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Abstract

Mucins are high molecular weight glycoproteins largely expressed by
endothelial cells. They represent a physical protection for organs, against
harmful species.! When normal mucin become tumoral, a pathological
oversimplification of the glycosidic portions occurred and saccharides,
normally hidden, become exposed.? These neo-glycans, called mucin-
associated antigens, are interesting targets for the development of
therapeutic cancer vaccines because of their almost exclusive presence on
cancer cells.? In particular, the structurally simple antigens associated to
mucine-1 (MUC-1), namely antigen Tn, TF and STn, have been proved to
be involved in tumour escape and metastasis. Recent studies showed a
clear relationship between the presentation of these antigens and the
amino acid involved in the glycosidic linkage; in particular the Thr residue
induces a better presentation of the antigen with respect to Ser.? In this
context, the design of analogues and mimetics of these antigens offer an
intriguing strategy to overcome the two main drawbacks affecting the
natural derivatives: (a) low immunogenicity and, (b) reduced metabolic
stability.> In this project we aim at synthesizing structural mimetics of the
antigenic TnThr, TFThr, STnThr and at employing these new compounds
to decorate multivalent systems to study their in-vitro and in-vivo

properties.



Summary

In this thesis the following topics are addressed:

Part | - Introduction: A general introduction to the basic concepts of
immunology (Chapter 1), cancer immunotherapy (Chapter 2) and tumor-
associated antigens (Chapter 3), followed by the state-of-art on analogues
of mucin-related antigens (Chapter 4 and Chapter 5) and the aim of the

project (Chapter 6).

Part Il - TnThr mimetic: Following the recent progress, in Chapter 7 the
therapeutic potential of the TnThr mimetic is highlighted. A vaccine
candidate against breast cancer was developed by the conjugation of the
TnThr mimetic to the immunogenic carrier protein CRM1g, in silico, in

vitro and in vivo assays were performed.

In Chapter 8 an experimental methodological application is described: the
TnThr mimetic was grafted onto silica nanoparticles and solid-state NMR
(SSNMR) was performed, paving the way for new perspective in the

characterization of biomolecules-coated nanoparticles.

Part lll - TFThr mimetic: In Chapter 9, the glycomimetic strategy was
applied for the synthesis of a TFThr mimetic; binding studies of the

mimetic with Galectin 3 are discussed.

Part IV - STnThr mimetic: In Chapter 10, the synthesis of a novel STnThr
mimetic is reported. To investigate the effect of the structurally
constrained galactoside moiety, the STnThr mimetic was checked as

potential substrate for Influenza neuraminidase N1.
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CHAPTER

Immune system

1.1 An overview

The overall function of the immune system is to prevent or reduce
infections and protect against diseases, through a complex cascade of
processes called immune response. The immune system apparatus is
constituted of cells and molecules which participate to a concerted and

finely tuned response against harmful (immunogenic) entities.®

In this context, antigens are defined as any substances that possess
antigenic sites (epitopes), subjected to the recognition by the immune
system; those antigens capable of eliciting an immune response are called
immunogens.” In mammalians, immune defense can be subclassified

according to the different role played by each component.
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1.2 Immune system

Classically, the immune system is divided into two main categories (Figure

1.2.1), innate and adaptive, although these distinctions are not mutually

exclusive:
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Figure 1.2.1 Innate vs adaptive immunity

Innate_immunity (also known as natural) constitutes the first set of

responses, it is present in almost all living organism and includes physical
barriers, leukocytes, innate lymphoid cells, soluble proteins, bioactive
small molecules.® The receptors expressed by the cells of the innate

system are called primitive or pattern recognition receptors (PRRs) and
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the entities recognized are referred as pathogen-associated molecular
patterns (PAMPs). The activation of the innate immunity is fast but lacks
specificity.

Adaptive immunity (also referred as specific or acquired) constitutes the

second set of responses and comes into play when innate defense is not
enough. The species involved in these type of immunity are: antibodies
(Abs), cytokines, antigen-presenting cells (APCs), lymphocytes (B and T
cells), major histocompatibility complex (MHC). Adaptive immunity

activation is slower but more specific and creates immunological memory.

Innate and adaptive immunity should not be considered as two distinct
entities, indeed they synergistically respond to endo and exogenic

threats.®

Immune system activation and protection is also a central matter in tumor
events. Adaptive immunity might represent a powerful "weapon" for
cancer-bearing patients to fight cancer, unfortunately too often the
activation of an innate immune response against tumors is lacking or

ineffective. 10-13

Although a vast effort is devoted to develop immunotherapeutic
strategies against cancer, no active cancer immunotherapies are currently
available. In this framework, this manuscript is focused on the synthesis
and development of nature-inspired determinants to assemble potential

therapeutic cancer vaccines.

12



1.3 Adaptive immune response

The hallmark in the adaptive immune response of vertebrates is the clonal
expansion of lymphocytes that consists in the rapid expansion and
differentiation of few precursor cells to millions of specialized B and T

cells.’?

Two main types of acquired immunity must be considered (Figure 1.3.1):

passive and active immunity.

passive immunity
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Figure 1.3.1 Passive and active immunity

Passive immunity: the transfer of active humoral immune species

(antibody-related) is mediated by biological fluids, as it happens during
life-saving serum treatments or in the case of maternal antibodies
transmission. This process is also called adoptive transfer and typically

confers a non-persisting immunity.
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Active immunity: developed after the exposure to a microorganism or an

immunogenic exogenous substance. Lymphocytes evolve in response to
the antigenic “non-self-species” and the clonal expansion takes place. This
process can induce immunological memory. Different types of active
immunological responses can take place, depending on the nature of the

recruited lymphocytes.

1.3.1 B cells

B cells are the main actors in humoral immunity, they induce antibodies
formation and act as APCs through the recognition, internalization and

processing of antigens.'®

B cells can recognize antigenic determinants through specific receptors (B

Cells Receptors, BCR) and through two different processes:

T cell-dependent activation: antigens activate B cells in cooperation with

T cells; no humoral response is triggered in organisms lacking T cells. These
antigens, known as thymus-dependent (TD) antigens are processed and
presented to T cells with MHC class Il molecules. Immunogenic proteins
are examples of TD antigens.®

T cell-independent activation: antigens stimulate B cell proliferation and

antibody production in the absence of MHC class Il-restricted T cell help;
these antigens are classified as thymus-independent (TI) antigens.!’
Typically highly repetitive molecules, such as polysaccharides of bacterial

cell walls, are examples of Tl antigens.!®

B cells activated by TD and Tl antigens undergo two differentiation

pathways: a) to plasma cells and Abs production forimmediate protection

14



and and/or b) to memory B cells for a long-lasting protection.!®9

Noteworthy, polysaccharide antigens elicit memory B cells that are

phenotypically distinct from those elicited by protein antigens.!®

1.3.2 T cells

T cells are the main actors of cell-mediated adaptive immunity. Antigens
cannot be recognized directly by T cell receptors (TCR) unless processed

by APCs and presented with an MHC molecule.?®

T cells can be divided in four main categories: a) effector T cells, b)

memory T cells, c) natural killer T cells (NKT) and d) Ty cells.

Widespread and broadly studied, effector and memory T cells represent
the conventional adaptive T lymphocytes and they can be further
subclassify according to the expression of the surface glycoproteins CD4
or CD8 that confer them the ability of recognizing different classes of MHC
molecules: MHC class | for CD8 and MHC class Il for CD4.1>20

Effector - helper CD4* T cells (Tn) are involved in both innate and adaptive

response. Tys assist other lymphocytes by promoting: a) proliferation and
differentiation of B cells into plasma cells and memory cells, b)
differentiation of cytotoxic CD8* T cells and c) activation of macrophages

through secretion of cytokines.

Effector - cytotoxic CD8" T cells (CTLs) have the ability to lyse cells exposing

short peptide antigens-MHC | complexes.?! CTLs are responsible for
immune surveillance against pathogen and cytolysis of somatic cells; they
are also involved in the production of cytokines influencing B cells and

APCs activity.??

15



Effector - regulatory T cells (Tgres) act to suppress immune response,

thereby maintaining homeostasis and self-tolerance. Treg can express

both CD4* and CD8*.23

Memory T cells (Tm) remain long term after an immunological response,

they can quickly be converted into effector cells (Tw or CTLs) in case of a
subsequent contact with the same antigen. Tms ensure a rapid and robust

immune response and are the hallmark of vaccination strategies.?*%°

1.3.3 Antigen-presenting cells (APCs)

Even though, B cells and some species of the innate immune system can
work in a "stand-alone" way by recognizing antigens that have not been
formerly processed, antigen presentation represents a crucial issue to

trigger an adaptive immune response (T cells, vide infra).

Cells deputed to antigens presentation are called antigen-presenting cells
(APCs). Dendritic cells, macrophages, and B cells are APCs for T cells, while

follicular dendritic cells mainly are APC for B cells.?®

APCs are characterized by: a) the presence of receptors able to uptake
antigens, b) the capacity to internalize and process antigens, c¢) to
synthesize and express MHC class | and Il molecules, d) to express
adhesion molecules that promote APC-T cell interaction and e) to express
co-stimulatory molecules (i.e. cytokines).'> Antigen presentation is
therefore defined as the expression of processed antigenic molecules on
the surface of APCs, in association with MHC class | molecules, when the
presentation is to CTLs cells or with MHC class Il molecules, when the

antigen is presented to a Ty cell.

16



MHC class | can accommodate short peptides (8-9 aa) originating from
cytosolic or nuclear locations while MHC class Il can accommodate larger
peptides (> 10 aa)?’. The phenotype of the immune cells depends on the

different MHC compartment implicated in the immune response.

1.3.4 Hapten-carrier effect

So far, we dealt with the principal mechanisms responsible for eliciting an
immune response, generally induced by high molecular weight
immunogens (>10 000 Da) like: proteins, carbohydrates, nucleic acid or
lipids. Noteworthy, also small molecules, intrinsically not immunogenic,
can elicit an immune response if covalently linked to a large immunogenic
carrier. These low-molecular-weight compounds are called “haptens” and
the hapten-carrier derivative is called “conjugate”. The conjugate is thus
an immunogenic entity, and induce an immune response not only with
respect to the carrier but also to the hapten, in a recognition process
known as hapten-carrier effect.'>?° More interestingly, the antibodies
produced are able to recognize the hapten also as single entity.?® This
strategy, successfully used in bacterial vaccine development such as for
Haemophilus influenzae type B,* is the basis of the development of

antiviral and antitumoral carbohydrates vaccines.3°
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CHAPTER

Cancer immunotherapy

2.1 Cancer therapy: an overview

As reported by the World Health Organization "Cancer is a large group of
diseases that can start in almost any organ or tissue of the body when
abnormal cells grow uncontrollably, go beyond their usual boundaries to
invade adjoining parts of the body and/or spread to other organs. The
latter process is called metastasizing and is a major cause of death from

cancer".
Conventional cancer treatments are:

Surgery: the physical removal of cancer, very effective for local tumor but
inadequate to large invasive tumoral masses and hematological cancers;
after surgical extirpation of a tumor mass metastatization and infection

are the main risks.

Chemotherapy: a therapy based on anti-cancer drugs, called

chemotherapeutic agents, administered to reduce/eliminate tumoral

18



mass. Adverse side effects related to the lack of specificity of

chemotherapeutic agents are often the causes of chemotherapy's failure.

Radiation therapy: based on ionizing radiation used to control or kill

cancer cells by damaging their DNA and to prevent tumor recurrence.
Radiotherapy (like chemotherapy) is based on the higher growth rate of
cancer- compared to healthy cells; side effects are dose related, in

addition, not all kinds of tumors are responsive to this therapy.

A combination of tumor treatments can be prescribed to obtain a
synergistic effect and best outcomes, but up to date general guidelines do
not exist and a poor prognosis is often registered also with a combination

of therapies.

A new tool to fight tumor, cancer immunotherapy, it has recently become
popular.2! This frontier approach aims at boosting tumor-bearing immune

system to fight tumor and improve immunosurveillance.*3

2.2 Active and passive immunotherapy

Immunotherapy of cancer, although in its infancy, has already drawn a
great deal of interest as potential personalized treatment of cancer.
Conventional treatments’ failure and the need of alternatives to non-
specific and invasive therapies,?? have been the driving forces. The
“mission” of immunotherapy is boosting patients’ native defenses and
stimulating the immune system to detect and selectively tackle tumor

cells.

Cancer immunotherapy can be distinguished into two main classes:33

19



Active immunotherapy which relies on setting up an immune response to

kill cancer cells by targeting specific tumor antigens (TAs) expressed on
their surface, or realizing immunomodulatory agents that enhance the
immune responsiveness, without a specific target, such as checkpoint

inhibitors.34-3¢

Passive_immunotherapy consists of the administration of exogenous

substances like Abs or lymphocytes (adoptive cell transfer) designed to

target tumor cells.

Given the aim of this manuscript, active immunotherapy involving TAs will

be treated in more detail.

2.3 Tumor antigens (TAs) in cancer immunotherapy

In TAs-based immunotherapy, the targets for the immune system are
antigens exclusively expressed on cancer cells (i.e. tumor-specific
antigens, TSAs), or poorly expressed on normal tissues (i.e. tumor-
associated antigens, TAAs).3”3® These tumor antigens are altered self-
molecules like: proteins, glycoproteins, glycolipids or carbohydrates that
differentiate cancer cells from normal cells and can be exploited for

preventive, therapeutic and diagnostic purposes.394°

Vaccines based on TAs constitute an interesting area of immunotherapy
designed to stimulate a “personalized” antitumor immune response.*1™43
A subclassification of immunotherapy between prophylactic (prevention)
and therapeutic (treatment) must also be taken into account for cancer
vaccines.*** Cancer vaccines might be used: a) as mono-therapy, b) in

combination with conventional treatments in a multi-therapy setting, to

20



increase its effectiveness and reduce the recurrence of metastatic sites,
or as c) preventive tools.*® Advantages of TAs preventive and therapeutic
strategies are a minimal toxicity compared to other treatments (chemo
and radio-therapies) combined with an high specificity of action. Examples
of approved therapeutic cancer vaccines are TheraCys® (urothelial
carcinoma), PROVENGE (metastatic castration-resistant prostate cancer),

IMLYGIC® (melanoma).?

TAs can be of high interest also from a diagnostic point of view, in that
they might be biomarkers in screening for early detection and/or to
classify the tumor in order to decide on the most appropriate
pharmacological therapy.?®*” Indeed, whatever the purpose, the choice of
the right TAs might make the difference in terms of therapy outcome and

it represents a hard and painstaking challenge.

For this reason, the next chapter will be focused on the glycoprotein
mucin-1 (MUC1) overexpressed in many adenocarcinomas and which is

characterized by the presence of specific TAAs.
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CHAPTER

Mucin 1-type O-glycans

3.1 Mucin 1

The unbalance of the glycosylation machinery is one of the main factors
involved in carcinogenesis. On cancer cells aberrant glycosylation takes
place, including glycan truncation, neo-glycan expression, and
increase/decrease in the density of glycan epitopes.*® In
adenocarcinomas, a common aberration occurring is the over-
simplification of the glycosylation pattern of mucins. Mucins are a group
of high molecular weight glycoproteins, expressed by various epithelial
cell types, having a central role in maintaining homeostasis and providing
organs’ protection.! Over the years, among the 21 mucins identified in
humans, MUC1 has been the most extensively studied due to its

involvement in cancer and chronic inflammatory diseases.*

MUC1 is a type | transmembrane glycoprotein with a unique extracellular
domain consisting of a variable number tandem repeat (VNTR) of 20

amino acids (HGVTSAPDTRPAPGSTAPPA) where serine (Ser) and threonine

22



(Thr) are potential sites for O-glycosylation and represent 25% of
residues.’®>! Tumor-associated MUC1, (TA)MUC1, is overexpressed,
under-O-glycosylated and exposes specific and structurally simple
saccharide epitopes called mucin-related antigens, that have been
identified in almost all human epithelial adenocarcinomas®? and in some
hematological malignancies.>®>* Normally hidden, mucin-related antigens
are part of a broader family of TAAs called tumor-associated carbohydrate
antigens (TACAs). TACAs are potential diagnostic molecular markers and

attracting targets to develop carbohydrate-based cancer vaccines.>?

3.2 Mucin-related antigens

The protein backbone of healthy mucins is decorated with complex

branched a-O-linked oligosaccharides, this essential post-translational

Healthy MUC1 Tumor MUC1

o

, TACAs

m e

L ¥ TF

STn

e -

Extracellular

Intracellular

& Thr or Ser Gal M GalNAc 4 Sialic Acid GlcNAC

Figure 3.2.1 Differences between healthy MUC1 and tumor MUC1
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modification begins with the transfer of an N-acetylgalactosamine
(GalNACc) onto the hydroxyl groups of a Ser or Thr residue. Misregulation
in glycosyltransferases’ activity occurs in tumor cells> and leads to the
expression of (TA)MUC1, characterized by simple and truncated
carbohydrates (Figure 3.2.1). The TACAs most extensively studied are: a-
Tn (or Tn), TF (T or Core 1) and STn, whose expression has been related to
tumor aggressiveness and tendency to metastasize.3® The elucidation of
TACAs chemical structures has been essential to accelerate the research

on the development of new "tools" to fight cancer.>>°®

3.2.1 The a-Tn antigen

The Thomsen-nouveau (a-Tn) antigen was firstly discovered by Dausset in
1959,° in a patient with hemolytic anemia (Tn syndrome). Almost 20
years later, the Tn antigen was associated to malighant tumors.2>80
Structurally, the Tn antigen (Figure 3.2.1.1) is a GalINAc moiety a-O-linked
to a Ser or Thr residue (GalNAc-al-O-Ser/Thr) and is the common
precursor of the eight different core structures of mucin-type O-glycans.

In cancer cells, deficiency in glycosyltransferases, limits Tn glycosylation

and saccharides extensions thus making this antigenic residue exposed.

HO OH

o
HO
AcHN

9
Thr/Ser

Tn antigen

Figure 3.2.1.1 Structure of Thomsen-nouveau antigen
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3.2.2 The TF antigen (Core 1)

The Thomsen—Friedenreich (TF) disaccharide epitope, also referred as
Core-1 or T antigen (Figure 3.2.2.1), is a GalB1>3GalNAc disaccharide
derived from the elongation of the Tn antigen with an additional Gal
residue mediated by the action of B1,3-galactosyltransferase (Core 1
B3GalT, T-synthase). The TF antigen is usually masked under a layer of
other branched and complex carbohydrate residues, the loss of this
"cover" makes it visible and antigenic. The expression of TF antigen plays
a crucial role in cancer development as a result of its involvement in
adhesion processes and tumor cells proliferation through the interaction

with specific lectins such as galectin-3 (Gal 3).%*

HO OH HO OH

O O
HO @)
OH AcHN

(I)
Thr/Ser
TF antigen

Figure 3.2.2.1 Structure of Thomsen—Friedenreich antigen

3.2.3 The STn antigen

The sialyl-Tn (STn) antigen (Figure 3.2.3.1) formation is mediate by a2,6-
sialyltransferases (ST6GalNAc), which is up-regulated in cancer cells and is
responsible for the aberrant sialylation of the Tn antigen. Due to their
similar structure and pathways of synthesis, STn and Tn antigens are
always over-expressed simultaneously in tumor cells. STn up-regulation is

related to tumor growth and metastasis in breast, gastric and prostate

25



cancers.523 Recognition by lectins (selectins, siglecs, etc.), even in this

case, has been shown to be crucial in cancerous processes.

HO OH
OH
AcHN_ - COOH
@)
HO
HO O
0
HO
AcHN?
Thr/Ser
STn antigen

Figure 3.2.3.1 Structure of sialyl-Tn antigen

3.3 Mucin-type O-glycans vaccine candidates

In summary, the Tn antigen is highly expressed in 90% of breast

39 some bladder, cervix, ovary, colon, lung, stomach, and

carcinomas,
prostate tumor and it is poorly or absent on normal adult tissues. TF and
STn, overexpressed on cancer cells, have also been proved to be involved
in tumor progression.?2%3 These features combined with their simple
structures, makes these three determinants ideal targets for the
development of anti-cancer vaccines. Over the years, the potential of Tn,
TF and STn antigens as therapeutic targets has widely been
investigated,”®®4%> however, two main drawbacks affecting all TACA-

based vaccines have slowed down their development: poor

immunogenicity and a reduced metabolic stability.
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Poor immunogenicity is intrinsic in TACAs' nature; two main strategies are

generally followed to boost TACAs immunological response : a) the co-
administration with adjuvants, b) the conjugation toimmunogenic carriers

(Chapter 7).5%%

Reduced metabolic stability of TACAs can be ascribed to the glycosidic

linkages, unstable in vivo and hydrolyzed by endogenous glycosidases.
This instability is responsible for a low bioavailability and concurs to their

low immunogenicity.

In this framework, synthetic chemistry can play a role of utmost
importance as will be described in detail in the next chapter.

In particular, we focused on Tn antigen due to its simple structure and to
the great interest of the scientific community on the possible

development of Tn-based vaccines.
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CHAPTER

Tn antigen analogues

4.1 Tn antigen analogues: an overview

Tn antigen, like all O-glycosides are degraded in vivo by glycosidases. In
recent years, many strategies to elude chemical and enzymatic
degradation have been explored. Chemical synthesis offers a possible way

out by designing hydrolysis-resistant Tn antigen analogues.®

Before discussing the strategies pursued, let us consider some basic

characteristics of a good antigen analogue:

a) it ought to compete with the native TACA for the same biological target;
b) it must be able to break patient’s immune tolerance, eliciting an
effective immune response and the development of antibodies directed
against the natural counterparts; c) it should present a non-native
glycosidic linkage and, consequently, an improved stability and higher

bioavailability; d) last but not least, a good analogue shall maintain the
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pharmacophoric conformation of the native epitope and eventually,

should be structurally simpler and synthetically convenient.

Hereafter, some non-native, Tn-inspired antigens and their presentation

to the immune system are reported.

4.2 O-Glycosidic bond modification

A straightforward modification of the labile a-O-glycosidic linkage
featuring the Tn antigen to obtain hydrolytically stable analogues is
represented by the non-classical isosteric replacement of the oxygen with

carbon, sulfur, or selenium.

4.2.1 C-glycosidic bond

Beau et al. paved the way for the synthesis of C-glycoside analogues of the
Tn epitope, and through a Sml,-mediated C-glycosylation, the TnSer C-
analogue 1 (Figure 4.2.1.1), as building block for peptide synthesis, was
prepared for the first time.®” Few years later, a Wittig-Horner tin-
mediated C-glycosylation variant for the synthesis of 1, was proposed by

Schmidt et al.%8

Following this line, the a-C-GalNAc derivative 2 showing a ketone residue
(Figure 4.2.1.1), was prepared by Nicotra and co-workers®® and covalently
linked to the ovalbumin (OVA) T cell epitope peptide through an oxime
residue (3 - Figure 4.2.1.1). Derivative 3 represents an example of a fully
synthetic vaccine candidate, stable to acids, bases, and enzymatic

hydrolysis.”®
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Figure 4.2.1.1 C-glycosidic analogues of Tn antigen

4.2.2 S and Se-glycosides

The first metabolically stable S-analogue of the TnSer determinant has
been reported by Spadaro et al. (compound 4 - Figure 4.2.2.1). Analogue
4 was linked to the immunogenic lipopeptide tripalmitoyl-S-
glycerylcysteinylserine (Pam3CysSer), directly or through decorated

calix[4]arene scaffold, to develop totally synthetic vaccines.”*7?

HO OH HO OH

o) 0
HO HO
AcHN AcHN
S X A\
. d
AcHN™ "COOR AcHN “A-P-D-T-R-P

o}
4 5 X=S
6 X=Se

Figure 4.2.2.1 Structures of S (4) and Se-glycosidic analogues 5 and 6
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0O/S (5) or O/Se (6) substitutions at the glycosidic linkage (Figure 4.2.2.1)
connecting the GalNAc residue to the MUC1 repeated, immunodominant,
hexapeptide fragment (Ala-Pro-Asp-Thr-Arg-Pro) has been recently
reported by Corzana et al. The TnThr derivative 5 bearing the S-glycosidic
linkage was conjugated to gold nanoparticles and resulted in a significant

humoral immune response in mice (BALB/c mice).”?

4.3 Tn analogues containing unnatural amino acids

A different approach relies on the use of unnatural amino acid that could
hamper glycosidases activity thus increasing the hydrolytic stability of the

resulting TACA analogue.

The efficient synthesis of the propargylated-a-O-GalNAc derivative 7
(Figure 4.3.1), used in a Cu(l) catalyzed conjugation with an azido serine,
has been reported by Brimble et al.”* Compound 7 was used as building

block in the synthesis of antifreeze glycopeptides (AFGPs) analogues.

Dumy, Renaudet and co-workers reported the conjugation of four
clustered GalNAc residues on a cyclic decapeptide scaffold through non-
native oxime bond ligation (8 - Figure 4.3.1). The regioselectively
addressable functionalized template (RAFT), contains two Pro-Gly
residues as B-turn inducers.”® This scaffold, upon the insertion of a T-
epitope peptide, has served for the construction of synthetic vaccines
candidates’®’’ able to elicit antibodies in immunized mice (BALB/c),

recognized by the Tn epitope expressed on human tumor cells.”

Inspired by the X-ray structure of the SM3 monoclonal antibody

complexed with a MUC1 minimal epitope, a Tn analogue characterized by
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the non-natural a-methylserine scaffold 9 (Figure 4.3.1), has been
reported by Corzana, Peregrina et al.”® Although the peptide backbone of
this vaccine candidate is more resistant to enzymatic degradation than the
natural counterpart, its immunogenicity does not exceed that of the

threonine analogue.”

AcO OAc o
o} HO
AcO N=N, AcHN
AcHN \/l%/N o
COOH j\’(“

FmocHN AcHN ~
7 HsC o
8
GalNAc GalNAc
a | o |
O. (0]

Pro Pro
T epitope
9
(0]
HO OH /\/)\
HO 0 BocN\ OR
AcHN| @ ,,S\% AcO OAc
(0] (0] o
OH — AcO
-+
TFA HsN NaH AcHNOH

10

Figure 4.3.1 Structures of Tn analogues containing unnatural amino acids
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Interestingly, Peregrina et al. developed a strategy to obtain Tn analogues
based on the stereoselective ring-opening of hindered and cyclic
sulfamidates of (S)-isoserine and (S)-a-methylserine. The a-methylserine
derivative 9 and the new analogue a-GalNAc-isoSer 10 (Figure 4.3.1) were

obtained.8°

4.4 Constrained Tn analogues

In the quest for enhanced stability and improved immunogenicity, some
examples of bicyclic constrained Tn analogues which preserve the C;
chair conformation of the native antigen, have been reported. Indeed, a
reduced conformational flexibility may potentially reduce the entropic

penalty associated with the binding of the antigen to the receptor.

Nativi et al. proposed a chemo-, regio-, and stereoselective inverse
electron-demand Diels-Alder cycloaddition (Figure 4.4.1) between
galactal 11 and thio-pB-ketoester 12 (see Chapter 5 for more details) for

the synthesis of the structurally constrained TnThr mimetic 13.8%82

HO OH
g:‘o
><Si o = o HO

O/ \O _ - SO
o * o} WNHBoc| 77 oS

HO — HN

COOBn
COOH
1 12 13

Figure 4.4.1 A structurally constrained TnThr mimetic 13

Following this approach, in 2013 Peregrina et al. reported a totally stereo
controlled C-Michael addition for the synthesis of the conformationally

restricted C-glycoside analogues of TnSer 14 (Figure 4.4.2), in which the
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acetamido residue of the GalNAc is replaced by a cyclic amide fused to the

C1 and C2 carbons of the galactose ring.

o
HO OH AcO o\f
o) N
HO H AcO
N AcHN
HN 2 0] R,
R1

yoe X

FmocHN COOH

14 15
R4=H, CH,OH R,=H (Ser), CH; (Thr)

Figure 4.4.2 Structures of conformational constrained C-glycoside analogues

In 2016, Mellet, Fernandez, Peregrina et al.®3 reported sp’-iminosugar
analogues of TnThr and TnSer determinants. The O6 atom was substituted
with part of a cyclic carbamate, which limits the chair conformation
flexibility (15 - Figure 4.4.2). The analogues 15 were used as building block
in peptide synthesis and APD[T*/S*]RP glycopeptides were obtained.
Binding affinity against SM3 were measured and the best affinity has been
shown for the analogue 15 linked to a Thr residue, although lower than

the natural derivative.

4.5 Thr vs. Ser

A crucial issue, underlying theme of the last two chapters is whether the
Ser or Thr residue linked to the GalNAc portion are equivalent in terms of
immunogenicity of the resulting Tn antigen. This is indeed essential to

focus the research, on the best determinants.

In the last few years, several papers have been published on the role of

the first amino acid of the MUC1 peptide backbone and on the differences
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between the 3D conformation of a-GalNAc-Ser and a-GalNAc-Thr.84% |t
has clearly been shown that a-GalNAc-Thr is more rigid with respect to a-
GalNAc-Ser: in TnThr the pyranose ring is oriented almost perpendicular
to the peptide, whereas in TnSer the GalNAc portion is nearly parallel.>>8¢-
88 Live et .al ascribed this difference to steric repulsion between the sugar
endocyclic oxygen and the B-methyl group of the Thr residue.? Instead,
Corzana et al. ascribed the different orientation to the presence of water
pockets formed by the pyranose ring with the peptide, which involves
different atoms in TnThr and TnSer.>> Regardless of the reason, such a
difference is crucial in the recognition processes and seems to explain the
higher binding affinity of TnThr for anti-Tn (Tn218), anti-MUC1 (SM3 e.g.)
antibodies and several lectins.?”:88°0°1 The structural insights into the a-
GalNAc-Thr motif and its higher specificity represent the rationale for the

development of a locked TnThr mimetic.
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CHAPTER

A locked a-TnThr mimetic

5.1 A powerful inverse electron-demand [4+2]
cycloaddition

In the 90's, Capozzi, Nativi, Menichetti et al. reported that o,a’-
dioxothiones (Scheme 5.1.1), generated from a,a’-dioxothiophthalimides
(prepared by reaction of B-dicarbonyl compounds  with
phthalimidesulfenyl chloride as key reagent), are efficient electron-poor

dienophiles.?°3

From this evidence, in 2004, Nativi et al. described the synthesis of 2-
deoxy-2-thio-a-O-glycohomoglutamates (Scheme 5.1.2) by chemo-,
regio-, and stereoselective cycloadditions between electron-rich glycals
16 and electron-poor aspartic acid derivatives 17.8! This novel chemical
approach was developed for an easy and totally stereoselective

preparation of a-O-glycoamino acids 18.

36



0]

N-S, o “lo
Cl )\H\
5 R Y
PhtNSCI O O
Base
o} o} _
+ e
- PhtNH RMY
O O
RMY a,o-dioxothiones
p-dicarbonyl a,a-dioxothiophthalimides
R= Alkyl, Aryl
Y =R, OR, SR

Scheme 5.1.1 Generation of a,a’-dioxothiones

OR
ROS_0
RON_
16
+
A O O NHB
(0] IO l;lHBoc Base < = oc
Ro™SN COOBn "0 COOBn

) |

R COOBn

a-O-glycoamino acids
18
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In 2009, this powerful Diels-alder reaction was applied for the synthesis of
the structurally rigid mimetic of the a-TnThr antigen, 13 (Figure 5.1.1).%2
The galactosyl moiety of the 13 is "frozen" in the *C; conformation, the
native a-O glycosidic linkage is preserved and the Thr residue is mimed by
the cyclic ene-amide. In addition, a carboxylic group, suitable huck for the
insertion of further portions, characterizes the structure of 13. It is worthy
of noting, the improved stability to chemical and enzymatical hydrolysis

of the unnatural a-O glycosidic linkage featuring this mimetic.

Natural Locked
TnThr TnThr mimetic
OH OH
OH OH 0 "C1 chair conformation
HO 2 N HO
AcH '——) a-0-Glycosyl linkage

Thr moiety mimic

COOH suitable for
further functionalization

Figure 5.1.1 Structures of the native Tn and of the locked TnThr mimetic 13

Nuclear magnetic resonance (NMR) and molecular modelling (MM)
conformational studies, run by Jimenez-Barbero, Nativi et al.8? of 13
compared to the natural antigen confirmed the retain of the correct
conformation and the recognition by viscumin album agglutinin (VAA), a
lectin which selectively binds galactose residues. Furthermore, the
binding properties of three other lectins, the plant lectin Erythrina

cristagalli (ECL), the human macrophage C-type lectin (MGL), which is an
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endogenous Tn receptor, and the snail protein Helix pomatia agglutinin
(HPA), were evaluated by saturation transfer difference (STD) NMR
studies.®* ECL showed similar recognition of 13, and the native ligand a-
OMe-GalNAc, competing for the same binding pocket with a binding
preference for 13. In contrast, the STD-derived epitope mapping for 13
binding to MGL and ECL were different from that found for the natural

substrates.

Altogether, the data reported suggest that the structural constrain
characterizing 13 does not impair the pharmacophoric presentation of the

glycosyl moiety.

5.2 Multivalent presentation of the TnThr mimetic 13

A milestone in the development of carbohydrate-based vaccines is
represented by the discovery of the so-called cluster glycoside effect®,

that can be explain as " an enhancement in valence-corrected binding
activities of multivalent saccharide ligands".°® Even if the physical basis of
this effect are not complete clear,’” an improvement in activity of
multivalent glycoconjugates compared to the corresponding monovalent
ligand is observed. From this evidence, the synthesis of multivalent
glycoconjugates of the TnThr mimetic 13, to trigger an efficient immune
response, has been widely explored by Nativi et al.®®% Among the
plethora of natural and synthetic scaffolds available: a) nanoparticles of

different nature, properties, and potential applications and b) a synthetic

cyclopeptide carrier, were selected for the multivalent presentation of 13.

39



5.2.1 Superparamagnetic iron oxide nanoparticles

A multivalent  glycoconjugate nanosystem, composed of
superparamagnetic iron oxide nanoparticles (MNPs) decorated with the
TnThr mimetic 13 (GMNPs - Figure 5.2.1.1) was initially employed.%®
Superparamagnetic iron oxide nanoparticles have largely been exploited
for supporting and carrying biomolecules, like antibodies, drugs or
antigens, allowing to combine the main features of an inorganic magnetic
core with a bioactive organic coating. Moreover, the heat they can release
by the application of an external magnetic alternating field can be
exploited in the treatment of tumors also by magnetic fluid hyperthermia

(MFH).101
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Figure 5.2.1.1 Glycosyl superparamagnetic iron oxide nanoparticles (GMNPs)

The absence of toxicity and endotoxin contamination was demonstrated

and the effects of GMNPs with respect to the monovalent 13, on mouse
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monocyte/macrophage quiescent cell line (RAW 264.7) as model of
human macrophages, were evaluated. Macrophages treated with 13, and
GMNPs, clearly showed the ability to endocyte only the nanosystem and
not the monovalent antigen. Noteworthy, GMNPs have been able to
activate macrophage effector functions, inducing gene expression and
protein release of TNF-a at levels comparable to those obtained with the

golden standard LPS.%?

5.2.2 Dextran-based single chain polymer nanoparticles

In the quest for more biocompatible nanosystems, due to the concerns
affecting metal nanoparticles as in vivo delivery methods,%? Marradi,
Chiodo, Nativi et al. developed dextran-based single-chain polymer
nanoparticles (DXT-SCPNs) grafted with the mimetic 13 as nanocarriers

(TnThr-DXT-SCPN - Figure 5.2.2.1).19°
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F TnThr-DXT-SCPN

Figure 5.2.3.1 Schematic representation of TnThr-DXT-SCPN system

The stimulation of human peripheral blood monocytes (PBMC) was
studied for the TnThr-DXT-SCPNs. The multivalent nanoparticles have

been able to trigger the secretion of IL-6 and IL-10, similarly as the positive
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control LPS and as already reported for mucin glycoproteins.1® Non-

glycosylated DXT-SCPNs induced nor IL-6 or IL-10 secretion.

5.2.3 A tetravalent synthetic cyclopeptide carrier - RAFT

In the design of a fully synthetic cancer vaccine candidate, the
decapeptide scaffold, regioselectively addressable functionalized
template (RAFT) developed by Dumy et al. (see Chapter 4.3) was
decorated with four residues of the locked TnThr mimetic 13 (TnThr
mime-RAFT - Figure 5.2.3.1).°° The cyclopeptide carrier also displays an
immunostimulant peptide epitope (OvaPADRE), linked to one of the Lys

residue.

‘ Lys Lys
Pro””" o~ Lys™  Pro

OvaPADRE

Figure 5.2.3.1 Structure of the TnThr mime-RAFT
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The safety, immunogenicity and protective efficacy of TnThr mime-RAFT
were successfully tested in a breast cancer animal model (BALB/c mice).
This vaccine prototype induced a robust and long-lasting 1gG/IgM
antibody response, generated protection in mice reducing tumor
progression, and increased survival through a B-cells-mediated

mechanism.
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CHAPTER

Aim of the project

Worldwide, cancer is a leading cause of death, and the research for new
treatments to "fight this struggle" is an ever-changing matter. Active
immunotherapy has proved to be an effective and valuable option, and
tumor-associated antigens (TAs) emerged as potential therapeutic
markers. TAs glycomimetics, that preserve the active conformation of
native epitopes, represents a powerful "tool/" to overcome low
bioavailability and poor stability of the natural counterparts. In the last
few vyears, mucin-related antigens, largely overexpressed in
adenocarcinomas, have been widely studies and Nativi group reported on
how a rigid mimetic of the TnThr antigen can be an extremely interesting

scaffold in the development of stables antigen analogues.

In this framework, inspired by the excellent results obtained, the aim of
my PhD project was to develop and investigate the potential applications

of structurally constrained mimetics of MUC1-related antigens.
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CHAPTER

A breast cancer vaccine candidate

7.1 Introduction

As widely discussed in the Introduction (Chapter 2), immunotherapy has
become an established cornerstone of cancer treatment and therapeutic
cancer vaccines are matter of vast research.!®® Cancer vaccines that
display non-self-antigens to the immune system, may elicit a specific
antitumor immune response leading to cancer cells' killing (Chapter 2 -
Section 2.3).10>1% |n this context, cell surface-exposed carbohydrates,
deserve a special attention, because several cancer cells can be
differentiated from normal cells by the presentation on their surface of
abnormal glycosylation motifs (Tumor Associated Carbohydrate Antigens,
TACAs).>? In fact, although poorly immunogenic and usually T cells
independent, carbohydrate antigens, if properly presented to the immune
system, can be recognized as non-self and induce an effective immune

response.?’110 |ndeed, it has been reported about some cancer patients
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able to induce natural auto-antibodies directed against native TACAs and

with an improved survival rate.!*+112

In the last two decades, a great attention has been caught by the MUC1
antigen, a-Tn (or Tn) (Chapter 3). Structurally simple, the Tn determinant
has been the TACA of choice for the development of fully or semi-

synthetic cancer vaccines.13-116

In the design of glycoconjugate vaccines, important issues shall be taken
into account, in particular: a) due to the typical weak binding interactions
between lectins and single glycans, a multivalent presentation of
individual carbohydrate antigens linked to immunogenic carriers shall be
assembled to increase the binding interaction and trigger a robust
recognition event,®>°” b) to elicit TACA-specific IgG antibodies, vaccine
constructs should include Toll-like receptors (TLR)’7*° or T helper

peptides, as internal adjuvant.'*

Among immunogenic carriers, CRM197 (Cross Reactive Material 197), a 58
kDa genetically detoxified mutant of Diphtheria Toxin (DT), obtained by a
single Glycine to Glutamic amino acid substitution at position 52 (G52E)2°
is currently one of the most effective carrier proteins. It is licensed to treat
bacterial infections and largely found in human conjugate vaccines.1?122
An enhancement in immunogenicity can indeed be achieved with CRM197
glycoconjugate vaccines as result of the glycoconjugate's processing and
presentation of carrier-derived T cell epitopes by MHC Il molecules to Th
CDA4+ cells. These cells can thus produce cytokines that stimulate hapten-
specific B cell clones enhancing a carbohydrate-specific plasma response

(hapten-carrier effect - Chapter 1 - Section 1.3.4).123124
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Figure 7.1.1 Crystal structure of CRM197 (PDB ID: 4AEQ)

In breast cancer (BC) a correlation among the high level of Tn antigen
expression in the primary tumor, tumor size and a poor prognosis is
known, since 20 years.3*'2> Among the different BC kinds, the triple
negative BC (TNBC) is the most difficult to treat for it is very aggressive,

prone to metastasize and resistant to the current anti-BC therapies.'?®

In this regard, taking advantage from the stable and antigenic TnThr
mimetic recently developed 8 (Chapter 5), in this Chapter are reported an
optimized synthesis of the "locked" TnThr mimetic 13 and the
characterization and immunological evaluation of CRM197 glycoconjugates
presenting residues of 13, as candidate vaccine to treat non responsive

TNBC.

7.2 Results and Discussion

7.2.1 An optimized synthesis of the TnThr mimetic

A gram scale synthesis of 13, firstly reported in 2009,%? has been
accomplished and herein reported (Scheme 7.2.1.1). The essential

building blocks to achieve the saccharide scaffold 13 are the protected D-
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galactal 11, the B-ketoester 19, derived from aspartic acid and the

phthalimidesulfenyl chloride (PhtNSCI) 20.

N

Si.
"gi g% Al
o) Si
— Si< TFA !
HO PhtNSCI (20) o O 3 o
1) CH,Cl,
1 Py o 0°C o)
. ___4°C _ HO __ -~ _ HO
CICH,CH,CI So 2 CHCl3 So
(55% over 2 steps)  Oxa S EtsN 0~
\ O \ NHBoc ~ 40°C o
o) o) P \ 84%
NHBoc COOBn COOBn
\ 24 25
19 COOBn
TBAHF | 5 959,
THF
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AcO Pd/C AcO DMAP HO
S S S
o) THF/H,0 o) CH,Cl, o]
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Scheme 7.2.1.1 Large scale synthesis of the TnThr mimetic 13 and of its

acetylated derivatives 27 and 28
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Compound 11 can be easily obtained by reacting D-galactal (Scheme
7.2.1.2) with di-tert-butylsilyl bistriflate [(tBu),Si(OTf)2] in N,N-
dimethylformamide (DMF) as solvent. The simultaneous protection of the
hydroxyl groups in positions four and six of galactal is essential to make
the bottom (a) face of the electron-rich dienophile the less hindered, thus
the preferred one, in the cycloaddition reaction with the electron-poor
diene 12. The crude product 11 was used without purification in the

following cycloaddition.

N,

. Si.
OH OH (tBu),Si(OTf), o >0

HON_ __ DME HON_ _
D-Galactal 1

Scheme 7.2.1.2 Synthesis of the electron-rich dienophile 11

The synthesis of the B-ketoester 19 was optimized (Scheme 7.2.1.3) using
the N,N’-dicyclohexylcarbodiimide (DCC) as coupling reagent in the
presence of 4-(dimethylamino)pyridine (DMAP), instead of isopropyl
chloroformate (IPCF)®! to activate the carboxylic residue of the protected
aspartic acid, this allowed to increase the yield (from 70 to 87%) reducing
costs. Thus, aspartic acid benzyl ester, suitably protected as N-Boc (tert-
butyloxycarbonyl - 21), was transformed in the presence of Meldrum acid
into derivative 22. By heating the crude 22 in a 4:1 mixture of

toluene/CH30H, the B-ketoester 19 was obtained, in an 87% yield.

The key reagent PhtNSCI was formed from phthalimide which was firstly

transformed (Scheme 7.2.1.4) into the N-N'- dithiobisphtalimide
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Scheme 7.2.1.3 Synthesis of the B-ketoester 19

derivative 23. White needles were obtained by recrystallization from

CHCl3/CH3OH (2:1) ( 82% vield).

0 EtzN
SZCIZ
NH
THF
o) 82%
Phthalimide

Scheme 7.2.1.4 Synthesis of the N-N'- dithiobisphtalimide derivative 23

Disulfide 23, in the presence of sulfuryl chloride (SO.Cl;) in
tetrahydrofuran (THF) as solvent, formed the desired phthalimidesulfenyl
chloride 20 in a 93% yield with a purity of 94% (by NMR) (Scheme 7.2.1.5).

o) 2 ?
SO,Cl,
_S—N T . N-S
— \
N—S CH,Cl, Cl
©) 93% o)
O 23 20

Scheme 7.2.1.5 Synthesis of the phthalimidesulfenyl chloride 20

The a-a'-dioxothione 12 was generated in situ by reacting 19 with 20,

under mild basic conditions (Scheme 7.2.1.6) and trapped by reaction
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with crude 11. After flash chromatography purification, the cycloadduct

24 was isolated in a 55% yield (over two steps) as single diastereomer.

0
O O NHBoc
\OJ\/U\/\COOBn ¥ N=S

19 )

20 XK

SI\
o
O
NHBoc 4’
CICH,CH,CI

Scheme 7.2.1.6 In situ generation of the a-a'-dioxothione 12 and synthesis of

O/Sl\o
o)
HON_ __
COOBn 45°C
" 76% _NHBoc

COOBn

cycloadduct 24.

Removal of the Boc protecting group from 24 with trifluoroacetic acid
(TFA), and treatment with triethylamine (EtsN) (Scheme 7.2.1.7), lead to

the formation of the lactam 25 in an 84% vyield.

I\
o’SI\O 0
1y TFA o
HO & CH,Cl, HO
S Et;N S0
0 A 2) cHCl, 0
NHBoc 40°C HN
/o . 84% over 2 steps
S60En COOBn
24 25

Scheme 7.2.1.7 Synthesis of the lactam 25
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Derivative 13 can be easily obtained from 25 (Scheme 7.2.1.8), by removal
of the silylidene protecting group with freshly prepared
tetrabutylammonium hydrogen fluoride (TBAHF) in THF to form 26 which
was hydrogenated with palladium as catalyst. The unprotected mimetic

13 was thus formed as a white solid, in a high yield (> 90%).

Si
3o HO OH HO OH
o 0 Pd/C 0
HO TBAHF MO H, _HO
S
50 THF O THFM,0 Ko
O=" O >90% O
HN HN HN
COOBn COOBn COOH
25 26 13

Scheme 7.2.1.8 Synthesis of the TnThr mimetic 13

Another interesting precursor that can be easily synthesize from 26 is the
peracetylated derivative 27, presenting the free carboxylic acid (Scheme

7.2.1.9).

HO OH

ACZO
0 Py e} Pd/C 0
HO . DMAP AcO H,  AcO
0 CH,Cl, 50 THF/H,0 50
Ox"S > 90% O > 90% O
HN HN HN
COOBn COOBn COOH
26 28 27

Scheme 7.2.1.9 Synthesis of the acetyl derivative 27
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The reaction of 26 in the presence of acetic anhydride (Ac;0), pyridine (Py)
and a catalytic amount of DMAP gave 28 that, after a palladium catalyzed
hydrogenation, was converted into the acetyl derivative 27 (> 90% vyield).
Noteworthy, 27 can also be converted into the unprotected 13 after

treatment with a solution of NH3 in CH3sOH (2M) (Scheme 7.2.1.10).

AcO OAc HO OH
o) o)
AcO NHzin CHO0H  HO
—_—
0 > 90% PO
0" O
HN HN
COOH COOH
27 13

Scheme 7.2.1.10 Deacetylation of 27 to fully unprotected 13

In the efficient synthesis of the TnThr mimetic 13 described herein some
building blocks that we will find recurrently are reported. In particular, 25
is the glycosyl acceptor which will be used for the synthesis of the TFThr
mimetic (Chapter 9), and compound 26 is the precursor of the glycosyl
acceptor which will be used for the synthesis of the STnThr mimetic

(Chapter 10).

As already said, the presence on 27 of the free carboxylic residue, makes
it suitable for the introduction of different linkers by efficient reactions

like an amide bond formation.
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7.2.2 Synthesis of TnThr mimetic-CRM9; glycoconjugates

To decorate the clinically validated carrier-adjuvant protein CRMig7,

differently activated derivatives of 13 were synthesized (29 and 30 - Figure

7.2.2.1)

HO OH

)
HO

@)

S0
e W°
N
o” N 4

NO,
HO OH 29
g:‘o
HO
e S8
\
HN /\W” 2 ;“j
N o)
o” N 4
30

Figure 7.2.2.1 Structure of activated derivatives 29 and 30

To obtain the desired linker for the mimetic 27, we firstly synthesized the

mono-Boc protected amine 31. A straightforward synthesis (Scheme

7.2.2.1) of the N-Boc-1,6-hexanediamine 31 was achieved from 1,6-

diaminohexane and di-tert-butyl dicarbonate (Boc;0) in dichloromethane

as solvent.
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Boc,O
NH A~ ~_~_-NHBoc
HzN/\/\/\/ 2 _ - H2N

CH,ClI,
1,6-hexanediamine >90 % 31

Scheme 7.2.2.1 Synthesis of N-Boc-1,6-hexanediamine 31

Isolated 31 was then reacted with the acetyl derivative 27 (Scheme
7.2.2.2), in the presence of 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium tetrafluoroborate (TBTU) and N-methylmorpholine

(NMM), in dry DMF as solvent, affording derivative 32 in an 85% yield.

AcO OAc AcO OAc

0]
ACO&‘ HZN/\M;\NHBOC AcO
S TBTU

O
50
oS NMM 0N
HN DMF HN -
(0]
COOH 86% NM
o” N 4

27 32

Scheme 7.2.2.2 Synthesis of derivative 32

The acetyl protecting groups were then removed by treating 32 with a

solution of NH3 in CH30OH (2M) to give 33 (> 90%) (Scheme 7.2.2.3).

AcO OAc HO OH
(@) 0]
AcO NH;in CH;OH 1O
HN HN
MNHBOC MNHBOC
N N
9) N 4 6] H 4
32 33

Scheme 7.2.2.3 Deacetylation and synthesis of 33
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The Boc protecting group was cleaved with TFA and the trifluoroacetic salt
34 obtained was isolated and used without any further purification

(quantitative) (Scheme 7.2.2.4).

HO OH HO OH
o) o)
HO HO
e _ TR $o
O CH,Cl, 0 -
HN MNHB HN CFsCO0
oc MNH3
N N
o H 4 0 N 4
33 34

Scheme 7.2.2.4 Synthesis of the trifluoroacetic acid salt 34

The bifunctional activated para-nitrophenyl derivative 35 was then
synthesized (Scheme 7.2.2.5) from 4-nitrophenol and adipoy! chloride in

the presence of N,N-diisopropylethylamine (DIPEA) in a 78% vield.

NO,

ON4< >—OH 0
0 2 0
cl

MC' DIPEA _

O CH20|2

0,
adipoyl chloride 8% o 35

O,N

Scheme 7.2.2.5 Synthesis of the bifunctional activated para-nitrophenyl linker 35
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The linker 35 was then reacted with crude 34 and NMM in DMF (Scheme

7.2.2.6) to afford, after flash chromatography, compound 29 in an 88%

yield, over two steps.

HO OH
OH
HO 35 o)
0 NMM _ HO
HO ——
DMF So o)

S
N oo WSS
CF4COO0 HN
HN - ! 2
3 H
N/\W o” N 4
N 4

NO,
34 29

0]

Scheme 7.2.2.6 Synthesis of the activated derivative 29

Replacing the para-nitrophenyl group with an N-hydroxy succinimidyl
residue, derivative 30 was firstly synthesized by reacting 29 (Scheme

7.2.2.7) with of N-hydroxysuccinimide (NHS), to give 30 in a 40% yield.

HO OH
0]
HO
NHS O="X o 0 0]
2% — HN N
40 % N 2
o ﬁﬁ'ﬂ 0

30

Scheme 7.2.2.7 Synthesis of the activated derivative 30.

More efficiently, the bis-succinimide derivative 36 was synthesized as

reported for 35 (Scheme 7.2.2.8). After crystallization from acetone (70%
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yield), 36 was used for the synthesis (Scheme 7.2.2.9) of 30 by reaction

with 34 in the presence of NMM and in DMF as solvent.

O NHS ° 5 o
Cl
o) THF
70% O o
adipoyl chloride 36 o

Scheme 7.2.2.8 Synthesis of bis-NHS linker, 36

Compound 30 was isolated in a 51% yield, over two steps. The lower yield
compared to the synthesis of 29 can likely be ascribed to a higher
reactivity of the NHS-group. The hydrolysis of the activated NHS ester was

indeed observed, especially during the purification step.

HO OH HO OH
0 29 0
DMF
S s
O 51% o 0 o Q
— S
° CF3CO0 )\/{/\)}O\ P
U T N B
3
H
N N o
o” N or N
34 30

Scheme 7.2.2.9 Synthesis of 30 from 36

CRM197 was then treated with 29 or 30 and as expected, a different loading
of the protein was yielded. (Figure 7.2.2.2) Upon conjugation with 29, up
to 4 synthetic antigens were coupled to CRM1g7 (mime[4]CRM) while
conjugation with the more soluble and reactive ester 30, allowed to vary
the loading of the protein upon the amount of antigen used, and up to 19

or 34 synthetic glycans were grafted to CRMiy7 to form the
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glycoconjugates mime[19]CRM or mime[34]CRM respectively. In order to
have a control for the planned biological tests, the glycoconjugate (Glc-
CRM) was also prepared. Activated D-glucose (Glc) was synthesized

according to published conditions.?’

The number of linked glycosides for each glycoconjugate was estimated
by 2,4,6-trinitrobenzene sulfonic acid (TNBS) assay and confirmed by

Matrix-Assisted Laser Desorption (MALDI) spectra.

HO OH

O
HO

n= 4 mime[4]CRM
n= 19 mime[19]CRM
n= 34 mime[34]CRM

Figure 7.2.2.2 Representation of CRM1s7 glycosylated with n=4, 19 or 34 residues

of TnThr mimetic or with Glc residues.
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7.2.3 Structural characterization of CRM197 glycoconjugates

1D 'H-NMR spectra of non-functionalized CRM1s7 (Figure 7.2.3.1, A),
mime[4]CRM (Figure 7.2.3.1, B) and mime[19]CRM (Figure 7.2.3.1, C)

were recorded.

e —pr———
109 87 6 5 4 3 2 1 0wy

Figure 7.2.3.1 1D 'H NMR spectra at 900 MHz and 298 K of CRMig; (A),
mime[4]CRM (B) and mime[19]CRM (C). The signal of the anomeric proton of
sucrose present in the formulation buffer of free CRM197 (A) and the anomeric
protons of the synthetic glycans conjugated to the protein (B and C) are
highlighted in red. The signals of the amide and methyl protons are highlighted
in blue. In the free CRMs7 (A) and in mime[4]CRM (B) the amide signals are
spread out over 3 ppm (from 9.5 to 6.5 ppm) while in mime[19]CRM (C) the
spreading is sizably reduced (from 8.5 to 6.5 ppm) and the signals of methyl

protons in the region from 1 to -1 ppm are completely missing.
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Noteworthy, mime[4]CRM preserves its original folded structure, while
the protein conjugated with 19 residues is largely unfolded. The dispersion
of the NMR signals in the regions of the amide protons and methyl protons
provided the main indicators for the folding state of proteins. In the
spectrum of mime[4]CRM, these resonances are well separated, with
some signals in the region between 0.5 and -1 ppm, whereas in
mime[19]CRM the signals have narrow chemical shift dispersion without
resonance lines of the protein below 0.5 ppm. Indeed, small-angle X-ray
scattering (SAXS) (Figure 7.2.3.2) spectra showed a clear aggregation in
the case of mime[19]CRM but globular and compact particles in the case
of CRM1g7, confirming that this glycoconjugate is aggregated in solution.
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Figure 7.2.3.2 SAXS spectra of mime[19]CRM (black) and CRM197 (grey), recorded
at the BioSAXS beamline BM29 (ESRF, Grenoble, FR) at 37 °C.

Molecular dynamic (MD) studies performed on mimetic 13 showed clear
evidence of the conformational restriction imposed by the additional rings
[root-mean-square deviation (RMSD) (heavy atoms) = 0.84 A, Figure

7.2.3.3] and highlighted the orientation of the amino acid with respect to
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the sugar moiety relative to natural TnThr. Being aware that a protruding
of the TnThr mimetic residues linked to the protein is required for any
immune recognition, as an example, we performed also 0.5 pus MD
simulations on mime[4]CRM in explicit water (Figure 7.2.3.4). According
to these simulations: a) the four 13 were conjugated to the most exposed
lysine residues b) the tertiary structure of CRMig7 is not significantly
altered upon the chemical modifications and c) all TnThr mimetic residues
are exposed to the solvent, essential condition for the efficacy of the

vaccine.

|

',
!

)
v,

-

InThr TnThr mimetic

S

”»

Figure 7.2.3.3 Representative conformer of natural TnThr (as a diamide
derivative) in water solution, together with the structural ensemble derived from

0.5 ps MD simulation of mimetic 13.

Although the protein folding is not an essential requirement and can even
be positive exposing the T-cell epitopes, need of a proper control (folded
CRMig7) to discern from any non-specific immunological effect was
considered. Results reported in the present section determined the choice

of mime[4]CRM for subsequent in vitro and in vivo studies.
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Figure 7.2.3.4 Representative snapshot derived from 0.5 us MD simulations of
CRM;s7 (PDB ID CRM197: 4AEQ) upon chemical modification with 4 molecules of
mimetic 13 together with the RMSD of the backbone of CRM1s7 and the solvent
accessible surface area (SASA) for the unnatural residues. The protein is shown

as ribbons and the unnatural residues are represented as sticks.

7.2.4 Binding of mime[4]CRM to anti-Tn antibody

In order to confirm: a) the accessibility of 13 to the solvent (vide infra), b)
the preservation of the correct conformation of the natural Tn ¢) the
improvement in immunogenicity of the multivalent presentation of 13,
the affinity of monovalent 13 and mime[4]CRM to the anti-Tn monoclonal
antibody Tn21812812% was assessed by surface plasmon resonance (SPR)

(Figure 7.2.4.1).

While the isolated mimetic 13 (Figure 7.2.4.1 - B) exhibited an affinity
comparable to that of natural TnThr, with a Kp =1.60x102M and 1.25 x10-
2 M respectively, the multivalent construct mime[4]CRM showed a Kp =

1.15 x10™ M (Figure 7.2.4.1 - A). This result proved the accessibility of 13
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to the antibody and showed a binding improvement by presenting
multiple copies of the TnThr mimetic on the surface of the protein paving

the way for subsequent in vitro ed in vivo test.
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Figure 7.2.4.1. Representative SPR curves and fit obtained for mime[4]CRM (A)

and isolated mimetic 13 (B) towards monoclonal antibody Tn218.

7.2.5 In vitro: activation of human dendritic cells (DCs)

DCs are central regulators of the adaptive immune response (Chapter 1 -

Section 1.3) and important actors in elicitation of anti-tumoral responses.

The potential role of mime[4]CRM in DCs’ activation and/or maturation,
to check the possible immunogenicity of this new vaccine candidate in
humans, was investigated. DCs were differentiated from peripheral blood
adherent mononuclear cells (PBMC) of healthy donors and the expression

of markers CD80, CD83 and CD86 after stimulation for 48 h with
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mime[4]CRM or controls was checked (Figure 7.2.5.1). Flow cytometry
analysis showed that mime[4]CRM induced activation and maturation of
DCs as demonstrated by the increased expression of CD83 and CD86
markers. In contrast, the controls Glc-CRM and native TnThr peptide did

not.

CDS0 m CD83 CDs6

50 4

a0 - B
= 30
=
T
*
1
20 -+
10 4 T
- # _
. p I =
T - T
T - ™
o
" . Native Tn Native Tn
ctr- ctr+ mime[4]CRM Glc-CRM 0.05 mg/mL 0.2 mg/mL

Figure 7.2.5.1 Evaluation of Human DCs activation: DCs isolated from three
healthy donors were stimulated with negative control (ctr-), positive control
(ctr+, LPS), mime[4]CRM, Glc-CRM and native AlaProAspThr(Tn)ArgPro. The
difference between mime[4]CRM treatment and the ctr- was assessed using

paired t test; *P < 0.05.
7.2.6 In vivo: evaluation of the therapeutic effect of
mime[4]CRM by using TNBC transplanted model

Capitalizing on the unique structural features and interesting in vitro
properties of mime[4]CRM, its potential anti-tumorigenic activity against

the challenging TNBCs was evaluated. First, the overall lack of toxicity on:
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a) 4T1-Luc cell line, as a cellular model of highly metastatic TNBC,*3° b)
human PBMC and ¢) human TNBC cell line (MDA-MB231) exposed to
mime[4]CRM (from 2.3 to 57.5 pug/mL) or controls (Glc-CRM and CRM1g7
alone) was verified. No influence on viability and growth rate on cells

populations was observed upon treatment with mime[4]CRM (Figure

7.2.6.1).
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Figure 7.2.6.1 Cell viability upon exposure to mime[4]CRM 4T1 mouse breast
cancer cells (A), Human PBMC (B) and MDA-MB231 human TNBC (C).

The potential anti-tumorigenic action of mime[4]CRM, together with the
activation of immune cells within the tumor microenvironment, was then
evaluated in vivo by performing a preclinical study. For this purpose, Tn

expressing murine 4T1-luc cells (stably expressing Firefly Luciferase
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gene)3! were implanted into the mammary fat pad gland of

immunocompetent syngeneic mouse model (BALB/c mice).

Noteworthy, the use of immunocompetent mice properly allows to test
the efficacy of immunomodulating compounds. Moreover, recent data
showed that wild-type and huMUC1-transgenic mice produce equivalent

antitumoral response against a native Tn-containing candidate vaccine.!*?

After that tumors were established, mice were imaged (Bioluminescence
Imaging, BLI) at the time of implantation (day 0, TO) then subcutaneous
administered with mime[4]JCRM (n=9) or with CRM197 as vehicle for

control group (n=10) weekly for 6 weeks (Figure 7.2.6.2).

Implantation 80°000 . Tissue and

4T1-Luc cells Treatme 1n—9 mime[4]CRM serum harvest

reatment 10 CRM, o, (CTR)
N N N NN A ,
» l Tumor growth
Ay Ny Mﬂl — O = and immun cells

19 female Balb/C T0 | 7 T14 T21 T28 T35 T42 T54 evatution

5 weeks old Immunization

Figure 7.2.6.2 Scheme of the in vivo preclinical trial

Mice were imaged every 7 days to monitor tumor growth in vivo (Figure

7.2.6.3) and then sacrificed at T28, T42 and T54.

The results obtained clearly showed that the trend of total flux was
significantly reduced after a week (T14 - *P < 0.01) and also after three
weeks (T28 - **P < 0.05) of treatments in the group of mice that received
mime[4]CRM compared to the vehicle group (Figure 7.2.6.4 - A), thus

demonstrating an anti-tumorigenic action in vivo of mime[4]CRM.
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Figure 7.2.6.3 BLI images of mice orthotopically transplanted using 4T1-Luc cells

The absence of body and organs’ weight loss (Figure 7.2.6.4 - B) in the
treated mice confirmed that there was no significant acute toxicity

induced by mime[4]CRM, in line with in vitro data.
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Figure 7.2.6.4 A) Quantification of photon emission from the region of interest
(ROI) in mice treated with mime[4]CRM or with CRMs7 B) Evaluation of drug
toxicity using mice body weight in mime[4]CRM treated and control mice. The

values are expressed as mean +SD.

Immunofluorescence (IF) analysis of the lymphoid and myeloid cell

populations infiltrating 4T1 mammary tumor sections from two mice (#9
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and #19) at T28, treated with CRM197 and mime[4]CRM was performed by
using antibodies directed against CD4 (T lymphocytes), TCR (T
lymphocytes), CD11c (DCs), PD1 (immunosuppressive marker mostly
expressed on T cells surface), FOXP3 (Tres cells), CD68 (granulocytes),
F4/80 (macrophages) and CD163 (pro-tumorigenic M2-macrophages)
(Figure 7.2.6.5). These markers allowed to investigate the role of
mime[4]CRM in triggering in vivo immune cells exerting inhibitory effects
or promoting tumor spread. The data showed (Figure 7.2.6.5) increased
levels of both T cells (CD4+, TCR+) and peripheral dendritic cells expressing
CD4+ (CD4+, CD11c+) in mice treated with mime[4]JCRM. This suggests
that the candidate vaccine can modulate the recruitment of both DCs and
Th CD4+ cells in the tumor microenvironment. Furthermore, the tumor
sections from the same treated mouse also showed a significant reduction
of CD4+ T cells expressing the immunosuppressive marker PD1 (PD1+,
CD4+) and the transcriptional factor FOXP3 (FOXP3+, CD4+), thus
indicating a reduction in the quote of immunosuppressive Treg cells. Data
also showed a significantly reduction in the pro-tumorigenic M2-polarized
tumor associated macrophages (TAMs; CD68+, CD163; F4/80, CD163+).
Altogether, these IF staining indicates that mime[4]CRM vaccine has a
clear potential role in modulating the recruitment and phenotype of CD4+
T cells, and, therefore on the polarization status of TAMs in the TNBC

tumor microenvironment.

Furthermore, we investigated the potential ability of mime[4]CRM to

decrease Prune-1 protein levels in treated mice. This protein had

133

previously been reported to be overexpressed in 4T1 cells and
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positively correlated to advanced stage in metastatic BC.*3*'3> However,
immunofluorescence analyses performed on primary tumor sections
derived from mime[4]CRM-treated and vehicle-mice did not show
differencesin Prune-1 levels, thus suggesting that the ability of the vaccine
to reduce tumor outgrowth does not involve the down-regulation of
Prune-1 levels in vivo, confirming its action on the modulation of immune

infiltrating cells by activating the lymphocytes component.
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Figure 7.2.6.5 Immunofluorescence staining of primary mammary tumor
sections from transplanted mice treated with mime[4]CRM or with CRM1s7 as a

vehicle.

As 4T1 cells, used as a cellular model of TNBC, are highly metastatic, the
presence of lung metastases was evaluated by performing in vivo and ex-
vivo analyses. At T42, in vivo BLI analyses indicated the presence of lung

metastases in seven of nine controls and four of eight mime[4]CRM-
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treated mice (Figure 7.2.6.6 - A, B). In contrast, as determined through ex
vivo BLI imaging, the presence of metastatic foci was detected in eight of
nine control mice (seven mice at T42 and one mouse at T54, Figure 7.2.6.6
- B), and in four of eight mime[4]CRM-treated mice (one mouse at T42
and three mice at T54, Figure 7.2.6.6 - A). Therefore, although we cannot
exclude the presence of lung micro-metastases at T42 in the
mime[4]CRM-treated group of mice because they might not be

detectable with the in vivo BLI technology, data showed a clear effect of

our candidate vaccine in modulating lung metastasis development.
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(A) with lung metastasis at T42
#12 #15 #14
3

mime[4]CRM
without lung metastasis at T42

T42

8

58

§ 3g Disease
BT Tt
g

l T4 T4 T49 TS4 I T54
CRM;q; (CTR) CRM,4; (CTR)
(B) with lung metastasis at T42 Without lung metastasis at T42

T42

Ex-vivo
lungs

Day of sacrifice

e
T42

102 ]

Figure 7.2.6.6 (A and B) In vivo BLI analyses at T42 (upper panel), and Ex vivo BLI

analyses (lower panel).

Remarkably, cumulative survival analyses between the two groups of mice

revealed 7 out of 9 (77.7%) controls and 2 of 8 treated (25%) mice died at
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T42, thus indicating a clear trend of therapeutic benefit in mime[4]CRM-

treated vs. control mice in the observed period.

7.2.7 Anti TnThr mimetic specific antibody response elicited

by mime[4]CRM immunization

Results so far collected show that mice transplanted with 4T1 cancer cells
and immunized with mime[4]CRM have a reduced tumor burden. The
antibody response introduced by the vaccine was analyzed by measuring
the IgG serum titers elicited upon immunization against the glycan portion
of mime[4]CRM. To detect mimetic 13 specific antibodies, mice sera
collected during immunization (T28 and T42) were tested by enzyme-
linked immunosorbent assay (ELISA) on plates coated with the
hexapeptide AlaProAspDAPArgPro 37 or with the glycosylated
AlaProAspDAP(13)ArgPro hexapeptide 38 (Figure 7.2.7.1).
The AlaProAspDAPArgPro peptide was selected as analogue of the
AlaProAspThrArgPro (APDTRP) motif, minimum epitope of the VNRT
region of hypoglycosylated TA(MUC1).88 Immunization with mime[4]CRM
induced predominantly 1gG (almost exclusively 1gG1, whereas IgG2a was
barely detectable), and to a lower lever IgM (mean titer 1:1.350 and 1:600
respectively), compared with control mice (mean titer 1:600 and 1:100,

respectively) (Figure 7.2.7.2).
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Figure 7.2.7.1 Structure of non-glycosylated 37 and TnThr mimetic-glycosylated

38 hexapeptides for ELISA assay.
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Figure 7.2.7.2 ELISA titers of IgM and IgG antibodies elicited against mimetic 13
by immunization with mime[4]JCRM and control (CRM97).
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Sera were then tested for binding on the surface of 4T1 cancer cells by
flow cytometry. Notably, mice immunized with mime[4]CRM elicited
antibodies that can better recognize native Tn antigen expressed by BC
cells than control mice with an approximately 3-fold increase in mean

fluorescence intensity (MFI), (Figure 7.2.7.3).
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Figure 7.2.7.3 Average of MFI values of mice immunized with mime[4]CRM and

control mice (CRM1g7).

A preliminary analysis of serum cytokines revealed a higher level of anti-
tumor Th17 cytokines after immunization with mime[4]CRM (Figure
7.2.7.4). This result was not unexpected, since the ability of Tn
glycosylation in inducing IL-17 responses was recently described.3® While
the relevance of IL17+ T lymphocytes in anti-cancer immunity is still
controversial, it may contribute to protective tumor immunity by
recruiting effector cells to the tumor microenvironment.'37138 |n this
study, the presence of IL-17 in serum of immunized mice is an additional

evidence of mime[4]CRM immunomodulatory activity on T cells.
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Figure 7.2.7.4 Quantification of serum cytokines showing a differential

concentration in mice that developed or not metastasis after vaccination with

mime[4]CRM
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7.2.8 Isolation of mime[4]CRM-specific T cells.

In a preliminary studies twelve BC patients were enrolled to assess the
presence of mime[4]CRM-specific T cells, in the peripheral blood and in
the tumor-tissues. In detail, the PBMCs were cultured in the presence of
medium alone or with mime[4]CRM. The presence of mime[4]CRM-
specific T cells was documented in 8 (67%) out of the 12 patients. Thus,
mime[4]CRM-specific T cells were isolated, by cloning the tumor
infiltrating cells (TILs). A total of 90 T cell clones were obtained. and 15
(17%) were specific for mime[4]CRM. Of note, from an evaluation of
cellular markers profile of the intra-tumoral mime[4]JCRM-specific T cells,
69% were CD4+ while 31% were CD8+. This last evidence demonstrates
the ability of mime[4]CRM to stimulate T cells in patients with BC. A
compelling hypothesis is that this might be due to an activation of Tn-

specific T cell response spontaneously elicited in cancer tissues.

7.3 Conclusions

In summary, an improved and refined synthesis of the "locked" TnThr
mimetic 13 and its conjugation on the immunogenic carrier protein
CRMzg7, for the development of a novel vaccine candidate against the
TNBC, was reported. As described, the protein loading can be easily
modulated by choosing different activation methods and a complete
structural characterization of glycoconjugates was achieved by combining
NMR, SAXS and MD analyses. The accessibility of glycan epitopes to the
solvent has been verified by SPR and the improved binding against an anti-

Tn antibody (Tn218) confirms the potential increasing in immunogenicity
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that can be achieved by a multivalent presentation. Of note, binding data
underlined that the mimetic preserves the correct conformation of the
natural determinant. Human DCs, properly activated in vitro by
mime[4]CRM, showed the increased expression of maturation markers
(CD83, CD86). Moreover, immunofluorescence staining showed that
mime[4]CRM vaccine has a clear role in modulating the recruitment of
DCs, Tn CD4+ cells, CD4+ T cells expressing PD1 and FOXP3 and pro-
tumorigenic M2-polarized TAMs, thus resulting in impairing tumor
progression in vivo. Furthermore, the presence of IL-17 in serum of
immunized mice is an additional evidence of mime[4]CRM
immunomodulatory activity on T cells. Relevantly and unprecedentedly
for a TACA mimetic, the isolation of mime[4]CRM-specific TILs from BC
patients highlighted the intrinsicimmunogenicity of mime[4]CRM and the
ability to stimulate a specific immune response. In conclusion, the result
collected provide important evidence of mime[4]CRM fithess as new
determinant for cancer vaccine in humans and they could be of great help
for the rational design of structurally innovative cancer vaccines based on

TACAs.
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7.4 Experimental section

7.4.1 General methods

NMR of glycoconjugates: 1D *H NMR spectra of free CRM197 and of its
glycoconjugates mime[4]CRM and mime[19]CRM were acquired at 298 K
on a Bruker AVANCEIII-HD NMR spectrometer operating at 900 MHz, *H
Larmor frequency, equipped with a cryogenically cooled probe. Free
CRM197in NaPi (10 mM) + sucrose (10% w/v) at pH 7.2 with 10% D,0, while
the glycoconjugates mime[4]CRM and mime[19]CRM were dissolved in
NaPi (150 mM) at pH 7.5 with 10% D;0.

SAXS recording method: SAXS data were recorded on the BioSAXS
beamline BM29 at the European Synchrotron Radiation Facility (ESRF)
Grenoble, France, using a 2D Pilatus detector at an X-ray wavelength of
1.008 A. Data processing and reduction were performed using an
automated standard ESRF beamline software (BSxCuBE)*3°and PRIMUS.4°
Concentration series (0.5, 1.0, 2.0, 5.0 mg/mL) were recorded for both
samples and individual samples and buffers were exposed for 10 times 1s
frames and grouped to improve statistics. For CRM197 the radius of

gyration RG was extracted by the Guinier approximation*! using PRIMUS.

Molecular dynamics (MD) simulations: The simulations were carried out
with AMBER 18 package implemented with ff14SB'4? and GAFF'*3 force
fields. The structure of CRM197 was obtained from the protein data bank
web site (PDB ID: 4AEQ).The parameters and charges for the unnatural Tn
and the corresponding linker were generated with the antechamber

module of AMBER, using GAFF force field and AM1-BCC method for
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charges.'* The conjugated (or compound 1) was immersed in a water box
with a 10 A buffer of TIP3P water molecules.[8] If required, the system
was neutralized by adding explicit counter ions (Na*). A two-stage
geometry optimization approach was performed. The first stage
minimizes only the positions of solvent molecules and the second stage is
an unrestrained minimization of all the atoms . The system was then
gently heated by incrementing the temperature from 0 to 300 K under a
constant pressure of 1 atm and periodic boundary conditions. Harmonic
restraints of 30 kcal*mol™? were applied to the solute, and the Andersen
temperature-coupling scheme was used to control and equalize the
temperature. The time step was kept at 1 fs during the heating stages,
allowing potential inhomogeneities to self-adjust. Long-range
electrostatic effects were modelled using the particle-mesh- Ewald
method.2#5 An 8 A cut-off was applied to Lennard-Jones interactions. Each
system was equilibrated for 2 ns with a 2-fs time step at a constant volume
and temperature of 300 K. Production trajectories were then run for

additional 0.5 ps under the same simulation conditions.

Binding studies by Surface Plasmon Resonance (SPR): SPR experiments
were performed with a Biacore X-100 apparatus (Biacore, GE) in HBS-EP
buffer at pH 7.5 (Hepes 10 mM, NaCl 150 mM, ethylenediaminetetraacetic
acid (EDTA) 3 mM, with 2% dimethyl sulfoxide (DMSO) and 0.005% Tween
X100 as the running buffer at 25 °C. Tn218 antibody was immobilized on
a CMS5 sensor chip (Biacore, GE) following standard amine coupling
method. Briefly, the carboxymethyl dextran surface of the flow cell 2 was

activated with a 7-min injection of a 1:1 ratio of aqueous 0.4 M 1-ethyl-3-

80



(3-dimethylaminopropyl)carbodiimide (EDC) and 0.1 M sulfo-N-
hydroxysuccinimide. Then, the antibody was coupled to the surface during
a 7-min injection using several dilutions in 10 mM sodium acetate, pH 4.0.
The unreacted active esters on the surface were quenched by a 7-min
injection of aqueous 0.1 M ethanolamine-HCl (pH 8.0). The levels of
immobilization were in the range of 3000-5000 resonance units (RU). Flow
cell 1 treated as a flow cell 2 (amine coupling procedure) without protein
was used as a reference. Prior to use, 50 mM stock solutions of
mime[4]CRM were diluted to the final concentration in the running
buffer. Typically, a series of different compounds was injected onto the
sensor chip a flow rate of 30 puL/min for a period of 1min followed by a
dissociation period of 1 min. No regeneration was needed. The
concentrations used for affinity measurements were in the range of 0.05-
1.5 mM. Sensogram data were double-referenced using the Biaevaluation
X-100 software (Biacore, GE). The experimental data of affinity
measurements were fitted to a one site-specific model binding using

Prism software.

DCs markers’ expression: DCs were differentiated from peripheral blood
adherent mononuclear cells (PBMC) of healthy donors. PBMC were
obtained by cell separation kit Magnetic Cell Separation (MACS - Miltenyi
Biotec, Bergisch Gladbach - Germany). The cells were suspended and
cultured in 6-well culture plates (2x106/mL) in RPMI-1640 complete
medium (Sigma-Aldrich, Milan, Italy) added with GMC-SF (100 ng/mL) and
IL-4 (200 ng/mL) (PeproTech, Rocky Hill, NJ, USA) for 5 days. On the 6%
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day, antigens were added (0.22 mg/mL), and the cells were cultured for48

hours. As positive control to activation, LPS (100 ng/mL) was used.

DCs phenotyping: For the phenotype analysis both active and control DCs
were incubated with mAbs for 30 min and washed with PBS containing
0.1% bovine serum albumin (BSA) and 0.1% sodium azide. DCs were
labeled with mAbs for CD80 FITC, CD83 PE, CD86 APC (BD Pharmingen,
San Jose, CA, USA). Samples were analyzed by FACS Canto Il cytometer
(Becton-Dickinson, San Jose, CA, USA) using the DIVA software. Native

AlaProAspThr(Tn)ArgPro was purchased from Giotto Biotech.

Cell viability: Viability of 4T1 cells and PBMC was quantified by
PrestoBlue® assay (Thermo Fisher Scientific). Cells were seeded (5,000
cells/well, in triplicate) into 96-well plates. Cells were treated with serial
concentrations of mime[4]CRM; Glc-CRM or CRM157 and incubated for up
to 96 hours. After, part of the medium was removed, and PrestoBlue®
reagent was added for up to 60 minutes at 37 °C. During this time,
PrestoBlue® reagent is modified by the reducing environment of the
viable cell and turns red in color, becoming highly fluorescent. Color
change was detected using fluorescence Excitation 535/Emission 615 nm
using Microplate Reader InfiniteF200 (Tecan). Experiments were repeated

three independent times.

Cell culture: 4T1-luc, Mouse Mammary Gland Adenocarcinoma Cell Line
(stably expressing firefly Luciferase gene) was cultured in RPMI-1640
medium (ECB9006L, Euroclone, Milan, Italy) supplemented with 10% fetal
bovine serum (ECS0180D, Euroclone, Milan, Italy), 2 mM L-Glutamine
(ECB3000D, Euroclone), and 1% antibiotics (ECB3001D, 10,000 U/mL
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penicillin, 10 mg/mL streptomycin, Euroclone) at 37 °C in a 5% CO;

incubator.

Tumor implantation and Bioluminescence imaging (BLI): 4T1-luc cells (8
x 104 cells in 50 pyL PBS) were implanted into the lower right inguinal
mammary fat pad (using insulin syringes with 32 G needles) of female
(n=19) immunocompetent syngeneic mice model (4 weeks old; strain:
BALB/c). Progression of tumor cells was monitored weekly by non-invasive
in vivo bioluminescence imaging (BLI), using IVIS 3D lllumina Imaging
System (Xenogen/Caliper) as previously described.**® For in vivo BLI
acquisitions, mice were anesthetized using 1-3% isoflurane (B104F16C,
Piramal/Healthcare) and intraperitoneally injected (100 pL per 10 g body
weight) with a 15 mg/mL solution of D-luciferin (122799, Perkin EImer) in
PBS. After 10 minutes from D-Luciferin injection, BLI acquisitions were
performed using the auto-exposure mode. For tumor growth curve, the
total flux of photons (photons per sec) within each region of interest (ROI)
from bioluminescence image were quantified using the Living Images
Software Package 3.2 (Xenogen-Perkin Elmer). Four-week-old female
BALB/c mice were purchased from Envigo (Italy). Mice were housed in
individually ventilated cages in an experimental room. The animals were
maintained under standard conditions of light (12 hour-light/12 hour-
dark), temperature (23 - 25 °C), humidity (50 to 60%) and rodent chow
and water ad libitum. Survival analysis was performed using the Kaplan-
Meier log-rank survival test with the SPSS16 statistical package. Ethical
approval for mouse use released from Ministero della Sanita 546/2015 PR

to the Director of Studies, M. Zollo, 19/6/2015, art. 31 D.Lgs. 26/2104.
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In vivo drug administration: For tumor growth evaluation and immune
system evaluation, seven days after the implantation of tumor cells, mice
(2 groups, n=9 treated with mime[4]CRM and n=10 controls (CRM197),
grouped according to their BLI values were administered subcutaneously
neck down the back with mime[4]CRM at a dose of 17 mg/kg/weekly
resuspended in 100 pL PBS or with CRM197as vehicle for the control group
once weekly for 5 weeks. Mice were then sacrificed at days 28, 42 and at
the end of the experiment (i.e. on day 54 from the tumor implantation).
Serum, primary tumor and different organs were collected for the ELISA

and immunohistochemistry analyses.

Immunofluorescence staining: Primary tumors were fixed in 4%
paraformaldehyde (PFA) and embedded in paraffin. tissue sections (4-um-
thick) were deparaffinized in Xylene Substitute (A5597; Sigma Aldrich) 30
min and rehydrated in 100% - 90% -70%- 50% and 30% ethanol and
washed with PBS 1X and PBS containing 0.02% TRITON-X 100 (215680010;
Acros Organics). For antigen retrieval, the slides incubated in pre-warmed
10 mM sodium citrate buffer (pH 6.0) in microwave for 15 minutes, The
slides were left to cool at room temperature for 30 min. to decrease the
non-specific background fluorescence, the sections covered with 0.2%
Trypsin (T2600000; Sigma-Aldrich) and 0.001% CaCl, and incubated for 10
minutes at 37 °C in humidified chamber, The tissue sections were washed
with PBS and then blocked with a blocking solution containing 6% Bovine
serum albumin (A9418; Sigma Aldrich) and 5% Fetal bovine serum
(ECS0180L; Euroclone) 20 mM MgCl; in PBS containing 0.02% Triton-X 100

for 1 hour at room temperature with the following primary antibodies
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overnight at 4 °C: anti-mouse CD4 FITC-conjugated (22150043, 1:200),
FOXP3 (ab47285, 1:500), CD68 (ab53444,1:100), CD163 (sc-33560, 1:100),
PD1/CD270 (E-AB-27294, 1:100), F4/80 (sc-52664, 1:100), CD11c/ Integrin
alpha-x B-6 (cs-46676, 1:100). Tissue sections were washed in PBS 1X and
PBS containing 0.02% TRITON-X 100 and were incubated with secondary
antibody, anti-rabbit Alexa Fluor 546 (Thermo Fisher, #A10040, 1:200),
anti-mouse Alexa Fluor 594 (ab150116, 1:200). DNA was stained with DAPI
(#62254; Thermo Fisher). Confocal microscopy was carried out using a
laser scanning confocal microscope (LSM 510 META, Zeiss), with the 63x
oil immersion objective. Cell counting on immunofluorescence staining
was performed using Imagel software. The total number of cells were
estimated by counting DAPI positive nuclei from three different images
per sample. Later, the percentage of positive cells were determined as

follow: (number of positive cells * 100)/ total number.

ELISA Tests: 96-well ELISA plates were coated with 0.5 pg/well of the
hexapeptide AlaProAspDAPArgPro (as negative control) or with the
glycosylated, AlaProAspDAP(13)ArgPro hexapeptide overnight at 4 °C.
After washing with PBS containing 0,05% Tween 20 (PBST), wells were
blocked with 200 pL/well of 5% BSA in PBS and incubated for 2 h at room
temperature. Sera from immunized mice were added to wells as three-
fold steps serial dilutions with PBST, compared to wells without sera. After
washing with PBST, plates were incubated with HRP conjugated anti-
mouse IgG (GE-Healthcare) at appropriated dilution for 2 hours at room
temperature. For detection, plates were washed and added with 100

uL/well of 3,3’,5,5’-tetramethylbenzidine (TMB - Sigma Aldrich) substrate
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solution, and further incubated at room temperature for 30 minutes in the
dark. Reactions were quenched by adding 100 pL/well of 2 M H,SO4 and
immediately read at 450 nm using an Infinite F200 microplate reader

(Tecan).

Flow Cytometry Analysis: 4T1 cells were grown to sub-confluency,
detached from wells by enzyme-free Cell Dissociation Buffer (Gibco) and
collected, then resuspended in PBST containing 5% BSA. Sera from
immunized mice (1:100 dilution) were added to cells and incubated on ice
for 30 minutes. After washing with PBST-BSA, cells were incubated with
APC conjugated donkey anti-mouse IgG (Thermo Fisher Scientific) and
incubated on ice for 30 minutes. After washing, stained cells were
measured using BD FACSCanto™ Il, and data analysis was performed using

the FlowJo software.

Th1/Th2/Th17 cytokine profile assessment: Serum samples from mice
treated with mime[4]JCRM or from control mice were analyzed for the
presence of Thl, Th2, and Th17 cytokines by using RayBio Quantibody
Mouse TH17 Array 1 (RayBio, Norcross, GA), according to the
manufacturer's instructions. Eighteen different cytokines were evaluated:
interleukin 1 beta (IL-1B), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17,
IL-17F, 1L-21, 1L-22, IL-23, IL-28, interferon gamma (IFN-y), macrophage
inflammatory protein 3 alpha (MIP-3a), transforming growth factor beta
1 (TGFB1), and tumor necrosis factor alpha (TNF-a). In brief, slides were
incubated with blocking solution (RayBio) at room temperature for 30
min. Afterwards, standard cytokines and diluted sera (1:2) were incubated

at room temperature for 2 hours. Slides were washed 5 times and probed
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for 1 h at room temperature with Biotinylated Antibody Cocktail. After
washing steps at room temperature, the slides were incubated 1 h at room
temperature with Cy3 Equivalent Dye-Streptavidin, washed and finally
dried by a compressed nitrogen. Signals were scanned on a ScanArray Plus
scanner, using Imagene 8.0 software. Results were analyzed by Prism
Graph Pad software. The statistical significance of the differences
between groups was determined with Student’s two-tailed t-test, while
intra-group analysis was determined with two-way ANOVA test. P < 0.05

was considered to be statistically significant.

Human ex vivo tests: Patients: Twelve patients with breast cancer (BC)
were enrolled for the study. All patients, that not received chemotherapy,
underwent blood sampling and surgical resection of the primary lesion;
patients with evidence of serious illness, immunodeficiency, or
autoimmune or infectious diseases were excluded. Patients were enrolled
after obtaining informed consent and approval of the local ethical

committee.

Detection of mime[4]CRM-specific T cells in the peripheral blood of
patients with BC: To assess the presence of mime[4]CRM specific T cells
in the peripheral blood of BC patients, PBMCs were re-suspended in
medium supplemented with 3% human serum. PBMCs (3x105) were
cultured for 96 h in the presence of medium alone, mime[4]CRM (10
ug/mL), or Glc-CRM (as control, 10 pg/mL). At 16 h before harvesting, 0.5
uCi/well [3H]-thymidine (Amersham Pharmacia Biotech, Sweden) was
added, and the radionuclide uptake was measured by a B-counter. The

mitogenic index (MI) was calculated as the ratio between mean values of
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cpm (counts for minute) obtained in mime[4]CRM or Glc-CRM stimulated
cultures and those obtained in the presence of medium alone. A Ml >3

was considered as a positive result.

Generation of T cell clones (Tcc) from TILs of the neoplastic tissue:
Surgical specimens of BC tissue were dissociated in order to isolate TILs.
First, tissue pieces were dissociated with the Tumor Dissociation Kit,
human (Miltenyi Biotec) in combination with the gentleMACS™ Octo
Dissociator (Miltenyi Biotec), to obtain a gentle and rapid generation of
single-cell suspensions. Then, TILs were magnetically isolated with anti-
human CD3 microbeads (Miltenyi Biotec) and cloned under limiting
dilution. Briefly, single T-cell blasts were seeded in microwells (0.3
cells/well) in RPMI 1640 culture medium (SERO-Med GmbH)
supplemented with 10% FCS HyClone (Gibco Laboratories), in the
presence of 2 x 105 irradiated (9000 rad) PBMC, phytohemagglutinin
(PHA) (0.5% vol/vol), and recombinant human interleukin-2 (50 U/mL)
(PeproTech). At weekly intervals, 2 x 105 irradiated PBMC and IL-2 were

added to each micro-culture to maintain the expansion of growing Tcc

Phenotypic characterization of isolated Tcc: Tcc’ surface markers (CD3,
CD4, CD8) expression was analyzed by flow cytometry using FACS Canto Il
cytometer (Becton-Dickinson) and the DIVA software. A total of 104

events for each sample was acquired.

Evaluation of mime[4]CRM-specific T cells in the neoplastic tissue of BC:
To assess the presence of mime[4]CRM-specific T cells in the neoplastic
tissue of BC, Tcc were re-suspended in medium supplemented with 3%

human serum. Tcc were cultured for 48 h with irradiated autologous
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mononuclear cells in the presence of medium alone, mime[4]CRM (10
ug/mL or Glc-CRM (as control, 10 ug/mL). At 16 h before harvesting, 0.5
uCi/well [3H]-thymidine (Amersham Pharmacia Biotech) was added, and
the radionuclide uptake was measured by a B-counter. The mitogenic
index (MI) was calculated as the ratio between mean values of cpm
(counts for minute) obtained in mime[4]CRM or Glc-CRM stimulated
cultures and those obtained in the presence of medium alone. A Ml > 3

was considered as a positive result.

7.4.2 Synthesis

General method

Analytical grade solvents and commercially available reagents were used
without further purification. For anhydrous reactions, solvent stored over
3 A molecular sieves were used. Silica gel flash column chromatography
purifications were performed using Geduran® Si 60 (0.040-0.063 mm) or
using the Biotage Isolera system and SNAP silica cartridges. TLC analyses
were performed on glass Merck silica gel 60 F2s4 plates. *H NMR, 3C NMR
and 2D-NMR spectra were recorded on a 500 MHz Bruker AVANCE Il at
298 K, unless otherwise stated. All chemical shifts are reported in parts
per million (8) referenced to residual nondeuterated solvent. Multiplicity
abbreviation: b = broad, s = singlet, d = doublet, t = triplet, g = quartet, m
= multiplet were used. ESI-MS spectra were carried out on a linear ion-
trap double quadrupole mass spectrometer using electrospray ionization
(ESI) technique (LTQ-XL - Thermo Fisher) . Optical rotation measurements
were performed on a JASCO DIP-370 polarimeter. Melting point were

recorded on a STUART SMP3 version 2.0 or a BUCHI 510.
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Synthesis of CRM197 glycoconjugates: general procedure

HO g OH A 0.8 mM CRMjig7solution
4 50
HO Amy in 150 mM NaPi, pH 7.2
3
S
O Q buffer was treated with a
(@) x WNH
HN 4 100-200 equivalents of
o
o N 4 H activated carbohydrate
H

previously dissolved in a
minimal amount of 150 mM NaPi, pH 7.2 buffer. The reaction mixture was
incubated at 4°C for 24 hours under shaking. The success of the reaction
was proved by an SDS-PAGE. The conjugate was then purified from
unreacted sugar by multistep washings with water using a 10 kDa MWCO
membrane centrifugal device (Millipore). The number of attached
moieties was estimated by UltraFlex Ill MALDI-TOF/TOF instrument

(Bruker Daltonics) in linear mode and with positive ion detection.
Synthesis of compound 11

>< K To a solution of D-(+)-galactal (2.26 g, 15.47 mmol) in dry
O’Ei\o DMF (45 mL) cooled to-45 °C [(tBu),Si(OTf)2] (5.5 mL, 16.8

H(; 5.0 mmol) was added dropwise. The solution was stirred at -45
= 1
2

3 °C for 1 h and then pyridine (pH = 7) was added for

guenching. The mixture was diluted with EtOAc and washed with NaHCO3
s.s. (x3) and brine (x2). The organic layer was dried over Na,SOg, filtered,
and the solvent was removed under vacuum to give crude 11 (4.75g) as a
yellowish solid that was used without further purification. The
spectroscopic and analytical data were in agreement with those reported

previously.8?
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14 NMR (500 MHz, CDCls) &: 6.30 (dd, 1H, J12 = 6.5 Hz, J16= 1.4 Hz, H-1),
4.70 (m, 1H, H-2), 4.41-4.38 (m, 1H, H-4), 4.36-4.30 (m, 1H, H-3), 4.29-4.20
(m, 2H, H-6), 3.87 (m, 1H, H-5), 2.74 (d, 1H, Jous = 11.4 Hz, OH), 1.07 (s,
9H, (CHs3)sC-Si), 1.00 (s, 9H, (CH3)3C-Si).

Synthesis of compound 13 from 26

HO g OH To a solution of 26 (100 mg, 0.24 mmol) in THF (1 mL), H,0
5
H(; O (100 pL) and Pd/C (10 wt.%, 10 mg) were added. The
1
2
° S o mixture was stirred at room temperature under H;
(@) x

HN 4 atmosphere for 2 h and then filtered through a pad of

¥ cooH Celite® and eluted with CH3OH. The filtrate was further
filtered through a 0.22 um syringe filter. Evaporation of the solvent under
vacuum gave a crude product that was purified by trituration with a small
amount of CH3OH and Et,0. Pure 13 was isolated as a white solid (72 mg,

> 90%).

Synthesis of compound 13 from 27

HO g OH A solution of 27 (100 mg, 0.22 mmol) in a solution of NH3
5
HO4 O (2M) in CH30H (1 mL) was stirred overnight at room
1
2
*%s o) temperature. After completion, evaporation of the
(@) x

HN 4 solvent under vacuum gave a crude product that was

5' cooH Ppurified by trituration with a small amount of CH30H and
Et,0. Pure 13 was isolated as a white solid (68 mg, > 90%). The
spectroscopic and analytical data were in agreement with those reported

previously.8?
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ESI-MS m/z (%): 332.09 (100) [M];, 665.09 (65) [2M]", 'H NMR (500 MHz,
D,0) 6:5.83(d, J1,2=2.8 Hz, 1H, H-1), 4.24-4.19 (m, 1H; H-5), 4.17-4.12 (m,
1H; H-5'), 4.07-4.03 (m, 1H; H-4), 3.87-3.75 (m, 3H; H-3, H-6), 3.46 (dd, J2,1
= 2.8 Hz, J;,3=11.3 Hz, 1H, H-2), 2.81-2.75 (A part of an ABX system, Jax =
6.0 Hz, Jag 16.8 Hz, 1H; H-4',), 2.71-2.63 ppm (B part of an ABX system, Jg x
= 8.7 Hz, Jsa = 16.8 Hz, 1H; H-4'y).

Synthesis of compound 19

O O NHBoc Under N2 atmosphere, N-Boc-Asp-OBn (10.01
o7 5 3% 5 COOBn g 30.96 mmol) was dissolved in dry CH,Cl» (30
mL), DMAP (4.30 g, 35.19 mmol) and Meldrum acid (6.70 g, 46.52 mmol)
were added, the solution was cooled to 0 °C and a solution of DCC (7.30 g,
35.38 mmol) in dry CH2Cl; (20 mL) was added. The suspension was kept at
0 °C for 24 h. After completion, the precipitate was removed by filtration
and washed with CH,Cl; (x3). The filtrate was washed with KHSO4 1 M (x3)
and brine (x1), dried over Na,SQ,, filtered, and the solvent was removed
under vacuum to give crude 25 (16.75 g) as a yellowish solid that was used
without further purification. Meldrum’s acid adduct 25 was solubilized in a
mixture Toluene/CHsOH 4:1 and the reaction mixture was heated at reflux
for 17 h. Evaporation of the solvent under reduced pressure gave a crude
product which was purified by flash column chromatography on silica gel
(EtOAC/EP 4:1 -> 2:1) to give pure 19 as a white solid (10.21 g, 87% over 2
steps). The spectroscopic and analytical data were in agreement with

those reported previously.8!

14 NMR (500 MHz, CDCls) &: 7.40-7.31 (m, 5H, Bn), 5.48 (d, J = 8.3 Hz, 1H,
NH), 5.17 (s, 2H, CH;Ph), 4.61-4.55 (X part of an ABX system, Jxa = 10.5, Jx,
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8 =4.2 Hz, Jxnu=9.5 Hz, 1H, H-5), 3.73 (s, 3H, OCH3), 3.45 (s, 2H, CH, H-2),
3.31-3.25 (A part of an ABX system, Jag = 18.3 Hz, Jax = 4.4 Hz, 1H, H-4,),
3.16-3.10 (B part of an ABX system, Jga = 18.3 Hz, Jgx = 4.4 Hz, 1H, H-4}),
1.44 (s, 9H, C(CHs)s), 3C NMR (125 MHz, CDCls) &: 201.2, 171.4, 167.5,
156.0, 135.9, 129.2, 129.0, 128.8, 80.8, 68.1, 53.1, 50.3, 49.6, 45.5, 29.0.

Synthesis of compound 20

o) To a solution of N,N'-dithiobis(phthalimide) 23 (12.45 g,

N—S 34.93 mmol) in 300 mL of HPLC-grade CH,Cly, sulfuryl

cl chloride (100 mL) was added via a dropping funnel at 0

° °C. The yellow reaction mixture was stirred for several

days (2-4) until completion monitored by NMR. All volatile materials were
removed under vacuum, affording the title compound 20 with an NMR
purity of 94% (13.83 g, 93%). The spectroscopic and analytical data were

in agreement with those reported previously.'4’
14 NMR (CDCl3, 500 MHz) 6: 8.09-8.04 (m, 4H), 7.94-7.90 (m, 4H)

Synthesis of compound 23

0 A solution of phthalimide (5.00 g, 33.98
0]
N—S mmol) and Et3sN (4.15 g, 41.01 mmol) in THF
\
S—N
o (100 mL) was cooled to -20 °C and S;Cl;

(2.31 g, 17.11 mmol) was added dropwise.
After 2 h at room temperature, 200 mL of water were added, and the
precipitate was recovered by filtration. The solid was washed with a
minimum amount of Et,0 and recrystallized from a CHCl3/CH3OH (2:1) to
give white needles of N,N’-dithiobis(phthalimide) 23 (4.97 g, 82%). The
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spectroscopic and analytical data were in agreement with those reported

previously.'4’
14 NMR (DMSOgs, 500 MHz) &: 8.05-8.01 (m, 4H), 8.00-7.96 (m, 4H)
Synthesis of compound 24

To a solution of crude 11 (4.76 mmol) in Cl;Et (10
mL), the B-ketoester 19 (2.43 g, 6.40 mmol),
pyridine (4.5 mL) and PhtNSCI 20 (1.16 g, 5.44
mmol) were added, in the dark. The mixture was
heated to 45 °C and stirred in the dark until

completion. The precipitate was eliminated by

filtration and the filtrate was diluted with CH,Cl,
and washed with a saturated solution of HCl 1M (x4). The organic layer
was dried over Na;SO4 and the solvent was removed under vacuum. After
impurity crystallization from Et,0, the filtrate was concentrated to
dryness and the residue was purified by flash chromatography on silica gel
(EP/EtOAC 9:1 -> 8:2) to afford 24 (1.83 g, 55% over 2 steps) as a pale-
yellow solid. The spectroscopic and analytical data were in agreement

with those reported previously.?

1H NMR (500 MHz, CDCls) 6: 7.38-7.31 (m, 5H, Bn), 5.63 (d, 1H, J12 = 2.8
Hz, H-1), 5.39 (bd, 1H, NH), 5.22-5.07 (m, 2H, CH,Ph), 4.70-4.57 (m, 1H, H-
4')), 4.38 (m, 1H, H-4), 4.32-4.18 (m, 2H, H-6), 4.04 (m, 1H, H-5), 3.75 (s,
3H, OCHs), 3.74-3.56 (m, 2H, H-3, H-5’), 3.24 (dd, 1H, Jo1 = 2.8 Hz, Jp3 =
10.6 Hz, H-2); 2.86 (1H, Jabaa = 13.9 Hz, Javs = 4.3 Hz, HB-4'y), 2.65 (bd,
1H, Jons = 10.0 Hz, OH), 1.41 (s, 9H, 3CHs - Boc), 1.05 (s, 9H, (CHz)sC-Si),
1.04 (s, 9H, (CH3)sC-Si).
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Synthesis of compound 25

To a solution of 24 (2.19 g, 4.15 mmol) in dry CHCl, (60

Agk mL), TFA (3.2 mL, 41.58 mmol) was added. The solution

46 6\2 was stirred at rt for 2 h, then the mixture was

HO N 1 concentrated to dryness. The solid obtained was

o \O dissolved in CHCl3 (60 mL) and EtsN (7 mL) was added.

Hl\é‘ 4 The mixture was heated to 40 °C and stirred for 48 h.
COOBnN

After completion, the mixture was diluted with CHCIs and
washed with H20 (x2), NH4Cl (x2) and brine (x2). The organic layer was
dried over Na,SOa4, the solvent was removed under vacuum and the
residue was purified by flash chromatography on silica gel (CH,Cl>/EtOAc
6:4) to afford pure 25 (1.49 g, 84% yield). The spectroscopic and analytical

data were in agreement with those reported previously.®?

14 NMR (500 MHz, CDCls) &: 7.39-7.31 (m, 5H, Bn), 6.04 (s, 1H, NH), 5.62
(d, J12=2.6 Hz, 1H, H-1), 5.28-5.22 (A part of an AB system, Jag = 12.0 Hz,
1H, CH,Ph), 5.21-5.15 (B part of an AB system, Jga = 12.0 Hz, 1H, CH,Ph),
4.65-4.59 (X part of an ABX system, Jxa = 10.5, Jx 8 = 4.2 Hz, Jxnu = 9.5 Hz,
1H, H-5"),4.50 (m, Ja3=2.7 Hz, 1H, H-4), 4.30-4.27 (A part of an AB system,
Jag =12.5 Hz, 1H, H-6,), 4.20-4.15 (B part of an AB system, AB, Jga =12.8
Hz, 1H, H-61), 3.98 (bs, 1H, H-5), 3.69-3.95 (m, 1H, H-3), 3.47 (dd, J1= 2.6
Hz, J,3 = 11.0 Hz, 1H, H-2), 3.71-3.66 (A part of an ABX system, Jag= 14.0
Hz, Jax = 11.0 Hz, 1H, H-4"";), 2.90-2.83 (B part of an AB system, Jga = 14.2
Hz, Jgx = 4.3 Hz, 1H, H-4"p), 1.67 (bs, 1H, OH),1.07 (s, 9H, (CH3)sC-Si), 1.05
(s, 9H, (CHs3)sC-Si), 3C NMR (125 MHz, CDCls) 6:169.2 (CO), 164.7 (CO),
154.3 (Cq), 134.6 (Cq, Ph), 128.8 (CH, Ph), 128.8 (2CH, Ph), 128.5 (2CH, Ph),
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97.9 (Cq), 96.4 (CH, C-1), 72.2 (C-4), 69.7 (C-5), 67.9 (CH2Ph), 66.8 (C-6),
66.3 (C-3), 51.5 (C-5"), 39.7 (C-2), 30.9 (C-4"), 27.7 (C(CHs)s), 27.3
(C(CH3)s), 23.8 ((CH3)sC-Si), 20.8 ((CH3)sC-Si).

Synthesis of compound 26

HO ¢ OH To a suspension of 25 (830 mg, 1.47 mmol) in THF a 2M
HS§%1 freshly solution of TBAHF (1.5 mL) was added and the
3%s 0 reaction was stirred at room temperature. After 6 h
OHN D " volatile materials were removed under vacuum and the

4 CcooBn residue was purified by flash chromatography on silica
gel (CH2Cl,/CH3OH 9:1) to afford pure 26 as a white solid (600 mg, 97%).
The spectroscopic and analytical data were in agreement with those

reported previously.®?

14 NMR (500 MHz, CDs0D) 6: 7.39-7.31 (m, 5H, Bn), 5.57 (d, J1., = 2.8 Hz,
1H, H-1), 5.28-5.20 (m, 2H, CH,Ph), 4.36-4.33 (m, 1H, H-5'), 4.04-4.00 (m,
1H, H-5), 3.97-3.94 (m, 1H, H-4), 3.82-3.70 (m, 2H, H-6), 3.61 (dd, J34 =3.0
Hz, J3, = 10.8 Hz, 1H, H-3), 3.45 (dd, J21 =2.8 Hz, J23 = 10.8 Hz, 1H, H-2),
3.08-3.02 (A part of an ABX system, Jaa5 = 6.8 Hz, Jaaa, = 16.8 Hz, 1H, H-
4';), 2.77-2.72 ppm (B part of an ABX system, Jans = 5.2 Hz, Japab = 16.8
Hz, 1H, H-4'p), 3C NMR (125 MHz, CD30D) 6: 170.7, 166.1, 156.1, 135.6,
128.1, 127.9, 127.7, 96.9, 95.9, 73.6, 68.9, 67.1, 65.9, 61.3, 51.1, 39.1,
30.3.
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Synthesis of compound 27

AcO 5 OAC To a solution of 28 (3.4 g, 6.18 mmol) in THF (70 mL), H.O
5
AcO4 O (1 mL) and Pd/C (10 wt.%, 320 mg) were added. The
3 2 !
SO mixture was stirred at room temperature under H;
O S

atmosphere for 2 h and then filtered through a pad of

‘ cooH Celite®. Evaporation of the solvent under vacuum gave
185 mg of crude product that was purified by flash chromatography on
silica gel (CH,Cl> /CH30H 9:1 -> 8/2) to give pure 27 as a white solid (2.8 g
, > 98%).

[a]*p= +74.3 (c 0.03 in CH30H), *H NMR(500 MHz, CDs0D) &: 5.78 (d, J1,
= 2.8 Hz, 1H, H-1), 5.44 (m, 1H, H-4), 5.23 (dd, J32= 11.7 Hz, J34= 2.7 Hz,
1H, H-3), 4.60 (m, 1H, H-5), 4.22-4.17 (A part of an ABX system, 1H, H-6,),
4.17-4.12 (B part of an ABX system, 1H, H-6y), 4.11-4.06 (m, 1H, H-5'), 3.72
(dd,J2,1=2.8Hz,J23=11.6 Hz, 1H, H-2), 2.91-2.85 (A part of an ABX system,
Jax=6.6 Hz, Jap 16.8 Hz, 1H; H-4',), 2.76-2.68 (B part of an ABX system, Jgx
= 8.0 Hz, Jga = 16.8 Hz, 1H; H-4'y), 2.17 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02
(s, 3H, CHs), 13C NMR (125 MHz, CD30D) &: 172.9 (CO), 170.4 (CO), 170.0
(CO), 169.8 (CO), 166.6 (CO), 155.5 (Cq), 97.0 (Cq), 95.9 (C-1), 69.1 (C-5),
67.1 (C-4), 65.5 (C-3), 61.5 (C-6), 51.3 (C-5'), 36.6 (C-2), 30.6 (C-&’), 20.7
(CHs), 20.6 (CHs), 20.6 (CHs).
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Synthesis of compound 28

AcO 5 OAC Derivative 26 (500 mg, 1.19 mmol) was dissolved in
5
Aco4 O CH,Clz (10 mL) and pyridine (4 mL, 49.5 mmol), Ac20 (2
1
2
°7s o) mL, 14.4 mmol) and DMAP (15 mg, 0.12 mmol) were
(@] x

HN_ 4 added. The reaction mixture was stirred at room

d cooBn temperature for 10 min and then diluted with CHxCl;

and washed with HCI 1M (x5) and NaHCO3 (x2). The organic layer was
dried over Na,SQ,, filtered, and concentrated to dryness. The crude was
purified by flash chromatography on silica gel (EP/EtOAc 1:1 ->3/7) to give

28 (545 mg, 91%) as a white solid.

[a]%p = +83.3 (c 0.75 in CHCls), *H NMR (500 MHz, CDCl3) 8: 7.45-7.35 (m,
5H, Bn), 5.95 (bs, 1H, NH), 5.69 (d, J12 = 2.4 Hz, 1H, H-1), 5.45 (dd, J4,3=3.0
Hz, Jas = 1.4 Hz, 1H, H-4), 5.26 (m, 2H, CH2Ph), 5.07 (dd, J3,, = 11.8 Hz, J3,4
=3.0 Hz, 1H, H-3), 4.44 (m, 1H, H-5), 4.43-4.37 (m, 1H, H-5"), 4.19-4.11 (m,
2H, H-65, H-61), 3.66 (dd, J2,1 = 2.4 Hz, Jo3= 11.8 Hz, 1H, H-2), 2.94-2.78 (m,
2H, H-4', H-4'y), 2.16 (s, 3H, CHs), 2.06 (s, 3H, CHs), 2.02 (s, 3H, CHs), 13C
NMR (125 MHz, CDCls): §170.2 (CO), 169.8 (CO), 169.7 (CO), 168.9 (CO),
164.1 (CO), 153.8 (Cg), 134.7 (Cq, Ph), 128.8 (CH, Ph), 128.7 (CH, Ph), 128.4
(CH, Ph), 98.2 (Cq), 95.9 (C-1), 69.1 (C-5), 67.9 (CH,Ph), 67.2 (C-4), 65.6 (C-
3), 61.5 (C-6), 51.5 (C-1'), 36.6 (C-2), 30.8 (C-2'), 20.5 (Ac), 20.4 (Ac).
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Synthesis of compound 29

HO ¢ OH To a solution of crude 34
4 50
HO A= (550 mg, 0.76 mmol) and
3

PO e NMM (300 pL, 2.73 mmol)

(@) S 0] 0]
HN_ 4 ) in dry DMF (7.5 mL), bis(4-

5' N

/\M\H nitrophenyl)adipate (1.2 g,
NO, 1.76 mmol)indry DMF (7.5
mL) was added and the mixture was stirred at room temperature
overnight. After complete conversion, the solvent was evaporated and the

residue purified by flash chromatography (CH2Cl,/CHsOH 8:1) to give pure
29 (459 mg, 88% over two steps).

[a]*?p = + 38.2 (c 0.385, CH30H), ESI-MS m/z (%):703.25 (100) [M+Na]*,
719.25 (50) [M+K]*,*H NMR (500 MHz, CD;0D) &: 8.32-8.27 (m, 2H), 7.40-
7.36 (m, 2H), 5.67 (d, J1,2 = 2.8 Hz, 1H, H-1), 4.14-4.10 (m, 1H, H-5'), 4.04-
3.99 (m, 1H, H-5), 3.97-3.94 (m, 1H, H-4), 3.80-3.71 (m, 2H, H-6a, H-6b),
3.62 (dd, J32= 10.9 Hz, J3,4= 2.9 Hz, 1H, H-3), 3.46 (dd, J21= 2.8 Hz, J23=
10.9 Hz, 1H, H-2), 3.27-3.14 (m, 4H, 2CH>), 2.98-2.91 (m, 1H, H-4'a), 2.80-
2.73 (m, 1H, H-4'b), 2.70-2.64 (m, 2H, CH>), 2.28-2.23 (m, 2H, CH,), 1.80-
1.69 (m, 4H, 2CH>), 1.55-1.46 (m, 4H, 2CH,), 1.39-1.26 (m, 4H, 2CH,), 13C
NMR (125 MHz, CDs0D) &: 175.6 (Cq), 172.7 (Cq), 172.6 (Cq), 167.6 (Cq),
157.8 (Cq), 157.2 (Cq), 146.8 (Cq), 126.1 (Cg), 123.9 (Cq), 98.3 (C-1), 96.8
(Cq), 75.0 (C-5), 70.2 (C-4), 67.2 (C-3), 62.6 (C-6), 53.2 (CC-5'), 40.4 (CH, C-
2), 40.2 (CH,), 36.7 (CH,), 34.6 (CH,), 32.1 (H-4'), 30.3 (CH2), 30.2 (CH.),
27.5 (CH,). 27.3 (CHa), 26.3 (CH>), 25.3 (CH,).
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Synthesis of compound 30 from 29

HO g OH Compound 29 (225 mg,
4 50 ]

HOA— 0.33 mmol) was dissolved
3

in dry DMF (4 mL), solid
O="X (e} o) 0]
HN_ 4 5 % NHS (114 mg, 0.99 mmol)
was added and the mixture
was stirred at room
temperature overnight. After complete conversion, the solvent was

evaporated and the crude was purified by precipitation from CH3CN to

give 30 as white solid (82 mg, 38%).

ESI-MS m/z (%): 679.75 (100) [M+Na]*, *H NMR (500 MHz, CDs0D) 5: 5.67
(d, J12 = 2.8 Hz, 1H, H-1), 4.18-4.14 (m, 1H, H-5'), 4.05-4.00 (m, 1H, H-5),
3.98-3.95 (m, 1H, H-4), 3.81-3.71 (m, 2H, H-6a, H-6b), 3.62 (dd, J3,= 10.9
Hz, J3a= 2.9 Hz, 1H, H-3), 3.46 (dd, J21 = 2.8 Hz, J23= 10.9 Hz, 1H, H-2),
3.28-3.13 (m, 4H, 2CH,), 2.98-2.91 (m, 1H, H-4'a), 2.83 (s, 4H, CH,), 2.81-
2.75 (m, 1H, H-4'b), 2.69-2.63 (m, 2H, CH,), 2.26-2.20 (m, 2H, CH,), 1.77-
1.68 (m, 4H, 2CH,), 1.55-1.45 (m, 4H, 2CH,), 1.39-1.30 (m, 4H, 2CH,), *C
NMR (125 MHz, CDs0D) &: 175.6 (Cq), 172.7 (Cg), 171.9 (Cq), 170.1 (Cy),
167.6 (Cq), 157.8 (Cq), 98.3 (C-1), 96.8 (Cq), 75.0 (C-5), 70.2 (C-4), 67.2 (C-
3), 62.6 (C-6), 53.2 (C-5'), 40.5 (CH2 ), 40.4 (C-2), 40.2 (CH,), 36.5 (CH;), 32.2
(H-4"), 31.3 (CH,), 30.3 (CHa), 30.2 (CH,), 27.5 (CHa). 27.3 (CHa), 26.5
(2CH,), 26.2 (CHs), 25.2 (CHy).
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Synthesis of compound 30 from 34

HO ¢ OH To a solution of crude 34
4 5
HO ° ] (0.18 mmol) and NMM
3 2
S0 Q (170 pL, 1.55 mmol) in

W WO 7 i
HN~ 4 5 % dry DMF (5 mL), bis(N-
o succinimidyl) adipate
(221 mg, 0.65 mmol) was
added and the mixture was stirred at room temperature overnight. After
complete conversion, the precipitate was eliminated, and the solvent was
evaporated. The residue was suspended in EtOAc and the precipitate was

purified by flash chromatography (CH»Cl,/CH30H 8:1) to give pure 30 (60

mg, 51% over two steps)
Synthesis of compound 31

A~~~ NHBoc TO 2 solution of 1,6-diaminohexane (40.0 g,
i 344 mmol) in CH,Cl; (350 mL), cooled to 0 °C,
a solution of di di-tert-butyl dicarbonate (15.0 g, 69 mmol) in CH,Cl, (100
mL) was slowly added. After 16 h at room temperature, the mixture was
diluted with CH,Cl; and washed with Na,COs s.s. (x3) and H;0 (x1). The
organic layer was dried over Na;S04 and the solvent was removed under
vacuum to give pure 31 as a colorless oil (14.64 g > 98%). The
spectroscopic and analytical data were in agreement with those reported

previously.14®

ESI-MS m/z (%): 217.17 (100) [M+H]*, *H NMR (500 MHz, CDCl3) &: 5.15
(s, 2H, NH3), 4.95 (bs, 1H, NH), 2.91 (dt, J = 6.5 Hz, ] = 6.3 Hz, 2H, CH>), 2.49
(t, ) = 6.9 Hz, 2H, CH3), 1.32-1.28 (m, 4H, 2 CH,), 1.25 (s, 9H, 3 CH3), 1.17-
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1.11 (m, 6H, 3 CH>),’3C NMR (125 MHz, CDCls) &: 156.03 ; 78.96; 41.53;
40.43; 32.46; 29.95; 28.41; 26.49; 26.40.

Synthesis of compound 32

AcO g OAc To a solution of 27 (425 mg, 0.93 mmol)
Aco4 250 1 in dry DMF (6 mL), a fresh solution of
P80 TBTU (597 mg, 1.86 mmol) and NMM
OHN - 4 (204 uL, 1.86 mmol) in dry DMF (12 mL)

;' H/\%NHBOC was added. Subsequently, N-Boc-1,6-

hexanediamine (242 mg, 1.12 mmol)
dissolved in dry DMF (2 mL) was added and the solution was stirred at
room temperature for 3 h. After complete conversion, the solvent was
evaporated and the residue purified by flash chromatography

CH-,Cl,/CHs0H 20:1) to give pure 32 (526 mg, 86%).
( ) to give p ( g, )

[a]*®p = +77.7 (c 0.60, CHCls), ESI-MS m/z (%): 680.17 (100) [M+Na]*,
696.17 (45) [M+K]*, *H NMR (500 MHz, CDCls) &: 6.96 (bs, 1H, NH), 6.84
(bs, 1H, NH), 5.70 (d, J1,2 = 2.7 Hz, 1H, H-1), 5.43-5.41 (dd, J43= 3.1 Hz, J45
= 1.1 Hz, 1H, H-4), 5.02 (dd, J3,2 = 11.7 Hz, J3,4 = 3.1 Hz, 1H, H-3), 4.63 (bs,
1H, NH), 4.45-4.44 (m, 1H, H-5), 4.18-4.12 (m, 3H, H-5', H-6a, H-6b), 3.63
(dd, J21 = 2.7 Hz, J23 = 11.7 Hz, 1H, H-2), 3.30-3.20 (m, 2H, CH,), 3.14-3.03
(m, 2H, CH2), 3.02-2.84 (m, H-4'a, H-4'b), 2.15 (s, 3H, COCHs), 2.05 (s, 3H,
COCHs), 2.01 (s, 3H, COCHs),1.53-1.41 (m, 13H, 2CH,, tBu), 1.36-1.30 (m,
4H, 2CH,), 3C NMR (125 MHz, CDCl3) &: 170.5 (Cq) 170.1 (Cq), 170.0 (Cq),
169.5 (Cq), 165.2 (Cq), 156.3 (Cq), 155.6 (Cq), 96.8 (Cq), 95.9 (CH, C-1), 79.2
(Cq,tBu), 69.0 (C-5), 67.2 (C-4), 65.9 (C-3), 61.6 (C-6), 52.3 (C-5'), 40.1 (CH>),
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39.5 (CH,), 36.3 (C-2), 30.8 (C-4'), 29.9 (CHa), 29.1 (CH,), 28.5 (3CHs, tBu),
26.0 (CH,), 25.8 (CH2) 20.8 (3CHs, CH3).

Synthesis of compound 33

HO ¢ OH Compound 32 (470 mg, 0.76 mmol) was

H(Sl3 250 1 dissolved in CHsOH (8 mL), and NHs in

PO CH30H 2M (4.5 mL) was added. After 2 h,

OHN'\ 4 the reaction mixture was concentrated

; ”/\%NHBOC under vacuum to give pure 33 (410 mg,
>95%).

[a]??p = + 31.2 (c 0.345, CH3OH), ESI-MS m/z (%): 554.42 (70) [M+Na]*,
570.42 (100) [M+K]*, *H NMR (500 MHz, CD30D) &: 5.67 (d, J1> = 2.8 Hz,
1H, H-1), 4.14-4.10 (m, 1H, H-5'), 4.03-3.99 (m, 1H, H-5), 3.96-3.94 (m, 1H,
H-4), 3.80-3.70 (m, 2H, H-6a, H-6b), 3.61 (dd, J3,2= 11.0 Hz, J34= 2.9 Hz,
1H, H-3), 3.46 (dd, J2; = 2.8 Hz, J32= 11.0 Hz, 1H, H-2), 3.28-3.16 (m, 2H,
CH2), 3.04 (m, 2H, CH2), 2.93 (dd, Ja 45 = 16.7 Hz, Js45'= 6.8 Hz, 1H, H-4'a),
2.78 (dd, Ja 4.4 16.7 Hz, Jap'5'= 6.5 Hz, 1H, H-4'b), 1.43 (s, 13H, 2CH>, tBu),
1.36-1.30 (m, 4H, 2CH>), 3C NMR (125 MHz, CDs0D) &: 172.7 (C,), 167.6
(Cq), 158.6 (Cq), 157.8 (Cq), 98.3 (C-1), 96.8 (Cq), 79.8 (Cq), 75.0 (CH, C-5),
70.2 (C-4), 67.2 (C-3), 62.6 (C-6), 53.2 (C-5'), 41.2 (CH.), 40.5 (CH,), 40.4 (C-
2), 32.1 (H-4'), 30.9 (CH,), 30.2 (CH,), 28.8 (3CHs, tBu), 27.4 (2CH).
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Synthesis of compound 34

HO g OH To a suspension of 33 (410 mg, 0.77 mmol) in
ch3 250 1 dry CHCl; (13 mL), TFA (2 mL, 26.12 mmol)
0 was added. After 2 h, the reaction mixture

OHN CF3COO_+ was concentrated under vacuum to give

; ”/\M:Nm crude 34 (550 mg) that was used without

further purification.

1H NMR (500 MHz, CDs0D) &: 5.66 (d, J1,2 = 2.8 Hz, 1H, H-1), 4.14-4.09 (m,
1H, H-5'), 4.04-3.99 (m, 1H, H-5), 3.95-3.93 (m, 1H, H-4), 3.80-3.71 (m, 2H,
H-6a, H-6b), 3.61 (dd, J32= 10.9 Hz, J34= 2.9 Hz, 1H, H-3), 3.46 (dd, J21=
2.8 Hz, J23= 10.9 Hz, 1H, H-2), 3.29-3.17 (m, 2H, CH,), 3.02-2.96 (m, 1H, H-
4'a), 2.94-2.89 (m, 2H, CHy), 2.80-2.74 (m, 1H, H-4'b), 1.70-1.62 (m, 2H,
CHa), 1.58-1.50 (m, 2H, CH,) 1.47-1.32 (m, 4H, 2CHy).

Synthesis of compound 35

o NO, To a suspension of 4-
OMO/O/ Nitrophenol (15.3 g, 110
OZN/©/ e} mmol) in dry CHxCl, (150
mL), cooled to 0 °C, N,N-

Diisopropylethylamine (14.2 g, 110 mmol) and adipoyl chloride (10.0 g,
54.63 mmol) were added. After 3 h at room temperature the mixture was
diluted with CH,Cl; and washed with H,O (x3). The organic layer was dried
over Na;SOs and the solvent was removed under vacuum to give a crude
that was purified by several washing with cold EtOAc to give pure 35 as a

white solid (16.5 g, 78%).
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'H NMR: (500 MHz, DMSO-d¢) & 8.31 (m, 4H, 2 CH), 7.46 (m, 4H, 2 CH),
2.72-2.70 (m, 4H, 2 CH2), 1.78-1.76 (m, 4H, 2 CH2).

Synthesis of compound 36

o) To a solution of N-hydroxysuccinimide
q\oj\/\/\ﬁoﬁ (12.7 g, 110 mmol) in THF (150 mL),
0 o cooled to 0 °C, N, N-
© diisopropylethylamine (14.2 g, 110

mmol) and adipoyl chloride (10.0 g, 54,63 mmol) were added. After 1 h at

room temperature the suspension was filtered, and the precipitate was

washed with hot iPrOH and THF. The product was purified by several

crystallization from acetone to give white needles of 36 (13.0 g, 70%). The

spectroscopic and analytical data were in agreement with those reported

previously.14?

1H NMR: (500 MHz, DMSOus) 6: 2.82 (s, 8H), 2.76-2.72 (m, 4H).

Synthesis of hexapeptide 37

HyN Compound 37 was
H\/[CJ)\ Ho§ Q synthesized by
N N N\/“\ \/U\

O hooc” ° - Q/‘ orowing
/I/ standard Fmoc

HN._HN
Y solid-phase

HoN

method. Starting
from Fmoc-Pro-Rink-Amide MBHA resin. Sidechain deprotection and
cleavage from the resin were achieved in a standard single step acidolysis

reaction. Hexapeptide 37 was characterized by NMR and MS.
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[a]P22 = -71.4 (c 0.22, H20); ESI-MS m/z (%): 320.81 (100) [M+2H]?,

640.38 (70) [M+H]*, 662.38 (20) [M+Na]*

Synthesis of glycosyl hexapeptide 38

OH
HO OH

? (0]
HN \ S
o o]

2N (j\r( J\H/ NH2
HOOC
HNYHN
HoN

Glycopeptide 38
was synthesized
by coupling of
derivative 27 to
the protected and
linked to the resin
peptide, with
PyBOP and DIPEA
in DMF. After 2 h,

the resin was washed with DMF and the acetylated glycopeptide was

detached and deprotected by acidolysis reaction (TFA/TIS/H,0 95:2.5:2.5)

followed by treatment with NHs in CH3OH 1 M. Glycopeptide 38 was

purified by C18 reverse-phase chromatography (H,O/CHsCN 80:20) and

characterized by NMR and HRMS.

ESI-HRMS m/z (%): calculated [M+H]* = 955,3938; found = 955.39298

(100) [M+H]*
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CHAPTER

Silica nanoparticles decorated with a
TnThr mimetic as tool for solid state NMR

(SSNMR) investigation

8.1 Introduction

As widely discussed (Chapter 5 - Section 5.2), a successful workaround to
face the low immunogenicity of TACAs is represented by multiple display,
artificially obtained by their grafting onto multivalent scaffolds.®®*>0 A
plethora of natural, semi-synthetic and synthetic scaffolds was proposed
for the multivalent presentation of selected glycosidic epitopes to the
immune system like: peptides, proteins, dendrimers, oligonucleotides,
and nanoparticles of various nature.””1°%11 As already mentioned,
glycosylated nanoparticles were successfully prepared using TnThr
mimetic 13. In particular, glycosyl superparamagnetic iron oxide
nanoparticles (GMNPs)®® and dextran-based single-chain polymer

nanoparticles (DXT-SCPNs)!® were synthesized and tested in vitro.
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Macrophages and PBMCs stimulation observed for the multivalent
constructs, with respect to the monovalent unit, confirmed the role of
these nanoplatforms in mediating immune recognition. However, the
characterization of such nanosystems proved to be demanding and
sometimes rather challenging. Different advantages and limitations of
each characterization techniques'®?> complicate the choice and therefore
a combinatorial characterization approach is needed. In this context,
although NMR spectroscopy is a powerful analytical technique for the
structural determination of soluble nanoscale materials, it suffers from
two main problems: a) the sample shall be solubilized (task not always
easy handling nanosystems) and b) a fast transverse relaxation rate that
broaden the signals beyond the detection threshold. Solid state NMR
(SSNMR), a cutting-edge technique, for the characterization of hybrid
inorganic-biomolecular composites?>3719 can be used to overcome these
obstacles. Surprisingly, at present no example of glycosyl-nanomaterial
characterized by SSNMR is reported. During my PhD work, the versatility
of SSNMR to investigate the organic coating surrounding nanoparticles
was evaluated using silica nanoparticles (SiNPs) loaded with residues of
TnThr mimetic 13.%© Easy to prepare and non-expensive, silica
nanoparticles have interesting biomedical applications (e.g. site-specific
delivery of drugs, imaging purposes) and received a great attention from

the research community.161-166
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8.2 Results and Discussion

8.2.1 Synthesis of TnThr-Silica nanoparticles (TnThr-SiNPs)

In this study®®, commercially available SiNPs presenting an organic
coating were selected. In particular, SiNPs coated with aminopropyl chains
(1 mmol/g NH: loading - 40-60 nm @), were chosen, because the
suspected and matter of concern!®’ toxic effects of SiNPs, is dramatically
attenuated by surface-functionalization with amino groups.'8 In addition,
the chain terminal amino group can be conveniently used to form an
amidic linkage with the TnThr mimetic which is suitably functionalized

with a spacer presenting a carboxylic group (39 - Scheme 8.2.1.1).

AcO _OAc OR OR g\NH HN/%

o)
Acogﬁ
S

0]

Scheme 8.2.1.1 Representative scheme of glycosylated silica nanoparticles

(GSiINPs) preparation

For the preparation of the glycosylated silica nanoparticles (GSiNPs)
decorated with 13, glycine benzyl ester was used as spacer. The reasons
for this choice are: a) the presence of easily derivatized amino- and
carboxylic groups b) the biocompatibility of the glycosylated nanoparticles

[although beyond the scope of this work, GSiNPs could find future
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applications] and c) a convenient length to well present the mimetic
graphed on the silica surface. Concerning this latter point, it is well known
that too short spacers can cause an incorrect exposition of epitopes for
adhesion phenomena onto nanoparticle surface; on the contrary, too long
and non-polar alkyl chains have the inevitable tendency to aggregate. In
both cases the presentation is disfavored. The glycine reasonably has the

proper length.

In the planned synthetic strategy, the first step is therefore the synthesis
of compound 40. Mimetic 27, activated with O-(benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU) in the
presence of DIPEA, was reacted with glycine benzyl ester to afford, after

flash chromatography, pure 40 in a 91% vyield. (Scheme 8.2.1.2)

O cI,
AcO OAc + AcO OAc
NH
o) BnO)K/ 3 o)
AcO HBTU AcO
So DIPEA S o
O CH,Cl, O
HN 91% HN OBn
o |
0) OH (@) H o)
27 40

Scheme 8.2.1.2 Synthesis of amide 40

Hence, 40 was converted in the derivative 39, after a palladium catalyzed

hydrogenation to remove the benzyl group (96% yield). (Scheme 8.2.1.3)

110



AcO OAc AcO OAc
0
Acogﬁ ACO%
S 0] H2 S o)
OHN P OB PAOR), g
/\( n THF HN OH
N 96% /\(
© H o R B
40 39

Scheme 8.2.1.3 Synthesis of carboxylic acid 39

AcO _OAc H,N NH,
o
AcO

So +

(@) x

HN OH H,N NH,
o//C\N/\(
H (0] 3-Aminopropyl functionalized silica
39 HBTU .
1) NMM 2) NH3 n CH3OH
DMF

OR OR f\NH HN/g
o)
Rogﬁ
S o
(@) = H
H
HN N N
i/? >
0" H

_C—p
0

R =Ac Ac_TnThr-SiNPs 41
R=H TnThr-SiNPs 42

Scheme 8.2.1.4 Synthesis of glycosylated SiNPs (GSiNPs)

The amido-derivative 39 presenting an activated carboxylic group was

then covalently linked to the propylamine-coated SiNPs by HBTU
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mediated coupling. The acetylated GSiNPs (Ac_TnThr-SiNPs - 41) were
washed several times with DMF and CHCl, to remove unreacted or
adsorbed reagents. The subsequent deacetylation was performed on solid
phase with a solution of NH3 in CH30H (4M) and the nanoparticles
obtained were washed with methanol to afford the desired glycosylated

SiNPs (TnThr-SiNPs - 42), (Figure 8.2.1.4).

8.2.2 SSNMR and ICP-MS characterization of GSiNPs

The loading of GSiNPs was qualitatively investigated by SSNMR. {*H}-13C
cross polarization (CP) under magic angle spinning (MAS) spectra were
recorded in isotopic natural abundance on a) propylamine-coated SiNPs
(Figure 8.2.2.1 - A), b) acetylated glycosylated GSiNPs - 41 (Figure 8.2.2.1
-B), and ¢) deacetylated GSiNPs -42 (Figure 8.2.2.1 - C). Signals of carbonyl
(~170 ppm), anomeric (~100 ppm), and ethylene (~170 and ~100 ppm)
carbons were observed only on the spectra of the glycosylated silica
nanoparticles (Figure 8.2.2.1 - B, C), proving the successful grafting of the
TnThr mimetic onto SiNPs. Noteworthy, the decrease in signal intensity
observed in the spectrum of the deacetylated GSiNPs 42 for the signals of
carbonyl and methyl carbon atoms, but not for those of the anomeric and
ethylene carbons, proves the successful deacetylation of the TnThr

mimetic.

The quantitative study of GSiNPs was carried out through Inductively
Coupled Plasma (ICP) analysis. The amount of sulfur was dosed on an
aliquot of nanoparticles and 36% of amino groups resulted correctly

functionalized with TnThr mimetic 13. The ICP data indicates a good
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degree of functionalization, which could be probably further improve by

increasing the equivalents of SiNPs used during the coupling reaction.

A)

B) *
I '

)
I .

M‘ e At o

T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 8.2.2.1 {*H}-*C CP MAS spectra of (A) propylamine-coated SiNPs, (B)
acetylated glycosylated SiNPs 41 and (C) deacetylated glycosylated SiNPs 42 in
3.2 mm rotors, collected on 850 and 800 MHz spectrometers at 280 K and MAS
of 14 kHz. The carbonyl, anomeric, ethylene and methyl signals are marked with

arrows, stars, hashtags and asterisks, respectively.

8.3 Conclusions

In conclusion, an efficient glycosylation of SiNPs with the TnThr mimetic
13 has been reported. Glycosylated SiNPs were screened by {*H}-*3C CP
MAS spectra and ICP-MS analysis to prove, qualitatively and
guantitatively, the successful coating of the nanoparticles. The results
obtained with this model glyco-nanomaterial provide new perspective for
the use of SSNMR for the characterization of biomolecules-coated
nanoparticles, proving that it is possible to characterize the organic

portion of hybrid organic and inorganic materials on solid state by using
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SSNMR. Moreover, with this technique it is also possible to monitor the
progress of a reaction performed on functionalized nanomaterials.
Undeniably, it is important to combine different techniques to get as
much information as possible for a complete structural elucidation;

SSNMR can be one of these techniques.
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8.4 Experimental section

8.4.1 General methods

Analytical grade solvents and commercially available reagents were used
without further purification. For anhydrous reactions, solvent stored over
3 A molecular sieves were used. Silica gel flash column chromatography
purifications were performed using Geduran® Si 60 (0.040-0.063 mm) or
using the Biotage Isolera system and SNAP silica cartridges. TLC analyses
were performed on glass Merck silica gel 60 F2s4 plates. *H NMR, 3C NMR
and 2D-NMR spectra were recorded on a 500 MHz Bruker AVANCE Il at
298 K, unless otherwise stated. SSNMR experiments were performed on
propylamine-coated SiNPs (Aldrich), acetylated glycosylated SiNPs and
deacetylated glycosylated SiNPs. The samples were packed in 3.2 mm
zirconia rotors. The {*H}-'3C CP MAS spectra were recorded using the
standard pulse sequence and parameters reported in literature. The
spectra were collected at ~280 K on a Bruker AVANCE IIl 850 MHz wide-
bore spectrometer (213.6 MHz 3C Larmor frequency), equipped with 3.2
mm DVT MAS probe head in triple-resonance mode and on a Bruker
AVANCE Ill 800 MHz narrow-bore spectrometer (201.2 MHz 3C Larmor
frequency) equipped with Bruker 3.2 mm Efree NCH probe-head, under
MAS conditions of 14 kHz. All chemical shifts are reported in parts per
million (8) referenced to residual nondeuterated solvent. Multiplicity
abbreviation: b = broad, s = singlet, d = doublet, t = triplet, g = quartet, m
= multiplet were used. ESI-MS spectra were carried out on a linear ion-

trap double quadrupole mass spectrometer using electrospray ionization
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(ESI) technique (LTQ-XL - Thermo Fisher) . Optical rotation measurements
were performed on a JASCO DIP-370 polarimeter. Melting point were
recorded on a STUART SMP3 version 2.0 or a BUCHI 510. ICP-MS analysis

were performed by Laboratorio di Microanalisi (University of Florence).

8.4.2 Synthesis

Synthesis of compound 39

AcO g OAc To a solution of 40 (160 mg, 0.26 mmol) in

4 50
AcO Aml THF/H,0 100:1 (3 mL), Pd(OH),/C (20 wt.%, 30

3

0 mg) was added. The reaction was stirred at

(@) X
H'\i—,' 4 oH room temperature for 16 h under H;
o N/\( atmosphere, diluted with EtOAc and filtered

H 0]

through a pad of Celite’. The filtrate was

concentrated to dryness to give 39 (130 mg, > 96%) as a white solid.

[a]*®p = +96.9 (c 0.0035, CH30D); ESI-MS m/z (%): 515.50 (100) [M-H],
1031.33 (50) [2M-H]'; *H NMR (500 MHz, CDs0D) &: 5.79 (d, J1,2 = 2.8 Hz,
1H, H-1), 5.42-5.39 (m, 1H, H-4), 5.10 (dd, J3, = 11.7 Hz, J34 = 2.8 Hz, 1H,
H-3), 4.55-4.50 (m, 1H, H-5), 4.28-4.23 (m, 1H, H-5'), 4.20-4.10 (m, 2H, H-
6a, H-6b), 4.00-3.88 (m, 2H, CH,, Gly), 3.71 (dd, J51= 2.8 Hz, J23 = 11.7 Hz,
1H, H-2), 3.02 (m, H-4'a,), 2.84 (m, H-4'b), 2.15 (s, 3H, COCH3), 2.03 (s, 3H,
COCHs3), 2.00 (s, 3H, COCH3); 3C NMR (125 MHz, CDs0D) &: 173.1 (Cq, CO),
172.1 (2Cq, CO), 171.9 (Cq, CO), 171.5 (Cq, CO), 167.1 (Cq, CO), 157.0 (Cq,
CO), 97.6 (C-1), 97.1(Cy), 70.1 (C-5), 68.7 (C-4), 67.2 (C-3), 62.8 (C-6), 53.4
(C-5"), 42.3 (CH,, Gly), 37.4 (C-2), 31.8 (C-4'"), 20.5-20.4 (3CH3, CHs).
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Synthesis of compound 40

AcO g OAcC Compound 27 (140 mg, 0.31 mmol) was
4 50 )
AcO Amt suspended in dry CH2Cl; (3 mL), HBTU (174
3
50 mg, 0.46 mmol), DIPEA (89 pL, 0.93 mmol)
(@) x
HN_ 4 OBn and glycine benzyl ester hydrochloride (74.6
5
o N/\« mg, 0.37 mmol) were added and the
H (0]

suspension was stirred at room temperature
for 4 h. After complete conversion, the mixture was diluted with CH,Cl,
and washed with HCI 1M (x3). The organic layer was dried over Na;SO04
and concentrated under vacuum. The crude was purified by flash
chromatography (CH2Cl,/CH3OH 95:5) to give 40 as white solid (168 mg,
91%).

[a]*®p = +126.5 (c 0.001, CH30D); ESI-MS m/z (%): 629.33 (100) [M+Na]*,
1235.08 (97) [2M+Na]*; *H NMR (500 MHz, CDCl3) §: 7.39-7.30 (m, 5H, Bn),
6.98 (t, 1H, Jnn,cHzely 5.6 Hz, NH), 6.56 (d, 1H, Jnmu-s 3.2 Hz, NH), 5.69 (d,
J12 = 2.7 Hz, 1H, H-1), 5.42 (dd, J43= 3.1 Hz, J45= 1.1 Hz, 1H, H-4), 5.16-
5.15 (m, 2H, CH2Ph), 5.02 (dd, J32 = 11.7 Hz, J3.4 = 3.1 Hz, 1H, H-3), 4.46-
4.41 (m, 1H, H-5), 4.24-4.20 (m, 1H, H-5'), 4.17-4.13 (m, 2H, H-6a, H-6b),
4.12-4.08 (m, 2H, CHy, Gly), 3.60 (dd, J21= 2.7 Hz, J25 = 11.7 Hz, 1H, H-2),
3.01-2.88 (m, H-4'a, H-4'b), 2.16 (s, 3H, COCH3), 2.07 (s, 3H, COCHs), 2.02
(s, 3H, COCH3); 3C NMR (125 MHz, CDCls) 6: 170.6 (Cq, CO), 170.2 (Cq, CO),
170.1 (Cq, CO), 170.0 (Cq, CO), 169.5 (Cq4, CO), 164.8 (C,, CO), 155.0 (Cq),
135.22 (Cq, Ph), 128.8 (CH, Ph), 128.7 (Cq, Ph), 128.5 (CH, Ph), 97.3 (C,),
96.0 (C-1), 69.1 (C-5), 67.6 (CH,Ph), 67.2 (C-4), 66.1 (C-3), 61.7 (C-6), 52.4
(C-5"), 41.6 (CH,, Gly), 36.6 (C-2), 30.9 (C-4'), 20.8-20.7 (3CH3, CHs).
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Synthesis of compound 41

AcO g OAc
4 5 e}
AcO - 1
3
S0
(@) S
HN_ /4 H
5
o) N/\(
H (0]

To a solution of 39 (90 mg, 0.17
mmol) in DMF (2 mL), HBTU (197
mg, 0.52 mmol), DIPEA (121 uL,
0.70 mmol) and aminopropyl-
functionalized silica gel (88 mg, 1
mmol/g NH2 loading) were

added. The suspension was

stirred at room temperature for 24 h, then was filtered and washed

several times with DMF (x5) and CHCl; (x5) to give 41 (110 mg).

Synthesis of compound 42
HO g OH
4 5 o)
HOA—
3
S0

)
H

N
N 4 H
2
O N%;
H
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A suspension of 41 (75 mg) in NH3
in CHsOH 4 M (1.5 mL) was stirred
at room temperature for 48 h,
then was filtered and washed
several times with CHsOH (x5)

and CH,Cl; (x5) to give 42 (60 mg).



Part 1l

A TFThr mimetic



CHAPTER

Interaction of a TFThr tumor-associated

antigen mimetic with Gal-3

9.1 Introduction

Encouraged by the promising results obtained with the simplest TnThr
antigen, the glycomimetic strategy was applied for the synthesis of a TFThr
mimetic. Indeed, the crystal structure of Gal-3 CRD complexed with the TF
antigen showed the TF antigen as an efficient ligand for Gal-3.1%° As
already pointed out (Chapter 3 - Section 3.2.2) TF antigen, a "pan-
carcinoma antigen", overexpressed in approximately 90% of
adenocarcinomas?, plays a dramatic role in cell-to-cell adhesion and
cancer cell proliferation. In cancer spread, the interaction of TF with
specific lectins such as galectins is crucial. ®+17° Galectins are multivalent,
nonenzymatic carbohydrate binding proteins, characterized by a
conserved carbohydrate-recognition domain (CRD) and a high affinity and

specificity for B-galactose-containing oligosaccharides. '’ Indeed, it has

120



been shown that also Gal-3, one of the most studied galectins, is
overexpressed in malignant tumor cells and induces MUC1 clustering on
the tumor cell surface by binding to the TF antigen.'’? As a consequence
of this interaction, tumor cells invade vessels and survive in the
circulation, avoiding anoikis.'’® The interruption of this interplay with a
physiologically stable TF mimetic, competing with the native one for the
same binding pocket, could prevent MUC1 clustering and reduce
metastasis. For this reason, the binding properties of the TF mimetic, vs.
the purified Gal-3 CRD, were studied by combining NMR experiments with

X-ray crystallography and isothermal titration calorimetry (ITC) assays.'’*

9.2 Results and Discussion

9.2.1 Synthesis of a TFThr mimetic

In 2009, a first attempt to synthesize the TFThr mimetic 43 was reported
by Nativi et al. resulting in a mixture of diastereoisomers due to an

isomerization at the lactam ring level (Figure 9.2.1.1).82

HO OH HO OH

HO S e}
O S
HN
5"
COOH
43

Figure 9.2.1.1 Structure of TFThr mimetic 43. The stereocenter object of

racemization is highlighted.
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Capitalizing on this misstep, starting from the protected TnThr mimetic 25
by the formation of a f1-3 bond with a Gal residue, the TFThr mimetic was

efficiently isolated (Scheme 9.2.1.1).
AcO OAc X J<

(@) .

Aco% Si

AcO
O>§NH (@)
+ HO
Cl,C

45

TMSOTf
CH,Cl,
90% COO0Bn

AcO OAc O O AcO OAc HO OH

gj‘o 0 g ;
AcO o TBAHF  AcO
o THF
HN

46 COOBn 47 COOBn

Aczo ‘ CH,Cl,

73%
DMAP

HO OH HO OH H, AcO OAc AcO OAc
(0] o 1) Pd/C

HO O THF/H,0 A00
HO ~ %o

2)NHj in CH;OH

0 76%

H

'ij/f
/
o

43 COOH COOBN

Scheme 9.2.1.1 Synthesis of the TFThr mimetic 43
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In the first steps, starting from the B-D-galactose pentaacetate, after a
selective anomeric deprotection with hydrazine acetate, the anomeric
unprotected derivative 44 was isolated and activated as
trichloroacetimidate to give pure 45 in a 77% yield over 2 steps. (Scheme

9.2.1.2).

AcO OAc Hydrazine AcO OAc

o) acetate (0] o
— > A H
ACO&/OAC DMF CO&N

AcO AcO
44

CCI,CN
DBU
CH,Cl,
77%

R-D-Galactose pentaacetate

AcO OAc

(@)
ACO&‘
AcO

© NH

Cl,C
45

Scheme 9.2.1.2 Synthesis of the glycosyl donor 45

An excess of trichloroacetimidate donor 45 was reacted under Schmidt
conditions!’> with the protected TnThr mimetic acceptor 25, bearing a
free hydroxyl group at C-3, to form the fully protected disaccharide 46 as

a single B-diastereoisomer in a 90% yield. (Scheme 9.2.1.3).

From the deprotection of silylidene (Scheme 9.2.1.4) with a freshly
prepared solution of TBAHF, crude 47 was isolated and used as crude in

the following reaction.
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AcO OAc

(0]
ACO&S‘
AcO Q(

O\/;NH SiJ<

AN
Cl;C AcO OAc O O
45 o O
TMSOTf ACO&&O
+ — AcO S
CH,Cl,
J< 90% O
Si HN
/I \\
0 0 46 COOBn
o)
HO
S0
(@) S
HN
COOBn
25

Scheme 9.2.1.3 Synthesis of the protected TFThr mimetic 46

Subsequently, for purification reasons, the peracetylated derivative 48
was prepared (73% yield over 2 steps) (Scheme 9.2.1.5), upon treatment

of 47 with Ac,0, pyridine and a catalytic amount of DMAP. Noteworthy,

e

Si
AN
AcO OAc O 0O AcO OAc HO OH
ggo 0 g:‘o 0
AcO - 0 TBAHE  AcO 0
cO Sy — = AcO S5
THF
(0] == (0] X
HN HN
46 COOBn 47 COOBnN

Scheme 9.2.1.4 Removal of silylidene protecting group and synthesis of 47
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prolonged reaction time, necessary for a complete acetylation of the

starting material, caused the undesired protection of the lactam nitrogen.

AcO OAc HO OH AcO OAc AcO OAc

ACzo o 0
AcO (0] DMAP AcO T 0] .
AcO S - > c
¢ 0 CH,Cl, o
O™ 73% O
HN AcN
47 COOBn 48 COO0Bn

Scheme 9.2.1.5 Synthesis of the peracetylated TFThr mimetic 48

Finally, in two consecutive steps, (Scheme 9.2.1.6) the benzyl group was
removed by palladium catalyzed hydrogenation and the acetyls were
cleaved by treatment with a solution of NH3 in CH3OH (2M). We thus
isolated the complete deprotected TFThr mimetic as a single

diastereoisomer in a 76% yield.

AcO OAc AcO OAc H, HO OH HO OH

o) o 1) PdC 0 0
AcO 0 THF/H,0  HO o)
S — > S
AcO O 2)NH, in CH4OH HO 0
O X 76% O S
AcN HN
48 COO0OBn 43 COOH

Scheme 9.2.1.6 Deprotection of the derivative 48 and synthesis of the TFThr

mimetic 43.
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9.2.2 NMR and ITC binding studies of 43 vs. Gal-3 CRD

First of all, for the evaluation of the molecular recognition by NMR, a *°N-
labelled Gal-3 CRD, expressed and purified as previously reported*’® was

titrated with increasing concentrations of 43 (Figure 9.2.2.1).
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Figure 9.2.2.1 Overlap of the H,>N-HSQC (full spectra and an expansion of the
most perturbed region) of Gal-3 CRD in the presence of 43 at distinct L/P molar
ratios. Black spectrum = L/P 1:0, green spectrum = L/P 1:1, blue spectrum = L/P
1:8, and red spectrum L/P 1:50.
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A 'H-N heteronuclear single-quantum coherence (*H->N HSQC),
chemical shift perturbation analysis of the cross-peaks corresponding to
the amino acids of Gal-3 was performed. The associated combined
chemical shift perturbation (Adcomb) was estimated considering the
variation of chemical shifts both in the *H-'>N dimensions!’” and a cut-off
line was calculated to better determine the affected and unaffected

residues of Gal-3 CRD.Y"”

0.16 - NMR-deduced
0.14 binding site
— ot His 158
& Asn 160
s % Arg 162
§ oo0s Asn 174
S Thr 175
Glu 184
0.04 7 Glu 185
0.02 - . . Arg 186
0 \|\‘||”|.,h|,\‘l|‘||‘..ul‘l”\ .|M UHH} [l ‘|‘.I‘|‘||‘|H,|I“,| I O T A Trp 181
B33EP5£255338253233333¢

Amino Acid

Figure 9.2.2.2 Plot of the 'H,”>N combined chemical shift (A6comb) for each
amino acid of Gal-3 CRD considering 50 equivalents of 43. The orange line
corresponds to the value of cut-off that dictates the amino acids of Gal-3 CRD

that are mostly perturbed (NMR-deduced binding site).

The chemical shift perturbation analysis unequivocally indicated a
confined Gal-3 binding site for the TFThr mimetic 43 (Figure 9.2.2.2). The
most perturbed residues upon addition of 43 (His158, Asn160, Argl62,
Asnl174, Thrl75, Glul84, Glul85, Argl86 and the indole NH of Trp181)
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constitute the NMR-deduced binding site, which is mostly coincident to
that reported for the natural TF antigen and which has been previously

fully characterized by X-ray crystallography and NMR studies.16%178179

The binding was also monitored by analyzing the line broadening of the

43 'HNMR signals with increasing concentration of Gal-3 CRD. (Figure

9.2.2.3).
|
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Figure 9.2.2.3 Line broadening of 43 HNMR signals function of different

concentrations of the Gal-3 CRD.

The H4' and H1' signals of the non-reducing Gal moiety exhibited a
significant broadening of their line widths. The other protons of the Gal
moiety together with some GalNAc signals also suffered from a moderate
decreasing in signal intensity. In contrast, the line widths of the lactam

ring protons were mostly unperturbed in the presence of Gal-3 CRD. This
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result indicates that the disaccharide interacts directly with Gal-3 CRD,
while the tricycle moiety is exposed to the bulk solvent. (Figure 9.2.2.4).
This observation also indicates that 43 presents a binding epitope similar

to that reported for the native antigen.’®

e OH

HO

HN p

COOH

% Line
Broadening
Effect 100-75% 75-40% 40-10%

Figure 9.2.2.4 Line broadening effect derived epitope map of the 43 in the
presence of Gal-3 CRD.

Moreover, the observed effects on the chemical shifts were used to
calculate the dissociation constants (Kp) as function of the concentration
of 43.%89 |n particular, three residues were selected, based on their direct
participation to engage the natural TF antigen through hydrogen bonding,
Asn160 with the Gal unit, Glu184 with the GalNAc moiety, and Trp181

with CH—t stacking interactions with the a face of the galactose ring.1®°

The results yielded similar Kp values of 208, 188, and 233 um for Asn160,
Glul84, and the lateral chain of Trp181, respectively (Figure 9.2.2.5). The

average of the Kp yielded an apparent Kp (Kpapp) of 210 um. This result is
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in the same range as those reported by isothermal titration calorimetry

(ITC) for the natural TF (248 um) and natural TFThr (272 um).7®

0.16
0.14
e Trpl81 K_ =233 um
0.12 * Asn160 K_ =208 um
g_ 0.1 e Glu184 K =183 um
£
© 0.08
g
& 0.06
< Kpapo =210 pm
0.04 app
0.02
0
0 0.5 1 1.5 2 2.5 3

[TFThr mimetic] / mM

Figure 9.2.2.5 Plot of the Adcomb (ppm) for three amide signals (backbone and

lateral chain). The lines correspond to the fittings to one binding site model.

Therefore, ITC measurements were performed to confirm the dissociation
value obtained via NMR. A slightly more favorable change in Gibbs free
energy (AG) associated with the binding of 43 to Gal-3 than that reported
for TF and TFThr was observed. Thermodynamic data reflect a slight
improvement in the estimated Kp value for the TF mimetic 43 (166 um)
confirming the NMR data. Upon inspection of the delicate
enthalpy/entropy balance, thermodynamics parameters for TFThr
mimetic 43 were compared with those previously reported by Cudic et al.
for natural TF and natural TFThr counterparts (Figure 9.2.2.6).17% While
the binding event of natural derivatives event is enthalpically driven (13—

14 kcal mol?) the enthalpy gain is only 4 kcal mol™ for the TnThr mimetic
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43. This striking loss in the enthalpic contribution (8—10 kcal mol?) can, in
principle, be related to the loss of some of the interactions. For instance,
since the NHAc of the GalNAc moiety is absent in 43, the interactions
established through this residue cannot take place.'®® However, a
compensation in the entropic contribution was detected for the 43
binding to Gal-3 CRD, which balances the overall AG. The introduction of
the lactam ring at the C1-C2 region confers limited conformational
flexibility at the reducing end of 43 that may be the reason of the reduced
entropic penalty. Although these facts could partially support some of the
enthalpy loss and entropy gain observed in the binding, they do not

completely explain the observed behavior.

Ligand Ko (uM) AG (kcal/mol) AH (kcal/mol) -TAS (kcal/mol) n

TFThr mimetic 166 -5.15 -4.27+0.69 -0.88 1
TF 248 -4.94 -14.05+0.07 9.11 0.93
TFThr 272 -4.88 -12.63+0.43 7.75 0.90

Figure 9.2.2.5 Thermodynamics parameters estimated by ITC for the binding of
TFThr mimetic 43 to Gal-3 CRD and data for natural TF and TFThr extracted from

the work of Cudic.'”®

9.2.3 X-ray of the Gal-3 CRD-TFThr mimetic complex

Despite, the NMR analysis point out a very similar binding mode (binding
epitope and bioactive conformation) for the TFThr mimetic 43 and the
natural TF antigen, the data did not afford a clear-cut explanation of the
observed enthalpy/entropy compensation phenomenon. For this reason,
X-ray crystallographic analysis of the complex was also carried out. The

crystal structure of the complex between 43 and Gal-3 CRD was
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determined by molecular replacement methods using the unliganded Gal-
3 CRD structure (PDB ID : 3ZSL). The 3D structure of Gal-3/TFThr mimetic
43 was solved to 1.1 A resolution (PDB ID : 6GOV) and resulted very similar
to that reported for the Gal-3 CRD/TFThr complex (PDB ID : 3AYA).16°

Gal-3- TFThr mimetic Gal-3-TFThr
(PDB ID : 6GOV) (PDB ID : 3AYA)

|

Arg186

/8

A=

Arg162 4/

297 4

Tl N

-

5158

Trp181 ] ’ul

Figure 9.2.2.2 Side-by-side view of the binding site of Gal-3 CRD domain
complexed with TFThr mimetic 43 (left) and natural TFThr antigen (right).
Hydrogen bonds = dashed blue lines, CH— 11, as well as the distance between W2

and 03 of TFThr mimetic = orange arrows. Distances are in angstroms.

Regarding the bound state, the 2mF,-DF. electron density map showed
that, as expected, both carbohydrate rings of the 43 present a *C; chair
conformation with a slightly distorted exo-anomeric orientation for the

glycosidic linkage (H1'-C1'-0-C3 = 35°), similar to that observed for the
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natural TF antigen. Furthermore, even crystal structure observations
indicate that the lactam ring of 43 is exposed to the solvent and does not
establish any contacts with the protein surface. Moreover, Gal-3
CRD/TFThr mimetic complex structure unveils that Gal-3 conformationally
selects the major conformer of 43 present in solution, previously
proposed using NMR and molecular dynamics (MD) simulations.?? As
already deduced by NMR, the Gal moiety of 43 interacts with the side
chains of residues His158, Asn160, Arg162, and Asn174 through hydrogen
bonds, while the side chain of Trp181 displays CH— 1t stacking interactions
to the a-face of Gal (Figure 9.2.3.1). However, important differences in
the hydrogen bonding networks were found around the reducing moieties
in the two complexes. In the Gal-3 CRD/TFThr crystal structure, there is a
unique hydrogen bond network through water molecules that involves
the Arg186 guanidinium group and the Glu165 carboxylate group of Gal-3
with the endocyclic oxygen atom and the carbonyl group of the GalNAc
moiety which is absent in the crystal structure of the complex with 43. The
lack of this particular network could explain enthalpic loss measured by
ITC. As previously discussed for 43, the strength of binding and affinity to
Gal-3 is driven by an entropic contribution. In addition to the limited
conformational flexibility, the release of water molecules to the bulk in
the complex of 43 should likely play a role in the entropy gain. Indeed,
other examples of glycan—protein interactions were shown to have a
favored entropic effect attributed to the release of bound water
molecules to the bulk.'®! In this context, the chemical nature of the TF
mimetic 43, in particular the introduction of the lactam ring, that confers

an amphiphilic character, and the associated changes in its solvation
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features between the free and bound states should also influence the
entropic term. Thus, it is likely that in this case as well, water is behind the
observed entropy gain, which strikingly even surpasses the large loss in

enthalpy.

9.3 Conclusions

In summary, in this chapter a straightforward synthesis of the
diastereoisomeric pure TFThr mimetic 43 and binding studies with Gal-3
CRD were reported. A combination of NMR, ITC and X-ray crystallography
was employed to unveil the molecular recognition's nature. The obtained
NMR data strongly suggest that the chemical modification at the reducing
unit of the TFThr mimetic 43 does not affect the global affinity for Gal-3
and unequivocally indicates a confined Gal-3 binding site for the 43 with
an NMR-deduced binding site, which is mostly coincident to that reported
for the natural TF antigen. The slight increase in the NMR calculated
dissociation constants (Kpapp) for 43 was confirmed by ITC. In the analysis
of ITC data, in this particular case the enthalpy loss is compensated by an
entropy gain, showing how this significant entropy change can be
achieved by a simple modification of the chemical nature of the ligand,
keeping its basic binding features but generating an amphiphilic surface.
Although, the nature of this phenomena is not completely understood,
the present example illustrates the possibility of improving the entropy
term by designing a rigid, amphiphilic artificial ligand that interacts at the
same binding site of the natural counterpart. Furthermore, X-ray analysis
confirmed the data obtained by NMR and ITC indicating that the same

binding epitope and conformation at the bound state as those of the
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natural analogue were retained. Hence, in the future this new
glycomimetic could be exploited for multivalent presentations, as already
done with the TnThr mimetic, to interfere Gal-3 aberrant interactions in

cancer progression and metastasis.
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9.4 Experimental section

9.4.1 General methods

The combined chemical shift calculation and determination of the Kp
from H,*°N-HSQC titration analysis: For the evaluation of the behavior of
individual amino acids upon the addition of 43 the combined amide
proton and nitrogen chemical shift differences were determined

(Adcomb) using equation 1:

AScomb = \[ (86H)? + (2 AGNY? eqn (1)
H

where ASH is the difference between the chemical shift of one of the
concentrations of the titration in the presence of 43 and the chemical shift
of the proton in the spectrum without ligand; ASN is the difference
between the chemical shift of the signal obtained in one of the
concentrations of the titration in the presence of 43 and the chemical shift

of the nitrogen atom in the spectrum without the ligand and the ;:—N is the
H

qguotient between the gyromagnetic constant of the nitrogen and the
gyromagnetic constant of the proton. With the values of Adcomb
calculated for the individual amino acid a column chart using the highest
value of 43 concentration was built. To distinguish the residues with more
participation in the interaction process, the standard deviation to zero
(SD) of the Abdcomb was determined to find a reasonable cut-off
criterion.'’” This is an iterative process, where the standard deviation and
cut-off are recalculated every time a residue has a value of Adcomb higher

than the cut-off. These residues are removed from the calculation, until
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all values of Adcomb are below the cut-off. The combined chemical shifts
of the NH group resonance from polypeptide assignment of Asn160,
Glu184 and the indole NH of Trp181 amino acids of Gal-3 CRD were used
to obtain the dissociation constant (Kp) from the titration experiment

according to equation 2:1%

AScomb = ASmax (KD+[L]o+[R]o)—J(KDZ+X[[L113)+[R]o)2—4x([L]ox[R]o)
0

eqn (2)

where [L]o is the ligand concentration, [R]o is the protein concentration,
Adcomb is the combined chemical shift calculated by eqn 1 and the
Admax is the maximum chemical shift for each amino acid between the

free and bound state.

X-Ray crystallography: Data collection and refinement statistics:
Statistics of data collection, processing and refinement. Statistics for the

highest-resolution shell are shown in parentheses.

Data collection and processing

Space group P21 2124

Unit-cell parameters (A) a=35.9 b=58.2,c=62.8
Resolution range (A) 42.67-1.10(1.14-1.10)
Matthews coefficient, Vu 2.34

Solvent content (%) 47.5

Protein molecules per asymmetric unit 1

Mosaicity (°) 0.2

1/o(l) 17.8(2.3)

Wilson B-factor 11.9

Rmerget 0.040 (0.506)

Roim 0.019 (0.262)
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Half-dataset correlation CC1/2
Multiplicity
Total reflections

Unique reflections

0.999 (0.834)
5.2 (4.0)
217687 (2863)
41602 (711)

Completeness (%) 76.2 (29.8)
Refinement statistics

Protein atoms 1192
Ligand atoms 34
Solvent molecules 223

Ruwork¥
Riree§
R.m.s.d. bond lengths (A)
R.m.s.d. bond angles (°)
Average B-factor (A?)
Protein
Main chain
Side chain
TFThr mimetic
Water molecules
Ramachandran plot
Residues in favored regions (%)
Residues in allowed regions (%)
Outliers (%)

PDB accession code

0.153 (0.237)
0.177 (0.238)
0.007

0.97

17.6

15.1

13.0

18.4

31.6

29.1

97.1
2.9
0.0
6GOV

_ Yhi Xl (hkD) -I(hKD)|

TR =
merge thl 2‘1(1=1 Ii(hkl)

is the statistically-weighted average intensity of multiple observations.

- where [ is the observed intensity, and I

+



R.. = Yhriy1/(n—1) T |1;(hkD)—-T(hkD)|
pLm. Shk1 Xi=q Ii(hkD) !

redundancy-independent

: Znki|IFobs(RKD|=|F cqic(hKD|
version of Rmerge. ¥ Ryork = nic|Fobs cale l, where |Felc| and
YhktlFops(hKD)|

|Fobs| are the calculated and observed structure factor amplitudes,
respectively. § Rfee is calculated for a randomly chosen 5% of the

reflections.

9.4.2 Synthesis

General method

Analytical grade solvents and commercially available reagents were used
without further purification. For anhydrous reactions, solvent stored over
3 A molecular sieves were used. Silica gel flash column chromatography
purifications were performed using Geduran® Si 60 (0.040-0.063 mm) or
using the Biotage Isolera system and SNAP silica cartridges. TLC analyses
were performed on glass Merck silica gel 60 F2s4 plates. *H NMR, 3C NMR
and 2D-NMR spectra were recorded on a 500 MHz Bruker AVANCE Il at
298 K, unless otherwise stated. All chemical shifts are reported in parts
per million (8) referenced to residual nondeuterated solvent. Multiplicity
abbreviation: b = broad, s = singlet, d = doublet, t = triplet, g = quartet, m
= multiplet were used. ESI-MS spectra were carried out on a linear ion-
trap double quadrupole mass spectrometer using electrospray ionization
(ESI) technique (LTQ-XL - Thermo Fisher). Optical rotation measurements
were performed on a JASCO DIP-370 polarimeter. Melting point were

recorded on a STUART SMP3 version 2.0 or a BUCHI 510.
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Synthesis of compound 43

HOgOH  HO g OH The peracetylated derivative 48 (150 mg,
4 8o 4 50
HO = 0 1 0.17 mmol) was suspended in a mixture of
3 1 3
S
HO O THF/H,0 10:1 (3 mL); then Pd/C (10 wt.%, 10
(o) x
HN_ &' mg) was added and the reaction was stirred

i COOH at room temperature overnight, under H»
atmosphere. After reaction completion, the mixture was diluted with
EtOAc and filtered through a pad of Celite®. The filtrate was concentrated
to dryness and suspended in 2 M solution of NH3z in CH30OH (2 mL). After
stirring for 6 h at room temperature the solvent was evaporated under

vacuum to give pure 43 (64 mg, 76%)

[a]*®p = +1.7 (c 0.001, H,0); ESI-MS m/z (%): 494.08 (100) [M-H]’; *H NMR
(500 MHz, D,0) &: 5.75 (d, J1,2= 2.6 Hz, 1H, H-1), 4.50 (d, J1-2'= 8.0 Hz, 1H,
H-1'), 4.25-4.29 (X part of an ABX system Jxa= 7.2 Hz, Jxg= 6.8 Hz, 1H, H-
5"), 4.14 (m, 1H, H-4), 4.12 (bs, 1H, H-5'), 3.89-3.85 (dd, J34= 2.5 Hz, J3.=
11.0 Hz, 1H, H-3), 3.66-3.68 (dd, J3-4'= 3.4 Hz, J3-» = 10.6 Hz, 1H, H-3'),
3.77-3.60 (A part of an ABX system, Jas= 8.1 Hz, 1H, H-6'a), 3.74-3.72 (A
part of an ABX system, Jag=11.4 Hz, 1H, H-6a), 3.71-3.66 (B part of an ABX
system, Jga= 12.1 Hz, 1H, H-6b), 3.90 (d, Js-3= 3.5 Hz, 1H, H-4'), 3.61-3.67
(B part of an ABX system, Jga= 8.1 Hz, 1H, H-6'b), 3.59-3.56 (dd, J21= 2.7
Hz, J,3=10.7 Hz, 1H, H-2), 3.54-3.50 (dd, J>.1'= 7.8 Hz, J>.3'= 10.4, 1H, H-
2'), 3.52 (bs, 1H, H-5), 3.11-3.03 (A part of an ABX system, Jas=17.0 Hz,
Jax=7.8 Hz, 1H, H-4"a), 2.77-2.71 (A part of an ABX system, Jga= 17.1 Hz,
Jgx= 7.8 Hz, 1H, H-4"b). 3C NMR (125 MHz, D,0) &: 170.38 (CO), 165.8
(CO), 156.2 (Cq), 103.5 (C-1'), 96.5 (Cq), 96.3 (C-1), 77.7 (C-3), 72.6 (C-4),
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70.5 (C-5), 70.7 (C-5'), 69.8 (C-3"), 68.9 (C-4'), 67.13 (C-2'), 67.08 (C-6'),
66.9 (C-6), 60.5 (C-5"), 37.1 (C-2), 31.4 (C-4").

Synthesis of compound 44

AcOg OAC To a solution of B-D-galactose pentaacetate (5.00 g,
4 §5' 0
AcO A~ OH 12.81 mmol) in DMF (18 mL), hydrazine acetate (1.76
3 1
AcO

g, 19.20 mmol) was added and the suspension was
stirred at room temperature. After 2 h, the mixture was diluted with
EtOAc and washed with H,0 (x5). The organic layer was dried over Na;S0s,
concentrated under vacuum to give crude 44 (6.14 g) that was used

without further purification.

Synthesis of compound 45

AcOg OAc A solution of crude 2,3,4,6-tetra-O-acetyl-D-
4' 50
Aco%z, " galactopyranoside 44 (6.14 g, 12.81 mmol) in dry
3

AcOQ NH  CH2Cl2 (90 mL) was cooled to - 0 °C and DBU (1.96 g,

ClsC 12.81 mmol) and CCIsCN (37.00 g, 256.25 mmol)

were added. The dark brown solution was stirred at room temperature

under N2 atmosphere. After 5 h, the reaction was diluted with CH,Cl, and

washed with NH4Cl (x2) and H,O (x3). The organic layer was dried over

Na2S04 and concentrated under vacuum. The crude was purified by flash

chromatography (EP/EtOAc 2:1 + EtsN 0.1%) to give pure 45 as yellowish
solid (4.86 g, 77%).

1H NMR (500 MHz, CDCl3) &: 8.66 (bs, 1H, NH), 6.63 (d, J1:2'= 3.4 Hz, 1H,
H-1'), 5.59-5.57 (dd, Ja3= 3.2 Hz, Jas'= 1.3 Hz, 1H, H-4'), 5.47-5.43 (dd, 1H,
Jy:3=10.7 Hz, J2.1'= 3.4 Hz, 1H, H-2'), 5.41-5.37 (dd, J3,2' = 10.8 Hz, J3:4'=
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3.5Hz, 1H, H-3'), 4.48-4.44 (ddd, J514'= 1.1 Hz, J5:6:9= 6.7 Hz, J5:6= 7.0 Hz,
1H, H-5'), 4.21-4.16 (A part of an ABX system, Jag=11.2 Hz, Jax= 6.8 Hz,
1H, H-6'a), 4.13-4.08 (B part of an ABX system, Jga=11.2 Hz, Jax= 7.1 Hz,
1H, H-6'b), 2.21-2.02 (m, 12H, 4COCH?3)

Synthesis of compound 46

Q( A solution of glycosyl donor 45 (442 mg,

0.90 mmol) and acceptor 25 (200 mg, 0.35
ACOG OAc O 6 O

§5 o 5 O mmol) in dry CHxCl, (5 mL) was cooled to -
ACO 30 °C and catalytical TMSOTf (20 pL, 0.11
mmol) was added dropwise. The mixture

4' .
H'\é. was stirred for 3 h at room temperature.

COo08n After completion, 20 pL of triethylamine
were added, the solvent was removed under vacuum and the crude was
purified by flash chromatography (EtOAc/CHCl; 6:4). Glycosylation under
Schmidt conditions gave high yield of 46 as single B- diastereoisomer (282

mg 90%).

[a]®®p = +78.4 (c 0.25, CHCl3); ESI-MS m/z (%): 916.25 (100) [M+Na]*,
1808.67 (78) [2M+Na]*; m.p. 124-125°C;*H NMR (500 MHz, CDCl3) &: 7.40-
7.30 (m, 5H, Bn), 6.05 (s, 1H, NH), 5.58 (d, J12= 2.6 Hz, 1H, H-1), 5.30 (d,
Jar3'=3.5 Hz, 1H, H-4'), 5.25-5.22 (dd, J>.1'= 7.8 Hz, J;-3'= 10.4 Hz, 1H, H-
2'), 5.28-5.22 (A part of an ABX system, Jas= 12.3 Hz, 1H, CH,Ph), 5.21-
5.15 (B part of an ABX system, Jga=12.0 Hz, 1H, CH,Ph), 4.99-4.94 (dd, J3-
#=3.6 Hz, J3.2'= 10.5 Hz, 1H, H-3'"), 4.68 (m, 1H, H-4), 4.65 (d, J1-2'= 7.8 Hz,
1H, H-1'), 4.29-4.24 (X part of an ABX system, Jxa= 7.2 Hz, Jxs= 6.8 Hz, 1H,
H-5"), 5.26-5.23 (A part of an ABX system, Jas= 8.1 Hz, 1H, H-6'a), 5.23-5-
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20 (B part of an ABX system, Jg 4= 8.1 Hz, 1H, H-6'b), 5.2-5.16 (A part of an
ABX system, Jag=11.4 Hz, 1H, H-6a), 5.16-5.12 (B part of an ABX system,
Jsa=12.1 Hz, 1H, H-6b), 3.87 (bs, 1H, H-5), 3.85 (bs, 1H, H-5'), 3.68-3.62
(dd, J21= 2.7 Hz, J23= 10.7 Hz, 1H, H-2), 3.52-3.47 (dd, J3.4= 2.5 Hz, J32=
11.0 Hz, 1H, H-3), 2.87-2.28 (A part of an ABX system, Jas= 16.0 Hz, Jax=
7.0 Hz, 1H, H-4"a), 2.67-2.69 (B part of an ABX system, Jsga=16.7 Hz, Jg x=
7.3 Hz, 1H, H-4"b), 2.18-1.19 (m, 12H, 4 COCH3s), 1.07 [s, 9H, (CH3)sC-Sil,
1.05 [s, 9H, (CH3)3C-Si]; *3C NMR (125 MHz, CDCls) 6: 170.0-169.0 (4Cq,
COCHs), 169.2 (CO), 164.7 (CO), 154.3 (Cq), 134.6 (Cq, Ph), 128.8 (CH, Ph),
128.8 (2CH, Ph), 128.5 (2CH, Ph),103.7 (C-1'), 97.9 (Cy), 96.4 (C-1), 77.0-
66.8 (H-2', H-3', H-4', H-5'), 72.2 (C-4), 69.7 (C-5), 67.1 (C-6'), 67.9 ( CH2Ph),
66.8 (C-6), 66.3 (C-3), 51.5 (C-5"), 39.7 (C-2), 30.9 (C-4"), 27.7 (C(CH3)3),
27.4 (4CHs, COCHs), 27.3 (C(CHs)s), 23.8 (Cq, (CH3)3C-Si), 20.8 (Cq, (CHs)sC-
Si).

Synthesis of compound 47

AcOgOAc HO g OH Compound 46 (280 mg, 0.313 mmol) was

4' 50 4 5 e}
AcOA— 0 1 dissolved in a solution of TBA HF (1M) in dry
7

: 2
A0 ° So

(@) &S
HN 4 at room temperature. After completion,

THF and the solution was stirred overnight

5
COOBN the reaction mixture was concentrated

under vacuum to give crude 47 that was used without further purification.
ESI-MS m/z (%): 752.17 (100) [M-H]’; *H NMR (500 MHz, CDCls) &: 7.40-
7.30 (m, 5H, 5CH, Ph), 5.89 (s, 1H, NH), 5.61 (d, J1,.= 2.6 Hz, 1H, H-1), 5.40
(d, Ja-3'= 3.5 Hz, 1H, H-4"), 5.25-5.22 (dd, J>.1'= 7.8 Hz, J>.3= 10.4 Hz, 1H,
H-2'), 5.28-5.22 (A part of an ABX system, Jag= 12.3 Hz, 1H, CH;,Ph), 5.21-
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5.15 (A part of an ABX system, Jga=12.0 Hz, 1H, CH,Ph), 5.06-5.02 (dd, J5-
#=3.4Hz, J3.2=10.6 Hz, 1H, H-3"), 4.73 (m, 1H, H-4), 4.65 (d, J1->'= 8.0 Hz,
1H, H-1'), 4.29-4.24 (X part of an ABX system, Jxa= 7.2 Hz, Jx5= 6.8 Hz, 1H,
H-5"), 5.26-5.23 (A part of an ABX system, Jas= 8.1 Hz, 1H, H-6'a), 5.23-5-
20 (B part of an ABX system, Jg 4= 8.1 Hz, 1H, H-6'b), 5.2-5.16 (A part of an
ABX system, Jag=11.4 Hz, 1H, H-6a), 5.16-5.12 (B part of an ABX system,
Jsa=12.1 Hz, 1H, H-6b), 3.87 (bs, 1H, H-5), 3.85 (bs, 1H, H-5'), 3.68-3.65
(dd, J21= 2.7 Hz, J23= 10.7 Hz, 1H, H-2), 3.64-3.58 (dd, J34= 2.5 Hz, J3 =
11.0 Hz, 1H, H-3), 2.58 (s, 1H, OH), 2.87-2.28 (A part of an ABX system, Ja 5
=16.0 Hz, Jax= 7.0 Hz, 1H, H-4"a), 2.67-2.69 (B part of an ABX system, Jga
= 16.7 Hz, Jsx= 7.3 Hz, 1H, H-4"b), 2.58 (s, 1H, OH), 2.22-1.99 (m, 12H,
4CHs), 1.55 (s, 1H, OH).

Synthesis of compound 48

AcOgOAc AcO g OAc Compound 47 (236 mg, 0.31 mmol) was
Acé%é%1 peracetylated in dry CH,Cl; (3 mL) with dry
AcO 70 pyridine (780 uL, 9.7 mmol), acetic
2ch\ 4 anhydride (316 uL, 3.32 mmol) and DMAP

i COOBn (2 mg, 0.016 mmol). After stirring for 6 h at

room temperature, the mixture was treated with water (1 mL) and
washed with H,0 (x1), HCI 1M (x2) and NaHCOs s.s. (x2). The organic layer
was dried over Na;SO4 and concentrated under vacuum. The crude was
purified by flash chromatography (CH,Cl,/CH3OH 95:5) to give pure

peracetylated derivative 48 (198 mg, 73% over two steps).

ESI-MS m/z (%): 902.08 (100) [M+Na]*, 918.08 (55) [M+K]*; *H NMR (500
MHz, CDCls) 6: 7.40-7.30 (m, 5H, 5CH, Ph), 5.61 (d, J12= 2.6 Hz, 1H, H-1),
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5.40 (d, J4-3'= 3.5 Hz, 1H, H-4'), 5.25-5.22 (dd, J;-1'= 7.8 Hz, J,-3'= 10.4 Hz,
1H, H-2'), 5.28-5.22 (A part of an ABX system, Jag= 12.3 Hz, 1H, CH,Ph),
5.26-5.23 (A part of an ABX system, Jag= 8.1 Hz, 1H, H-6'a), 5.23-5-20 (B
part of an ABX system, Jga= 8.1 Hz, 1H, H-6'b), 5.2-5.16 (A part of an ABX
system, Jag=11.4 Hz, 1H, H-6a), 5.21-5.15 (B part of an ABX system, Jga=
12.0 Hz, 1H, CH2Ph), 5.16-5.12 (B part of an ABX system, Jga=12.1 Hz, 1H,
H-6b), 5.06-5.02 (dd, J3:4'= 3.4 Hz, J3: = 10.6 Hz, 1H, H-3'), 4.73 (m, 1H, H-
4),4.65 (d, J1,2'= 8.0 Hz, 1H, H-1"), 4.29-4.24 (X part of an ABX system, Jxa
=7.2 Hz, Jxs= 6.8 Hz, 1H, H-5"), 3.87 (bs, 1H, H-5), 3.85 (bs, 1H, H-5'), 3.68-
3.65 (dd, J51= 2.7 Hz, J53=10.7 Hz, 1H, H-2), 3.64-3.58 (dd, J34= 2.5 Hz,
J32=11.0 Hz, 1H, H-3), 2.87-2.28 (A part of an ABX system, Jas=16.0 Hz,
Jax=7.0Hz, 1H, H-4"a), 2.67-2.69 (B part of an ABX system, Jga= 16.7 Hz,
Jgx=7.3 Hz, 1H, H-4"b), 2.64-1.96 (m, 21H, 7COCHs). 13C NMR (125 MHz,
CDClz): 171.0 (CO), 171.4 (CO), 170.0-169.0 (6C,4, COCHs), 169.6 (CO),
154.3 (Cq), 134.6 (Cq, Ph), 128.8 (CH, Ph), 128.8 (2CH, Ph), 128.5 (2CH,
Ph),103.7 (C-1'),97.9 (Cy), 96.4 (C-1), 77.0-66.8 (H-2', H-3', H-4', H-5'), 72.2
(C-4), 69.7 (C-5), 67.1 (C-6"), 67.9 (CH2Ph), 66.8 (C-6), 66.3 (C-3), 51.5 (C-
5"), 39.7 (C-2), 30.9 (C-4"), 24.8 (CHs, NCOCH3), 27.4 (6CHs, CH3).
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Part IV

An STnThr mimetic



CHAPTER

10

Synthesis of a novel STnThr mimetic

10.1 Introduction

Sialic acids belong to the family of naturally occurring non-2-ulosonic acids
(NulOs),827184 that derives from the nine-carbon sugar neuraminic acid (5-
amino-3,5-dideoxy-D-glycero-D-galactononulsonic acid).'® Sialic acids
play essential roles in many biological processes and in tumorigenesis
through the binding with specific lectins (selectins, siglecs, sialidase,
etc.).1®18 N-acetylneuraminic acid (Neu5Ac), a 3-deoxynon-2-ulosonic
acid bearing an acetamido group at the C-5 position, is the predominant
sialic acid present in mammalian cells that occurs at the end of sugar
chains, attached through a2-6 and a2-3 linkages to the surfaces of cells

and soluble proteins.8>18?

The truncated O-glycan, sialyl-Tn antigen (Chapter 3 - Section 3.2.3),
known as STn, containing a Neu5Ac a-2,6 linked to the Tn antigen
backbone, has been shown to be expressed in around 80% of human

carcinomas and linked to poor prognosis.®® Therefore, STn antigen
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mimetics represents a potential tool to develop cancer vaccines and
address the low immunogenicity and instability featuring the natural

epitope.

Despite recent advances, chemical sialylation is still considered one of the
most difficult glycosylation reactions and a significant synthetic effort is
required for the achievement of highly efficient a sialylation.'8>8 Main
problems in the synthesis of Neu5Ac derivatives are: a) a low reactivity to
glycosylation due to the presence of a strong electron withdrawing group
(EWG) at the anomeric center, b) lack of anchimeric assistance by
neighboring groups at C- 3, c) lack of hydrogens at C-2 which makes

challenging the determination of the anomeric configuration

To take advantage from the advantages of the TnThr mimetic8? structure
(Chapter 5) and to synthesize the third mucin-related antigen mimetic,
the synthesis of a physiological stable STnThr mimetic was carefully
planned. Moreover, to demonstrate that 49 behaves as a real mimetic
of the natural STnThr, (i.e., it is presented to and recognized by its
natural targets), and keeping in mind the debate on the specificity of
monoclonal antibodies vs. glycopeptide targets,®%1°! the STnThr
mimetic was screened as a substrate for the N1 type neuraminidase
of the Influenza virus A. Specifically, the effect of the structurally
constrained galactoside moiety on the substrate specificity of

neuraminidase was investigated.°?
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10.2 Results and Discussion

10.2.1 Synthesis of an STnThr mimetic

OAc

HO. o AcO oac SPh
OH AcHN L7/ “coome
AcHN = COOH AcO
HO Q Sialic donor
51
OH O R —— +
o
HO \ko OH
S o
O o&ﬁ
O S
S
HN o
(@) S
COOH HN
49
COOBn
TnThr mimetic
acceptor
50

Scheme 10.2.1.1 Retrosynthesis of the STnThr mimetic 49

For the preparation of 49, a synthetic pathway was devised (Scheme
10.2.1.1) starting from a protected derivative of the TnThr mimetic,
bearing free primary 6-hydroxyl group (50), and a fully protected Neu5Ac

donor properly activated at the anomeric center (51).

An isopropylidene ketal was chosen as protective group for the TnThr
mimetic acceptor (50). Unprotected 26 was reacted in the presence of 2,2-
dimethoxypropane and a catalytical amount of p-toluenesulfonic acid
(pTsOH) in acetone until complete conversion into the 3,4 acetonide 50
(Scheme 10.2.1.2). The progress of the reaction was monitored by NMR,

highlighting the initial formation of the kinetically favored 4,6 isomer 52
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followed by the conversion into the thermodynamic, more stable, 3,4 five
members dioxolane (Scheme 10.2.1.3). Compound 50 was isolated after

flash chromatography purification in a 98% vyield.

OH OH \ko OH
(0] (0]
Sé \ Me,C(OMe) Sé \
H 2 2
© pTsOH ©

S - - S
o Acetone \O
0 98% o
HN HN
COO0OBn COO0OBn
26 50

Scheme 10.2.1.2 Selective protection of the TnThr mimetic 26

\ko OH o o
(0] (0]
0 HO
So So
O™ O
HN HN
COOBn COOBn
50 52
Thermodynamic product Kinetic product

Scheme 10.2.1.3 Thermodynamic (50) and kinetic (52) products

Regarding the synthesis of Neu5Ac acceptor, the initial idea concerned the
use of a methyl ester protecting group for the carboxylic acid (51 - Scheme
10.2.1.4). N-acetylneuraminic acid was efficiently converted into the
methylated derivative through an acid catalyzed Fisher esterification with
Dowex® 50WX8 in MeOH affording 53 in a > 95% yield as predominant

anomer (> 90%). Subsequently, 53 was acetylated under standard
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193 and after flash

conditions chromatography purification the
peracetylated derivative 54 was converted, as reported by Marra, Sinay et

al,’®* in the presence of thiophenol and boron trifluoride etherate

(BF3-Et20) into the thio-donor 51 in a 88% yield.

OH OH
OH OH
HO OH
: 0 Dowex 50WX8 HO ;OH
AcHN COOH  on.on AcHN L7/ “coome
3
HO > 95% HO
N-acetylneuraminic acid 53
Ac0 | 93%
Py
DMAP
OAc PhSH
AcO OAc 3PP BFELO  , o [oac QA
AcHNLa27/ coome  CH.Cl, AcHN L7 “coome
AcO 88% AcO
51 54

Scheme 10.2.1.4 Synthesis of the methyl ester donor 51

The glycosyl donor 51 was thus reacted with 50 in the presence of N-

iodosuccinimide (NIS) and trifluoromethanesulfonic acid (TfOH).

A first attempt of glycosylation was performed in CH,Cl; affording 55 in a
very low stereoselectivity (a/B 6:4). Switching to the participating CH3CN
solvent, at low temperature ( -40 °C), allowed to increase the selectivity
and the a anomer up to 90%. After isopropylidene cleavage with an 80%
solution of AcOH in H;0 and flash chromatography purification, pure a

isomer 55 was isolated in a 59% yield over 2 steps (Scheme 10.2.1.5).
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OAc

OAc
AcHN COOMe AC
+

M
NIS AcHN = ° COOMe
1) TfOH
CH3;CN/CH,CI
o OH Tior
\K (@) -40 °C
O
) AcOH 80% in H,O
40 °C
- S
59% over 2 steps HN
COOBn COOBn
55
Scheme 10.2.1.5 Synthesis of glycoside 55
NIS ®
OAc TfOH OAc I<
AcO oAc  $Ph Nu:  AcO OAc  SPh
AcHN R/ cooMe  chyeN AcHN 7/ coome
AcO AcO
51 \
CH3CN
OAc OAc

OAC AcO OAc o
AcHN - COOMe AcHN- O3, cooMe
AcO

OAc | |®

N OAc
AcO Ohe o AcO OAc  COOMe
AcHNACO )COOMe —  AcHNZ~7 4
Nu AcO
f anomer o anomer

Scheme 10.2.1.6 Mechanism of activation of 51 with NIS in CHsCN as solvent.
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Indeed, in the activation mechanism of thio-Neu5Ac donors by NIS and
TfOH®5, an electrophilic I* generated in situ reacts with the lone pair of
the anomeric sulfur of 51. The sulfonium moiety, an excellent leaving
group, can be displaced first by acetonitrile to give a nitrilium ion that
adopts a preferred axial (B) configuration and the following nucleophilic
substitution of the nitrilium ion by the hydroxyl group of the glycosidic
acceptor gives predominantly equatorial (a)-glycosides (Scheme

10.2.1.6).

Then, deacetylation of 55 was initially performed in manifold basic
conditions (K2CO3 in CH30H or H,0, NaOH in CH30H or H,0, NaOCHs in
CHsOH) but in all cases, the too strong basic media caused not only
deacetylation and deprotection of the methyl ester but also an
isomerization at the lactam ring level, as already seen in first attempt to

synthesize the TFThr mimetic® (Scheme 10.2.1.7).

AcO HO.  OH

OAc
k%/{j 2
AcHN = COOMe AcHN _* COOH
O O
AcO HO
OoH _© OH
o Basic condition o
Hogﬁ - = Hogﬁ
S 4 o)
O™ O
HN HN

CcOO0OBn COOBn
55

Scheme 10.2.1.7 Deacetylation in strong basic condition of 55
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Therefore, a mild deacetylation was conducted upon treatment with a
solution of NH3 in CH3OH (2M) (Scheme 10.2.1.8). Cleavage of all the
acetyl groups needed prolonged reaction time which unfortunately
resulted in the transformation of both carboxylic groups into amide
residues. The diamide derivative 56 was thus isolated after flash

chromatography, in a 75% yield.

AcO OAc HO OH
OH

AcHN COOMe AcHN - CONH,
HO

OH O _ OH
0 NH3 In CHgoH 0
HO T on HO
A CH,OH 5
o) 3 days O
O 75% O
HN HN

COOBn CONH,
55 56

Scheme 10.2.1.8 Deacetylation of 55 and synthesis of 56

However, since the carboxylic group is essential for physiological activity
of sialic derivatives, different strategies were explored. Deacetylation with
NHs in CH3OH is efficient but the formation of amides must be avoided. In
this regard, 55 was subjected to a palladium catalyzed hydrogenation and
isolated, free carboxylic derivative, 57 was subsequent treated with a
solution of NH3 in CH3OH (2M) (Scheme 10.2.1.9). From these steps a
single product (58) in which only the methyl ester group was converted in

amide was isolated in a 68 % yield. This experimental evidence led to the
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idea, that a protection with benzyl esters for both carboxylic acids could

be the final solution.

\\OAC AC
AcHN * COOMe AcHN COOMe
0
AcO

OH 5 H, Pd(OH),
HO THF/H,0
5 10:1
O 0,
oA 86% L
HN HN

COOBn COCH
55 57

NH; in CH;0H
CH,OH
3 days
68%
HO ~ OH
OH
AcHN CONH,
HO

Scheme 10.2.1.9 Palladium catalyzed hydrogenation and deacetylation with NH;
in CH30H of 55

In light of the above, the synthesis of the Neu5Ac donor was revised

(Scheme 10.2.1.10). Esterification of Neu5Ac with benzyl bromide (BnBr)
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and 1,5-diazabiciclo(5.4.0)undec-7-ene (DBU) in DMF followed by an
acetylation under standard condition allowed to isolate the
pentaacetylated benzyl ester 59 in a 75 % vyield over 2 steps as

predominant  anomer ( > 90%).

Subsequently, 59 was converted in the corresponding thio-derivative 60

in an 83% yield (B > 90%).

oH BnBr
1) DBU OAc
HO on OH ' DuE Ao oA QAc
AcHN L2/ “cooH Ac,O AcHN /27 cooBn
HO Py AcO
o 2) DMAP
N-acetylneuraminic acid 759% 59
(o]
PhSH
BF3Et,O
CH,Cl,
83%
OAc
AcO oAc  SPh
AcHN Q COOBn
AcO
60

Scheme 10.2.1.10 Synthesis of the benzyl ester donor 60

Therefore, in the same conditions reported before, from the new glycosyl
donor 60 alternative dibenzyl ester STnThr derivative (61) was synthesized
in a 65 % yield over 2 steps. 61 was debenzylated with Pd(OH), in H;
atmosphere affording intermediate 62, bearing both free carboxylic acids,
in an 86 % yield. Finally, deacetylation with NHs3 in CH3OH (2M) of 62 led
to the synthesis of the fully unprotected STnThr mimetic 49, as a white
solid, in a 79% vyield. (Scheme 10.2.1.11).
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COOBN COOBn
50 61
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CH5OH
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79%

COOH

49 62

Scheme 10.2.1.11 Final synthesis of the STnThr mimetic 49
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10.2.2 Recognition of the STnThr mimetic by Influenza

neuraminidase

In the search of serological biomarkers for clinical diagnosis of cancer, the
substrate specificity of neuraminidase is used to identify sialylated
antigens.'9? The widely studied Influenza neuraminidase cleaves a2-3-
and a2-6 sialic acids. The enzyme acts on the Bla-anomer of the sialic acid
linked to the proximal sugar and releases the free sialic acid.'°® Thus
compound 49 was screened as a potential Influenza neuraminidase
inhibitor to investigate the effect of the structurally constrained

galactoside moiety on the substrate specificity.

6

1/V e (s.nM)

y 2 , . ‘ 7, VIMU-NA] (mM-)

Figure 10.2.2.1 Lineweaver Burke plot of Influenza A neuraminidase N1 by
compound 49. Data were obtained using a concentration of inhibitor of 0 uM
(blue), 100 uM (red), 500 uM (green) and 1000 uM (purple). Data are depicted

as Mean # Standard deviation from three independent experiments.
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Using recombinant Neuraminidase (N1) from HIN1 strain (A/Brevig
Mission/1/1918(H1N1)) 49 was indeed found to be a competitive

inhibitor, as appreciated from the inhibition plot (Figure 10.2.2.1).

The inhibition constant (Ki) was calculated to be 40 + 10 uM, a value
markedly low compared to the sub-nanomolar inhibition constants found
for drugs oseltamivir or zanamivir,’®’ yet it indicates that 49 can
effectively bind to the (N1) active site. Indeed, standard fluorogenic
substrate for influenza neuraminidase, 2’-(4-methylumbelliferyl)-alpha-D-
N-acetylneuraminic acid (MU-NA) shows a comparable Michaelis—Menten
constants (Ky) of 20 to 60 pM*®81%° (80 uM calculated in our assay

conditions).

Using the X-ray structure of N1 bound to zanamivir (PDB 3B7E)? as a
template, a model of N1-49 complex was built (Figure 10.2.2.2) and
analyzed by a 5 ns molecular dynamics simulations. A set of stabilizing
interactions occurs between the sialic acid moiety of 49 with N1 active site
residues (Figure 10.2.2.2). Arg 293 and Arg 368 interact with the
negatively charged located on the C-1 carboxylate group, whereas two
other arginines, Arg 152 and Arg 225 are hydrogen bonded to the C-8
atoms. Glu 119 completes this binding, as it interacts through a hydrogen
bond with the C-4 atom. In contrast, the aglycon of 49 does not interact
with the protein residues and points out toward the solvent. The observed
lack of interactions of the aglycon of 49 can explain the micromolar range
of the in vitro affinity constant, which is solely due to the binding of sialic
acid to the active site. The described results demonstrate that the TnThr

mimetic portion of 49, does not prevent recognition of the sialic acid
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moiety by the investigated carbohydrate-binding protein, suggesting

potential recognition by other hydrolytic enzymes or lectins.

Tyr 402

Glu 119

Figure 10.2.2.2 (A) Binding interactions between compound 49 and
Neuraminidase N1 active site residues. (B) Active site pocket of neuraminidase

N1 complexed with compound 49.
10.3 Conclusions

In conclusion, in this chapter a simple, highly stereoselective and effective
strategy for the development of an STnThr mimetic was reported. 49 was
isolated as single a anomer, in overall yield, considering glycosylation and

deprotections reactions, of 44% over 4 steps.

As for native STn and sialyl oligosaccharides, the STnThr mimetic is
recognized by neuraminidase. In particular, a model of neuraminidase N1
from HIN1 complexed with 49 showed the sialic moiety nested in the N1
active site, proving that the rigid aglycone did not affect the presentation

of the sialyl portion to the enzyme.
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Hence, we planned to employ this new mimetic, as monovalent construct
and in multivalent architectures, to screen the interaction with natural

targets (selectins, siglecs, sialidase, etc.).18¢-188
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10.4 Experimental section

10.4.1 General methods

Analytical grade solvents and commercially available reagents were used
without further purification. For anhydrous reactions, solvent stored over
3 A molecular sieves were used. Silica gel flash column chromatography
purifications were performed using Geduran® Si 60 (0.040-0.063 mm). TLC
analyses were performed on glass Merck silica gel 60 Fas4 plates. *H NMR,
13C NMR and 2D-NMR spectra were recorded on a 500 MHz Bruker
AVANCE Il at 298 K, unless otherwise stated. All chemical shifts are
reported in parts per million (8) referenced to residual nondeuterated
solvent. Multiplicity abbreviation: b = broad, s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet were used. ESI-MS spectra were carried
out on a linear ion-trap double quadrupole mass spectrometer using
electrospray ionization (ESI) technique (LTQ-XL - Thermo Fisher) . Optical
rotation measurements were performed on a JASCO DIP-370 polarimeter.

Melting point were recorded on a BUCHI 510.
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10.4.2 Synthesis

Synthesis of compound 49

Compound 62 (43 mg, 54.24 pmol) was
solubilized in NH3 in CH30H 4M (1 mL) and the
reaction was stirred at room temperature. After
4 days, the solvent was removed and the
product was purified by several washing with

Et,0 to give pure 49 (27 mg, 79%).

5 ESI-MS m/z (%): 623.42 (100) [M]", 311.25 (98)
coon [M]>[a]®o = +109.5 (c 0.001, H,0), *H NMR
(500 MHz, D;0) &: 5.72 (d, 1H, J12= 2.7 Hz, H-1), 4.23-4.18 (m, 1H, H-5),
4.07-4.03 (m, 1H, H-5'), 3.99-3.95 (m, 1H, H-4), 3.92-3.86 (m, 1H, H-6.),
3.86-3.71 (m, 4H, H-3, H-5", H-8", H-9",), 3.68-3.48 (m, 5H, H-4", H-6p, H-
6", H-7", H-9"y), 3.41 (dd, 1H, J2,1= 2.7 Hz, J3= 11.2 Hz, H-2), 2.89 (dd, 1H,
Jaaab= 16.9 Hz, Jaas= 6.8 Hz, H-4'3), 2.72-2.58 (m, 2H, H-4's,H-3"¢,), 1.95 (
s, 3H, CHs), 1.67-1.59 (m, 1H, H-3"4,), 3C NMR (125 MHz, D;0) &: 177.3
(Cq), 174.9 (Cy), 173.4 (Cq), 167.5 (Cg), 158.3 (Cg), 100.4 (Cq), 96.0 (C-1),
93.7 (Cy), 72.6 (C-6"), 71.9 (C-5), 71.7 (C-8"), 68.4 (C-4), 68.2 (C-7", C-4"),
65.0 (C-3), 63.7 (C-6), 63.0 (C-9"), 52.8 (C-5'), 51.8 (C-5"), 40.1 (C-3"), 38.0
(C-2), 31.1 (C-4"), 22.0 (CHs)
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Synthesis of compound 50

\ko 6 OH Compound 26 (600 mg, 1.42 mmol) was suspended
oo ] in acetone (15 mL), Me,C(OMe), (10.3 g, 99 mmol)
s 0O and pTsOH (pH 3) were added and the solution was
OHN - 4 stirred at room temperature for 5 h. After complete

> COOBn conversion, the mixture was quenched with EtsN (pH
8), diluted with CH,Cl; and washed with HCl 1M (x4). The organic layer was
dried over Na;SOs and concentrated under vacuum. The crude was
purified by flash chromatography (EtOAc/CHsOH 9:1) to give pure 50 as
white solid (628 mg, > 95%).

ESI-MS m/z (%): 486.17 (100) [M+Na]*, 502.17 (90) [M+K]*, [a]?p = +118.5
(c 0.001, CHsOD), *H NMR (500 MHz, DMSOds) 5: 7.80 (d, 1H, Ju,s' 3.2 Hz,
NH), 7.42-7.31 (m, 5H, Bn), 5.48 (d, 1H, J1,= 2.9 Hz, H-1), 5.22-5.16 (m, 2H,
CH,Bn), 4.38-4.32 (m, 1H, H-5'), 4.24-4.19 (m, 1H, H-5), 4.18-4.15 (m, 1H,
H-4), 4.07 (dd, 1H, J3,= 8.7 Hz, J3.4= 5.0 Hz, H-3), 3.66-3.55 (m, 2H, H-6,, H-
6b), 3.17 (dd, 1H, Jo3= 8.7 Hz, Jo1= 2.9 Hz, H-2), 3.06 (dd, 1H, Jaa b= 16.7
Hz, Jaas= 7.1 Hz, H-4'3), 2.61 (dd, 1H, Jabaa= 16.7 Hz, Jaws= 5.0 Hz, H-4'y),
1.45 (s, 3H, CHs), 1.27 (s, 3H, CHs). 23C NMR (125 MHz, DMSOds) 6: 171.7
(Cq), 154.7 (Cq), 155.5 (Cg), 136.2 (Cq), 128.9 (CH, Bn), 128.6 (CH, Bn), 128.2
(CH, Bn), 109.1 (Cq), 96.6 (Cq), 95.2 (C-1), 72.5 (C-3), 72.4 (C-4), 69.9 (C-5),
66.9 (CH2Ph), 60.9 (C-6), 51.0 (C-5'), 39.11 (C-2), 30.78 (C-4'), 28.51 (CHs),
26.61 (CHs)
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Synthesis of compound 51

OAc SPh To a solution of 54 (3.25 g, 6.09 mmol) in
AcO._ 9 . QAg 5 .
AcHN- 729 COOMe CHCl; dry (50 mL), cooled to 0 °C, PhSH
5 4 3
AcO 1 (730 mg, 6.63 mmol) and BF3-Et,0 (1.01 g,

7.09 mmol) were added and the solution was stirred at room temperature
overnight. After complete conversion, the mixture was diluted with CH,Cl,
and washed with NaHCOj3; s.s. (x5). The organic layer was dried over
NaSO4 and concentrated under vacuum. The crude was purified by flash
chromatography (CH2Cl,/CH30OH 9:1) to give 51 as yellow solid (3.10 g,
88%, B anomer > 90%).

1H NMR (B anomer) (500 MHz, CDCls) §: 7.46-7.19 (m, 5H, SPh), 5.56 (d,
1H, Juis= 10.3 Hz NH), 5.46 (dd, 1H, J76= 2.5 Hz, J78= 2.3 Hz, H-7), 5.41-
5.34 (m, 1H, H-4), 4.94 (ddd, 1H, Js o= 8.6 Hz, Jg0a= 2.3 Hz, Js 7= 2.3 Hz, H-
8), 4.62 (dd, 1H, Jgs= 10.5 Hz, Je7;= 2.5 Hz, H-6), 4.48 (dd, 1H, Joa,op= 12.3
Hz, Jsag= 2.3 Hz, H-9a), 4.12 (ddd, 1H, Js 6= 10.5 Hz, Js.4= 10.4 Hz, Js nu= 10.3
Hz, H-5), 3.99 (dd, 1H, Job9a= 12.3 Hz, Jops= 8.6 Hz, H-9b), 3.58 (s, 3H,
OCHs), 2.66 (dd, 1H, Jseq3ax= 13.8 Hz, J3eqa= 4.8 Hz, H-3eq), 2.16-2.11 (m,
1H, H-34), 2.09 (s, 3H, CHs), 2.07 (s, 3H, CHs), 2.03 (s, 3H, CH3), 1.95 (s, 3H,
CHs), 1.89 (s, 3H, CHs), 3C NMR (B anomer) (125 MHz, CDCl3) 6: 171.3 (Cy),
171.1 (Cq), 170.4 (Cq), 170.4 (Co), 170.3 (Co), 168.3 (C1), 136.3 (CH, SPh)
129.9 (CH, SPh), 129.2 (CH, SPh), 129.0 (C, SPh), 89.1 (C-2), 73.3 (C-8, C-
6), 69.2 (C-4), 69.0 (C-7), 62.8 (C-9), 52.7 (OCHs), 49.5 (C-5), 37.6 (C-3), 23.3
(CHs), 21.2 (CHs), 21.0 (CHs), 20.9 (CHs), 20.8 (CHs).
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Synthesis of compound 53

OH OH N-acetylneuraminic acid (5.05 g, 16.31
HO\Q/S% mmol) was suspended in CH3OH (170 mL)
ACHN-Z 40 / "coome P ’ ’
HO Dowex 50WX8 (1.5 g) was added and the

suspension was stirred at 40 °C. After complete dissolution, Dowex 50WX8
was filtered off and the organic layer was concentrated, under reduce

pressure, to give 53 as white solid (5.06 g, > 95%, B anomer > 90%).

ESI-MS m/z (%): 346.17 (100) [M+Na]*, 668.92 (65) [M+Na]?**, 386.17 (55)
[M+K]*, 708.83 (35) [M+K]?*, 'H NMR (B anomer) (500 MHz, CDsOD) &:
4.08-3.99 (m, 1H, H-4), 3.99 (dd, 1H, Jss= 10.1 Hz, Jg 7= 1.4 Hz, H-6), 3,84-
3,76 (m, 5H, H-5, OCHs, H-94), 3.72-3.68 (m, 1H, H-8), 3.62 (dd, 1H, Job .=
11.2 Hz, Jops= 5.7 Hz, H-95), 3.48 (dd, 1H, J78= 9.1 Hz, J76= 1.4 Hz, H-7), 2.22
(dd, 1H, J3eq3ax= 12.9 Hz, J3eqa= 5.0 Hz, H-3eq), 2.00 (s, 3H, NHACc), 1.89 (dd,
1H, J3ax3eq= 12.9 Hz, Jaaxa= 11.6 Hz, H-34), 3C NMR (B anomer) (125 MHz,
CDs0D) &: 175.1 (Cq - NHAC), 171.8 (C-1), 96.7 (C-2), 72.1 (C-6), 71.7 (C-8),
70.2 (C-4), 67.9 (C-7), 64.9 (C-9), 54.3 (OCHs), 53.1 (C-5), 40.7 (C-3), 22.6
(NHAC).

Synthesis of compound 54

OAc OAc To a solution of 53 (5.05 g, 15.62 mmol) in
ACO\Q/Bk?QAﬁf\2 ridine (80 mL), Ac.O (10.3 g, 99 mmol)

AcHN-Zr2/ “coome P » A0 (103 g,
AcO 1 and DMAP (100 mg) were added and the

solution was stirred at room temperature overnight. After complete
conversion, the mixture was diluted with CH,Cl, and washed with HCl 1M

(x5). The organic layer was dried over Na,SOs and concentrated under
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vacuum. The crude was purified by flash chromatography (CH2Cl>/ CH30H
9:1) to give 54 as white solid (7.73 g, 93%, B anomer > 90%).

ESI-MS m/z (%): 556.17 (100) [M+Na]* *H NMR (B anomer) (500 MHz,
CDCls) &: 5.40-5.35 (m, 2H, NH, H-7), 5.27-5.20 (m, 1H, H-4), 5.07-5.04 (m,
1H, H-8), 4.48 (dd, 1H, Joa,0b= 12.4 Hz, Joag= 2.6 Hz, H-9,), 4.14-4.07 (m, 3H,
H-5, H-6, H-9y), 3.80 (s, 3H, OCH3), 2.53 (dd, 1H, J3eq3ax= 13.6 Hz, J3eq4= 5.0
Hz, H-3eq), 2.34 (s, 3H, CHs), 2.13 (s, 3H, CH3), 2.11-2.07 (m, 1H, H-34), 2.09
(s, 3H, CHs), 2.02 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.88 (s, 3H, CH3), 13C NMR
(B anomer) (125 MHz, CDCl3) 6: 171.1 (Cq), 171.1 (Cq), 170.7 (Cq), 170.4
(2Cq), 170.3 (Cq), 168.3 (Cq), 166.4 (Cq), 97.6 (C-2), 72.97 (C-6), 71.5 (C-8),
68.4 (C-4), 67.9 (C-7), 62.2 (C-9), 53.3 (OCHB3), 49.4 (C-5), 36.0 (C-3), 23.3
(CH3), 21.1 (CHs), 21.0 (CHs), 20.9 (2CHs), 20.8 (CH3).

Synthesis of compound 55

To a suspension of 50 (500 mg, 1.08 mmol)
and 51 (1.50 g, 2.57 mmol) in a mixture of
CH3CN/CHxCl>dry 10:1 (10 mL) cooled to - 40
°C, NIS (1.04 g, 4.62 mmol) and TfOH (203 mg,
1.35 mmol) were added and the solution was

stirred at - 40 °C under an N, atmosphere.

After 2 h, the reaction was quenched with

5

COOBN EtsN (pH 8), diluted with CH,Cl; and washed

with Na;S;03 1 M (x3). The organic layer was dried over Na,SO4 and
concentrated under vacuum. The crude was solubilized in AcOH 80% in
H,0 (20 mL) and the reaction was stirred overnight at 40 °C. The solvent

was removed in vacuo and the product was purified by flash
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chromatography (EtOAc/CHsOH 98:2) to give pure 55 (571 mg, 59% over

2 steps)

ESI-MS m/z (%): 919.42 (100) [M+Na]*, 935.42 (90) [M+K]*, *H NMR (a
anomer) (500 MHz, CDCl3) 6: 7.37-7.27 (m, 5H, Bn), 6.71 (bs, 1H, NH), 5.71
(d, 1H, Jnns= 9.8 Hz, NH), 5.57 (d, 1H, J1= 2.7 Hz, H-1), 5.37-5.33 (m, 1H,
H-8"), 5.31-5.28 (m, 1H, H-7"), 5.21-5.14 (m, 2H, CH,Bn), 4.91-4.81 (m, 1H,
H-4"), 4.38- 4.27 (m, 2H, H-5', H-9",), 4.19-3.98 (m, 5H, H-4, H-5, H-5", H-
6", H-9"), 3.95-3.86 (M, 1H, H-64), 3.78 (s, 1H, OCHs), 3.72-3.63 (m, 2H, H-
3, H-6p), 3.48 (dd, 1H, 1H, J».1= 2.7 Hz, J3= 10.7 Hz, H-2), 2.95-2.87 (m, 1H,
H-4",), 2.80-2.71 (m, 1H, H-4'4), 2.57 (dd, 1H, J3"eq 3ax= 12.8 HZ, J3veq = 4.6
Hz, H-3"eq), 2.10 (s, 3H, CHs), 2.09 (s, 3H, CHs), 1.98-1.90 (m, 1H, H-3".,),
2.00 (s, 3H, CHs), 1.99 (s, 3H, CH3), 1.85 (s, 3H, CHs), 13C NMR (a anomer)
(125 MHgz, CDCl3) 6:171.0, 170.6, 170.4, 170.2, 169.8, 168.2, 165.8, 155.9,
134.9, 128.8, 128.4, 98.8, 96.5 (C-1), 96.3, 72.8, 71.3, 69.2 (C-8"), 69.1 (C-
4"), 67.9, 67.8 (CH2Bn), 67.6 (C-7"), 65.7 (C-3), 63.2 (C-6), 62.7 (C-9"), 53.1
(OCHs), 51.4 (C-5'), 49.2, 39.1 (C-2), 37.4 (C-3"), 30.7 (C-4'), 23.2 (CH3), 21.1
(CHs), 20.9 (CHs), 20.9 (CHs), 20.8 (CHs).
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Synthesis of compound 56

Compound 55 (50 mg, 55.75 umol) was
solubilized in NH3 in CH3sOH 4M (1 mL) and the

reaction was stirred at room temperature.

4@% After 4 days, the solvent was removed and the
HO EEIN 1 product was purified by several washing with
o \O Et,0 to give pure 56 (26 mg, 75%).
HNsv ) ESI-MS m/z (%): 621.33 (100) [M], [a]®p =
CONH,

+111.2 (¢ 0.001, H,0), *H NMR (500 MHz, D,0)
8:5.85 (d, 1H, J1,,= 2.7 Hz, H-1), 4.37-4.34 (m, 1H, H-5'), 4.33-4.28 (m, 1H,
H-5), 4.10-4.07 (m, 1H, H-4), 4.03-3.94 (m, 2H, H-5", H-6.), 3.93-3.83 (m,
3H, H-6", H-8", H-9",), 3.82-3.75 (m, 3H, H-3, H-4", H-6p), 3.73-3.66 (m,
2H, H-7", H-9"p), 3.53 (dd, 1H, J1= 2.7 Hz, Jo3= 11.2 Hz, H-2), 3.14 (dd, 1H,
Jaaav= 17.1Hz, Jgas= 7.5 Hz, H-4'3), 2.84 (dd, 1H, Ja4a= 17.1 Hz, Ja5=5.7
Hz, H-4's), 2.77 (dd, 1H, J3veq3'a= 13.1 Hz, Javeqar= 4.7 Hz, H-3"cq), 2.08 ( s,
3H, CH3), 1.90-1.82 ( m, 1H, H-3"4), 3C NMR (125 MHz, D,0) &: 175.7 (C),
175.1(Cq), 171.7 (Cy), 167.4 (C), 157.6 (Cq), 99.5 (Cq), 96.3 (C-1), 94.2 (Cy),
73.5(C-6"), 71.9 (C-5), 71.0 (C-8"), 68.4 (C-4), 67.7 (C-7"), 67.1 (C-4"), 65.2
(C-3), 63.2 (C-6), 63.0 (C-9"), 51.7 (C-5"), 51.2 (C-5'), 38.3 (C-3"), 37.9 (C-
2), 30.4 (C-4'), 22.1 (CHs)
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Synthesis of compound 57

Compound 55 (100 mg, 0.11 mmol) was
solubilized in THF/H,0 10:0.1 (2 mL), Pd(OH),
(20 wt.%, 10 mg) was added and the reaction
was stirred at room temperature, under H;
atmosphere. After complete conversion, the

suspension was filtered through a pad of

Celite®, the solvents were removed and the

5
COOH
crude was purified by flash chromatography (CH2Cl2/CHsOH 8:2) to give 57

(77 mg, 86%).

ESI-MS m/z (%): 805.67 (100) [M]", H NMR (500 MHz, CD30D) 6: 5.69-5.62
(m, 1H, H-1), 5.45-5.37 (m, 1H, H-8"), 5.37-5.36 (m, 1H, H-7"), 4.84-4.79
(m, 1H, H-4"), 4.38- 4.31 (m, 1H, H-9",), 4.19-4.06 (m, 4H, H-5, H-5', H-6",
H-9"y), 4.02-3.90 (m, 3H, H-4, H-5", H-6,), 3.86 (s, 1H, OCHs), 3.78-3.70 (m,
1H, H-3), 3.69-3.60 (M, 1H, H-61), 3.50-3.43 (m, 1H, H-2), 2.91-2.81 (m, 1H,
H-4",), 2.79-2.70 (m, 1H, H-4's), 2.70-2.62 (m, 1H, H-3"eq), 2.14 (s, 3H, CHs),
2.12 (s, 3H, CHs), 2.02(s, 3H, CHs), 2.00 (s, 3H, CH3), 1.90-1.80 (m, 4H, H-
3"ax, CH3)
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Synthesis of compound 58

Compound 57 (31 mg, 38.42 pumol) was
solubilized in NH3 in CH30H 4M (1 mL) and the

reaction was stirred at room temperature.

4@% After 4 days, the solvent was removed and the
HOQA— 1 product was purified by several washing with
o io Et,0 to give pure 58 (16 mg, 68%).
HNSY Esi-Ms m/z (%): 622.33 (100) [M], [a]®p =
COOH

+109.1 (c 0.001, H,0), *H NMR (500 MHz, D,0)
5:5.81 (d, 1H, J12= 2.7 Hz, H-1), 4.34-4.29 (m, 1H, H-5), 4.17-4.12 (m, 1H,
H-5'), 4.08-4.05 (m, 1H, H-4), 4.01-3.73 (m, 8H, H-3, H-4", H-5", H-6,, H-6p,
H-6", H-8", H-9".), 3.72-3.62 (m, 2H, H-7", H-9"y), 3.51 (dd, 1H, Jz1= 2.7
Hz, J23= 11.2 Hz, H-2), 2.96 (dd, 1H, Jaaab= 16.9 Hz, Jaas= 6.8 Hz, H-4'5),
2.81-2.71(m, 2H, H-4'y,H-3"¢y), 2.05 (s, 3H, CH3), 1.88-1.80 (m, 1H, H-3"4),
13C NMR (125 MHz, D;0) 6: 177.3 (Cq), 175.0 (Cq), 171.7 (Cq), 167.5 (Cq),
158.2 (Cq), 99.5 (Cq), 96.1 (C-1), 93.9 (Cq), 73.4 (C-6"), 71.8 (C-5), 71.0 (C-
8"), 68.4 (C-4), 67.7 (C-7"), 67.1 (C-4"), 65.1 (C-3), 63.2 (C-6), 63.0 (C-9"),
52.9 (C-5"), 51.6 (C-5'), 38.2 (C-3"), 38.1 (C-2), 31.2 (C-4'"), 22.0 (CH3)

Synthesis of compound 59

OAc To a suspension of N-acetylneuraminic acid
OAc
AeO2 8 'QAg 0 2 (5.00g, 16.16 mmol) in DMF (25 mL) cooled
AcHN5 Z ~ (13008n !
AcO to - 0 °C, DBU (3.91 g, 25.72 mmol) and

BnBr (4.40 g, 25.72 mmol) were added and the mixture was stirred at
room temperature overnight. After complete conversion, the solvent was

removed in vacuo. The crude was dissolved in pyridine/Ac;0 2:1 (100 mL)
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and a catalytical amount of DMAP was added. After overnight, the
reaction was diluted with CH,Cl, and washed with HCl 1M (x5). The
organic layer was dried over Na>SOs and concentrated under vacuum. The
crude was purified by flash chromatography (CH2Cl2/CH30H 9:1) to give 59
(7.39 g, 75%, B anomer > 90%).

1H NMR (B anomer) (500 MHz, CDCls) 6: 7.41-7.33 (m, 5H, Bn), 5.42-5.33
(m, 2H, NH, H-7), 5.31-5.16 (m, 3H, H-4, CH2Bn), 5.13-5.08 (m, 1H, H-8),
4.46 (dd, 1H, Jss0o= 12.6 Hz, Joss= 2.6 Hz, H-9,), 4.21-4.07 (m, 3H, H-5, H-
6, H-Ob), 2.57 (dd, 1H, Jzeq3ax= 13.6 Hz, Jsequ= 5.2 Hz, H-3eq), 2.14 (s, 3H,
CHs), 2.13-2.07 (m, 4H, H-3a5, CHs), 2.05-2.03 (s, 9H, CHs, CHs, CHs), 1.91
(s, 3H, CHs), 13C NMR (B anomer) (125 MHz, CDCls) &: 171.0 (Cg), 170.5
(Cq), 170.3 (Cq), 170.2 (2C,), 168.3 (Cq), 165.5 (Cq), 134.9 (Cq), 128.6 (CH-
Bn), 128.5 (CH-Bn), 128.3 (CH-Bn) 97.7 (C-2), 72.9 (C-6), 71.2 (C-8), 68.3
(C-4), 68.0 (CH2-Bn), 67.8 (C-7), 62.0 (C-9), 49.4 (C-5), 35.8 (C-3), 23.2 (CH3),
20.9 (CHs), 20.8 (3CHs), 20.7 (CHs).

Synthesis of compound 60

OAc SPh To a solution of 59 (2.20 g, 3.61 mmol) in
AcO. g9 - QAg 5 .
AcHN- 729 COO0BN CHCl; dry (25 mL), cooled to 0 °C, PhSH
50 ~4 3
AcO 1 (432 mg, 3.92 mmol) and BF3-Et,0 (580 mg

— 4.09 mmol) were added and the solution was stirred at room
temperature, overnight. After complete conversion, the mixture was
diluted with CH,Cl, and washed with NaHCOs s.s. (x5). The organic layer
was dried over Na;SO4 and concentrated under vacuum. The crude was
purified by flash chromatography (EtOAc/Hexane 8:2) to give 60 as white
solid (1.97 g, 83%, B anomer > 90%).
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1H NMR (B anomer) (500 MHz, CDCls3) 6: 7.38-7.16 (m, 10H, SPh, Bn), 6.10
(d, 1H, Jxus= 10.3 Hz NH), 5.47-5.46 (m, 1H, H-7), 5.44-5.38 (m, 1H, H-4),
5.08-5.05 (m, 2H, CH2Bn), 4.90-4.87 (m, 1H, H-8), 4.62 (dd, 1H, Jes= 10.5
Hz, J 7= 2.7 Hz, H-6), 4.38 (dd, 1H, Joa o= 12.3 Hz, Joag= 2.4 Hz, H-9a), 4.19-
4.09 (m, 2H, H-5, H-9b), 2.65 (dd, 1H, J3eq3ax= 13.8 Hz, J3eq 4= 4.8 Hz, H-3eq),
2.17-2.06 (m, 4H, H-34x, CH3), 2.03 (s, 3H, CHs), 2.03 (s, 3H, CHs), 1.94 (s,
3H, CH3), 1.88 (s, 3H, CHs), *C NMR (B anomer) (125 MHz, CDCl3) 6:171.2,
171.0,170.4,170.2,170.2,167.4,135.8,134.9,129.6, 129.1, 128.7,128.7,
128.5, 128.5, 88.5 (C-2), 73.1 (C-8, C-6), 69.2 (C-4), 68.8 (C-7), 67.6
(CH2Bn), 62.2 (C-9), 49.1 (C-5), 37.5 (C-3), 23.1 (CH3), 21.0 (CH3), 20.9 (CH3),
20.8 (CHs), 20.7 (CHs).

Synthesis of compound 61

To a suspension of 50 (134 mg, 0.29 mmol)
and 60 (460 mg, 0.69 mmol) in CH3CN/CH,Cl,
dry 10:1 (3 mL) cooled to - 40 °C, NIS (260 mg,
0.29 mmol) and TfOH (86 mg, 0.57 mmol)
were added and the solution was stirred at -

40 °C under an N, atmosphere. After 2 h, the

» reaction was quenched with EtsN (pH 8),

COOBn diluted with CH.Cl; and washed with Na;S,03
1 M (x3). The organic layer was dried over Na,SO4 and concentrated under
vacuum. The crude was solubilized in AcOH 80% in H,0 (10 mL) and the
reaction was stirred overnight at 40 °C. The solvent was removed in vacuo

and the product was purified by flash chromatography (EtOAc/CHsOH
98:2) to give pure 61 (183 mg, 65% over 2 steps)
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[a]?% = +112.3 (c 0.001, CHCl3), *H NMR (a anomer) (500 MHz, CDCls) &
7.42-7.34 (m, 5H, Bn), 6.21 (bs, 1H, NH), 5.61 (d, 1H, Jnus= 9.8 Hz, NH),
5.61 (d, 1H, J12= 2.7 Hz, H-1), 5.40-5.28 (m, 3H, NH, H-7", H-8"), 5.27-5.19
(m, 4H, CH2Bn, CH2Bn), 4.93-4.84 (m, 1H, H-4"), 4.40 (dd, 1H, Jo s 0= 12.6
Hz, Joas= 2.6 Hz, H-9";), 4.36-4.30 (m, 1H, H-5'), 4.18-3.93 (m, 6H, H-4, H-
5, H-5", H-64, H-6", H-9"y), 3.73-3.63 (m, 2H, H-3, H-6p), 3.53 (dd, 1H, 1H,
Ja1= 2.7 Hz, J23= 10.7 Hz, H-2), 3.44 (bs, 1H, OH), 3.15 (bs, 1H, OH), 2.95-
2.86 (m, 1H, H-4".), 2.85-2.75 (m, 1H, H-4'y), 2.66 (dd, 1H, J3req3ax= 12.8
Hz, J3veqa"= 4.6 Hz, H-3"¢q), 2.15 (s, 3H, CH3), 2.14 (s, 3H, CHs), 2.05-2.03
(m, 7H, H-3"ax,2CHs), 1.89 (s, 3H, CH3), 3C NMR (o anomer) (125 MHz,
CDCl3) 6:171.1, 170.8, 170.4, 170.3, 170.2, 169.5, 167.5, 165.1, 155.5,
134.8, 134.7, 128.8-128.4 (5C), 98.8, 96.6 (C-1), 96.2, 72.9, 71.3, 69.1 (C-
8"), 68.9 (C-4"), 68.0, 67.9 (2C), 67.5 (C-7"), 65.7 (C-3), 63.5 (C-6), 62.7 (C-
9"), 51.4 (C-5'), 49.2, 39.2 (C-2), 37.3 (C-3"), 30.7 (C-4"), 23.2 (CHs), 21.1
(CHs), 20.8-20.7 (3CHs)

Synthesis of compound 62

AcO OAc Compound 61 (90 mg, 92.50 pmol) was
solubilized in EtOAc/CHsOH 1:1 (1 mL) Pd(OH),
(20 wt.%, 9 mg) was added and the reaction
was stirred at room temperature, under H;
atmosphere. After complete conversion, the
suspension was filtered through a pad of Celite

(R) the solvents were removed to give 62 (60

mg, 86%).
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'H NMR (500 MHz, CDs0D) &: 5.67 (d, 1H, J1,,= 2.7 Hz, H-1), 5.40-5.37 (m,
1H, H-8"), 5.37-5.33 (m, 1H, H-7"), 5.04-4.96 (m, 1H, H-4"), 4.59-4.53 (m,
1H, H-6"), 4.40 (dd, 1H, Jora 9= 12.4 Hz, Joa 8= 2.7 Hz, H-9"2), 4.23-4.14 (m,
3H, H-5, H-5', H-9"p), 4.06-4.03 (m, 1H, H-4), 4.00-3.89 (m, 2H, H-5", H-6,),
3.76-3.66 (M, 2H, H-3, H-61), 3.48 (dd, 1H, 1H, J,,1= 2.9 Hz, J,3= 11.1 Hz, H-
2), 3.00-2.92 (m, 1H, H-4",), 2.81-2.73 (m, 1H, H-4%), 2.64 (dd, 1H,
Jareq3iax= 12.4 Hz, J3reqar= 4.6 Hz, H-3"cq), 2.12 (s, 3H, CHs), 2.11 (s, 3H,
CHs), 2.03(s, 3H, CHs), 1.98 (s, 3H, CHs), 1.85 (s, 3H, CH3), 1.79-1.69 (m, 1H,
H-3"ax)

10.4.3 HIN1 Neuraminidase recognition

H1N1 inhibition assay

Enzymatic incubations were composed of substrate 2’-(4-
Methylumbelliferyl)-a-D-N-acetylneuraminic acid (Sigma) (20 — 500 uM),
compound 49 (0-1000 pM) in Tris-HCI 50mM pH 7.5, CaCl> 5 mM, NaCl 200
mM (total volume of 180ul). Reaction was started with addition of 20 pl
of 0.22 mg/mL recombinant Influenza A virus HIN1 (R&D Systems, Bio
Techne, France), and was allowed to incubate at 37°C for 10 min.
Fluorescence was continuously monitored (Aex 365 Nnm/Aem 445 nm) using
a FLUOstar Omega (BMG Labtech, France). Initial rates were determined
using 4-methylumbelliferone (Sigma) as standard, and kinetic constants

were calculated using Prism 4.0 (GraphPad).
H1N1/ STnThr mimetic complex modeling

H1N1 neuraminidase structure bound to zanamivir (PDB 3B7E)?%° was

used as a starting template for complex generation. Topology and
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parameters files for compound 49 were obtained by Antechamber
program using AM1-BCC charges.!** The complex model was then
immersed in a periodic water box (TIP3) and neutralized by adding Na*
ions. This model was initially equilibrated by several cycles of
minimizations (10000 steps, steepest descent) and Molecular Dynamics
(50 ps, 200K). Then the protein backbone was constrained and the ligand
was docked into HIN1 active site by Soft-Restrained Molecular Dynamics,

201 Finally,

using Zanamivir coordinates in 3B7E structure as template.
complex was equilibrated and energy minimized using
minimization/dynamics cycles without restrained. All computational
studies were performed using Amber ff14SB forcefield*? with NAMD

software.??
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Part 'V

Conclusions



In the last few years, the paramount importance of specific antigens as
target for immunotherapy has clearly been assessed. In the context of
cancer vaccines design, structurally simple and broadly expressed,
tumoral-associated- MUC1 antigens (Tn, TF and STn antigens) are TACAs
of great interest and the development of mimetics of these widespread
tumor markers has been recognized a powerful tool to overcome the

intrinsic limitations of the natural counterparts.

Keeping this in mind and taking advantage from the "locked”” mimetic of
the TnThr antigen (13 - Figure 5.1.1) recently developed, in this PhD thesis
the synthesis of two new structurally constrained mimetics of MUC1
tumor-associated antigens and relevant applications of the three

mimetics have been studied.
In detail:

A) A significant immunomodulatory activity has been highlighted for a
breast cancer vaccine candidate obtained by conjugation of four residues
of the TnThr mimetic 13 to the immunogenic protein CRM19; (Figure
7.2.2.2). The increased activation of human DCs and a reduction of tumor
progression and metastasis in a triple negative breast cancer animal

model, clearly showed a therapeutic efficacy of the glycoconjugate.

B) Silica nanoparticles (SiNPs) glycosylated with the TnThr mimetic 13
(GSiNPs - Scheme 8.2.1.1) were prepared and screened by {*H}-13C cross
polarization (CP) under magic angle spinning (MAS) spectra. The results
provided new perspectives for the use of SSNMR in the characterization
at solid state of conjugated nano-vaccines and biomolecules-coated

nanoparticles.
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C) The synthesis of the TFThr mimetic 43 (Scheme 9.2.1.1) was optimized
in a gram-scale and relying on a combined multidisciplinary approach
(NMR, X-ray, ITC), the molecular structural features that govern the crucial
Gal-3/TFThr mimetic interaction were unrevealed. As expected, the
chemical modification at the reducing unit of 43 did not affect the binding
affinity. Indeed, the mimetic retained the binding epitope and

conformation at the bound state of the natural antigen.

D) The STnThr mimetic 49 (Scheme 10.2.1.1) was efficiently synthesized
by chemical sialylation of 13. In vitro binding assays proved that 49 is
recognized by N1 neuraminidase, an enzyme specific for sialyl-containing

substrates, with an inhibition constant (Ki) of 40 + 10 puM.

In conclusion, the results obtained with the structurally constrained
mimetics herein reported, represent a significant progress in the
glycomimetic field, and open the way to new future advances. Indeed, in
the light of the synthesis of the new TFThr and STnThr mimetics a logical
and attracting perspective is the design of novel multiantigen cancer

vaccines with enhanced, polyvalent immunogenicity.

179



Abbreviations

(TA)MUC1 tumor-associated MUC1
[(tBu)2Si(OTf),] di-tert-butylsilyl ditriflate
Aa amino acid

Abs antibodies

Ac20 acetic anhydride

APCs antigen-presenting cells

BC breast cancer

BCR B cell receptors

BLI bioluminescence Imaging

Bn benzyl ester

BnBr benzyl bromide

Boc tert-Butyloxycarbonyl group
Boc,0 di-tert-butyl dicarbonate

BSA bovine serum albumin

Counts for minute cpm

CP cross polarization

CRD carbohydrate-recognition domain
CRM197 Cross Reactive Material 197
CTLs cytotoxic T cells

DAP 2,3-diaminopropionic acid

DBU 1,5-diazabiciclo(5.4.0)undec-7-ene
DCC N,N’-dicyclohexylcarbodiimide
DIPEA N,N-diisopropylethylamine
DMAP 4-(dimethylamino)pyridine
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DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DT Diphtheria Toxin

DXT-SCPNs dextran-based single-chain polymer nanoparticles
ECL Erythrina cristagalli

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

EP petroleum ether

ESI electrospray ionization

Et,O diethyl ether

EtsN triethylamine

EtOAc ethyl acetate

EWG electron withdrawing group

Gal 3 Galectin-3

Gal galactose

GalNAc N-acetylgalactosamine

Glc D-Glucose

Gly glycine

GMNPs glycosyl superparamagnetic iron oxide nanoparticles
GSiNPs glycosylated silica nanoparticles

HBTU O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate

HPA Helix pomatia agglutinin

IF immunofluorescence

IFN-y interferon gamma
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IPCF isopropyl chloroformate

isoSer isoserine

Ko dissociation constant

Kpapp apparent dissociation constant

Ki inhibition constant

Km Michaelis—Menten constants

MACS magnetic cell separation

MALDI Matrix-Assisted Laser Desorption

MD molecular dynamics

MFH magnetic fluid hyperthermia

MFI mean fluorescence intensity

MGL macrophage C-type lectin

MHC major histocompatibility complex

MI mitogenic index

MIP-3a macrophage inflammatory protein 3 alpha
MM molecular modelling

MNPs superparamagnetic iron oxide nano- particles
MAS magic angle spinning

MUC1 mucin 1

MU-NA 2’-(4-methylumbelliferyl)-alpha-D-N-acetylneuraminic acid
Neu5Ac N-acetylneuraminic acid

NHS N-hydroxysuccinimide

NIS N-iodosuccinimide

NKT natural killer T cells

NMM N-methylmorpholine

NMR nuclear magnetic resonance
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NulOs non-2-ulosonic acids

OVA ovalbumin

Pam3CysSer tripalmitoyl-5-glycerylcysteinylserine
PAMPs pathogen-associated molecular patterns
PBMC peripheral blood adherent mononuclear cells
PBMC peripheral blood monocytes

PFA paraformaldehyde

PhtNSCI phthalimidesulfenyl chloride

Pro proline

PRRs pattern recognition receptors

pTsOH p-toluenesulfonic acid

Py pyridine

RAFT regioselectively addressable functionalized template
RMSD root-mean-square deviation

ROl region of interest

SASA solvent accessible surface area

SAXS small-angle X-ray scattering

SD standard deviation

Ser serine

SINPs silica nanoparticles

SM3 anti-MUC1 antibody

SO,Cl; sulfuryl chloride

SPR surface plasmon resonance

SSNMR solid-state NMR

STD saturation transfer difference

TAAs tumor-associated antigens
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TACAs tumor-associated carbohydrate antigens
TAMs M2-polarized tumor associated macrophages
TAs tumor antigens

TBAHF tetrabutylammonium hydrogen fluoride
TBTU 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate

Tcc T cell clones

TCR T cell receptors

TD thymus-dependent

TFA trifluoroacetic acid

TfOH trifluoromethanesulfonic acid

TGFB1 transforming growth factor beta 1

Tu helper T cells

THF tetrahydrofuran

Thr threonine

Tl thymus-independent

TILs tumor-infiltrating lymphocytes

TLR Toll-like receptors

Tm memory T cells

TMB 3,3’,5,5'-tetramethylbenzidine

Tn218 anti-Tn antibody

TNBC triple negative BC

TNBS 2,4,6-Trinitrobenzene sulfonic acid

TNF-a tumor necrosis factor alpha

Trec regulatory T cells

TSAs tumor-specific antigens
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VAA viscumin album agglutinin
VNTR variable number tandem repeat

WHO World Health Organization
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