulate the bioactive function
of carbohydrates, has been successfully confirmed in several medical chemistry areas,
opening new paths for drug discovery and allowing better treatments for certain diseases.!?*®
For the design of a novel glycan mimic, it is important to conduct a comprehensive structure-
binding analysis to modify only non-critical binding elements.}*> Previous studies with
mAbs (Anti-MUC1 mAbs VU-3C6% and SM3'7) and MUC1 peptides containing the Tn
antigen demonstrated that the galacto configuration, the N-acetyl group protons and the H2,
were essential for the binding (Figure 2 highlighted in grey). Therefore, a functional
glycomimic prototype needs to maintain these essential features. Conversely, substituents at
positions C5 and C6 can presumably be modified without affecting the binding, allowing the
use of these positions for affinity improvement. In this work we have focused our attention
on the so-called iminosugars, specifically on sp>-iminosugars on account of their structural

similarity with the Tn antigen.!’
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Figure 2. Tn antigen and sp?-iminosugar-based unnatural Tn antigen mimic candidate.

Iminosugars are carbohydrate analogs in which the endocyclic oxygen has been
substituted for a nitrogen atom.!® Given the participation of glycans, glycoconjugates,
glycosidases and lectins among others, in so many biological processes, the ability to emulate

carbohydrates makes iminosugars a very attractive and powerful tool.

From an historical point of view, iminosugars were already used in ancient Chinese
phytomedicine yet it wasn’t until 1960 when its scientific value started to be recognized.
Some of the most relevant events in the timeline of iminosugars are the first publication of
1-deoxynojirimycin (DNJ) synthesis by Paulsen et al. in 1966,° the isolation of nojirimycin
(NJ) from Streptomyces by Inouye et al.?° and later isolation from natural sources of DNJ the
same year and the first isolation of castanospermine (CS) from Castanospermum austral
immature seeds in 1981.2! (Figure 3). As a consequence of these discoveries, a blooming
interest for iminosugars was triggered resulting in the development of original analogues and

novel synthetic strategies.
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Figure 3. Nojirimycin (NJ), 1-deoxynojirimycin (DNJ) and castanospermine (CS) structures.

Although the apparently simple oxygen substitution for nitrogen opens the way to
remarkable biological properties, it also raises many synthetic challenges. For instance, the
natural iminosugars nojirimycin (NJ), 1-deoxynojirimycin (DNJ), and castanospermine (CS)
initially called our attention because of their structural similarities with the glycone part of
the Tn antigen molecule. However, the intrinsic lability of aminoacetal functions prevents
the construction of O-glycoside analogs. This constraint can be overcome with sp?-
iminosugars, a subclass of azaheterocyclic glycomimetics in which the amine-type nitrogen
characteristic of iminosugars is transformed into a pseudo amide functionality.?? This subtle
modification drastically enhances the anomeric effect, imparting chemical stability to
axially-oriented anomeric carbon—heteroatom bonds. In consequence, glycosylation
reactions present a total a-stereoselectivity, thereby avoiding the troublesome reparation of
o and B-anomers that often penalize glycoside synthesis. 2 Furthermore, the five-membered
cyclic carbamate ring is an integral part of the sp>iminosugar structure that fixes the
conformation about the C5—C6 bond in the gauche-gauche conformation; it does not affect
the key regions for anti-Tn antigen antibody binding and has instead the potential to enhance
binding profiles by adding new contact points.?* Moreover, replacement of the acetal

functionality in the natural Tn antigen into an isosteric aminoacetal segment may convey
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chemical and metabolic stability, a key advantage for the development of robust diagnostic
devices. A previous communication provided a proof of concept of the suitability of sp?-
iminosugars to prepare chemically stable a-O-linked glycopeptide surrogates with total
anomeric selectivity, which are critical issues for biological applications.?® Several studies
assessing the therapeutic capabilities of different sp?-iminosugar-type analogues have
already been published suggesting remarkably positive results in the treatment of an
extensive list of disorders. For instance, we can find bibliography referring to lysosomal
storage diseases,?® inhibitory properties of a-galactosidases and o-glucosidases,?®?
antileishmanial (Leishmania donovani) activity,?® anti-inflammatory activity,?® antiviral

activity against human influenza A virus*® and anti-tumoral activity.3!?

2.1.3. Glycopeptide library synthesis

Our aim is the development of glycomimics to emulate the functional properties of
glycans and glycoconjugates which has proven to be very successful in several fields,
including the search for carbohydrate active enzyme inhibitors and immune response
regulators.t*142226.33 Sygar analogs of the sp>iminosugar family have proven particularly

useful to access o-linked glycoside equivalents. 3+

In the present study, two MUC1 VNTR-based glycopeptide libraries bearing either
the Natural (N) Tn antigen or an Unnatural (U) glycomimic where the a-linked GaINAc
monosaccahride motif has been replaced into a sp?-iminosugar motif with an identical

substitution and configurational profile were synthesized through chemical synthesis.>®3’
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2.1.4. Microwave assisted solid-phase peptide synthesis

Peptides are short sequences of amino acids interconnected through amide bonds.
Peptides, similar to proteins, participate in multiple essential biological events which evokes
a big interest in them for medicinal and pharmaceutical purposes. They can be obtained from
natural sources isolation, recombinant expression techniques or chemical synthesis.
However, when post translational modifications are involved, the obtention of a reasonable
yield quantity poses an arduous challenge. In order to get satisfactory results, chemical
synthesis is the method of choice to address these complex situations. Solid-phase peptide
synthesis (SPPS) allows successful production of customized peptides already carrying out
post translational changes. Bruce Merrifield introduced in 1963 the innovative concept of
peptide production on an insoluble resin that allows purification by simple washing followed
by a cleavage step to separate the desired peptide from the resin.®® Although this methodology
requires certain considerations such as resin material, linkers, swelling and amino acid
protecting groups among others, this process is characterized for its simplicity and

efficiency.3%4

The most common general process for SPPS starts with the activation of the C-
terminal position of the first amino acid and linkage through that position to the resin (a
polymeric support). Then, the system is washed, the temporary N-terminal Fmoc protecting
group is removed, followed by another washing step and C-terminal activation of the second
residue, allowing the coupling of the second component to the sequence. This cycle has to be
repeated until the whole peptide is completed to finish with all the protecting groups removal

and cleavage from the resin (Figure 4).%¢%" Furthermore, the implementation of microwave
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(MW) technology to heat the reaction during couplings and deprotections has provided

significant synthesis time reductions and a notable increase in the product purity.*>-4°

PG
RHN-AA,;-COOH X—

Loading l

PG
RHN-AA,-CO —

—> Wash, Deprotection, Wash l

PG

Cleavage HoN-AA,-CO —

H,N-Peptide-COOH PG

RHN-AA,-COOH Coupling 1

PG PG
RHN-AA,-CO-HN-AA;-CO —

Figure 4. SPPS general cyclic scheme. 3¢
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2.2. Results and discussion

To accurately mimic nature and boost recognition, natural and unnatural glycans were
both attached to the VNTR of MUC1, generating multiple combinations due to the 5 different
O-glycosylation points present in the peptide sequence. To study the mimetic capabilities of
the sp?-iminosugar motif in the next chapter, a library composed of 27 MUC1 (glyco)peptides
was synthesized. The selected peptide sequence (Figure 5) corresponds to the MUC1 20-
amino acid VNTR, three additional amino acids were added to the sequence, a PEG linker to
act as spacer and a ketone linker to attach the peptide to the microarray slide surface. Five
potential O-glycosylation sites were within the VNTR sequence of MUCL1, allowing different

glycosylation patterns.
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1 345 8 1415 23
5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPG STAPPAHGVT-NH ,

Figure 5. MUC1 VNTR based peptide sequence synthesized (glycosylation points in red).

A previous MUCL1 library with the natural Tn antigen was produced in our
laboratory.*® Here we expanded that collection and synthesized an analog unnatural MUC1
library based on the natural one. Both libraries were highly diverse and included the
following glycan decoration patterns: a) a natural library consisting of 1 non-glycosylated
(Naked), 5 monoglycosylated, and 8 diglycosylated natural (N) Tn antigen-containing
glycopeptides; b) and unnatural library consisting of 5 monoglycosylated and 8

diglycosylated unnatural (U) sp-iminosugar-based Tn antigen mimic-containing
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glycopeptides (Figure 6). The whole (glyco)peptide collection was synthesized using
different protocols of MW assisted SPPS, purified through RP-HPLC and characterized using

RP-UPLC, ESI-HRMS and amino acid analysis.

NT354 uT354
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34 8 1415
I 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH,

(e}
Ho OH Ho O~
[] & O N
HO HO
AcH
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Figure 6. Complete glycopeptide library synthesized; potential glycosylation positions are
shown in red; Threonine (T), Serine (S), the Tn antigen (N), and sp?-iminosugar-based Tn

antigen mimic (U).
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2.3.

The following table shows the (glyco)peptide library synthesized. The two different
glycans, Tn antigen and sp-iminosugar glycomimetic were attached in different patterns to
create a diverse collection. Glycosylation positions are marked in red. All the compounds
were synthesized using MW assisted SPPS, purified through RP-HPLC and characterized

using RP-UPLC, ESI-HRMS and amino acid analysis (for more details, see the Experimental

Conclusion

section).
Code Glycan Sequence
Naked None 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NT3 Tn Antigen 5-0xo0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
UT3 sp2-iminosugar | 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NS4 Tn Antigen 5-ox0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
US4 spz—iminosugar 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NT8 Tn Antigen 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
uTs8 spz-iminosugar 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NS14 Tn Antigen 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
US14 sp?-iminosugar | 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH,
NT15 Tn Antigen 5-0x0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
UT15 sp?-iminosugar | 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH,
NT3S4 Tn Antigen 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
uT3S4 spz-iminosugar 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NT3T8 Tn Antigen 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
UT3T8 | sp’iminosugar | 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH,
NT3T15 | Tn Antigen 5-0x0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
UT3T15 | sp’iminosugar | 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH,
NS4T8 Tn Antigen 5-ox0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
US4T8 sp?-iminosugar | 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NS4S14 | Tn Antigen 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
US4S14 | sp’-iminosugar | 5-oxo-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH,
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NS4T15 | Tn Antigen 5-ox0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH,
US4T15 spz—iminosugar 5-oxo0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NT8T15 | Tn Antigen 5-0x0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
uT8T15 spz—iminosugar 5-0x0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
NS14T15 | Tn Antigen 5-0x0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
US14T15 spz-iminosugar 5-0x0-hexanoyl-PEG(9a)-GVTSAPDTRPAPGSTAPPAHGVT-NH;
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2.4. Experimental section

2.4.1. Materials

Commercially available reagents and solvents were used without further purification.
Ac,0, piperidine, hydrazine, MeOH, MTBE were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). [N-a-(9-fluorenyl-methyloxycarbonyl) (Fmoc)]-L-amino
acids were purchased from Watanabe Chemical Industries, Ltd. (Hiroshima, Japan) and
Merck Schuchardt OHG (Hohenbrunn, Germany), while glycosylated amino acids Fmoc-a-
O-(AcsGalNAC)-Ser/Thr*34 5% and Fmoc-a-O-(sp?-Ac.GalNAc)-Ser/Thrl’ were synthesized
following previous reported protocols. DMF, DCM, HBTU and TFA were purchased from
Watanabe Chemical Industries, Ltd. (Hiroshima, Japan). DIEA, HOBt and HOAt were
manufactured by Kokusan Chemical Co., Ltd. (Tokyo, Japan). NovaPEG Rink Amide resin
(loading 0.37 mmol/g) and PEG linker were supplied by Merck Schuchardt OHG
(Hohenbrunn, Germany). The ketone linker was acquired from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan) and PyBOP was purchased from Merck KGaA (Darmstadt,
Germany). SPPS reactions on resin were conducted in a polypropylene heat-resistant syringe
equipped with thick filter (LibraTube®) Hipep Laboratories (Kyoto, Japan). SPPS coupling
and deprotection reactions were performed through a Green Motif I microwave (IDX Corp.,
Tochigi, Japan) stirring the resin with a vortex shaker, wattage range 0-50 W and maintaining
the temperature at 50°C. Semi-preparative RP-HPLC purifications were performed on a
Prominence Shimadzu system (Shimadzu Corporation, Kyoto, Japan) equipped with two LC-
6AD pumps, SPD-20A UV/VIS detector at 220 nm and Inertsil ODS-3 reversed-phase C18
column (250x 20 mm 1.D.) Flow rate 5 mL/min; eluent A, H2O (0.1% TFA) and eluent B,

ACN (0.1% TFA) in a linear gradient (A/B) from 0.95:0.05 to 0.5:0.5 in 60 min. Analytical
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RP-UPLC purifications were conducted on a Waters ACQUITY™ Ultra Performance LC
system (Waters Corporation, Massachusetts, United States) equipped with a binary solvent
manager pump, auto sampler, TUV detector at 220 nm and ACQUITY UPLC® BEH C18
(1.7 pm, 2.1x50 mm Column, Waters). Flow rate 0.2 mL/min; eluent A, H20 (0.1% TFA)
and eluent B, ACN (0.1% TFA) in a linear gradient (A/B) from 0.98:0.02 to 0.7:0.3 in 12
min. MALDI-TOF MS were recorded on a Bruker Daltonics Ultraflex-IIl MALDI-TOF/TOF
mass spectrometer using DHB—NaDHB (9:1) in H,O—ACN (1:1). Amino acid analysis was
performed by Global Facility Center at Hokkaido University using a JLC-500/V fully
automatic amino acid analyzer (JEOL Ltd., Tokyo, Japan) and High-Speed Amino Acid

Analyzer LA8080 AminoSAAY A (Hitachi, Ltd., Tokyo, Japan).
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2.4.2. Methods

MUC1 VNTR based naked, natural and unnatural glycopeptides were manually
synthesized on NovaPEG Rink Amide resin through MW assisted SPPS. Resin pre-washings
were conducted inside the polypropylene syringe at room temperature with MeOH (2x1 min),
DMF (2x1 min), DCM (3x1 min), TFA-DCM (1:99) (3x1 min), DIEA-DCM (1:99) (3x1
min), DCM (3x1 min) while solvents and soluble reagents were removed by vacuum.
Standard coupling reactions were conducted pre-activating Fmoc-amino acids (4 eq) with
HOBt (4 eq) and HBTU (4 eq) in DMF along DIEA (6 eq) followed by MW irradiation at
50°C for 10 min while shaking.®®="4! Fmoc protecting group removal was conducted using
20% piperidine in DMF at 50°C under MW irradiation for 3 min. Fmoc-His and Fmoc-Asp
reactions were conducted at room temperature;®® coupling (1 hour) and three steps
deprotection (10 min, 5 min, 5 min). Slight adjustments were adopted after Pro couplings (15
minutes under MW) and for Pro-Pro we conducted a double coupling reaction for the
incorporation of the second Pro. Fmoc-glycoamino acid reactions were conducted following
previously reported double activation method,* in which the Fmoc-glycoamino acid (1.2 eq)
is directly added over the resin followed by PyBOP (1.2 eq), HOAt (1.2 eq) and DIEA (3 eq)
in DMF, placed 15 min at 50°C under MW irradiation and then, without filtering, PyBOP
(1.2 eq), HOAL (1.2 eq) were added again followed by 15 min at 50°C. Free amino groups
were capped by DMF-Ac.O-DIEA (85:10:5) at room temperature during 3 min shaking.
Washings after reactions were performed with DMF (3x1 min), DCM (3x1 min), DMF (3x1
min). PEG linker and ketone linker were added following the standard coupling protocol.
Glycan acetyl groups®* were removed by MeOH (3x1 min), Hydrazine-MeOH (7:3) (4x45

min), TFA-DCM (1:99) (3x1 min) on solid-phase, the reaction was followed by MS. Then,
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to finish with resin cleavage treatment TFA-H20 (95:5) at room temperature for 2 hours
shaking vigorously. The resulting glycopeptide was collected in a Falcon tube while acetic
acid was passed through the resin followed by evaporation, cold MTBE treatment, dissolved
in H2O-ACN (1:1) and then lyophilized. All compounds were purified by semi-preparative

RP-HPLC and characterized by analytical RP-UPLC, MS, and amino acid analysis.
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2.4.3. Supplementary information

Glycopeptides characterization

Experimental data of the currently used natural (glyco)peptide library data was previously

reported:

a) Synthesis and characterization of Compounds Naked (5-oxo-hexanoyl-PEG
(9a)GVTSAPDTRPAPGSTAPPAHGVT-NH2, purity 96%), NS4 (5-oxo-hexanoyl-
PEG(92)-GVTS(Tn)APDTRPAPGSTAPPAHGVT-NH2, purity 98%), NT8 (5-oxo-
hexanoyl-PEG-GVTSAPDT(Tn)RPAPGSTAPPAHGVT-NH2, purity 98%), NS4T8 (5-
oxo-hexanoyl-PEG-GVTS(Tn)APDT(Tn)RPAPGSTAPPAHGVT-NH2, purity 98%).5?

b) Synthesis and characterization of Compounds NT3 (5-0xo-hexanoyl-PEG-
GVT(Tn)SAPDTRPAPGSTAPPAHGVT-NH2, purity 100%), NS14 (5-oxo-hexanoyl-
PEG- GVTSAPDTRPAPGS(Tn)TAPPAHGVT-NH2, purity 99,9%), NT15 (5-oxo-
hexanoyl-PEG-GVTSAPDTRPAPGST(Tn)APPAHGVT-NH2, purity 99,9%) and NT3T15
(5-oxo-hexanoyl-PEG-GVT(Tn)SAPDTRPAPGST(Tn)APPAHGVT-NH2, purity
99,9%).16

c) Synthesis and characterization of Compounds NT3S4 (5-oxo-hexanoyl-PEG-
GVT(Tn)S(Tn)APDTRPAPGSTAPPAHGVT-NH2, purity 98%), NT3T8 (5-oxo-
hexanoyl-PEG-GVT(Tn)SAPDT(Tn)RPAPGSTAPPAHGVT-NH2, purity 98%), NS4T15
(5-0x0-hexanoyl-PEG-GVTS(Tn)APDTRPAPGST(TN)APPAHGVT-NH2, purity 99%),
NT8T15 (5-oxo-hexanoyl-PEG-GVTSAPDT(Tn)RPAPGST(Tn)APPAHGVT-NH2, purity
99%), NS14T15 (5-oxo-hexanoyl-PEG-GVTSAPDTRPAPGS(Tn)T(Tn)APPAHGVT-
NH2, purity 99%).46

42



The compounds synthesized in this study were purified by semi-preparative RP-HPLC,
analyzed by RP-UPLC and characterized by MS and amino acid analysis.

Compound UT3. Analytical UPLC: tr = 8.047 min, peak area ratio 99.86%. MALDI-
TOFMS: C112H178N32041 [M+H]" calcd (m/z) 2628.2827, found (m/z) 2628.2443. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala(4) 4.1, Val (2) 2.1, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.0.

Compound US4. Analytical UPLC: tr = 8.037 min, peak area ratio 99.52%. MALDI-
TOFMS: Ci12H178N32041 [M+H]" calcd (m/z) 2628.2827, found (m/z) 2628.2775. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1,Ala(4) 4.1, Val (2) 2.1, His (1) 1.1, Arg (1) 1.0, Pro (5) 4.9.

Compound UT8. Analytical UPLC: tr = 8.251 min, peak area ratio 100%. MALDI-TOFMS:
C112H178N32041 [M+H]" calcd (m/z) 2628.2827, found (m/z) 2628.2781. Amino acid analysis
(theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.9, Gly (3) 3.1, Ala (4) 4.0,
Val (2) 2.1, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.0.

Compound US14. Analytical UPLC: tr = 7.998 min, peak area ratio 100%. MALDI-
TOFMS: Ci12H178N32041 [M+H]" calcd (m/z) 2628.2827, found (m/z) 2628.2874. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala(4) 4.1, val (2) 2.1, His (1) 1.1, Arg (1) 1.0, Pro (5) 4.8.

Compound UT15. Analytical UPLC: tr = 8.058 min, peak area ratio 99.31%. MALDI-
TOFMS: C112H178N32041 [M+H]" calcd (m/z) 2628.2827, found (m/z) 2628.2851. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala(4) 4.1, val (2) 2.1, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.0.

Compound UT3S4. Analytical UPLC: tr = 7.947 min, peak area ratio 100%. MALDI-
TOFMS: Ci21H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3520. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala(4) 4.1, val (2) 2.0, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.1.

Compound UT3T8. Analytical UPLC: tr = 7.950 min, peak area ratio 99.54%. MALDI-
TOFMS: Ci121H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3580.Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.9, Gly (3)
3.1, Ala (4) 4.0, Val (2) 2.0, His (1) 1.1, Arg (1) 1.0, Pro (5) 5.1.

Compound UT3T15. Analytical UPLC: tr = 7.831 min, peak area ratio 100%. MALDI-
TOFMS: Ci21H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3492.Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.8, Ser (2) 1.8, Gly (3)
3.1, Ala(4) 4.1, val (2) 2.0, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.2.

Compound US4T8. Analytical UPLC: tr = 8.068 min, peak area ratio 99.20%. MALDI-
TOFMS: C121H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3605. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala (4) 3.9, Val (2) 2.0, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.1.
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Compound NS4S14. Analytical UPLC: tr = 7.732 min, peak area ratio 99.35%. MALDI-
TOFMS: Ci19H192N32046 [M+H]" calcd (m/z) 2806.3668, found (m/z) 2806.3629. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala(4) 4.0, Val (2) 2.0, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.1.

Compound US4S14. Analytical UPLC: tr = 8.002 min, peak area ratio 98.91%. MALDI-
TOFMS: C121H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3654. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala (4) 4.0, Val (2) 2.1, His (1) 1.1, Arg (1) 1.0, Pro (5) 4.9.

Compound US4T15. Analytical UPLC: tr = 8.069 min, peak area ratio 99.36%. MALDI-
TOFMS: C121H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3579. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala (4) 4.0, Vval (2) 2.0, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.1.

Compound UT8T15. Analytical UPLC: tr = 8.092 min, peak area ratio 100%. MALDI-
TOFMS: C121H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3563. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala (4) 4.0, Val (2) 2.1, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.1.

Compound US14T15. Analytical UPLC: tr = 8.002 min, peak area ratio 99.77%. MALDI-
TOFMS: C121H190N34046 [M+H]" calcd (m/z) 2856.3573, found (m/z) 2856.3485. Amino
acid analysis (theoretical values in brackets): Asp (1) 1.0, Thr (4) 3.9, Ser (2) 1.8, Gly (3)
3.1, Ala (4) 4.0, Vval (2) 2.0, His (1) 1.0, Arg (1) 1.0, Pro (5) 5.1.
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It is worth mentioning that in some mass spectra we have observed the appearance of another
peak. This new peak is always 228 m/z less than the target compound. We investigated this
phenomenon and it occurs only during the MALDI analysis. It is caused by the vaporization
process and it shows the target compound plus related peaks corresponding to the removal
of the sp-iminosugar. The purity and integrity of the synthesized compounds was checked
by RP-UPLC. In addition, to support this statement, we conducted a MALDI-TOF
experiment of the Fmoc-o-O-(sp>-Ac.GalNAc)-Thr-OH previously assessed as pure by
NMR. In this experiment, we can observe how a new peak at 313 m/z corresponding to the
loss of the glycan with two Ac protecting groups appears after the MALDI-TOF test. NMR
spectra of the pure Fmoc-a-O-(sp2-Ac.GalNAc)-Thr-OH can be confirmed in the previous

reference.’
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UPLC chromatograms and MS

UPLC profile (a) and ESI-HRMS mass spectrum (b) of UT3.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of US4.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of UT8.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of US14.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of UT15.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of UT3S4.
(a)

7.947

0.00 4 —_— - — #X —
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00
Minutes

(b)

B

12604

1000+

760+

500

250

26282708

0t : Lo : : Ll “H.

T g g T
1000 1500 2000

T - T T
2600 3000 3500

51



UPLC profile (a) and ESI-HRMS mass spectrum (b) of UT3T8.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of UT3T15.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of US4TS8.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of NS4S14.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of US4S14.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of US4T15.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of UT8T15.
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UPLC profile (a) and ESI-HRMS mass spectrum (b) of US14T15.
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Chapter 3.
Microarray platform with

monoclonal antibodies
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3.1. Introduction

3.1.1. Microarray platform

The microarray platform technology started in the early 90s to answer the need for
genomic and postgenomic high throughput data compilation techniques. Peptide microarrays
involve the presentation of a collection of samples immobilized on a plane solid surface,
thereby allowing multiple interaction events to be monitored simultaneously (Figure 1).! This
platform requires a very low volume of sample and allows the screening of multiple antigen
epitopes at the same time. It provides relevant information regarding binding properties
which can positively contribute to different medical and pharmaceutical fields, from basic

research to clinical applications.?®

Analyzed by

fluorescence,

chemiluminescence, Analyzed by MS
colorimetry, RLS, etc. and/or SPR

) &
. . " ‘\k
Presynthetic peptides ‘409 >
)
® SAWA

Targeting molecules in sample
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/ Printing/Spotting

Figure 1. Schematic representation of a peptide microarray.*

® @

&

Immobilization Reaction

The microscopic printed peptides are usually pre-synthesized by SPPS and spotted
by a robotic arrayer. There are three major immobilization methods: physical absorption,
covalent reaction and specific biorecognition. Covalent bond formation between the planar

surface and the peptides was the strategy selected for this study. The reasons to support this
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decision are: the stable linkage formation allowing washing steps, defined peptide orientation

and reproducibility.*°

Since the contribution of the MUCL1 glycan portion to the antibody binding is crucial,
we conceived a strategy based on the rational design of unnatural Tn antigen glycopeptide
mimic motifs for anti-MUC1 mADbs detection. Our approach relies on the use of a microarray
platform to assess mAbs selectivity and glycan pattern discrimination between natural and

unnatural MUC1 based glycopeptides.
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3.2. Results and discussion

This high throughput technique allowed us to compare our previously synthesized
MUCI1 glycopeptide library containing the natural Tn antigen and the novel sp?-iminosugar
attached glycopeptide library. Both families of glycopeptides were printed on top of the
microarray slides, followed by incubation with mAbs (SM3, VU-11E2 and VU-3C6) and
then incubation with the Cy™3-labeled secondary antibody. Finally, fluorescence intensity

was assessed using GlycoStation™ Reader 1200 and analyzed by ArrayVision™ software

(Figure 2).
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Figure 2. Microarray experiment workflow description. Slide deprotection, glycopeptide

attachment, antibodies binding and fluorescence analysis.

Regarding the results obtained, the three mAbs used in the present study were specific
to the MUC1 VNTR peptide with a preference for epitopes at the APDTRP region (Table
1).% Furthermore, the presence of short glycans increased affinity with mAbs, particularly for

VU-11E2 and VU-3C6.
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mADbs clone Epitopes \

SM3 APDTRP
VU-11E2 TSAPDTRP
VU-3C6 GVTSAPDTRPAP

Table 1. Anti-MUC1 mAbs used and recognition epitopes associated.®

Microarray binding results for the three mAbs are shown in Figure 3, including the
non-glycosylated peptide MUC1 (in red), the MUC1 sequence with the natural Tn antigen
(in blue), and the same glycopeptide library with the Tn antigen replaced by the unnatural
sp?-iminosugar-based mimetic (in green). We also included a blank as the control for

microarray experiments.

The results obtained for the mAb SM3 (Figure 3A) showed a slight preference for the
S4 and T8 pairs (both N and U) between the 10 monoglycosylated compounds. In
comparisons, the intensity of the non-glycosylated (Naked) sequence signal (Figure 3A, in
red) was stronger than the corresponding monoglycosylated signal intensities. This is
consistent with previous findings suggesting that SM3 binds preferentially to the peptide
sequence.” In contrast, in comparisons of diglycosylated sequences, the T3T8 and T8T15
pairs showed the strongest intensities, surpassing the Naked peptide. We also observed strong
signal intensity for the pair S4T8 as well as a significant binding difference between NT3T15
and UT3T15, with the unnatural sequence providing better results. In the case of the VU-3C6
mAb (Figure 3B), the NT8 sequence exhibited the highest binding profile in the
monoglycosylated series and surpassed UT8. The diglycosylated natural and unnatural T3T8,
T3T15, and S4T8 pairs exhibited very strong signal intensities. The natural NT8T15
sequence was an exceptional ligand of this antibody and also markedly better than its

unnatural counterpart UT8T15. In this set of measurements, the RFU value of the Naked
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sample (Figure 3B, in red), was lower than that of glycopeptides, indicating the important
contribution of the glycan part in binding with the mAb VU-3C6. The results obtained with
the mAb VU-11E2 were of interest (Figure 3C) due to its stronger ability to distinguish
between different glycosylation patterns. In this case, the RFU value of the Naked peptide
(Figure 3C, in red) was lower than those of the two previous mAbs, implying the important
contribution of the glycan part in the VU-11E2-MUC1 complex and high specificity for the
glycosylation pattern. Binding values for monoglycosylated compounds showed a clear
preference for the T8 pair. Consistent with other results (SM3 mAb in Figure 3A and VU-
3C6 in Figure 3B), diglycosylated structures containing a glycan at Thr-8, similar to the pairs
T3T8 and T8T15 as well as US4T8, showed the highest binding efficiencies (Figure 3C).
Interestingly, we observed a prominent contrast between NS4T8 low signal intensity and the
strong response for its unnatural sp?-iminosugar analogue US4T8. The molecular basis for
this discrepancy has not yet been elucidated and warrants further study, which is currently in

progress.
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Figure 3. This collection of graphs represent the correlation between the different samples in

a concentration gradient style (25, 50, 100, 200 and 400 uM) in the horizontal axis and their
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corresponding microarray RFU (reference fluorescence unit) values in the vertical axis for
(A) mAb SM3 (25 pg/mL); (B) mAb VU-3C6 (25 pg/mL); (C) mAb VU-11E2 (25 pg/mL).
For comparison purposes, samples are organized in Natural (blue) and Unnatural (green)

pairs.

One of the main conclusions reached from the results shown in Figure 3 is that the
Thr-8 position plays an important role in binding between glycopeptides and the three mADbs.
These results are consistent with previous findings identifying the PDTR region as the MUC1
epitope exhibiting the highest affinity against a number of antibodies and lectins such as the
Macrophage Galactose-Type Lectin®° The RFU values for glycopeptides with two
glycosylated positions were generally better than those of monoglycosylated compounds
when referring to SM3 and VU-3C6 mADbs. In contrast, mAb VU-11E2 binding results were
strongly dependent on the glycan pattern. Based on a complete analysis of the binding results
obtained, we concluded that a strong correlation existed, which demonstrated that
sp?-iminosugar-based glycopeptides are suitable Tn antigen mimics for the recognition of

anti-Tn antigen-directed antibodies.
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3.3. Conclusion

To assess the mimic capabilities of the sp?-iminosugar as Tn antigen equivalent, the
previously synthesized library was tested using a microarray platform. Immunological
evaluations were conducted using anti-MUC1 mAbs SM3, VU-3C6 and VU-11E2. The
binding information obtained showed a clear glycan patter dependency. The overall results

collected can be compiled as follows:

The Threonine in position 8 plays an important role in binding between glycopeptides
and the three mAbs. This concurs with previous findings identifying the PDTR region as the

MUC1 epitope exhibiting the highest affinity against a number of antibodies and lectins.

Binding results were generally better with two glycans attached, suggesting that two

glycans modify the peptide conformation improving the binding.

The monoclonal antibody VU-11E2 presented the best ability to discriminate between

glycosylation patterns.

The results obtained confirmed the suitability of the sp?-iminosugar analog as Tn

antigen mimic.
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3.4. Experimental section

3.4.1. Materials

Microarray slides (75x25x1 mm) made of cyclic polyolefin were covered with
methacrylic N-protected AO/PC-copolymer and hybridization covers (60x25x0.7 mm) were
manufactured by Sumitomo Bakelite Co., Ltd. (Tokyo, Japan). Silicon separating rubbers
(60x24x0.1 mm) were supplied by Fuso Rubber Co., Ltd. (Hiroshima, Japan) and micro glass
covers (18x18 mm) were purchased from Matsunami Glass Ind., Ltd. (Osaka, Japan). Anti-
MUC1 mouse mADbs clones SM3 (0.2 mg/mL), VU-11E2 (0.10 mg/mL) and VU-3C6 (0.86
mg/mL) were purchased from Santa Cruz Biotechnology, Inc. (Texas, United States),
Monosan (Uden, The Netherlands) and Exalpha Biological Inc. (Massachusetts, United
States) respectively. Secondary antibody FluoroLink™ Cy™3-labeled goat anti-mouse 1gG
(H + L) was purchased from Amersham Biosciences (Buckinghamshire, United Kingdom).
Fluorescence intensity measures were obtained through GlycoStation™ Reader 1200
(GlycoTechnica Ltd., Yokohama, Japan), analyzed by ArrayVision™ software V8.0 (GE
Healthcare, Tokyo, Japan) and the resulting data was processed employing Grubbs's test

statistical analysis for outliers.!!

79



3.4.2. Methods

Following a previous optimized microarray protocol, N-protected AO/PC-copolymer
slides were deprotected by 2N HCI treatment at room temperature overnight, rinsed with
MilliQ H20 (3x1 min), and dried by centrifugation.!*? The printing process was performed
using a MicroSys 5100 Microarrayer (Cartesian Technologies, Inc., California, United
States) robot in a six-concentration (400, 200, 100, 50, 25, and 12.5 uM) quadruplicate
pattern, discarding the lower concentration results due to artifact. Samples were placed in a
384-well plate along with 25 mM AcOH-Pyr and 0.0025% (v/v) Triton X-100, printed,
incubated at 80°C for 1 hour to attach the sample though an oxime bond to the microarray
slide surface, washed gently with MilliQ H2O (1x1 min), and dried.®® In mAbs evaluation
assays, each slide contained three chambers with identical printing. Slides were then treated
with aqueous succinic anhydride (10 mg/mL) at room temperature for 4 hours, gently shaken
to block the remaining free aminooxy groups, rinsed with MilliQ H20 (2x1 min), and dried.
Regarding the mADbs incubation, a three- or six- chamber silicone rubber was placed on the
slide, followed by micro glass cover attachment over each chamber. The anti-MUC1 mouse
mADbs clones SM3, VU-11E2, and VU-3C6 (all of which are the mouse mAbs IgG1 type)
were separately mixed with reaction buffer! to obtain 40uL at 25 pg/mL, added to the
pertinent chamber, and maintained at room temperature for 2 hours. After completion of the
reaction, the slide was rinsed with washing buffer! (3x1 min), MilliQ H2O (1x1 min), dried
by centrifugation, and again covered with a hybridization cover. The secondary antibody
Cy™3-labeled anti-mouse IgG and reaction buffer (1 pg/mL) were added to the whole slide

(100 pL), placed under dark conditions at room temperature for 1 hour, followed by a
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washing buffer (3x1 min) treatment and drying by centrifugation. Fluorescence analyses

were then conducted. Slides were stored in vacuum at -4°C for preservation.
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3.4.3. Supplementary information

Microarray design and sample correlation for mAbs
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Microarray results for mAb SM3

Fluorescence intensity measures were obtained through GlycoStationTM Reader 1200
(GlycoTechnica Ltd., Yokohama, Japan) and analyzed by ArrayVision™ software V8.0 (GE
Healthcare, Tokyo, Japan). The software measures the fluorescence intensity signal and the
background of the sample. The RFU is calculated by subtracting the sample background from
the sample fluorescence to get the actual value. In order to improve statistical correlation,
12.5 uM concentration results were discharged despite appearing in the slide picture. The
experiment was conducted 4 times, the results showed reproducibility and the example
displayed is one of the cases. Microarray slide sample position correlation: a) Batch 1; b)

Batch 2; c) Batch 3
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Microarray results for mAb VU-3C6

Fluorescence intensity measures were obtained through GlycoStationTM Reader 1200
(GlycoTechnica Ltd., Yokohama, Japan) and analyzed by ArrayVision™ software V8.0 (GE
Healthcare, Tokyo, Japan). The software measures the fluorescence intensity signal and the
background of the sample. The RFU is calculated by subtracting the sample background from
the sample fluorescence to get the actual value. In order to improve statistical correlation,
12.5 uM concentration results were discharged despite appearing in the slide picture. The
experiment was conducted 4 times, the results showed reproducibility and the example
displayed is one of the cases. Microarray slide sample position correlation: a) Batch 1; b)

Batch 2; c) Batch 3
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Microarray results for mAb VU-11E2

Fluorescence intensity measures were obtained through GlycoStationTM Reader 1200
(GlycoTechnica Ltd., Yokohama, Japan) and analyzed by ArrayVision™ software V8.0 (GE
Healthcare, Tokyo, Japan). The software measures the fluorescence intensity signal and the
background of the sample. The RFU is calculated by subtracting the sample background from
the sample fluorescence to get the actual value. In order to improve statistical correlation,
12.5 uM concentration results were discharged despite appearing in the slide picture. The
experiment was conducted 4 times, the results showed reproducibility and the example
displayed is one of the cases. Microarray slide sample position correlation: a) Batch 1; b)

Batch 2; c) Batch 3
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Chapter 4.
Early stage breast cancer

autoantibodies exploration
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4.1. Introduction

4.1.1. Autoantibodies as biomarkers discovery

In the battle against breast cancer, an early diagnosis represents the most auspicious
approach for a successful treatment. The exceptional technological advances in the last 20
years have made possible the development of diverse diagnostic platforms. At present, the
most prominent approach is the use of non-invasive imaging test. This includes the use of
different techniques like breast ultrasounds,® screening and diagnostic mammography? or
magnetic resonance imaging.® On the other hand, a blood test may be conducted before or
after surgery and different types of biopsies may be required to make a definite diagnosis.
However, the continuous use of these intrusive procedures will derive in unnecessary stress
and discomfort for patients.* Thus, the development of new analytic resources to expand

actual diagnostic tests is essential.

Biosensors are sensitive and specific analytical devices used for the detection of a
particular substance. High-sensitive, rapid and standardized methodologies would result in
accessible testing, faster treatment implementation and a patient’s prognosis improvement.
>8 An effective and accurate biosensor requires a well-defined target molecule. Therefore,

an early stage breast cancer biosensor requires an appropriate cancer biomarker target.

The classical strategy for cancer detection consists in the serological search of tumor
associated biomarkers. Several tumor markers have been proposed as tumor biomarkers
including MUC1.%%° Unfortunately, the detection of cancer antigens directly from serum
presents low sensitivity. The low concentration of tumor antigens produced is hardly

measurable, specially at early stages, hampering clinical relevance and exploitation.!>*2 In

93



order to overcome this limitation, instead of the traditional use of antigens, we propose the

use of autoAbs directed to those antigens for cancer detection. *3

Natural antibodies, also referred as autoAbs, are immunoglobulins produced by the
immune system directed against self-antigens. Although autoAbs have been considered
associated with the development of autoimmune diseases, these antibodies play an important
role in tolerance regulation, autoimmune diseases prevention and innate immune system
homeostasis. 141> Analysis of serum autoAbs in clinical practice has recently become an
attractive diagnostic tool for detection. In contrast to the challenges associated to low levels
of cancer antigens at early stage detection, cancer-associated autoAbs represent attractive
biomarkers because they may start to develop early in carcinogenesis and can be potentially
detected. ° This is due to the immune system antibody amplification phenomenon, through

B cells specific autoAbs production against cancer antigens (Figure 1).17-%
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Figure 1. Immune amplification of AutoAbs from tumor associated antigens.*®

As previously mentioned, early cancer detection ensures a treatment improvement as
well as a survival enhancement. Rapid determination and discrimination between cancer
stages with only a blood test will be advantageous for patients and will have positive
consequences on the health system. The encouraging results with anti-MUC1 mAbs, in which
some non-natural glycopeptides interacted at an equal or higher affinity level than their
natural counterparts, prompted us to test their potential to sense autoAbs in breast cancer
patients. The immune system acts against malignant cells on a daily basis and, consequently,
healthy individuals also have autoAbs that recognize aberrant glycosylated MUC1. An ideal
diagnostic tool needs to exhibit the ability to discriminate between healthy and malignant

states and also differentiate among the different stages of cancer.
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4.2. Results and discussion

In the present study, we challenged a selection of MUC1-related glycopeptides from
our chemical library with healthy serum (He), stage | breast cancer serum (1), and metastatic
stage IV breast cancer serum (1V). Based on mAbs results, the unglycosylated MUC1
sequence (Naked), monoglycosylated derivatives bearing the natural GalNAc and the
unnatural sp?-iminosugar glycomimetic in the PDTR region (NT8 and UTS8, respectively),
and two pairs of diglycosylated peptides (NS4T8/US4T8 and NT8T15/UT8T15) were
selected for this purpose. The microarray slide incubation was performed using healthy
serum, and sera from stage | and stage IV breast cancer patients, followed by the Cy™3-

labeled anti-human 1gG secondary antibody (Figure 2).

FI TR Healthy ;=

! z ! E

! ;I j ! - Stagel
Stage IV

Microarray slide

displaying glycopeptides Serum

Figure 2. Summary diagram of the autoAbs exploration using the microarray platform.

We specifically tagged human 1gG because it is the most abundant antibody in serum.
Furthermore, 1gG levels are higher in patients with malignant breast cancer and are induced
by cytokines related to cancer immunosurveillance, such as IFN-y.21:?2 Fluorescence intensity

results for the three stages described above are shown in Figure 3.
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Figure 3. This graph shows the correlation between the different samples in a concentration
gradient style (1, 10, 100, and 1000 pM) in the horizontal axis and their corresponding
microarray RFU (reference fluorescence unit) values in the vertical axis for the different sera:
Healthy (He), Stage I (1), and Stage 1V (V). For comparison purposes, samples are organized

in Natural (blue) and Unnatural (green) pairs.

It is noteworthy that the natural and unnatural (glyco)peptides were all able to detect
MUC1-related autoAbs in the different samples, with binding patterns that varied as a
function of their structure. Most importantly, we further found significant affinity differences
that were dependent on whether serum was obtained from healthy individuals, stage I or IV

cancer patients.
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First, we discuss the differences in responses depending on the serum pool. Focusing
on the healthy serum pool, autoAbs mainly recognized Naked MUC1, NT8 and the
diglycosylated peptides NS4T8, US4T8 and UT8T15. In stage | serum, malignant cells may
display other antigens, resulting in different immune system recognition affinities. This
explains the epitope recognition profile change observed, with the Naked sequence,
monoglycosylated compounds NT8 and U8, and diglycosylated UT8T15 derivative showing
the highest affinities. During stage IV or metastatic breast cancer, complex interactions
between the immune system cells and the tumor microenvironment occur?® leading to a
change in epitope recognition with a preference for the Naked, followed by NT8, US4T8 and

UT8 sequences.

A focus on individual epitopes revealed that the diglycosylated compounds NS4T8,
NT8T15, and UT8T15 show a decreasing tendency from healthy condition to stage IV, while
US4T8 shows a U-shaped affinity curve with higher affinity for healthy serum and stage IV.
These binding profiles correlated with previous findings demonstrating the presence of anti-
MUC1 autoAbs presence in healthy sera,?* but do not allow an accurate early stage diagnosis.
Naked and monoglycosylated NT8 showed increasing trends, with the highest affinity being
observed at stage IV. The most promising results were obtained with the unnatural
monoglycosylated glycopeptide UT8, which displayed the ability to discriminate between
sera from healthy individuals and stage | patients (over 10-fold difference in RFU). To the
best of our knowledge, this is the first example of a MUC1-related glycopeptide mimetic

enabling the differential detection of autoAbs in healthy and early breast cancer scenarios.
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4.3. Conclusion

The majority of the compounds were able to recognize and bind breast cancer
associated autoAbs from the different serum specimens used. Some of the major findings are

recapitulated as follow:

Binding with autoAbs from healthy serum could be observed. This correlates with

previous data, supporting the presence of anti-MUC1 autoAbs presence in healthy sera.

In stage | sera, malignant cells display different antigens. This elicits different

recognition affinities by immune system, explaining the epitope recognition profile changes.

In the case of metastatic or stage IV, the tumor environment produces a big impact
on the immune system. This overwhelming destabilization of the immune system response

can again generate new epitope recognition profile changes.

From among all the compounds studied, the most outstanding candidate was UTS8.
This promising candidate displayed low binding with healthy serum but a strong affinity for

stage | cancer, becoming a potential early breast cancer diagnostic tool.

To the best of our knowledge, this is the first example of a MUC1-related
glycopeptide mimetic enabling the differential detection of autoAbs in healthy and early

breast cancer scenarios.
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4.4. Experimental section

4.4.1. Materials

Microarray slides (75x25x1 mm) made of cyclic polyolefin were covered with
methacrylic N-protected AO/PC-copolymer and hybridization covers (60x25x0.7 mm) were
manufactured by Sumitomo Bakelite Co., Ltd. (Tokyo, Japan). Silicon separating rubbers
(60x24x0.1 mm) were supplied by Fuso Rubber Co., Ltd. (Hiroshima, Japan), micro glass
covers (18x18 mm) were purchased from Matsunami Glass Ind., Ltd. (Osaka, Japan) and
Amicon® Ultra-0.5 mL 50k Molecular weight cut-off Centrifugal Filters were supplied by
Merck Millipore Ltd. (County Cork, Ireland). Secondary antibody Cy™3-conjugated
AffiniPure goat anti-human IgG (H+L) was purchased from Jackson ImmunoResearch
Laboratories, Inc. (Pennsylvania, United States) respectively. Stage | and IV breast cancer
human serum samples were obtained from BiolVT (New York, United States). Fluorescence
intensity measures were obtained through GlycoStation™ Reader 1200 (GlycoTechnica Ltd.,
Yokohama, Japan), analyzed by ArrayVision™ software V8.0 (GE Healthcare, Tokyo,
Japan) and the resulting data was processed employing Grubbs's test statistical analysis for

outliers.?®
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4.4.2. Methods

Following a previous optimized microarray protocol, N-protected AO/PC-copolymer
slides were deprotected by 2N HCI treatment at room temperature overnight, rinsed with
MilliQ H0 (3x1 min), and dried by centrifugation.?%® The printing was conducted by an
Arduino-based CNC machine hand-crafted robot (Nishimura Laboratory, Hokkaido, Japan)
in a four-concentration (1000, 100, 10, and 1 pM) quadruplicate pattern. Samples were
placed in a 384-well plate along with 25 mM AcOH-Pyr and 0.0025% (v/v) Triton X-100,
printed, incubated at 80°C for 1 hour to attach the sample though an oxime bond to the
microarray slide surface, washed gently with MilliQ H,O (1x1 min), and dried.?” Slides were
then treated with aqueous succinic anhydride (10 mg/mL) at room temperature for 4 hours,
gently shaken to block the remaining free aminooxy groups, rinsed with MilliQ H20 (2x1
min), and dried. To evaluate binding properties, an incubation with a pool of healthy samples
and a pool of four different human stage I and a pool of four 1V breast cancer serum samples
were performed. Each pool sera were filtered through an Amicon centrifugal filter with a
pore size of 50 kDa to concentrate the number of antibodies present in the sample. The
resultant serum was mixed with reaction buffer (1:3) and added to the slide for an incubation
under dark conditions. After two hours, the slide was gently rinsed with washing buffer (3x1
min), and then MilliQ H20 (1x1 min) and dried by centrifugation. The slide was covered
with a hybridization cover and a Cy™3-labeled goat anti-human 1gG secondary antibody
combined with reaction buffer (0.5ug/mL) was added to the slide and placed at room
temperature under dark conditions for 1 hour. After completion, the slide was treated with
washing buffer (3x1 min) to directly conduct fluorescence analyses. Slides were stored in

vacuum at -4°C for preservation.
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4.4.3. Supplementary information

Microarray design and sample correlation for autoAbs
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Microarray results for autoAbs

Fluorescence intensity measures were obtained through GlycoStationTM Reader 1200
(GlycoTechnica Ltd., Yokohama, Japan) and analyzed by ArrayVision™ software V8.0 (GE
Healthcare, Tokyo, Japan). The software measures the fluorescence intensity signal and the
background of the sample. The RFU is calculated by subtracting the sample background from
the sample fluorescence to get the actual value. Sample printing on the microarray slide
surface was conducted in the same conditions but with a different robot and a different type
of pin (changing from a solid pin to a split pin), resulting in printing volume and RFU scale
changes with no tendency between samples alteration. The experiment was conducted 3
times, the results showed reproducibility and the example displayed is one of the cases.
Serum sample correlation: a) Healthy patient sera; b) Stage | human breast cancer serum; c)

Stage IV human breast cancer serum.
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A glycopeptide library containing 27 different compounds was successfully
synthesized. This library was created using microwave assisted solid-phase peptide synthesis

technology with some protocol modifications for optimization purposes.

The glycopeptides synthesized presented the Tn antigen or the sp2-iminosugar-based
Tn antigen mimic attached in different glycosylation patterns. The complete library consists
of 1 non-glycosylated peptide, 5 natural monoglycosylated and 8 diglycosylated Tn antigen-
containing glycopeptides, 5 monoglycosylated and 8 diglycosylated unnatural

sp2-iminosugar-based Tn antigen mimic-containing glycopeptides.

Previous samples were evaluated with monoclonal antibodies SM3, VU-3C6 and

VU-11E2 in a microarray platform. The results can be summarized as follow:

The Threonine in position 8 plays an important role in binding between glycopeptides
and the three mAbs. The binding was generally stronger with diglycosylated compounds than
with compounds presenting just one glycan. The monoclonal antibody VU-11E2 was the
most specific when referring to distinguish between different glycosylation patterns. The

results obtained confirmed the suitability of the sp?>-iminosugar as Tn antigen mimic.

After microarray optimization to work with serum, the most promising compounds
were tested with three different human serum samples from healthy individuals, stage | breast

cancer patients and stage 1V breast cancer patients.

The results obtained for autoantibodies showed different binding profiles. However,
we observed one compound which displayed low affinity with healthy serum but a strong

binding with stage | cancer serum. The mentioned compound is the sp>-iminosugar-bearing
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glycopeptide UT8 which can be considered as a promising early stage breast cancer

biomarker candidate.

To the best of our knowledge, this is the first example of a MUC1-related
glycopeptide mimetic enabling differential detection of autoantibodies in healthy and early

breast cancer scenarios.
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