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General introduction

General introduction

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), is
responsible for the death of around 1.4 million people every year.! Although there is
a commercially available vaccine, the bacillus of Calmette Guérin (BCG), an
attenuated version of Mycobacterium bovis, studies have shown that this is not
always effective and it can cause disseminated disease in immunocompromised
individuals.23 A safe and effective vaccine is required to contain and, possibly,
eradicate Mtbh. Technological advances accomplished in the fields of chemistry and
immunology offer the opportunity to discover efficient, safe and economical
vaccines. The overarching goal of this Thesis is to devise synthetic strategies for the
generation of novel, rationally designed synthetic vaccines against TB.




Chapter 1

Immune response upon pathogen encounter and vaccination

The immune system is a defense mechanism against pathogens which can be
exploited in vaccination to reduce the chance of developing a life-threatening
disease. The immune system is described as consisting of an innate and an adaptive
part.*

The innate immune system is a fast-acting defense mechanism that all animals have.
It comprises the complement system of proteins, natural killer cells and several
professional phagocytes (such as monocytes, macrophages and dendritic cells). In
the course of this introduction, the focus will be placed on the role and function of
macrophages and dendritic cells as key cellular targets for the design of a vaccine.
Macrophages and dendritic cells express pattern recognition receptors (PRRs) on
their cellular surface. PRRs are able to recognize components of pathogens that are
common among different microorganisms and that are known as pathogen-
associated molecular patterns (PAMPs). Upon PAMP recognition, a macrophage or
dendritic cell can engulf the pathogen by phagocytosis. Phagocytosis can lead to
direct killing of the pathogen and/or release of messenger cytokines and
chemokines. Besides their role as professional phagocytes in immune responses,
macrophages and dendritic cells are key players in bridging innate and adaptive
immune responses via a process known as antigen presentation (see Figure 1 for a
graphical depiction of the two systems and the key role of macrophages and
dendritic cells in bridging the innate and adaptive immune response). Molecular
components of a pathogen, called antigens, get processed and presented to other
immune cells, such as T cells which are part of the adaptive immune system. For this
function, macrophages and dendritic cells are grouped in the family of antigen
presenting cells (APCs) together with other immune cells (monocytes, B cells).

Antigen presentation is a fundamental aspect of the adaptive immune system, which
is typical of vertebrates. The adaptive immune response is very specific to a certain
antigen, and its activation is functional to the development of immunological
memory, which is the goal of prophylactic vaccination. The adaptive immune system
comprises plasma cells, T cells, B-cells and antibodies.

Antibodies circulate in the blood of immunized individuals and are produced by B-
cells upon B-cell activation. They bind to extracellular bacteria and viruses tagging
them for destruction. Several subclasses of antibodies have been identified in
humans and mice, which are the two organisms used in the research in this Thesis
for the evaluation of novel vaccine modalities. Immunoglobulin G (IgG) is the major
antibody type found in the blood of humans, representing about 75% of total
immunoglobulins. Table 1 provides an overview of the existing antibody IgG
subclasses and their properties to initiate complement activation and triggering of
FcyR-expressing cells, mechanisms that can eventually result in destruction of the
invading pathogen.>6
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Figure 1 - Graphical depiction of key players of innate and adaptive immune response with focus
on central role of antigen presenting cells (APCs) to bridge innate and adaptive system. The left
side shows three cellular components of the innate immune system: APCs, natural killer cells (NKs) and
granulocytes. These are activated during the innate immune response to mycobacteria. The recognition
of mycobacteria by APCs is mediated by pattern recognition receptors (PRRs), capable of binding
pathogen associated molecular patterns (PAMPs), such as carbohydrates, lipids, glycolipids and proteins
or peptides. PRRs proven to interact with mycobacterial components are here depicted and classified in
two categories: Toll-like receptors (TLRs), such as TLR2/1, TLR2/6, TLR4, TLR9, and C-type lectin
receptors (CLRs), such as Mincle, Dectin-1, Mannose Receptor and DC-SIGN. Recognition and binding of
mycobacterial molecular components to TLRs and CLRs results in activation of specific signaling
pathways which result in production of cytokines to recruit other immune cells, such as NK and
granulocytes. Additionally, APCs are able to detect and present other mycobacterial components that are
phagocyted and loaded onto MHC proteins - or MHC-like molecules such as CD1. This process is key to
activation of the adaptive immune system. The right side of the figure depicts three fundamental players
of the adaptive immune response: T cells, B cells and antibodies.

Table 1 - Properties of the murine and human IgG subclasses. Ability to fixate the complement and
affinity to the Fcy receptor are selected functions which provide an indication of the ability of an antibody
to tag a pathogen for destruction through activation of either the complement system or phagocytosis.
Properties of murine IgG2c are not shown as this subclass is not well characterized.5¢

Murine IgG antibodies Human IgG antibodies
el T R
1gG1 - + IgG1 ++ +++
IgG2a ++ +++ I9G2 + +
IgG2b ++ +++ 19G3 +++ ++++
19G3 ++ - IgG4 - ++
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Although antibodies can tag extracellular pathogens for phagocytic uptake, they
cannot easily access pathogens once these are inside a cell. T cells, on the contrary,
have the ability to recognize infected cells and destroy them. Different classes of T
cells exist and their roles span from T-helper lymphocytes (CD4+) to cytotoxic T
lymphocytes (CD8*). When APCs present antigens to T cells, the latter can identify
the antigen-protein complex via T cell receptors (TCRs) if the right co-stimulatory
signals and cytokines are present.” Although both CD4+ and CD8+* T cells are activated
via antigen presentation, the mechanism of antigen presentation differs for the two.
CD8* T cell activation requires processing of intracellular antigenic proteins or
peptides and loading on the major histocompatibility complex class I (MHC-1).8 CD4+
T cell activation requires engulfment of extracellular proteins or peptides,
processing, and loading of the antigen on the major histocompatibility complex class
I (MHC-II).? Other T cell classes have been discovered, some of which contain TCRs
able to interact with lipid antigens presented on MHC class I like cluster of
differentiation-1 (CD1) molecules.’® T cell differentiation into further subtypes
producing specific cytokines is functional to the diversification of the immune-
response and the recruitment of different immune cells. Depending on the type of
cytokines released by T-helper cells, the cellular adaptive immune response can be
classified further.

In TB vaccination, relevant T cell responses include Th1l- and Th17-cellular
responses.!! These cells produce cytokines, including IL-2, I[FN-y, TNF-a and IL-17
that stimulate macrophages and dendritic cells to upregulate phagocytosis and
antigen presentation. Notably, Th1 and Th17 cellular responses have been regarded
as markers of protection. The suppression of IFN-y and IL-17 production has been
shown to increase TB susceptibility.12-15 On the other end of the spectrum are Th2
immune responses, which are characterized by production of IL-4 and IL-10, and are
associated with latent TB infection, reactivation and advanced TB.16

The selection of an antigen is of fundamental importance when designing a vaccine
againsta certain pathogen because it determines the specificity of the immunological
memory. Molecules derived from Mtb, or synthetically made on the basis of the
natural components, can be employed to render a vaccine specific against TB.
However, an antigen alone is usually not sufficient to efficiently activate the immune
system.1” Therefore, the antigen needs to be delivered together with one or more
immune stimulatory agents, called adjuvants when they are included in a vaccine
formulation. The main role of an adjuvant is to amplify and direct the responses to
the antigen towards specific cell subsets, such as dendritic cells and macrophages, or
certain compartments within the cell.

Immunological memory is generated when memory B or T cells are generated after
prior exposure to the specific antigen and antigen-specific T cells and antibodies
rapidly increase in the circulation after exposure to the specific antigen (humoral
component of the immunological memory).
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Table 2 - Properties of selected cytokines that are produced upon mycobacterial infection and that
can be monitored to evaluate vaccine immunogenicity. The first two columns summarize the origin
and functions of each cytokine. The last two columns provide an indication of the susceptibility to
mycobacterial infection in the absence or alteration of the expression of each cytokine in either mice

(knock-out) or humans (genetic deficiencies).1819

Cytokine in relation to the immune system Susceptibility to Mtb infection
Cytokine- Humans with
produced by: recognized functions: Kknockout mice disregulated f:ytokme
expression
monocytes, DCs, B cells, ! inhibitory aCthlty_ towards enhancgd_ . genetic variation in IL-6
. Th1 and Treg function; T susceptibility . .
IL-6 | fibroblasts and X gene associated with TB
endothelial cells promotes Th2 and Th17 during early disease
differentiation Mtb infection
DCs, macrophages, Tho, | deactivation of macrophages; similar
IL-10 | Th1, Th2 and T regs | downregulation of Th1 and susceptibility to N/A
phenotypes NK immune-responses Mtb infection
T induction of IFN-y production . . .
o patients with genetic
and polarization to Th1 enhanced .
DCs, macrophages, B . . defects in IL-12/IFN-y
IL-12 responses; promotion of susceptibility to
cells X . pathway are more
macrophage and NK cell Mtb infection ;
. susceptible
activity
;gszr::;tl:)r:\zfniin:ierzitment enhanced patients with genetic
hages, Th1, CTL fects in IL-12/IFN-
IFN-y | macrophages, Th1, CTL, | 4 p)hd cD8! T cells; susceptibility to | defects in IL-12/IFN-y
NK cells . X . pathway are more
promotion of B cell, Mtb infection susceptible
macrophage, NK activity p
TNF- lizati
T induction of NO production; T “« neutr? ization
DCs, macrophages, Th1, o enhanced correlates with an
contribution to granuloma A X .
TNF-a | some Th2 and some ; ) susceptibility to increased risk of
formation; promotion DC X . A
CTL phenotypes L Mtb infection reactivation of latent
activity .
tuberculosis
Th17 cells; dependent T recruitment of neutrophils;
IL-17 | onIL-23, IL-1beta, tgf- Tcontribution to granuloma N/A N/A
beta and IL-6. formation

Through targeting of certain cells or compartments within APCs it's possible to
promote the induction of specific cytokines and chemokines to attract other immune
cells or promote the diversification of T cell response, eventually leading to
immunological memory. Table 2 provides an overview of the functions of selected
cytokines that are involved in immune-responses against TB. These cytokines were
chosen on the basis of their origin (which immune cells produces them), their
relevance in the recruitment of phagocytes or polarization of T cell responses.
Additionally, their significance for the susceptibility to Mtb infection in cytokine
knock-out mice and cytokine-deficient individuals is defined.
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Current vaccines against Mtb

The first vaccine employed against Mtb was developed in Lille at the Pasteur Institute
through attenuation of the virulent Mycobacterium bovis and used for the first time
in humans back in 1921.20 This was the first step towards the widespread use of the
BCG vaccine, the sole Mtb vaccine licensed and in use today. The administration of
the BCG vaccine, however is connected to the risk of disseminated BCG-osis, a
disease occurring particularly in immunocompromised vaccinated infants (due to
HIV infection), and occasionally in immune-compromised adults. BCG's main
drawback is its limited and varying (0-80%) efficacy in providing protection against
TB in adults. These challenges could be overcome by developing new vaccination
strategies that are more efficacious, safer and preferably both.2122 [n the past 100
years, six different strains of BCG have been employed and there is evidence
suggesting that the outcome of immunization may be related to which strain is used
and/or batch to batch variation.23 Controversy regarding the efficacy of the BCG
vaccine in adults and immune-compromised individuals has prompted the
investigation of other vaccination approaches.2323 Moreover, the immunological
mechanisms of protection after BCG vaccination have not been completely
elucidated.

For a long time, TB vaccines were designed and evaluated with a focus on the
induction of cellular Th1l responses on the assumption that this mechanism is
primarily responsible for BCG-induced protection.z* The key role of IFN-y and Th1
cellular responses was deducted from the observation that a Th1 immune response
was detected in BCG-immunized infants, and the additional observation that IFN-y-
secreting BCG-specific T cells were associated with protection against active TB in
the following three years of life.25-27 However, there is little evidence that IFN-y and
Th1 cellular responses are the only correlates of BCG-induced protection. The CD4+
Th1 paradigm of protection has been subsequently challenged, especially after
recognizing the low performance of Thl-inducing vaccine candidates once they
reached human clinical trials.2028-30 For example, the MVA85A vaccine, which
induced robust Th1 antigen-specific T cell responses in infants and adults, failed to
provide protection against incident Mtb infection or active disease.31.32

Currently, there are 15 vaccine candidates in various stages of clinical trials,2 which
can be grouped in three main categories: attenuated/inactivated/recombinant
pathogens, virally vectored- and recombinant protein subunit vaccines. The first
category includes among others a recombinant BCG vaccine (VPM1002), a non-
tuberculous mycobacterium (DAR-901), and a live genetically double attenuated
vaccine based on a human isolate of Mth (MTBVAC), as shown in Table 3. Advantages
of using this vaccine modality include the simultaneous delivery of multiple epitopes
and PAMPs, which can induce a strong pro-inflammatory response in the host and
actvia several different immune stimulating and modulating mechanisms, leading to
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both innate and adaptive immune responses.33 On the other hand, attenuated and
inactivated micro-organisms might present safety concerns due to the intrinsic risk
of mutation, reversion and contamination.3* Even when using genetic modification
approaches to inactivate genes, the problem of balancing immunogenicity and
reactogenicity persists.33

The second category includes virally vectored vaccines, with the most studied
vectors being adenoviral vectors.3> Currently there are two such vaccines in clinical
trials against TB (see Table 3) and they include an adenovirus serotype 5
(Ad5Ag85A) and a recombinant chimpanzee adenoviral vector, both expressing an
Mtb protein antigen. This vaccine modality presents similar advantages to whole-cell
vaccines, delivering multiple PAMPs simultaneously. However, preexisting
immunity in humans due to natural adenoviral infections can significantly reduce
uptake of the vaccine by APCs as a consequence of neutralization of the viral vector
by virus-neutralizing antibodies.3¢

The third category, comprising subunit vaccines, is characterized by the use of
(macro)molecules (proteins and peptides) derived from Mtb as molecular antigens
in combination with other components, such as PAMPs (TLR4, TLR9), aluminum
hydroxide or additional lipids assembling into liposomal
bilayer/particles/emulsions. An advantage of both the second and third strategies is
the reduction of safety concerns, together with the potential to change the antigen(s)
included.3738 An important characteristic of subunit vaccines, and in particular
synthetic subunit vaccines, is the chance for step-wise improvements to optimize
vaccine formulation in terms of, for example, solubility and delivery Kkinetics,
together with the opportunity to target specific immune cells or cell compartments.
An example of the potential of subunit vaccines can be seen in the recent study using
M72/ASO01E, showing a vaccine efficacy of 54% for the prevention of TB
development in latently-infected individuals.3940
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Table 3 - Vaccines against Mtb in different phases of clinical trials. The vaccines are grouped in three
categories: viral, subunit and whole-cell. For each vaccine an indication of the stage of clinical evaluation
is provided. Viral vector and type of whole-pathogen are specified for the viral and whole-pathogen
vaccines. For subunit vaccines, details of the antigen(s) including the targeted PRR and delivery system
are provided.

Vaccine Viral vector Protem{ peptide P_AMP Delivery Whole- Ref.
antigen adjuvant system pathogen
TBVAC attenuateq M. "
tuberculosis
E RUTI nactivated M. »
S kuberculosis
o
= DAR-901 nactivated M. -
Q bbuense
9
o
ks —
recombinan
4
VPM1002 BCG
i P ‘nalctlvated M -
Z ncidus pranii
=
o
Vaccae nactivated M. 1%
accae
\d5AgB5A hdenovirus .
kerotype 5
©
=
o | > [ChadOx1 + chimpanzee '
S Ag85A hdenovirus
=
o.
Ag85B and ESAT6- 1
IAEC + BC02 CFP10 [TLR9
Imodified-Ag85B and dextran -
CaBlBY ESAT6-CFP10 i anoparticles
Rv1813, Rv2608 oil-in-water
- 4 ’ 51
D93 + GLA-SE Rv3619 and Rv3620 | “R* kmulsion
% cationic
_3 H1:1C31 Ag85B and ESAT-6 [TLR9 . 52
S particles
_|»
5 -
b Ha:1C31 \c85B and TB10.4  [TLR9 ationic 53
< particles
o
Ag85B, ESAT-6 and cationic
. 54
B Rv2660c i particles
72 + ASO1E tb39A and Mtb32A [TLR4 iposome 40
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Synthetic organic chemistry to generate effective & economical
subunit vaccines

Synthetic organic chemistry offers the tools for the generation of highly pure, well
defined and modifiable vaccine components that can be used to create new
generations of vaccines: synthetic subunit vaccines. Currently, one challenge
associated with the design of synthetic subunit vaccines against TB is the
requirement for a good understanding of the processes and players involved in
mycobacterial infection-induced immune responses. A thorough understanding of
these processes is key to the definition of relevant antigenic targets, adjuvants and
delivery systems for targeting relevant cell populations and their responses.>>5¢ The
rapid advances in the field of molecular biology will possibly pave the way to the
definition of many new molecular targets that can be employed in the rational design
of vaccines.

Molecules from the cell wall of mycobacteria can be used for the development of new
vaccine components, such as antigens and adjuvants (see Figure 2). To date, the most
studied antigens from Mtb are proteins or peptides, as evident from their
widespread use in TB vaccines that are currently in clinical trials (see Table 3).
However, a plethora of antigenic lipids or glycolipids are present on the cell surface
of Mycobacterium tuberculosis and some of them have antigenic properties, being
recognized by the human immune system as foreign.57.58 An example is provided by
-mannosylphosphomycoketide (MPM), a glycolipid shown to act as epitope for the
CD1c receptor (Chapter 2), a protein expressed on B cells and subsets of dendritic
cells and required for subsequent presentation to T cells.59-62

Unfortunately, technical advances in glycobiology have been slower as compared to
those that allowed the study of RNA and proteins. RNA and proteins sequences can
be elucidated from the complementary DNA and their functions can be more easily
understood due to the ready access to synthetic structures.63646566 The processing
and presentation of protein-derived peptides by the MHC I and II systems has been
extensively researched.”¢7 In addition to their proven antigenicity, proteins and
peptides are commonly incorporated in vaccines due to the availability of scalable
and efficient synthetic methods for their production, such as the use of automated
solid phase synthesis for peptidesé* and recombinant methodologies or chemical
ligation for proteins¢869, The development of automated synthetic strategies for the
generation of key glycans is currently hampered by the requirements for numerous
different building blocks.”® Nevertheless, glycolipids remain interesting targets and
synthetic routes may be devised and optimized that render their production feasible
and scalable, especially when the natural structures are simplified and the
fundamental epitopes discovered.

10
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Independently of the chosen antigen, to induce a long-lasting strong immune
response it is necessary to deliver the antigen together with relevant
immunostimulatory molecules. The co-delivery of proteins or peptides with immune
adjuvants, such as PAMPs, has proven to be a successful method to overcome their
inherent poor immunogenicity as single entities, as well as to increase and direct the
type of immune response.17.37.71

The subunit vaccines against Mtb that are currently in clinical trials all make use of
TLR4 or TLRO ligands, which have been shown to induce strong cellular immunity
with Th1-polarized immune responses. One such TLR4 ligand is employed in the TB
M72/AS01E vaccine formulation by Glaxo Smith Klein, notably the monophosphoryl
lipid A (MPL), a synthetic glycolipid whose structure is derived from the Salmonella
minnesota lipopolysaccharide.3® The use of TLR9 ligands in the IC31 cationic
particles developed by Intercell AG in the context of TB relies on the use of ODN1a, a
synthetic oligodeoxynucleotide.52-5¢ Expanding the research on novel vaccine
adjuvants outside the current focus on TLR4 and TLR9 activators is a strategy that
can improve the development of rationally designed vaccines.

By understanding the molecular mechanism of action for different PAMPs and by
defining the required immune responses, combinations of multiple PAMPs can be
employed in search for a synergistic stimulating effect. Another important
parameter in the design of subunit vaccines is the type of formulation and delivery
system. Examples of vaccine formulations that are approved for use in humans
include oil in water emulsions and liposomal formulations.’? These formulations
ensure that antigen and adjuvants are co-delivered to the target immune cells,
resulting in efficacious activation of APCs. However, they are relatively unstable and
suffer from the requirement of cold chain storage, increasing costs and waste and
decreasing accessibility of the vaccine to low-income countries.

These problems can be solved by the development of systems that rely on chemical
bonds and not physical interactions, with chemical bonds being intrinsically more
stable. Fully synthetic single molecule vaccines can be rationally designed to include
antigen(s) and adjuvant(s) that are chemically linked to each other. To reach the
point where this vaccine strategy can be employed, more fundamental and applied
research is required. In this Thesis, efforts towards the development of fully
synthetic vaccines are provided with the aim of generating knowledge and insights
into this class of simple and stable vaccines against TB.

11
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Rational design of synthetic conjugate vaccines against TB
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Figure 2 - Graphical depiction of rational design strategy to vaccine design in this Thesis. The
rational design of vaccines begins with antigen discovery and the selection of relevant PAMPs,
immunostimulatory molecules expressed by the pathogen that are recognized by PRRs, such as TLR2/1
and Mincle. TLR2/1 and Mincle get activated upon engagement with mycobacterial lipoproteins and
glycolipids, respectively. Natural antigens expressed by mycobacteria and recognized by the human
immune system include glycolipids and proteins/peptides. Synthetic chemistry can be employed to
generate simplified/stabilized and biologically active analogues of the natural immunogenic structures.
These nature-inspired synthetic compounds can be assayed for their ability to induce desired immune
responses.
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Chapter 1

Thesis outline

The aim of this Thesis is to exploit synthetic chemistry to better understand
processing of natural glycolipid antigens (Chapter 2), and to generate single
molecule vaccines (Chapters 3 & 4), in which well-defined antigens and molecular
adjuvants are combined. Co-stimulation by two synthetic PAMPs is investigated with
the aim to probe synergistic immune activation (Chapter 5).

Chapter 2 applies rational antigen design to create a stabilized mannose
phosphomyoketide (MPM) that stimulates human T cell responses against the
natural Mtb-derived glycolipid. Through the development of versatile synthetic
strategies three stabilized MPM analogues were generated and tested for their
antigenicity and cross-reactivity with nature-identical MPM. Overall, this work has
provided detailed insights into presentation of MPM by CD1c.

Chapter 3 presents the first biologically active conjugate vaccine containing a
peptide covalently linked to a synthetic analogue of the Mtb-derived glycolipid
trehalose dimycolate (TDM) showing the in vivo efficacy of these constructs. The
design and synthetic strategy for the generation of four TDM-inspired glycolipids is
described, followed by the in vitro characterization of the glycolipid-derived
conjugates. Finally murine experiments demonstrate the ability of one of the
constructs to reduce the bacterial load in the spleen, correlating to strong humoral
immune responses.

In Chapter 4 the activation of TLR2 is explored in UPam-peptide conjugates for the
induction of antimycobacterial responses in the context of different peptide
epitopes. Three conjugates were generated, that have been shown to induce strong
activation of human dendritic cells and macrophages in vitro. Further in vitro testing
suggests that antigen presentation to T cells was not affected by the conjugation to
the TLR-ligand. Finally, one conjugate was used to immunize mice with preliminary
data indicating generation of humoral and cellular responses.

In Chapter 5 two synthetic ligands, that are able to interact with Mincle and TLR2
were generated and assayed in vitro in search of functional synergies. It was shown
that at certain concentrations a synergistic effect of the two ligands could be
achieved, leading to increased cytokine production by human monocyte-derived
dendritic cells. T cell antigen presentation experiments were also performed,
suggesting that co-stimulation could not further increase presentation.

13
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Finally, Chapter 6 contains a summary of the results reported in this Thesis together
with a discussion on the next steps required for the further development, refinement
and future implementation of synthetic methods in Mtb vaccine development.
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Abstract

Mannose phosphomycoketide (MPM) is a glycolipid expressed on the cell wall of
Mycobacterium tuberculosis, which has been shown to be presented by the CD1c protein to
human interferon-y (IFN-y) producing T-cells. Although the ability of T-cells to respond to
peptides presented by the major histocompatibility complex (MHC) protein is more widely
known than their ability to respond to lipids presented by MHC class I-like CD1 proteins, the
CD1c non-polymorphic nature makes it a very interesting target for the development of
vaccines against tuberculosis (TB). Currently, two structurally related mycoketides have been
shown to be antigenic to T-cells via CD1c: the MPM glycolipid and the phosphomycoketide
(PM) lipid. Processing of MPM to PM by antigen-presenting cells like dendritic cells can reduce
the availability of MPM during in vitro and in vivo experiments. In order to improve the
stability of the glycosidic linkage between mannose and the phosphomycoketide moiety,
which is the most likely point of degradation of MPM to PM, three synthetic analogues of MPM
were designed and synthesized. These analogues, comprising a carba-mannose, a methyl
C-glycoside and a difluoro-C-glycoside, were used to stimulate human monocyte-derived
dendritic cells in the presence of either T-cells, that specifically recognize MPM (the CD8-1
T-cell) or PM (the DN6 cell). The difluoro-C-glycoside was shown to induce activation of the
CD8-1 but not the DN6 T-cell line, indicating that this analogue did not give rise to PM in an
antigen presentation assay nor did it cross-react with the DN6 T-cell receptor. Because of its
desirable characteristics, the difluoro-C-mannoside was used to expand antigen-specific
T-cells, which were then shown to cross-react to the natural MPM. IFN-y dose-response curves
obtained from the novel T-cell clone indicated that the stabilized difluoro-C-mannoside was
more antigenic than MPM.
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Introduction

Mannose phosphomycoketide (MPM, See Figure 1a), a naturally occurring
glycolipid expressed on the cell wall of Mycobacterium tuberculosis (Mtb), is a known
antigen presented by dendritic cells (DCs) to T-cells via cluster of differentiation 1c
(CD1c).1-* Given its non-polymorphic nature and its ability to present Mtb-derived
glycolipids to T-cells, CD1c represents an interesting target to exploit for
development of vaccines against tuberculosis (TB).> CD1cis a protein expressed with
high density on subsets of human dendritic cells and B cells. It resembles the major
histocompatibility complex I (MHC-I) in its ability to present foreign and self-
molecules to T-cells.6-2 Unlike the MHC-I, which forms complexes with peptides,
CD1c presents foreign and self-lipids to T-cells.10 As shown in Figure 1, different
classes of lipids have been identified as ligands for this receptor, including
cholesteryl esters (Figure 1c) and phosphatidylcholines (Figure 1d),111-13 in addition
to phosphomycoketides (Figure 1a-b).12 Although many lipids and glycolipids are
presented by multiple CD1 receptors, phosphomycoketides are not recognized by
the other members of the CD1 family. T-cells reactive to CD1c in complex with
phosphomycoketides from Mtb are thought to have important effector functions,
given their ability to produce IFN-y, a cytokine involved in killing of intracellular
mycobacteria through stimulation of endosomal maturation.14-16
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Figure 1 - Chemical structures of lipids that have been shown to interact with the CD1c receptor.
a) PB-D-mannosyl phosphomycoketide; b); Phosphomycoketide; ¢) cholesteryl esters;
d) phosphatidylcholines (here PC(16:0/18:1) is shown).
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The first example of CD1c presentation of MPM to T-cells dates back to 2000, when
Moody and co-workers used a DC-mediated antigen presentation assay to prove that
this glycolipid was presented to the CD1c restricted T-cell clone, CD8-1.1 Thirteen
years later, Ly et al. were able to show that another CD1c restricted T-cell line, DN6,
was responding to dendritic cells stimulated by two lipids: MPM and
phosphomycoketide (Figure 1a-b) (PM), a phospholipid differing from MPM only in
the absence of the carbohydrate moiety.2 Interestingly, DN6 T-cells did not respond
to plate bound CD1c in the presence of MPM, but only in the presence of PM. This
result led to the hypothesis that the mannose group is hydrolyzed by antigen-
presenting cells via mannosidase enzymes or in the acidic endosomal compartment,
yielding PM as a neo-epitope. The crystal structure later revealed PM to be the real
epitope for DN6 T-cells.*

MPM has been suggested as a promising antigen for the development of anti-TB
vaccines. However, natural processing of MPM to PM reduces the levels of the
antigen, which is present in the mycobacterial cell wall in low quantities. To further
probe MPM as an antigen, stabilized analogues of the glycolipid, which are not (as
readily) transformed into PM, could be attractive tools. To this end, this Chapter
reports the design and synthesis of three novel MPM analogues. These synthetic
analogues, whose structures are shown in Figure 2, comprise a carba-mannose,
where the ring oxygen is replaced by a methylene group (compound 1), and two
C-mannosides, where the anomeric oxygen is replaced by a methylene group or a
difluoro methylene moiety (compounds 2 and 3, respectively). These modifications
render the molecules (more) stable towards chemical and enzymatic hydrolysis
making these MPM-analogues ideal candidates to explore their antigenic potential in
the context of TB vaccination and further understand the immune function of CD1c
receptor.

The stability of the three analogues towards mannosidase enzymes can be explained
on the basis of the mechanism of action of the glycosidases. During glycosidase-
induced hydrolysis an oxocarbenium ion forms,!” whose formation is not possible
once the carbohydrate hemiacetal is replaced by the ether linkage in the carba- and
C-glycosides here described. It is not possible to exclude occurrence of enzymatic
hydrolysis induced by phosphatases during processing by antigen-presentation
dendritic cells. However, in analogues 2 and 3 this would lead to formation of lipid 4
(Figure 2), which cannot be bound to the CD1c receptor. One challenge associated to
the use of glycomimetics is related to the changes in conformation of the
carbohydrate ring. Altering the structure of the mannose moiety of MPM to generate
the more stable glycomimetic can result in conformational changes of the key exo-
cyclic phosphate substituent. The exo-anomeric effect that determines the
orientation of the exo-cyclic substituent is missing in all three stabilized analogues.
The overall dipole of the molecules will be different as well as hydrogen bonding and
accepting properties. Finally, the pKa of the phosphate in the analogies will differ
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from the parent compound. These effects should be minimized in C-mannoside 3,
since the difluoro methylene has most similar electronic properties compared to
those of the anomeric oxygen, present in the naturally occurring MPM.18.19

Results and discussion

Previously, van Summeren et al. have shown the importance of the stereochemistry
of the lipid moiety in phosphomycoketides for T-cell response with the first
stereoselective total synthesis of a f-D-mannosyl phosphomycoketide.20 The same
lipid moiety, compound 4 (Figure 2), was used to generate the three stabilized MPM-
analogues described in the present work.

A Hydrolysis of MPM may result in formation of PM

labile bond
‘ Na Na
HO / g hydrolysis (g
HO
HO 0 ﬁ’o\/\/F\/\{|/\/\ -~ HO\ﬁ/OW
o (0} 5
MPM PM
B Stabilized MPM-analogues: synthetic approach
OH
Bn@@
— — HO . AcO
@ 4 ngo +4 7 HO > K0
6
peracelylated glucal
8 @M H
> BnO \
Bno p-O0 N 4
Il |
8 o -

B Ho
BnO F 7z OH
: BnO%QHO " 7 D-mannose
5
0]

T
o]
mé

Figure 2 - (A) Chemical structures of B-D-mannosyl phosphomycoketide (MPM) and its synthetic
analogues: carba-mannose 1 (MPM-1), and C-mannosides 2 (MPM-2) and 3 (MPM-3). Structural
modifications, responsible for improved stability towards chemical and enzymatic hydrolysis, are
highlighted in green. (B) Retrosynthetic approach to generation of carba-mannose (compound 1) and two
C-mannosides (compounds 2 and 3), glycomimetics of MPM. Key intermediates, pseudo-glucal 6 and
manno-lactone 6, are highlighted in blue.
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As represented in the retrosynthetic scheme of Figure 2, to generate the carba-
analogue 1, a phosphoramidite chemistry approach was chosen in coupling lipid 4
to B-carba-mannopyranoside 5. Multiple synthetic strategies have been devised to
generate carba-sugars, including those based on carbohydrate precursors as the
prime source of chirality.21-23 A route towards carba mannose 5 originating from
pseudo-glucal 6 is shown in this chapter. This pseudo-glucal can be readily obtained
from D-glucal. The two C-glycosides 2 and 3 can be obtained from D-mannose via
lactone intermediate 7, which can be converted to phosphonates 8 and 9. Coupling
between phosphonate 8 or 9 and lipid 4 then yields the desired analogues 2 and 3.
Importantly, chemical hydrolysis of the two C-mannopyranoside analogues 2 and 3
can never lead to formation of PM, as lipid 4 would be the hydrolysis product.
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Figure 3 - Synthetic scheme for the generation of carba-mannose (compound 1). a) i. K2CO3;, MeOH,
ii. TDSCI, imidazole, DMF, -20°C, 82%, b) i. BnBr, NaH, TBAI, THF, ii. TBAF, THF, 69%, c) i. IBX, EtOAc,
reflux, ii. PPh3CHzl, KHMDS, THF, -78°C to RT, 88%, d) i. o-dichlorobenzene, 230°C, ii. NaBH4, EtOH/THF,
94%, e) Li-naphthalenide, THF, -20°C, 81%, f) PhCH(OMe)., pTsOH, DMF, 60°C, 67%, g) m-CPBA, PBS
buffer, DCM, o 5%, B 86%, h) KOH, dioxane, H20, 90°C, quant,, i) 2,2-dimethoxypropane, pTsOH, DMF,
90%, j) IBX, EtOAc, reflux, 82%, k) NaBHs, DCM/MeOH, 0°C, 77%, 1) NapBr, NaH, TBAI, THF/DMF, 88%,
m) pTsOH, MeOH, 92%, n) BnBr, NaH, TBAI, DMF, 86%, o) DDQ, DCM/Hz0, 73%, p) (CEO)PCI(N-iPr2),
DIPEA, DCM, 68%, q) i. compound 4, DCI, CH3CN, ii. CSO, CH3CN, 70%, r) EtsN, CH3CN, 74%, s) Pd/C, Hz,
CHCl3:MeOH (1:1 v/v), 47%.
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The synthesis of MPM-1 is depicted in Figure 3. First, pseudo-glucal 11 was
synthesized from the commercially available peracetylated glucal, following the
steps of Gao et al. with a key Claisen rearrangement reaction on substrate 10 to
replace the ring oxygen atom with a methylene group.2* The removal of the benzyl
groups from compound 11 proved challenging, as most oxidative and reductive
methods are not compatible with the presence of alkenes. Attempts of using the
strong Lewis acids FeCls, BBrs and BCls were unsuccessful (Table 1). Deprotection
using TiCls, however, was successful as confirmed by NMR analysis. The downside of
this Lewis acid was the formation of an unknown side-product, which proved
difficult to remove by silica gel chromatography. Finally, a modified Birch-type
reduction using lithium naphthalenide (LN) yielded compound 6 with reproducible
results, independent on the reaction scale.

Table 1 - Optimization reaction conditions for debenzylation of substrate 11.

entry# mmol reagent solvent temperature (°C) time yield
11 (eq) (h) (%)

1 0.39 TiCls (2.5) DCM -78 1 N/A*

2 0.40 TiCls (4.5) DCM -78 1.5 53

3 0.33 BCls (20) DCM -78 16 N/A

4 0.33 BBr3 (8.5) DCM -78 5 N/A

5 0.46 FeCls (7) DCM 0 2 N/A

6 0.42 LN (1.1) THF 7810 0 16 18

7 0.32 LN (5) THF -78 to -20 1 30

8 0.30 LN (7.5) THF -78'to -20 16 79

9 27.8 LN (7.5) THF 78 to -20 46 81

*50% monobenzylated product found

Pseudo-glucal 6 was then converted to a-carba-mannopyranoside 13 via
epoxidation of the cyclic olefin, followed by opening of the epoxide in basic
conditions and subsequent protection. Noteworthy is the stereo-convergence of
epoxide formation and opening events, where both the “a-gluco” and “B-manno”
configured epoxides (formed in a 1:17 ratio, isolated and reacted separately) lead to
formation of the same a-carba-mannopyranoside. The opening of the epoxides
follows a reaction trajectory that is in accordance with the Fiirst-Plattner rule.
Inversion of the pseudo-anomeric alcohol using an oxidation/reduction sequence,
yielded the desired B-carba-mannopyranoside configuration of compound 14. As
expected, the intermediate ketone was reduced in an axial fashion by NaBH4 and the
small amount of the axial alcohol was readily removed by column chromatography.
The free hydroxyl group of compound 14 was protected with a naphthyl ether (Nap)
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before acidic removal of the two acetal protecting groups. Benzyl groups were
introduced on the freed hydroxyls after which the Nap group was cleaved oxidatively
with 1 equivalent of DDQ yielding intermediate 15. Formation of a side product due
to oxidative removal of benzyl protecting group from the C-3 position (mannose
numbering) was observed when using DDQ in excess, as confirmed by NMR analysis.
Compound 15 was then converted to the phosphoramidite 16 by treatment with
2-cyanoethyl  N,N-diisopropylchlorophosphoramidite = under influence of
N,N-diisopropylethylamine (DIPEA). Intermediate 16 was coupled to lipid 4 using
DCI as activator, followed by oxidation of the intermediate phosphite with
(1S)(+)-(10-camphorsulfonyl)oxaziridine (CSO) to give the corresponding
phosphotriester. After removal of cyanoethyl protecting group and dehydrogenation
MPM-analogue 1 was isolated in an overall yield of 1.4% over 19 steps starting from
D-glucal.

BnO OBn BnO OBn BnO OBn BnO— OBn
BnO BrO~ BnO- + Bno&/\
BnO P OMe
18a
(side product)
\k g
OBnF F BnO OBn A
BnO
BnO o v ¥ BHO%‘?H@ »
BnO P—OEt BnO P-O “Na
19 OH O 8 o H

| Ji
‘ X
OBnF F OBnF F /
BnO OEt BnO OH
NS A w No ne-
BnO ﬁ—OEt

20 (0]

Figure 4 - Synthetic scheme for the generation of the two C-mannosides (compounds 2 and 3). a)
Cp2TiMe, toluene, 60°C, 79%, b) (Me0)2P(=0)H, DPAP, neat, hv = 375 nm, y 18a: 14%, y 18b: 59%, c)
TMSBr, pyridine, CH3CN, 85%, d) compound 4, iPr3PhS0:Cl, pyridine, 50°C, 50%, e) Pd/C, Hz, THF/H20
(1:1, v/v), 80%, f) LDA, (Et0).P(=0)CHF2, THF, 98%, g) i. Me02CC(=0)Cl, DCM, ii. AIBN, BusSnH, toluene,
30%, h) TMSBr, pyridine, CH3CN, quant,, i) compound 4, iPr3PhS0:Cl, toluene:DMF:pyridine (1.25:1:0.5,
v/v/v), 50°C, 64%, j) Pd/C, Hz, THF:H20 (2:1, v/v), 82%.

Next, the synthesis of C-mannosides 2 and 3 was undertaken. C-Glycosides are
commonly synthesized by generating the anomeric C-C bond starting from
carbohydrate substrates, such as glycosyl halides, sugar lactols or lactones,
1,2-anhydrosugars, thioglycosides/sulfoxides/sulfones or glycosyl
imidates/phosphonates.2s For the synthesis of the C-mannoside analogues 2 and 3,
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two separate reaction routes were developed, both starting from manno-lactone 7,
as shown in Figure 4. The approach chosen for the generation of compound 2
consisted of the conversion of the lactone into exo-glycal 17 using the Petasis
reagent, followed by radical hydrophosphonylation to obtain the desired
B-stereoisomer. This less common approach was inspired by the work of Dondoni et
al., where a similar hydrophosphonylation reaction was performed on peracetylated
exo-glucal.26 A plausible reaction mechanism, explaining the observed
stereochemistry is shown in Figure 5. According to this mechanism, a phosphonate
radical forms after hydrogen abstraction by radical fragments of the DPAP initiator.
The phosphonate radical, in turn, adds to the exo-cyclic olefin, resulting in the
generation of an anomeric radical. Abstraction of a hydrogen from
dimethyl-H-phosphonate by this radical preferentially occurs from the more
accessible bottom face, leading to the formation of the sterically more favorable
equatorial C-phosphonate.

A OMe
MeO OMe MeO OMe 6 I'D,OMe
1
N ©
BnO OBn
Bnom
BnO
Figure 5 - Proposed reaction mechanism to explain stereochemical outcome of

hydrophosphonylation reaction.

The reaction yield for the hydrophosphonylation was 43% when this reaction was
performed under unfocused sunlight and it increased to 59% when using focused UV
light (375 nm). Side-product 18a formed by the undesired reaction of compound 17
with the radical initiator, was isolated in 14% yield and identified via H-N MR.! The

1 Nucleophilic addition of methyl diethyl phosphonate carbanion to manno-lactone was considered as an
alternative method to hydrophosphonylation, but not pursued due to the additional reaction steps and
formation of an exo-cyclic olefin upon dehydroxylation of the newly formed lactol.
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B-mannosyl phosphonate 18b was demethylated to obtain free phosphonic acid 8
using TMSBr in the presence of pyridine to quench the forming acidic species.” The
stereochemistry of the C-phosphonate was confirmed at this stage using Nuclear
Overhauser Enhancement Spectroscopy (NOESY) experiments. The correlation
between the H-1 and H-5 protons, and between H-1 and H-3, as shown in Figure 6,
confirms the formation of the desired -stereoisomer. Phosphonate 8 was finally
coupled to lipid 4 by activation of the acid using 2,4,6-tri-iso-propylbenzenesulfonyl
chloride, after which the protected glycolipid was deprotected via hydrogenation,
yielding the desired MPM analogue 2 in an overall yield of 6.7% over 10 steps
starting from D-mannose.

H-2 H-4 H-3, H-6a
H-1 H-6b H-5

r3.2

r3.4
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r3.8

f1

42 4.0 3.8 3.6 3.4 3.2
f2 (ppm)

Figure 6 - NOESY spectrum of compound 8. The key NOE interaction can be found between H-1 and
H-5, H-1 and H-3.

Although several synthetic strategies have been devised for the synthesis of
anomeric phosphates/phosphonates,27:28 as well as for the synthesis of fluorinated
phosphonates,?? the literature describing synthetic approaches to the generation of
anomeric difluoro-C-phosphonates is relatively scarce. Examples of synthetic

2 Key for obtaining good resolution NMR measurements has been the use of ultrapure silica for
purification purposes, followed by treatment of the product with a Chelex® 100 resin. The use of glass-
covered stirring rods in place of the classical Teflon-covered rods is recommended.
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approaches to this class of compounds include the use of sugar-lactones or
1,2-anhydrosugars for a nucleophilic addition reaction of lithiated
(difluoromethyl)phosphonates,3%31 or the use of gem-difluoro exo-glycal
intermediates in a phosphonyl radical addition.32 In this work, a route involving a
nucleophilic addition to the lactone was employed.

To assemble the MPM difluoro-C-mannoside analogue 3, lactone 7 was treated with
the carbanion formed from reaction of diethyl (difluoromethyl)phosphonate with
LDA to provide lactol 19 in near quantitative yield (Figure 4). Removal of the newly
formed anomeric alcohol, however, proved challenging. A Barton McCombie
approach led to formation of a difluoro exo-glycal, as determined by NMR analysis.
Treatment of the alcohol with catalytic quantities of Et3SiH did not result in any
product formation, while using an excess of silane exclusively led to the formation of
the TES-protected hydroxyl. Reduction of the lactol eventually succeeded via the
formation of the intermediate methyloxalate using monomethyl oxalyl chloride,
followed by treatment with BusSnH. In line with the synthesis of C-mannoside 2, the
phosphonate was converted into phosphonic acid 9. NOESY-NMR confirmed the
B-stereochemistry (see Figure 7).
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Figure 7 - NOESY spectrum of compound 9. The key NOE interaction can be found between H-1 and
H-5, and H-1 and H-3.
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Coupling of lipid 4 to difluoro-C-mannosyl phosphonic acid 9 was accomplished
using iPr3PhS0:Cl as condensing agent in a mixture of DMF/toluene/pyridine, which
was required to solubilize all reagents. It was observed that an excess of lipid 4 was
required for the coupling reaction to prevent formation of the pyrophosphonate side
product (the identity of which was proven via NMR and LC-MS analysis). Finally, a
hydrogenation reaction was performed to obtain the desired MPM
difluoro-C-mannoside 3 which was obtained in 15 % overall yield starting from
manno-lactone 7.

With the stabilized MPM-analogues in hand, the consequences of the structural
modifications on antigen presentation were assessed (see Figure 8A for a visual
depiction of the chosen approach). The stabilized analogues were used to stimulate
human monocyte-derived dendritic cells in the presence of either DN6 or CD8-1
T-cells.

A B D81 <, DNe

T-cellline ) gy, = £ - PM
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£ 20 % -4 MPM-1
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2 10 < 2 MPM-3
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L e A=
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Figure 8 - MPM-3 withstands hydrolysis and cross-reacts with natural MPM. (A) Visual depiction of
antigen presentation assay performed to compare IFN-y production by CD8-1 or DN6 T-cells in the
presence of lipid antigen. (B) IFN-y production by MPM-specific CD8-1 T-cells co-cultured with moDCs in
the presence of natural MPM or MPM analogues. (C) IFN-y production by PM-specific DN6 T-cells co-
cultured with moDCs in the presence of natural MPM and MPM analogues. Data are mean # SD of triplicate
measurements representative of three experiments.

Figure 8B shows that the three analogues were recognized by the CD8-1 T-cell
receptor (TCR), which is known to interact with MPM but not with PM. Previously,
the DN6 TCR has been shown to be specific for PM, formed from MPM after cellular
processing. Unexpectedly, as determined by quantification of the IFN-y response,
carba-mannose 1 and C-mannoside 2 were able to activate the DN6 T-cell line,
although to a lower extent than natural MPM (Figure 8C).3 This could indicate that
MPM-1 is hydrolyzed under the assay conditions to provide PM. Hydrolysis of
C-mannoside 2 however would lead to the formation of lipid 4, which cannot be

3 As cross-contamination or hydrolysis during storage was unlikely and the samples were tested for the
presence of traces amounts of PM using HPLC-MS (see supporting figure), an alternative possible
explanation for the unexpected result is that the DN6 TCR recognizes the intact analogues in a cross-
reactive manner.
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presented by CD1c. Alternatively, it may be speculated that 1 and 2 bind to CD1c in
such a manner that it exposes the PM moiety while folding away the mannoside. In
contrast, the difluoro-C-mannoside 3 did not induce activation of the DN6 T-cell line,
indicating that this analogue does not give rise to PM in an antigen presentation
assay and that it does not cross-react with the DN6 TCR.

Because of its desirable characteristics, difluoro-C-mannoside 3 was used to
generate a T-cell line named HD56-MPM-3, which was shown to be cross-reactive to
natural MPM (see Figure 9A for a visual depiction of the chosen approach).
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Figure 9 - HD56-MPM-3 T-cells produce IFN-y after stimulation with MPM-3 and natural MPM. (A)
Visual depiction of experimental approach to the generation and characterization of novel T-cell clone:
the difluoro-C-mannoside 3 was used to generate T-cell clone HD56-MPM-3, which was shown to
recognize both MPM and MPM-3 by flow cytometry using CD1c-tetramers and by ELISPOT using the
myelogenous leukemia cell line K562 transduced with CD1c (K562.CD1c). (B) IFN-y ELISPOT the HD56
cell line stimulated with K562.CD1c or K562.CD1b cells in the presence of the indicated lipid antigens.
Error bars represent the SEM of triplicate wells. One representative experiment of three is shown.
(C) Dose response curve of HD56-MPM-3 stimulated with K562.CD1c and lipid antigens.
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The cross-reactivity was demonstrated by tetramer staining using CD1c tetramers
loaded with either MPM or the difluoro-C-mannoside (data not shown). To further
characterize the response of the HD56-MPM-3 cell line to MPM and its synthetic
analogues, an antigen presentation assay using the myelogenous leukemia cell line
K562 transduced with CD1c (K562.CD1c) was performed. The detected ELISPOT
responses indicate that difluoro-C-mannoside 3 and MPM are both recognized by the
HD56-MPM-3 cell line, with the synthetic analogue eliciting a stronger IFN-y
response (Figure 9B). Additionally, also the other synthetic analogues
carba-mannoside 1 and C-mannoside 2 induced a low to intermediate response,
while the amount of IFN-y detected upon stimulation with PM is comparable to the
background level of IFN-y from T-cells stimulated without antigen.

Furthermore, no IFN-y is detected in the presence of difluoro-C-mannoside 3 when
K562.CD1c cells are absent, indicating that processing by the K562.CD1c cells is
required. The requirement for processing by the K562.CD1c cell line with
presentation via CD1c is shown by the decreased responses in the presence of
anti-CD1c antibodies (a-CD1c) as compared to the difluoro-C-mannoside 3
stimulation condition. To further evaluate the responsiveness of the HD56-MPM-3
cell line to MPM and difluoro-C-mannoside analogue 3, IFN-y dose response curves
were compared (Figure 9C), demonstrating that MPM is less antigenic than the
stabilized difluoro-analogue 3. This finding suggests that the hydrolysis of MPM to
PM reduces the amount of available antigen, while the difluoro-C-mannoside 3 is not
sensitive to hydrolysis.
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Conclusions

The CD1c receptor expressed on antigen-presenting cells represents an attractive
target for the development of vaccines against tuberculosis, given its
non-polymorphic nature and its ability to present Mtb-specific glycolipids to T-cell.
MPM is one of such glycolipids and its ability to induce strong T cell responses makes
ita good candidate for subunit vaccine applications. However, the processing of MPM
to PM by antigen presenting cells like dendritic cells reduces the availability of MPM
in vivo.

In this chapter, the synthesis of three MPM-analogues, a carba-analogue and two
C-mannosides, is presented. Characteristic of these analogues is their improved
stability towards chemical and enzymatic hydrolysis. For the generation of the
carba-analogue, a phosphoramidite chemistry approach was chosen to couple lipid
alcohol to B-carba-mannopyranoside, which was obtained from a pseudo-glucal
intermediate. The two C-glycosides were synthesized starting from D-mannose via a
lactone intermediate, which was subsequently converted to the phosphonates using
two different synthetic strategies. The coupling reaction between these
phosphonates and lipid alcohol yielded the desired analogues in satisfactory yields.

The synthetic analogues were used to stimulate human monocyte-derived dendritic
cells in the presence of two well-established T-cell clones, that can recognize CD1c
presented MPM and PM analogues, respectively. The difluoro-C-mannoside 3 was
shown to induce activation of the CD8-1 but not the DN6 T-cell line, indicating that
this analogue did not give rise to PM in an antigen presentation assay and did not
cross-react with the DN6 TCR.

Because of its desirable characteristics, difluoro-C-mannoside 3 was used to expand
antigen-specific T-cells, which were further shown to cross-react to the natural MPM.
IFN-y dose-response curves obtained from the novel T-cell clone indicated that the
stabilized difluoro-analogue 3 was more antigenic than MPM. Further studies,
including experiments to assess recognition of the novel analogue by T-cells of
individuals infected with Mtb and in vivo experiments, will be performed to provide
more information regarding the potential of the difluoro-C-mannoside analogue for
the development of TB vaccines.
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Materials and methods

General methods

All reagents were of commercial grade and used as received unless stated otherwise. Ethyl
acetate and toluene were distilled before use. Glassware was oven dried at 80°C. Anhydrous
solvents used for water-sensitive reactions were stored on activated molecular sieves 3 A for
at least 24 hours before use. Molecular sieves 3 A were flame dried under reduced pressure.

Reactions that required anhydrous conditions were co-evaporated as described in the
experimental procedure to remove traces of water, and the reactions were performed under
argon or nitrogen atmosphere. Reactions that required a microwave irradiation were
performed using a Biotage initiator 2.5. Reactions that required UV irradiation (375 nm; 200
mW; 350 mA; 3.7 V) were performed in the dark using a high-power single chip led (H2A1
series, Roithner LaserTechnik), and the led was fastened to a plastic adapter (for flasks NS
14/23) with distance from the reaction mixture of 5 to 7 cm.

Flash chromatography was performed on Screening Devices silica gel 60 (0.040 - 0.063 mm).
Size exclusion chromatography was performed on Sephadex LH-20 gel. The progress of each
reaction was followed via TLC-analysis, conducted on DC-alufolien (Merck, Kieselgel 60, F245)
with detection by UV-absorption (254 nm) for UV-active compounds and by spraying with one
of the following TLC stain solutions: 20% H2SO04 in ethanol; 5% anisaldehyde and 5% H2S04 in
ethanol; (NH4)sM07024.4H20 (25 g/L), (NH4)4Ce(S04)4.2H20 (10 g/L), 10% H2SO4 in H20;
KMnOs4 (10 g/L) and K2CO3 (67 g/L) in H20; the staining was followed by charring at 150°C.

1H, 13C and 31P NMR spectra were recorded on a Bruker AV 300 (300/75/121 MHz), Bruker
DMX-400 (400/101 MHz), a Bruker AV 400 (400/101/126 MHz), a Bruker AV 500
(500/126/202 MHz) or a Bruker AV 600 (600/151 MHz) spectrometer. 1F NMR spectra were
recorded on a Bruker AV 500 (471 MHz) spectrometer. Chemical shifts (&) are given in ppm
relative to the residual solvent peak or tetramethylsilane as internal standard. Coupling
constants (J) are given in Hz. All given 13C, 31P and 19F spectra are proton decoupled unless
stated otherwise.

High-resolution mass spectrometry (HRMS) was performed on a Thermo Finnigan LTQ
Orbitrap mass spectrometer equipped with an electrospray ion source in positive-ion mode
(source voltage 3.5 kV, sheath gas flow 10, capillary temperature 275 °C) with resolution R =
60.000 at m/z 400 (mass range of 150-4000) and dioctylphtalate (m/z=391.28428) as lock
mass, or on a Waters Synapt G2-Si (TOF) equipped with an electrospray ion source in positive
mode (source voltage 3.5 kV) and LeuEnk (m/z = 556.2771) as internal lock mass.
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C-mannosyl-1-phosphomycoketide
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$1 Figure - Synthetic scheme for the generation of carba-mannose (compound 1). a) i. K2CO3, MeOH,
ii. TDSCI, imidazole, DMF, -20°C, 82%, b) i. BnBr, NaH, TBAI, THF, ii. TBAF, THF, 69%, c) i. IBX, EtOAc,
reflux, ii. PPh3CHzl, KHMDS, THF, -78°C to RT, 88%, d) i. o-dichlorobenzene, 230°C, ii. NaBH4, EtOH/THF,
94%, e) Li-naphthalenide, THF, -20°C, 81%, f) PhCH(OMe)., pTsOH, DMF, 60°C, 67%, g) m-CPBA, PBS
buffer, DCM, a 5%, B 86%, h) KOH, dioxane, H20, 90°C, quant,, i) 2,2-dimethoxypropane, pTsOH, DMF,
90%, j) IBX, EtOAc, reflux, 82%, k) NaBHs, DCM/MeOH, 0°C, 77%, 1) NapBr, NaH, TBAI, THF/DMF, 88%,
m) pTsOH, MeOH, 92%, n) BnBr, NaH, TBAI, DMF, 86%, o) DDQ, DCM/Hz0, 73%, p) (CEO)PCI(N-iPr2),
DIPEA, DCM, 68%, q) i. compound 4, DCI, CH3CN, ii. CSO, CH3CN, 70%, r) EtsN, CH3CN, 74%, s) Pd/C, Hz,
CHCl3:MeOH (1:1 v/v), 47%.

6-0-dimethylthexylsilyl-D-glucal (21).

3,4,6-0-acetyl-D-glucal (81.6 g, 300 mmol, 1.0 eq) was dissolved in MeOH (500 ml, 0.6M). To
the solution K2C03 (4.15 g, 30 mmol, 0.10 eq) was added and the reaction mixture was stirred
for 1 hour at room temperature. Volatiles were then removed in vacuo and the crude was co-
evaporated (1x) with toluene before being dissolved in dry DMF (500 ml, 0.6M). To this
solution imidazole (68.1 g, 900 mmol, 3.0 eq) was added and the mixture was cooled to -20°C.
TDSCI (65 ml, 330 mmol, 1.1 eq) was added dropwise via cannula and the reaction mixture
was stirred overnight at -20°C. After warming to room temperature the reaction mixture was
concentrated in vacuo, dissolved in EtOAc and transferred to a separatory funnel. The organic
layer was washed with water (4x) and with brine (2x). The combined water layers were
extracted (1x) with DCM and the combined organic layers were dried over MgSOs, filtered and
concentrated in vacuo. Compound 21 was obtained after silicagel chromatography
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(Pentane/EtOAc 4:1—1:1; DCM loading of crude) as a yellow oil (71 g, 246 mmol, 82%). 1H
NMR (300 MHz, CDCl3) &: 6.31 (dd, ] = 6.1, 1.8 Hz, 1H, H-1), 4.72 (dd, J= 6.1, 2.2 Hz, 1H, H-2),
4.34 - 420 (m, 1H, H-3), 4.02 - 3.93 (m, 1H, H-6a), 3.93 - 3.84 (m, 1H, H-6b), 3.82 - 3.74 (m,
2H, H-4, H-5), 3.27 (bs, 1H, OH-3), 2.59 (bs, 1H, OH-2), 1.70 - 1.54 (m, 1H, CH-TDS), 0.90 - 0.84
(m, 12H, CH3-TDS), 0.16 - 0.10 (m, 6H, CHs-Si). 13C-APT NMR (75 MHz, CDCl3) 6: 144.3 (C-1),
102.6 (C-2), 76.7 (C-5), 72.7 (C-4), 69.5 (C-3), 63.8 (C-6), 34.2 (CH-TDS), 20.4 (CH3-TDS), 18.6
(CHs-Si).

3,4-di-0-benzyl-D-glucal (22).

Compound 21 (1.45 g, 5.0 mmol, 1 eq) was co-evaporated (3x) with toluene and dissolved in
dry THF (10 mL). The solution was cooled to 0°C and TBAI (190 mg, 0.5 mmol, 0.1 eq), BnBr
(2.4 mL, 20 mmol, 4 eq) and a 60% suspension in mineral oil of NaH (505 mg, 13 mmol, 2.6
eq) were added sequentially. The reaction mixture was stirred at RT overnight. Upon
completion, the reaction mixture was quenched with the addition of MeOH, diluted in EtOAc
and transfer- red to a separatory funnel. The organic layer was washed (3x) with water and
(1x) with brine. The organic layer was dried over MgSO0s, filtered and concentrated in vacuo.
The resulting crude fully protected glucal was dissolved in dry THF (10 mL) and cooled to 0°C.
Then a 0.1 M solution of TBAF (70.5 mL, 7.5 mmol, 1.5 eq) in THF was added dropwise to the
reaction mixture via cannula. Upon complete addition, the reaction mixture was stirred at RT
overnight and subsequently quenched with the addition of a saturated solution of NH4Cl(aq).
The reaction mixture was then diluted in DCM and transferred to a separatory funnel. The
organic layer was washed (1x) with brine, dried over MgSOs, filtered and concentrated in
vacuo. Compound 22 was obtained after silicagel chromatography (Pentane/Etz0 9:1—1:1;
DCM loading of crude) as a yellow syrup (1.13 g, 3.5 mmol, 69%). NMR analysis confirmed
purity of the product, whose 1H NMR and 13C NMR spectra were in agreement with published
literature.33

3,4-di-0-benzyl-6,7-ene-D-glucal (10).

Compound 22 (19.6 g, 60.3 mmol, 1 eq) was dissolved in dry EtOAc (1.2 L) after which IBX
(84.6 g, 302 mmol, 5 eq) was added. The reaction mixture was stirred under reflux for 6 hours
and then cooled to RT, filtered over celite and concentrated in vacuo to give the crude
aldehyde. The crude aldehyde was co-evaporated (2x) with toluene and dissolved in dry THF
(60 mL). A phosphonium ylide solution was then prepared by suspending PPh3CH3Br (43.0 g,
120.5 mmol, 2 eq) in dry THF (300 mL), cooling the suspension to -78°C and adding a 0.5 M
solution of KHMDS in toluene (241 mL, 120.5 mmol, 2 eq) dropwise to the suspension via
cannula. The solution was stirred for 30 minutes at -78°C and left to warm up to -50°C to
obtain an intensely yellow colored solution. The phosphonium ylide solution was then cooled
to -78°C and the crude aldehyde solution was added dropwise. The reaction mixture was then
stirred at RT overnight. Upon completion, the reaction was quenched with the addition of a
saturated solution of NH4Cl(aq) (150 mL), then diluted in DCM and transferred to a separatory
funnel. The organic layer was washed (1x) with brine and the water layer was extracted (1x)
with DCM. The combined organic layers were dried over MgSOs, filtered and concentrated in
vacuo. Compound 10 was obtained after silicagel chromatography (Pentane/ Et20 39:1—3:2;
DCM loading of crude) as a light brown syrup (17.1 g, 53.1 mmol, 88%). NMR analysis
confirmed purity of the product, whose 1H NMR and 13C NMR spectra were in agreement with
published literature.34
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3,4-di-0-benzyl-pseudo-D-glucal (11).

Compound 10 (645 mg, 2 mmol, 1 eq) was co-evaporated (3x) with toluene, transferred to a
5 mL microwave vial purged with N2 and dissolved in dry o-dichlorobenzene (5 mL). The
microwave vial was purged once more with Nz and stirred under microwave irradiation for
20 minutes at 230°C. The intermediate aldehyde was then reduced by pouring the reaction
mixture in a solution on of NaBH4 (113 mg, 3 mmol, 1.5 eq) in THF/EtOH 2:1 (5 mL). This
mixture was stirred for 15 minutes and quenched with the addition of water before being
transferred to a separatory funnel. The water layer was extracted (3x) with DCM. The
combined organic layers were washed (1x) with brine, dried over MgSOs4, filtered and
concentrated in vacuo. Compound 11 was obtained after silicagel chromatography
(Pentane/Et20 9:1—1:9; DCM loading of crude) as a yellow syrup (610 mg, 1.88 mmol, 94%).
NMR analysis confirmed purity of the product, whose 1H NMR and 13C NMR spectra were in
agreement with published literature.34

pseudo-D-glucal (6).

Naphthalene (26.8 g, 209 mmol, 7.5 eq) and freshly cut lithium pieces (10 eq) were suspended
in freshly distilled dry THF (320 mL) under an argon atmosphere. The solution was then
sonicated for 30 seconds, resulting in a dark green solution of naphthalenide radicals.
Dibenzylated 11 (9.02 g, 27.8 mmol, 1 eq) was co-evaporated with toluene under argon and
dissolved in freshly distilled dry THF (140 mL). The resulting solution was then added
dropwise via a cannula to the lithium naphthalenide solution at -78°C and stirred for 2 days
at-20°C. Upon completion, non-distilled THF was added and the reaction mixture was diluted
with MeOH until the dark green color disappeared. The strongly basic solution was then
neutralized using Amberlite H+, resulting in a clear solution that was filtered and concentrated
in vacuo. Compound 6 was obtained after silicagel chromatography (EtOAc/MeOH 1:0—4:1;
EtOAc loading of crude) as white crystals (3.25 g, 22.5 mmol, 81%). [a]3’= - 13.7 °(c = 0.010,
MeOH). 1H NMR (400 MHz, MeOD) 8: 5.79 - 5.67 (m, 1H, H-1), 5.61 - 5.49 (m, 1H, H-2), 4.11 -
4.01 (m, 1H, H-3), 3.81 (dd, ] =10.9, 4.4 Hz, 1H, H-6a), 3.68 (dd, ] = 10.8, 6.1 Hz, 1H, H-6b), 3.44
(dd,J=11.1, 7.7 Hz, 1H, H-4), 2.33 - 2.21 (m, 1H, H-7a), 2.08 - 1.96 (m, 1H, H-7b), 1.93 - 1.79
(m, 1H, H-5). 13C-APT NMR (101 MHz, CDCls) &: 130.2 (C-2), 128.3 (C-1), 76.0 (C-4), 74.7
(C-3), 64.5 (C-6), 42.5 (C-5), 29.5 (C-7). HRMS [M+Na]*: 167.06818 found, 167.06787
calculated.

4,6-0-benzylidene-pseudo-D-glucal (23).

Fully deprotected pseudo-glucal 6 (3.0 g, 20.8 mmol, 1 eq) was dissolved in dry DMF (42 mL).
Benzaldehyde dimethyl acetal (4.65 mL, 31.2 mmol, 1.5 eq) and pTsOH (363 mg, 0.2 mmo], 0.1
eq) were added and the flask containing the reaction mixture was spun on a rotary evaporator
under reduced pressure at 60°C. After 1 hour a saturated solution of NaHCO3(aq) was added
and the reaction mixture was diluted in water and Etz0 and transferred to a separatory funnel.
The water layer was extracted (3x) with Et20. The combined organic layers were washed (1x)
with brine, dried over MgSO0s4, filtered and concentrated in vacuo. Compound 23 was obtained
after crystallization from EtOH as white crystals (3.24 g, 14 mmol, 67%). [a]3’= - 11.6 °(c =
0.010, DCM). H NMR (400 MHz, CDCl3) &: 7.58 - 7.48 (m, 2H, H-arom), 7.44 - 7.33 (m, 3H, H-
arom), 5.74 (ddd, ] =8.9, 4.5, 2.2 Hz, 1H, H-1), 5.69 - 5.59 (m, 2H, H-2, CH-Ph), 4.48 - 4.38 (m,
1H, H-3), 4.22 (dd, ] = 11.2, 4.8 Hz, 1H, H-6a), 3.75 - 3.62 (m, 2H, H-4, H-6b), 2.24 - 2.04 (m,
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2H, H-5, H-7a), 1.84 - 1.77 (m, 1H, H-7b). 13C-APT NMR (101 MHz, CDCIz) 6: 138.2 (C-arom),
129.2 (C-arom), 128.6 (C-arom), 128.5 (C-2), 126.8 (C-1), 126.3 (C-arom), 101.8 (CH-Ph), 83.5
(C-4), 71.3 (C-6), 70.5 (C-3), 34.0 (C-5), 26.6 (C-7). HRMS [M+Na]*: 255.09920 found,
255.09917 calculated.

1,2-oxirane-4,6-0-benzylidene-pseudo-D-pyranoside (12a & 12b).

Benzylidene protected pseudo-glucal 23 (2.5 g, 8.7 mmol, 1 eq) was dissolved in an emulsion
of DCM (29 mL) and PBS (10.5 mL). Then mCPBA (4.0 g, 17.4 mmol, 2 eq) was added in various
portions to the emulsion. After stirring for 2 hours, the reaction mixture was diluted in DCM
and transferred to a separatory funnel. The organic layer was washed (1x) with water, (1x)
with a saturated solution of NazS203(aq), (1x) with water and (1x) with brine. The organic
layer was then dried over MgSO0s, filtered and concentrated in vacuo. Compound 12a was
obtained after silicagel chromatography (Pentane/ Et20 7:3—0:1; DCM loading of crude) as a
white solid (1.9 g, 7.5 mmol, 86%).

B-manno: [a]3°= - 0.4 °(c = 0.010, DCM). 1H NMR (400 MHz, CDCls) 6: 7.51 - 7.44 (m, 2H, H-
arom), 7.42 - 7.32 (m, 3H, H-arom), 5.49 (s, 1H, CH-Ph), 4.19 - 4.07 (m, 2H, H-6a, H-3), 3.72
(dd,] = 10.6, 8.4 Hz, 1H, H-4), 3.52 (pt, ] = 10.9 Hz, 1H, H-6b), 3.41 (dd, ] = 4.0, 2.0 Hz, 1H, H-2),
3.34 (dd, ] = 4.8, 3.9 Hz, 1H, H-1), 2.55 (s, 1H, OH), 2.05 - 1.85 (m, 2H, H-7a, H-5), 1.63 - 1.52
(m, 2H, H-7Db). 13C-APT NMR (101 MHz, CDCl3) 6: 138.0 (C-arom), 129.3 (C- arom), 128.5 (C-
arom), 126.3 (C-arom), 101.7 (CH-Ph), 79.9 (C-4), 71.6 (C-3), 70.8 (C-6), 56.1 (C-2), 52.9 (C-
1), 34.2 (C-5), 24.8 (C-7). HRMS [M+Na]*: 271.09394 found, 271.09408 calculated.

The a-epoxide 12b was also isolated as a white solid (108 mg, 0.44 mmol, 5%).

a-gluco: [a]3°= + 1.6 °(c = 0.010, DCM). 1H NMR (400 MHz, CDCls) &: 7.50 - 7.43 (m, 2H, H-
arom), 7.40 - 7.31 (m, 3H, H-arom), 5.45 (s, 1H, CH-Ph), 4.12 (dd, ] = 11.2, 4.8 Hz, 1H, H-6a),
3.88 (dd, ] = 8.2, 0.7 Hz, 1H, H-3), 3.47 (pt, ] = 11.2 Hz, 1H, H-6b), 3.35 (dd, ] = 10.9, 8.2 Hz, 1H,
H-4),3.18 (dt,] = 3.7, 1.9 Hz, 1H, H-1), 3.04 (pd, ] = 3.5 Hz, 1H, H-2), 2.01 (ddd, ] = 14.7, 4.6, 2.0
Hz, 1H, H-7a), 1.91 - 1.76 (m, 1H, H-5), 1.38 (ddd, ] = 14.8, 11.9, 1.7 Hz, 1H, H-7b). 13C-APT
NMR (101 MHz, CDCls) &: 137.8 (C-arom), 129.2 (C-arom), 128.4 (C-arom), 126.3 (C-arom),
101.6 (CH-Ph), 82.7 (C-4), 71.2 (C-6), 69.3 (C-3), 55.7 (C-2), 52.0 (C-1), 27.4 (C-5), 25.5 (C-7).
HRMS [M+Na]+: 271.09443 found, 271.09408 calculated.

4,6-0-benzylidene-7-carba-a-D-mannopyranoside (24).

A mixture of the epoxides 12a and 12b (745 mg, 3.0 mmol, 1 eq) was dissolved in dioxane (6
mL) and a 5M solution of KOH (54 mL) was added. The reaction mixture was stirred at 90°C
for 2 hours and 30 minutes and upon completion cooled to 0°C, diluted in water and
transferred to a separatory funnel. The water layer was extracted (3x) with EtOAc and the
combined organic layers were washed (1x) with brine, dried over MgSO4, filtered and
concentrated in vacuo. Compound 24 was obtained as a white solid (796 mg, 3 mmol, quant.)
without any further purification. [a]2°= - 44.7 °(c = 0.010, MeOH). 1H NMR (400 MHz, MeOD)
8: 7.62 - 7.48 (m, 2H, H-arom), 7.48 - 7.30 (m, 3H, H-arom), 5.64 (s, 1H, CH-Ph), 4.10 (dd, ] =
10.9, 4.4 Hz, 1H, H-6a), 4.02 - 3.96 (m, 2H, H-1, H-2), 3.94 (dd, ] = 9.6, 2.8 Hz, 1H, H-3), 3.86
(pt, ] = 9.8 Hz, 1H, H-4), 3.70 (t,] = 11.0 Hz, 1H, H-6b), 2.32 - 2.11 (m, 1H, H-5), 1.62 (td, ] =
13.4, 2.4 Hz, 1H, H-7a), 1.55 - 1.41 (m, 1H, H-7b). 13C-APT NMR (101 MHz, CDCl3) &: 140.1 (C-
arom), 129.7 (C-arom), 129.0 (C-arom), 127.5 (C-arom), 103.3 (CH-Ph), 82.2 (C-4), 74.8 (C-3),
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72.4 (C-6), 71.1 (C-2), 70.7 (C-1), 34.1 (C-5), 28.4 (C-7). HRMS [M+Na]+: 289.10451 found,
289.10464 calculated.

2,3-0-isopropylidene-4,6-0-benzylidene-7-carba-a-D- mannopyranoside (13).

Benzylidene protected pseudo-mannoside 24 (591 mg, 2.2 mmol, 1 eq) was dissolved in dry
DMF (22 mL). The solution was then cooled to 0°C and 2,2-dimethoxypropane (1.1 mL, 8.8
mmol, 4 eq) and pTsOH (42 mg, 0.22 mmol, 0.1 eq) were added. The reaction mixture was left
to stir at RT overnight. Then the reaction was quenched with EtsN, diluted in water and
transferred to a separatory funnel. The water layer was extracted (3x) with Et20. The
combined organic layers were washed (1x) with brine, dried over MgS0s, filtered and
concentrated in vacuo. Compound 13 was obtained after silicagel chromatography
(Pentane/Et20 9:1—0:1; DCM loading of crude; silica was neutralized with EtsN) as a white
solid (606 mg, 1.98 mmol, 90%). Note: this compound readily degrades in non-neutralized
CDCls. [a]3°=-51.6 °(c=0.010, DCM). 1H NMR (400 MHz, CDCls) §: 7.56 - 7.45 (m, 2H, H-arom),
7.42 - 7.28 (m, 3H, H-arom), 5.55 (s, 1H, CH-Ph), 4.32 (dd, ] = 7.8, 5.3 Hz, 1H, H-3), 4.24 - 4.15
(m, 3H, H-1, H-2, H-6a), 3.69 (dd, ] =11.2, 7.7 Hz, 1H, H-4), 3.61 (pt,] = 11.0 Hz, 1H, H-6b), 2.26
-2.11 (m, 1H, H-5), 1.87 (s, 1H, OH), 1.64 - 1.41 (m, 5H, H-7, CH3-isopr), 1.38 (s, 3H, CHz-isopr).
13C-APT NMR (101 MHz, CDCls) 8: 138.1 (C-arom), 129.0 (C-arom), 128.3 (C-arom), 126.5 (C-
arom), 109.6 (C-isopr), 101.9 (CH-Ph), 82.3 (C-4), 78.8 (C-2), 76.9 (C-3), 71.5 (C-6), 67.2 (C-1),
30.3 (C-5), 28.6 (C-7), 28.3 (CHs-isopr), 26.0 (CHs-isopr). HRMS [M+Na]+: 329.13530 found,
329.13594 calculated.

1-one-2,3-0-isopropylidene-4,6-0-benzylidene-7-carba-D- mannopyranoside (25).

Acetal protected compound 13 (319 mg, 1.0 mmol, 1 eq) was dissolved in dry EtOAc (20 mL).
IBX (1.4 g, 5.0 mmol, 5 eq) was added to the solution and the reaction mixture was refluxed
overnight. The reaction mixture was then cooled to RT, filtered over celite and concentrated
in vacuo. Compound 25 was obtained after silicagel chromatography (Pentane/EtOAc
9:1—1:1; DCM loading of crude; silica was neutralized with EtsN) as a white solid (250 mg,
0.82 mmol, 82%). Note: this compound readily degrades in non-neutralized CDCls. [a]3°= -3.2
°(c = 0.010, DCM). 1H NMR (400 MHz, CDCls) 6: 7.56 - 7.49 (m, 2H, H-arom), 7.42 - 7.31 (m,
3H, H-arom), 5.57 (s, 1H, CH-Ph), 4.73 (dd, ] = 8.5, 6.7 Hz, 1H, H-2), 4.63 (d, ] = 8.6 Hz, 1H, H-
3),4.33 (dd, ] = 11.3, 4.8 Hz, 1H, H-6a), 3.76 (dd, ] = 11.3, 6.8 Hz, 1H, H-4), 3.61 (dd, ] = 11.4,
10.4 Hz, 1H, H-6b), 2.56 (ddd, ] =17.6, 6.9, 1.0 Hz, 1H, H-7a), 2.52 - 2.40 (m, 1H, H-5), 2.03 (dd,
] =17.5,11.0 Hz, 1H, H-7b), 1.54 (s, 3H, CHs-isopr), 1.40 (s, 3H, CHz-isopr). 13C-APT NMR (101
MHz, CDCls) 6: 204.7 (C-1), 137.5 (C-arom), 129.4 (C-arom), 128.4 (C-arom), 126.4 (C-arom),
111.9 (C-isopr), 101.6 (CH-Ph), 80.7 (C-4), 79.3 (C-3), 78.5 (C-2), 71.3 (C-6), 36.7 (C-7), 30.8
(C-5), 27.2 (CHs-isopr), 25.3 (CHs-isopr). HRMS [M+Na]+: 327.12039 found, 327.12029
calculated.

2,3-0-isopropylidene-4,6-0-benzylidene-7-carba-f3-D-mannopyranoside (14).

Ketone 25 (250 mg, 0.82 mmol, 1 eq) was dissolved in a mixture of DCM/MeOH 20:1 (16.5
mL). The solution was cooled to 0°C and NaBHa (155 mg, 4.1 mmol, 5 eq) was added in
portions. After stirring for 30 minutes the reaction was quenched with the addition of water
and transferred to a separatory funnel. The water layer was extracted (3x) with DCM and the
combined organic layers were washed (1x) with brine, dried over MgSO4, filtered and
concentrated in vacuo. Compound 14 was obtained after silicagel chromatography
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(Pentane/EtOAc 7:3—3:7; DCM loading of crude; silica was neutralized with EtsN) as a white
solid (193 mg, 0.63 mmol, 77%) with an axial to equatorial ratio of 1:32. Note: this compound
readily degrades in non-neutralized CDCls. [a]3°= -70.7 °(c = 0.010, DCM). 1H NMR (400 MHz,
CDCl3) &: 7.54 - 7.46 (m, 2H, H-arom), 7.38 - 7.30 (m, 3H, H-arom), 5.55 (s, 1H, CH-Ph), 4.39
(dd, ] = 6.0, 3.8 Hz, 1H, H-2), 4.25 - 4.15 (m, 2H, H-3, H-6a), 4.06 - 3.96 (m, 1H, H-1), 3.84 (dd,
] = 10.7, 7.6 Hz, 1H, H-4), 3.65 (pt, ] = 10.8 Hz, 1H, H-6b), 2.29 (d, ] = 6.6 Hz, 1H, OH), 1.81 -
1.66 (m, 2H, H-7a, H-5), 1.59 (s, 3H, CHs-isopr), 1.46 - 1.34 (m, 4H, CHs-isopr, H-7b). 13C-APT
NMR (101 MHz, CDCl3) &: 138.1 (C-arom), 129.0 (C-arom), 128.3 (C-arom), 126.4 (C-arom),
109.8 (C-isopr), 101.9 (CH-Ph), 81.9 (C-4), 77.9 (C-3), 76.6 (C-2), 71.4 (C-6), 67.7 (C-1), 32.5
(C-5), 28.6 (C-7), 28.0 (CHs-isopr), 25.7 (CHsz-isopr). HRMS [M+Na]+: 329.13596 found,
329.13594 calculated.

1-0-naphthyl-2,3-0-isopropylidene-4,6-0-benzylidene-7-carba-f3-D-mannopyranoside
(26).

Acetal protected pseudo-mannoside 14 (2.23 g, 7.28 mmol, 1 eq) was co-evaporated with
toluene and dissolved in dry DMF (38 mL). The solution was cooled to 0°C and TBAI (269 mg,
0.728 mmol, 0.1 eq) and naphthyl bromide (3.22 g, 14.6 mmol, 2 eq) were added. Then a 60%
suspension in mineral oil of NaH (43.7 mg, 10.9 mmol, 1.5 eq) was added in multiple portions
to the reaction mixture. After the addition of NaH was complete, the solution was stirred at RT
for 2 hours and then quenched with the addition of MeOH. The reaction mixture was then
diluted in Et20 and water and transferred to a separatory funnel. The water layer was
extracted (3x) with Et20 and the combined organic layers were washed (1x) with brine, dried
over MgSO0s, filtered and concentrated in vacuo. Compound 26 was obtained after silicagel
chromatography (Pentane/EtOAc 4:1—0:1; DCM loading of crude; silica was neutralized with
EtsN) as a white solid (2.85 g, 6.41 mmol, 88%). Note: this compound readily degrades in non-
neutralized CDCls. [a]3°=-35.5 °(c = 0.010, DCM). H NMR (400 MHz, CDCls) §: 7.89 - 7.77 (m,
4H, H-arom), 7.56 - 7.43 (m, 5H, H-arom), 7.36 - 7.26 (m, 3H, H-arom), 5.52 (s, 1H, CH-Ph),
4.92 - 4.78 (m, 2H, CH2-Nap), 4.51 - 4.42 (m, 1H, H-2), 4.15 (dd, ] = 11.0, 4.4 Hz, 1H, H-6a),
4.08 (dd, ] = 7.8, 5.0 Hz, 1H, H-3), 3.81 - 3.72 (m, 1H, H-1), 3.72 - 3.59 (m, 2H, H-4, H-6b), 1.77
- 1.67 (m, 1H, H-7), 1.67 - 1.45 (m, 5H, CHs-isopr, H-5, H-7), 1.41 (s, 3H, CHs-isopr). 13C-APT
NMR (101 MHz, CDCl3) 6: 138.0 (C-arom), 135.6 (C-arom), 133.3 (C-arom), 133.2 (C-arom),
129.0 (C-arom), 128.5 (C-arom), 128.2 (C-arom), 128.0 (C-arom), 127.9 (C-arom), 126.8 (C-
arom), 126.4 (C-arom), 126.4 (C-arom), 126.2 (C-arom), 125.9 (C-arom), 110.1 (C-isopr),
102.0 (CH-Ph), 82.8 (C-4), 78.2 (C-3), 75.3 (C-2), 74.0 (C-1), 71.3 (CHz-Nap), 71.1 (C-6), 33.3
(C-5), 28.7 (CHs-isopr), 26.4 (CHs-isopr), 26.0 (C-7). HRMS [M+Na]+: 469.19828 found,
469.19855 calculated.

1-0-naphthyl-7-carba-f£-D-mannopyranoside (27).

The naphthyl protected 26 (89.3 mg, 0.2 mmol, 1 eq) was dissolved in DCM/MeOH 1:1 (5 mL)
and pTsOH (11.4 mg, 0.06 mmol, 0.3 eq) was added. The reaction mixture was stirred at RT
for 2 hours, then quenched with the ad- dition of EtsN and concentrated in vacuo. Compound
27 was obtained after silicagel chromatography (EtOAc/MeOH 1:0—4:1; EtOAc loading of
crude) as a white solid (58.5 mg, 0.184 mmol, 92%). [a]2’= + 20.5 °(c = 0.010, MeOH). 1H NMR
(400 MHz, MeOD) &: 7.91 - 7.82 (m, 4H, H-arom), 7.58 - 7.44 (m, 3H, H-arom), 4.86 - 4.72 (m,
2H, CHz-Nap), 4.30 - 4.19 (m, 1H, H-2), 3.84 (dd, ] = 10.7, 4.3 Hz, 1H, H-6a), 3.64 - 3.50 (m, 3H,
H-1, H-6, H-4), 3.30 (dd, ] = 9.4, 2.8 Hz, 1H, H-3), 2.03 - 1.87 (m, 1H, H-7a), 1.73 (pq, ] = 12.5
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Hz, 1H, H-7b), 1.53 - 1.38 (m, 1H, H-5). 13C-APT NMR (101 MHz, MeOD) 6: 137.5 (C-arom),
134.8 (C-arom), 134.5 (C-arom), 129.1 (C-arom), 128.9 (C-arom), 128.7 (C-arom), 127.5 (C-
arom), 127.1 (C-arom), 126.9 (C-arom), 126.9 (C-arom), 78.1 (C-4), 76.4 (C-3), 72.3 (C-1), 72.0
(C-2), 71.4 (CHz-Nap), 64.8 (C-6), 42.5 (C-5), 28.3 (C-7). HRMS [M+Na]*: 341.13583 found,
341.13594 calculated.

1-0-naphthyl-2,3,4,6-tetra-0-benzyl-7-carba-f-D- mannopyranoside (28).

Naphthyl protected carba-mannoside 27 (726.4 mg, 2.28, 1 eq) was co-evaporated with
toluene and dissolved in dry DMF (25 mL). The solution was cooled to 0°C and benzyl bromide
(2.171 mL, 18.25 mmol, 8 eq) and TBAI (84 mg, 0.228 mmol, 0.1 eq) were added. Then a 60%
suspension in mineral oil of NaH (456 mg, 11.41 mmol, 5 eq) was added in multiple portions
to the reaction mixture. After the addition of NaH was complete, the solution was stirred at RT
overnight and then quenched with the addition of MeOH. The reaction mixture was then
diluted in Et20 and water and transferred to a separatory funnel. The water layer was
extracted (3x) with Et20 and the combined organic layers were washed (1x) with brine, dried
over MgSO0s, filtered and concentrated in vacuo. Compound 28 was obtained after silicagel
chromatography (Pentane/Et20 20:1—4:1; DCM loading of crude) as a pale syrup (1.36 g, 1.96
mmol, 86%). 1H NMR (400 MHz, CDCl3) &: 7.86 - 7.72 (m, 4H, H-arom), 7.52 - 7.39 (m, 5H, H-
arom), 7.37 - 7.17 (m, 19H, H-arom), 4.96 - 4.88 (m, 3H, CH2-Nap, CH2-Bn), 4.70 (d, ] = 12.2
Hz, 1H, CHz-Bn), 4.66 - 4.59 (m, 3H, CH2-Bn), 4.53 - 4.46 (m, 3H, CHz-Bn), 4.21 - 4.14 (m, 1H,
H-2),3.83 (dd, ] = 10.6, 9.3 Hz, 1H, H-4), 3.64 (dd, ] = 8.8, 3.0 Hz, 1H, H-6a), 3.48 (dd, ] = 8.8,
6.9 Hz, 1H, H-6b), 3.43 (ddd, ] = 11.2, 5.1, 2.1 Hz, 1H, H-1), 3.37 (dd, ] = 9.4, 2.4 Hz, 1H, H-3),
2.15-1.99 (m, 2H, H-7), 1.74 - 1.61 (m, 1H, H-5). 13C-APT NMR (101 MHz, CDCls) &: 139.7 (C-
arom), 139.0 (C-arom), 138.8 (C-arom), 138.7 (C-arom), 136.3 (C-arom), 133.4 (C-arom),
133.0 (C-arom), 128.5 (C-arom), 128.4 (C-arom), 128.2 (C-arom), 128.2 (C-arom), 128.0 (C-
arom), 127.9 (C-arom), 127.8 (C-arom), 127.7 (C-arom), 127.7 (C-arom), 127.6 (C-arom),
127.6 (C-arom), 127.4 (C-arom), 127.3 (C-arom), 126.2 (C-arom), 126.0 (C-arom), 125.9 (C-
arom), 125.6 (C-arom), 84.5 (C-3), 78.4 (C-4), 78.2 (C-1), 75.6 (C-2), 75.4 (CH2-Bn), 73.8 (CHz-
Bn), 73.2 (CHz-Bn), 72.3 (CHz-Bn), 71.1 (C-6), 70.9 (CHz-Nap), 39.9 (C-5), 28.4 (C-7). HRMS
[M+Na]*: 701.32288 found, 701.32375 calculated.

2,3,4,6-tetra-0-benzyl-7-carba-fB-D-mannopyranoside (15).

Fully protected carba-mannoside 28 (505 mg, 0.744 mmol, 1 eq) was dissolved in an emulsion
of DCM/water 9:1 (7.5 mL). The solution was stirred in the dark and then DDQ (169 mg, 0.744
mmol, 1 eq) was added. After 2 hours the reaction mixture was diluted with DCM and
transferred to a separatory funnel. The organic layer was washed (1x) with (1x) a saturated
solution of NaHCOs(aq), (1x) with a saturated solution of NazS203(aq), and again (1x) a
saturated solution of NaHCOs3(aq) until both the organic and the water layer turned clear. The
organic layer was then washed (1x) with brine, dried over MgSO0s, filtered and concentrated
in vacuo. Compound 15 was obtained after silicagel chro- matography (Pentane/Etz0
4:1-3:7; DCM loading of crude) as a light-yellow solid (292 mg, 0.542 mmol, 73%). [a]3°= +
10.2 °(c = 0.010, DCM). 1H NMR (400 MHz, CDCl3) &: 7.43 - 7.19 (m, 20H, H-arom), 5.16 (d, ] =
11.7 Hz, 1H, CH2-Bn), 4.89 (d, ] = 10.8 Hz, 1H, CH2-Bn), 4.75 (s, 2H, CH2-Bn), 4.65 (d,] = 11.6
Hz, 1H, CH2-Ph), 4.52 (d, ] = 10.9 Hz, 1H, CH2-Ph), 4.47 (d, ] = 3.1 Hz, 2H, CH2-Ph), 4.05 - 3.98
(m, 1H, H-2), 3.82 (pt, ] = 9.8 Hz, 1H, H-4), 3.62 - 3.50 (m, 3H, H-1, H-6), 3.47 (dd, ] = 9.4, 2.3
Hz, 1H, H-3), 2.02 (s, 1H, OH), 1.94 - 1.84 (m, 1H, H-7a), 1.78 (pq, ] = 12.1 Hz, 1H, H-7b), 1.72
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- 1.61 (m, 1H, H-5). 13C-APT NMR (101 MHz, CDCl3) &: 139.2 (C-arom), 138.9 (C-arom), 138.7
(C-arom), 138.6 (C-arom), 128.6 (C-arom), 128.6 (C-arom), 128.5 (C-arom), 128.2 (C-arom),
128.0 (C-arom), 127.8 (C-arom), 127.8 (C-arom), 127.7 (C-arom), 127.7 (C-arom), 127.6 (C-
arom), 127.6 (C-arom), 85.0 (C-3), 79.4 (C-2), 78.0 (C-4), 75.3 (CH2-Bn), 74.6 (CH2-Bn), 73.1
(CH2-Bn), 73.0 (CH2-Bn), 70.6 (C-6), 69.6 (C-1), 39.5 (C-5), 32.2 (C-7). HRMS [M+Na]+:
561.26071 found, 561.26115 calculated.

1-0-([N,N-diisopropylamino]-2-0-benzyl-phosphite)-2,3,4,6-tetra-0-benzyl-7-carba-f-D-
mannopyranoside (16).

Carba-mannoside 15 (182.4 mg, 0.339 mmol, leq) was co-evaporated (2x) with toluene,
dissolved in dry DCM (2 ml). DIPEA (0.089 mL, 0.51 mmol, 1.5 eq) and activated 4A molecular
sieves were added and the solution was stirred for 15 minutes under an Argon atmosphere.
Then 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (0.406 mmol, 0.091 mL, 1.2 eq)
was added to the solution. After stirring for 45 minutes, the reaction was quenched with the
addition of water. The following workup and purification were performed as quickly as
possible: the reaction mixture was diluted in DCM and transferred to a separatory funnel. The
organic layer was washed (1x) with a mixture containing a saturated solution of NaHCO3(aq)
and brine 1:1. The organic layer was then dried over NazSOs, filtered and concentrated in
vacuo. Compound 16 was obtained after silicagel chromatography (Pentane/Et20 9:1—1:1;
DCM loading of crude; silica was neutralized with EtsN) as a colorless syrup (170 mg, 0.229
mmol, 68%). 1H NMR (500 MHz, CD3CN) &: 7.59 - 7.07 (m, 20H, H-arom), 4.99 - 4.79 (m, 3H,
CH2-Bn), 4.78 - 4.68 (m, 1H, CH2-Bn), 4.67 - 4.59 (m, 1H, CH2-Bn), 4.53 - 4.41 (m, 3H, CH2-Bn),
4.20 (pd,] = 70.87 Hz, 1H, H-2), 4.01 - 3.87 (m, 1H, H-1), 3.87 - 3.59 (m, 5H, CH-N, H-4, OCH2),
3.59 - 3.48 (m, 3H, H-3, H-6), 2.73 - 2.59 (m, 2H, CH2CN), 2.05 (pq, ] = 12.5 Hz, 1H, H-7a), 1.99
-1.81 (m, 1H, H-7b), 1.73 - 1.61 (m, 1H, H-5), 1.28 - 1.11 (m, 12H, CH3). 31P-NMR (202 MHz,
CDsCN) 6: 147.49, 148.66.

2,3,4,6-tetra-0-benzyl-7-carba-f-D-mannopyranosyl-1-(2-0-cyanoethylphosphate)-
(45,85,125,165,20S5)-4,8,12,16,20- pentamethylheptacosyl (29).

Lipid 4 (46.3 mg, 0.099 mmol, 1 eq) was co-evaporated (3x) with toluene and then dissolved
in a 0.25 M solution of DCI in acetonitrile (0.60 mL, 0.15 mmol, 1.5 eq). Then an additional
portion of dry acetonitrile (0.6 mL) was added to dissolve the lipid. 4A Molecular sieves were
added and the solution was stirred for 15 minutes under an Argon atmosphere. A 0.1 M
solution of phosphoramidite 16 (2.2 mL, 0.22 mmol, 2.2 eq) in dry acetonitrile was then added
slowly to the reaction mixture. The reaction mixture was stirred for 3 hours and upon
complete coupling, a 0.25 M solution of CSO (1.2 mL, 0.31 mmol, 3 eq) in dry acetonitrile was
added to the reaction mixture. After stirring for 15 minutes, water was added and the reaction
mixture was diluted in EtOAc. The organic layer was washed with with a mixture containing a
saturated solution of NaHCO3(aq) and brine 1:1 and the water layer was extracted (2x) with
EtOAc. The combined organic layers were dried over NazSOs4, filtered and concentrated in
vacuo. Compound 29 was obtained after silicagel chromatography (Pentane/EtOAc 5:1—1:1;
DCM loading of crude; silica was neutralized with EtsN) followed by size exclusion (LH-20,
DCM/MeOH, 1/1, v/v) as a colorless syrup (78 mg, 0.070 mmol, 70%). [a]3°= + 1.2 °(c = 0.005,
DCM). 1H NMR (400 MHz, CDCl3) 8: 7.45 - 7.38 (m, 2H, H-arom), 7.36 - 7.25 (m, 16H, H-arom),
7.22 -7.16 (m, 2H, H-arom), 5.03 - 4.92 (m, 1H, CH2-Bn), 4.92 - 4.84 (m, 1H, CH2-Bn), 4.80 (d,
] =12.1 Hz, 1H, CH2-Bn), 4.74 - 4.61 (m, 2H, CH2-Bn), 4.53 - 4.42 (m, 3H, CH2-Bn), 4.42 - 4.33
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(m, 1H, H-1), 4.26 - 4.18 (m, 1H, H-2), 4.18 - 4.10 (m, 1H, OCHz-lipid), 4.10 - 3.95 (m, 3H,
OCH_-lipid, CH-N), 3.90 - 3.78 (m, 1H, H-4), 3.61 - 3.50 (m, 2H, H-6), 3.49 - 3.41 (m, 1H, H-3),
2.67 (t,] = 6.3 Hz, 1H, CH2CN), 2.61 (td, ] = 6.3, 2.7 Hz, 1H, CH2CN), 2.29 - 2.14 (m, 1H, H-7a),
2.07 - 1.95 (m, 1H, H-7b), 1.76 - 1.55 (m, 3H, H-5, CHz-lipid), 1.44 - 0.97 (m, 45H, CHz-lipid,
CH-lipid), 0.92 - 0.78 (m, 18H, CHz-lipid). 13C-APT NMR (101 MHz, CDCI3) &: 139.3 (C-arom),
139.2 (C-arom), 138.8 (C-arom), 138.6 (C-arom), 138.5 (C-arom), 138.5 (C-arom), 128.5 (C-
arom), 128.4 (C-arom), 128.3 (C-arom), 128.2 (C-arom), 127.7 (C-arom), 127.7 (C-arom),
127.7 (C-arom), 127.6 (C-arom), 127.6 (C-arom), 127.6 (C-arom), 127.5 (C-arom), 127.5 (C-
arom), 127.4 (C-arom), 127.4 (C-arom), 116.5 (CN), 116.4 (CN’), 84.0 (C-3), 77.6, 77.6, 77.5,
77.5,77.4,77.4,77.3,77.2,77.1, 75.4 (CHz-Bn), 74.6 (CH2-Bn), 74.5 (CHz2-Bn’), 73.1 (CH2-Bn),
72.6 (CHz-Bn), 72.6 (CHz-Bn’), 70.3 (C-6), 69.1 (d, ] = 2.69 Hz, OCH-lipid), 69.0 (d,] = 2.61 Hz,
OCHz'-lipid), 61.7 (pt, ] = 5.56 Hz, OCHz-cyanoethyl), 39.2 (CHz-lipid), 37.6, 37.5, 37.4, 37.2,
32.9 (CH-lipid), 32.9 (CH-lipid), 32.9 (CH-lipid), 32.7, 32.6 (CH-lipid), 32.6 (CH-lipid), 32.1,
30.1, 29.6, 29.5, 28.01 (d, ] = 3.50 Hz, C-10, one diastereoisomer), 27.9 (d, ] = 3.16 Hz, C-10,
one diastereoisomer), 27.2, 24.6, 24.6, 22.8, 19.9 (CHs-lipid), 19.9 (CHs-lipid), 19.9 (CHs-lipid),
19.7 (d, ] = 1.15 Hz, CH2CN), 19.7 (d, ] = 1.36 Hz, CH2CN’), 19.6 (CHs-lipid), 19.6 (CHs-lipid),
14.3 (CH3-lipid). 31P-NMR (162 MHz, CDCl3) &: -1.70, -1.65. HRMS [M+Na]+: 1142.75454 found,
1142.75483 calculated.

Sodium 2,3,4,6-tetra-0-benzyl-7-carba-f-D-mannopyranosyl-1-phosphoryl-
(45,85,125,165,20S5)-4,8,12,16,20-pentamethylheptacosyl (30).

Cyanoethyl protected 29 (36.1 mg, 0.031 mmol, 1 eq) was co-evaporated (2x) with toluene
and dissolved in dry acetonitrile (3 mL). The reaction was cooled to 0°C, then EtsN (0.36 mL,
2.6 mmol, 80 eq) was added and the reaction was stirred at RT for 5 days. Upon completion,
the reaction mixture was diluted in dry distilled toluene and concentrated. Purification by size
exclusion chromatography (LH-20, DCM/MeOH, 1/1, v/v) yielded the triethylammonium salt
of the product. The triethylammonium salt was converted to the sodium salt by dissolving it
in MeOH and passing through a small reaction syringe containing amberlite Na+. Compound
30 was obtained after concentration of the eluate as a colorless oil (25,8 mg, 0.024 mmol,
74%). [a]2°=- 1.4 °(c = 0.008, DCM). 1H NMR (400 MHz, CDCls) &: 7.47 - 7.37 (m, 2H, H-arom),
7.35-7.20 (m, 16H, H-arom), 7.20 - 7.13 (m, 2H, H-arom), 4.92 - 4.80 (m, 3H, CH2-Bn), 4.58
(pq, ] = 11.7 Hz, 2H, CH2-Bn), 4.49 - 4.36 (m, 3H, CH2-Bn), 4.34 - 4.25 (m, 1H, H-1), 4.25 - 4.19
(m, 1H, H-2), 3.93 (pq, ] = 6.7 Hz, 2H, OCHz-lipid), 3.87 - 3.75 (m, 1H, H-4), 3.58 - 3.45 (m, 2H,
H-6), 3.40 (dd, ] = 9.4, 2.4 Hz, 1H, H-3), 2.20 (pq, ] = 12.6 Hz, 1H, H-7a), 2.04 (dt, ] = 12.7, 4.5
Hz, 1H, H-7b), 1.73 - 1.48 (m, 3H, H-5, CHz-lipid), 1.46 - 0.95 (m, 45H, CHz-lipid, CH-lipid), 0.93
- 0.75 (m, 18H, CHs-lipid). 13C-APT NMR (101 MHz, CDCl3) 6: 139.3 (C-arom), 138.9 (C-arom),
138.6 (C-arom), 138.6 (C-arom), 128.5 (C-arom), 128.5 (C-arom), 128.4 (C-arom), 128.3 (C-
arom), 128.2 (C-arom), 127.7 (C-arom), 127.6 (C-arom), 127.6 (C-arom), 127.4 (C-arom), 84.0
(C-3), 77.2 (C-4), 77.2 (C-2), 76.9 (C-1), 75.3 (CH2-Bn), 74.7 (CHz- Bn), 73.1 (CHz-Bn), 72.3
(CHz-Bn), 70.4 (C-6), 68.3 (d, ] = 5.46 Hz, OCHz-lipid), 39.3 (C-5), 37.6 (CHz-lipid), 37.6 (CHz-
lipid), 37.5 (CHz-lipid), 37.2 (CHz-lipid), 33.0 (CH-lipid), 33.0 (CH-lipid), 33.0 (CH-lipid), 32.9
(CH-lipid), 32.9 (CH-lipid), 32.7 (CH-lipid), 32.1 (CH2-lipid), 30.2 (CHz-lipid), 29.9 (CH2-lipid),
29.6 (C-7), 28.0 (d, ] = 7.42 Hz, CHz-lipid), 27.2 (CHz-lipid), 24.6 (CHz-lipid), 24.6 (CHz-lipid),
22.9 (CHz-lipid), 20.0 (CHs-lipid), 19.9 (CHs-lipid), 19.9 (CHs-lipid), 19.6 (CHs-lipid), 14.3
(CHs-lipid). 31P-NMR (162 MHz, CDCl3) &: 1.04. HRMS [M+Na]*: 1088.72064 found,
1088.72045 calculated.
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Sodium  7-carba-f-D-mannopyranosyl-1-phosphoryl-(4S,8S,128,16S,20S)-4,8,12,16,20-
pentamethylheptacosyl (1).

Benzyl protected 30 (25.6 mg, 0.024 mol, 1 eq) was dissolved in a mixture of CHCl3:MeOH (1:1,
v:v, 2.4 mL) and the solution was purged and bubbled through with a flow of Argon. Then Pd/C
(12 mg) was added and the solution was purged and bubbled through with Argon once more.
The suspension was bubbled through with Hydrogen and subsequently stirred vigorously
under a Hydrogen atmosphere. After 6 hours, the reaction mixture was purged of Hydrogen
and filtered over a celite pad. The filtrate was concentrated and suspended in acetone. The
suspension was filtered over another celite pad. The product was then eluted by washing the
celite pad with a mixture of CHClz3/MeOH/water 9.5:9.5:1 and the filtrate was concentrated in
vacuo. Compound 1 was obtained after size exclusion chromatography (LH-20, DCM/MeOH,
1/1, v/v) as a white solid (8.0 mg, 0.024 mmol, 47%). [a]3°= + 6.0 °(c = 0.003, DCM). 1H NMR
(500 MHz, CDCl3/MeOD/D20 95:95:10) &: 4.26 - 4.10 (m, 2H, H-1, H-2), 3.92 - 3.78 (m, 2H,
OCHg-lipid), 3.77 - 3.65 (m, 2H, H-6), 3.65 - 3.56 (m, 1H, H-4), 3.45 - 3.38 (m, 1H, H-3), 1.88 -
1.70 (m, 2H, H-7), 1.70 - 1.57 (m, 2H, CHo-lipid), 1.57 - 1.48 (m, 1H, H-5), 1.48 - 1.16 (m, 36H,
CHz-lipid, CH-lipid), 1.16 - 1.01 (m, 9H, CHz-lipid, CH-lipid), 0.97 - 0.78 (m, 18H, CHs-lipid).
13C-APT NMR (126 MHz, CDCls/MeOD/D20 95:95:10) &: 74.0 (C-3), 73.3 (d, ] = 5.76 Hz, C-1),
72.0 (d, ] = 3.12 Hz, C-2), 70.4 (C-4), 65.6 (d, ] = 5.52 Hz, OCHz-lipid), 63.1 (C-6), 40.1 (C-5),
36.9 (CHz-lipid), 36.8 (CHz-lipid), 36.8 (CHz-lipid), 36.7 (CHz-lipid), 36.4 (CHz-lipid), 32.6
(CH2-lipid), 32.3 (CH-lipid), 32.2 (CH-lipid), 32.2 (CH-lipid), 32.1 (CH-lipid), 31.4 (CHz-lipid),
29.4 (CHz-lipid), 29.0 (CH2-lipid), 28.8 (CHz-lipid), 27.9 (CHz-lipid), 27.8 (C8), 27.6 (C-7), 26.5
(CHz-lipid), 23.9 (CHz-lipid), 23.9 (CHz-lipid), 23.8 (CHz-lipid), 22.1 (CHz-lipid), 19.1 (CHs-
lipid), 19.0 (CHs-lipid), 18.9 (CHs-lipid), 18.7 (CHs-lipid), 13.2 (CHs-lipid). 31P-Hdec NMR (202
MHz, CDCl3/MeOD/D20 95:95:10) &: 1.28. HRMS [M+H]+: 707.55744 found, 707.55413
calculated.
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Mannose-1-C-phosphonate mycoketide
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S2 Figure - Synthetic scheme for the generation of C-mannoside 2. a) Ac:0, pyridine, 77%, b) PhSH,
BF3-Et20, DCM, 74%, c) i. NaOMe, MeOH, ii. BnBr, NaH, TBAI, DMF, 96%, d) NBS, acetone/H20 9:1, 30°C
quant., €) DMSO, Ac20, 77%, f) Cp2TiMez, toluene, 60°C, 79%, g) (Me0)2P(=0)H, DPAP, neat, hv = 375 nm,
59%, h) TMSBr, pyridine, CHsCN, 85%, i) iPrsPhS02Cl, pyridine, 50°C, 50%, j) Pd/C, H2, THF/H20 (1:1,
v/v), 80%.

1,2,3,4,6-penta-0-acetyl-D-mannopyranoside (31).

D(+)-mannose (27.02 g, 150 mmol, 1 eq) was dissolved in pyridine (250 ml). The solution was
cooled to 0°C and then Ac20 (102 ml, 1.08 mol, 7.2 eq) was added. The reaction mixture was
stirred at RT overnight. The reaction was quenched with the addition of MeOH, diluted with
Et20 and transferred to a separatory funnel. The organic layer was washed (2x) witha 1 M
HCl solution, (1x) with brine, dried over MgSO0s, filtered and concentrated in vacuo. Compound
31 was obtained as a yellow syrup (45.38 g, 116.3 mmol, 77%) without any further
purification. NMR analysis confirmed purity of the product, whose tH NMR and 13C NMR
spectra were in agreement with published literature.35

1-thiophenyl-2,3,4,6-tetra-0-acetyl-a-D-mannopyranoside (32).

Compound 31 (45.3 g, 116 mmol, 1 eq) was co-evaporated (3x) with toluene and dissolved in
dry DCM (130 ml). Then thiophenol (18 ml, 175 mmol, 1.5 eq) was added and the solution was
cooled to 0°C. BF3-Et20 (72 ml, 581 mmol, 5 eq) was added via dropping funnel and the
reaction mixture was stirred overnight at RT. EtsN (80 ml, 581 mmol, 5 eq) and a saturated
solution of NaHCO3 were subsequently added before transferring the mixture to a separatory
funnel. The water layer was extracted (2x) with DCM and the combined organic layers were
dried with MgSO0s, filtered and concentrated in vacuo. Compound 32 was obtained after
crystallization from Et20 as a white crystal (37.87 g, 86 mmol, 74%). NMR analysis confirmed
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purity of the product, whose 1H NMR and 13C NMR spectra were in agreement with published
literature.36

1-thiophenyl-2,3,4,6-tetra-0-benzyl-a-D-mannopyranoside (33).

Compound 32 (22 g, 50 mmol, 1 eq) was dissolved in dry MeOH and cooled to 0°C. NaOMe
(1.62 g, 30 mmol, 0.6 eq) was added to the solution, which was gradually warmed up to RT
and stirred for 2 hours. The reaction mixture was then diluted with MeOH, quenched with
amberlite H* until neutral pH, filtered and concentrated. The crude was dissolved in dry DMF
(370 ml) and the solution was cooled to 0°C. After the careful addition of NaH (60% in oil) (12
g, 300 mmol, 6 eq), the reaction mixture was stirred for 2 hours. Benzyl bromide (35.7 ml, 300
mmol, 6 eq) and TBAI (1.55 g, 6.6 mmol, 0.13 eq) were added and the reaction mixture was
stirred overnight at RT. The reaction was then quenched with MeOH and diluted with Et20
and water and transferred to a separatory funnel. The water layer was extracted (4x) with
Et20, the combined organic layers were washed (1x) with brine, dried over MgSOs, filtered
and concentrated in vacuo. Compound 33 was obtained after silicagel chromatography
(Pentane/EtOAc 20:1—9:1; DCM loading of crude) as a white solid (30.36 g, 48 mmol, 96%).
NMR analysis confirmed purity of the product, whose 1H NMR and 13C NMR spectra were in
agreement with published literature.3”

2,3,4,6-tetra-0-benzyl-D-mannopyranoside (34).

Compound 33 (30.36 g, 48 mmol, 1 eq) was dissolved in a mixture of acetone/water 9:1 (800
ml) and cooled to 0°C. NBS (25 g, 140 mmol, 2.9 eq) was added and the reaction mixture was
stirred for 4 hours at room temperature. The reaction mixture was diluted with water and
Et20 and transferred to a separatory funnel. The water layer was extracted (3x) with Et20 and
the combined organic layers were washed (1x) with a saturated solution of NaHCO3 and (1x)
with brine. The organic layer was then dried over NazSOs, filtered and concentrated in vacuo.
Compound 34 was obtained after silicagel chromatography (Petroleum ether/EtOAc
9:1—1:1; DCM loading of crude) as a colorless oil (26 g, 48 mmol, quant). NMR analysis
confirmed purity of the product, whose 'H NMR and 13C NMR spectra were in agreement with
published literature.38

1-one-2,3,4,6-tetra-0-benzyl-D-mannopyranoside (7).

Compound 34 (23.34 g, 43 mmol, 1 eq) was dissolved in dry DMSO (430 ml) and heated to
30°C. Then Ac20 (81 ml, 860 mmol, 20 eq) was added and the reaction mixture was stirred
overnight at 30°C. The reaction mixture was diluted with water and Et20 and transferred to a
separatory funnel. The water layer was extracted (4x) with Et20 and the combined organic
phases dried over dried over MgSO0s, filtered and concentrated in vacuo. Compound 7 was
obtained after crystallization from Et20/pentane as a white crystal (17.85 g, 33 mmol, 77%).
NMR analysis confirmed purity of the product, whose 1H NMR and 3C NMR spectra were in
agreement with published literature.3?

2,3,4,6-tetra-0-benzyl-1-deoxy-D-manno-hept-1-enitol (17).

Compound 7 (2.6 g, 4.8 mmol, 1 eq) was co-evaporated (2x) with toluene and dissolved in
toluene (24 ml). After protecting the reaction vessel from light, a 5% solution of
dimethyltitanocene (44 ml, 9.4 mmol, 1.95 eq) in THF/toluene was added, the reaction
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mixture was heated to 60°C and stirred overnight. Since the reaction was not complete, an
additional portion of dimethyltitanocene (20 ml, 4.6 mmol, 0.96 eq) was added and the
reaction mixture stirred for an additional day. At this point the volatiles were removed in
vacuo. Compound 17 was obtained after silicagel chromatography (Pentane/Et20 24:1—6:1;
DCM loading of crude) as a colorless oil (2.03 g, 3.8 mmol, 79%). NMR analysis confirmed
purity of the product, whose 1H NMR and 13C NMR spectra were in agreement with published
literature.40

Dimethyl 2,3,4,6-tetra-0-benzyl--D-manno-heptulopyranose-1- phosphonate (18b).

Focused UV irradiation: A mixture of compound 17 (139 mg, 0.25 mmol, 1 eq), 2,2-dimethoxy-
2-phenylacetophenone (27 mg, 0.13 mmol, 0.5 eq) and dimethyl phosphite (2.3 ml, 25 mmol,
100 eq) was stirred and irradiated for 3 hours and 30 minutes using UV light (375 nm).
Volatiles were removed in vacuo. Compound 18b was obtained after silicagel chromatography
(DCM/acetone 15:1—8:2; DCM/acetone loading of crude) as a colorless oil (385 mg, 0.59
mmol, 59%).

Unfocused sunlight:

A mixture of compound 17 (47 mg, 0.08 mmol, 1 eq), 2,2-dimethoxy-2-phenylacetophenone
(10 mg, 0.04 mmol, 0.5 eq) and dimethyl phosphite (0.7 ml, 8 mmol, 100 eq) was stirred for 1
day at RT in the absence of additional UV irradiation. Volatiles were removed in vacuo.
Compound 18b was obtained after silicagel chromatography (DCM/acetone 15:1—-8:2;
DCM/acetone loading of crude) as a colorless oil (22 mg, 0.034 mmol, 43%). 1H NMR (300
MHz, CDCl3) &: 7.39 - 7.15 (m, 20H, H-arom), 5.07 (d, ] = 11.5 Hz, 1H, CHz-Bn), 4.87 (d, ] = 10.8
Hz, 1H, CH2-Bn), 4.84 - 4.71 (m, 2H, CH2-Bn), 4.67 (d, ] = 11.5 Hz, 1H, CH2-Bn), 4.62 - 4.45 (m,
4H, CH2-Bn), 3.95 - 3.84 (m, 2H, H-4, H-2), 3.84 - 3.71 (m, 2H, H-1, H-3), 3.71 - 3.56 (m, 8H,
CH3-0, H-6), 3.50 (ddd, ] = 9.8, 5.1, 2.4 Hz, 1H, H-5), 2.21 (ddd, ] = 18.1, 15.4, 6.9 Hz, 1H, CH>-
P), 1.98 (ddd, ] = 18.3, 15.4, 6.1 Hz, 1H, CH2-P). 13C-APT NMR (101 MHz, CDCl3) &: 138.7 (C-
arom), 138.4 (C-arom), 128.6 (C-arom), 128.5 (C-arom), 128.4 (C-arom), 128.4 (C-arom),
128.3 (C-arom), 128.2 (C-arom), 128.0 (C-arom), 127.9 (C-arom), 127.8 (C-arom), 127.7 (C-
arom), 127.7 (C-arom), 85.0 (C-3), 79.6 (C-5), 75.94 (d, ] = 8.3 Hz, C-2), 75.3 (CH2-Bn), 75.0 (C-
4), 74.7 (CHz-Bn), 73.5 (CH2-Bn), 73.4 (C-1), 72.8 (CH2-Bn), 69.6 (C-6), 52.57 (d, ] = 74.0 Hz,
CHz-0),27.76 (d, ] = 140.8 Hz, CH2-P). 31P-Hdec NMR (121 MHz, CDCl3) &: 30.7. HRMS [M+H]*:
647.2794 found, 647.2768 calculated.

2,3,4,6-tetra-0-benzyl--D-manno-heptulopyranose-1- benzyl ketone (18a).

1H NMR (300 MHz, CDCl3) 6: 7.88 - 7.78 (m, 2H, H-arom), 7.62 - 7.50 (m, 1H, H-arom), 7.47 -
7.02 (m, 22H, H-arom), 4.99 (d, ] = 11.8 Hz, 1H, CHz-Bn), 4.94 - 4.71 (m, 3H, CH2-Bn), 4.63 -
4.46 (m, 4H, CH2-Bn), 4.07 - 3.98 (m, 2H, H-3, H-1), 3.93 (t,] = 9.5 Hz, 1H, H-4), 3.80 - 3.73 (m,
1H, H-2), 3.73 - 3.62 (m, 2H, H-6), 3.51 (ddd, ] =9.7, 5.3, 2.1 Hz, 1H, H-5), 3.28 (dd, ] = 6.3, 4.1
Hz, 2H, CH2-C=0). 13C-bbdec NMR (75 MHz, CDCI3) &: 138.5 (C-arom), 133.4 (C-arom), 128.6
(C-arom), 128.5 (C-arom), 128.5 (C-arom), 128.4 (C-arom), 128.4 (C-arom), 128.3 (C-arom),
128.2 (C-arom), 128.1 (C-arom), 127.8 (C-arom), 127.7 (C-arom), 127.6 (C-arom), 85.3, 79.8,
75.4,74.6,74.5,74.5,73.6,72.7, 69.7 (C-6), 40.0 (CH2-C=0).
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Pyridinium 2,3,4,6-tetra-0-benzyl-$-D-manno-heptulopyranose-1-phosphonate (8).

Compound 18b (385 mg, 0.59 mmol, 1 eq) was co-evaporated (3x) with toluene, dissolved in
dry CH3CN (39 ml) and cooled to 0°C. A glass stopper was used to seal the reaction vessel and
a glass covered stirring rod was used to stir the reaction. Pyridine (0.55 ml, 6.8 mmol, 11.5 eq)
and TMSBr (1.56 ml, 11.8 mmol, 20 eq) were added dropwise via syringe. The reaction was
heated up to RT and stirred for 2 hours. Volatiles were removed in vacuo, with water bath
temperature of 15°C under fume hood. Ice cold milli-q water and acetonitrile were added and
after stirring the mixture for 20 minutes, the volatiles were removed in vacuo. Compound 8
was obtained as a white solid (349 mg, 0.5 mmol, 85%) without any further purification. tH
NMR (400 MHz, MeOD/CDCl; 3:1) &: 8.81 - 8.62 (m, 6H, H-pyr), 8.48 - 8.36 (m, 3H, H-pyr),
7.97 -7.81 (m, 7H, H-pyr), 7.29 - 7.06 (m, 20H, H-arom), 4.91 (d, ] = 10.6 Hz, 1H, CH2-Bn), 4.76
(d,] = 11.3 Hz, 2H, CH2-Bn), 4.61 (d, ] = 11.1 Hz, 2H, CH2-Bn), 4.48 (d, ] = 10.9 Hz, 1H, CH2-Bn),
4.35 - 4.26 (m, 2H, CH2-Bn), 4.11 (d, ] = 2.7 Hz, 1H, H-2), 3.90 - 3.77 (m, 2H, H-4, H-1), 3.68
(dd,] = 9.5, 2.8 Hz, 1H, H-3), 3.60 (dd (2X), ] = 10.8, 3.1 Hz, 2H, H-6), 3.37 (ddd, ] = 9.7, 4.3, 2.0
Hz, 1H, H-5), 2.09 (ddd (2X), ] = 15.1, 11.0, 7.5 Hz, 2H, CH2-P). 13C-APT NMR (101 MHz, MeOD)
8:148.1 (C-arom), 143.3 (C-arom), 140.3 (C-arom), 139.9 (C-arom), 139.9 (C-arom), 139.4 (C-
arom), 130.8 (C-arom), 129.5 (C-arom), 129.5 (C-arom), 129.5 (C-arom), 129.4 (C-arom),
129.4 (C-arom), 129.4 (C-arom), 129.4 (C-arom), 129.3 (C-arom), 129.3 (C-arom), 129.2 (C-
arom), 129.0 (C-arom), 128.9 (C-arom), 128.8 (C-arom), 128.8 (C-arom), 128.8 (C-arom),
128.8 (C-arom), 86.0 (C-3), 80.5 (C-5), 77.70 (d, ] = 7.3 Hz, C-2), 76.3 (CHz-Bn), 76.1 (CH2-Bn),
75.9 (C-4), 75.5 (C-1), 74.5 (CH2-Bn), 73.3 (CH2-Bn), 70.6 (C-6), 31.00 (d, ] = 137.6 Hz, CHz-P).
31P-Hdec NMR (202 MHz, MeOD) &: 26.5. HRMS [M+H]*: 619.2466 found, 619.2455
calculated.

1-phosphoryl-(4S,8S,125,165,20S5)-4,8,12,16,20-pentamethylheptacosyl-2,3,4,6-tetra-0O-
benzyl-f-D-manno- heptulopyranose (35).

Compound 8 (100 mg, 0.1 mmol, 2 eq) and lipid 10 (20 mg, 0.04 mmol, 1 eq) were co-
evaporated (2x) in toluene and dissolved in dry pyridine (1.4 ml). TIPPSCI (45 mg, 0.15 mmol,
3 eq) was added and the reaction mixture was stirred at 50°C overnight. The reaction was
quenched with milli-q water and stirred for 2 hours, then EtOAc was added and the reaction
mixture was transferred to a separatory funnel. The water layer was extracted (1x) with
EtOAc and (2x) with DCM, dried over Na2SO4 and concentrated in vacuo. Compound 35 was
obtained after silicagel chromatography (DCM/MeOH 20:1—1:1; DCM/MeOH loading of
crude; ultrapure silica) and size exclusion (LH-20, DCM/MeOH, 1/1, v/v) as a colorless oil (20
mg, 0.02 mmol, 50%). The pyridinium salt was converted to the sodium salt by dissolving the
product in MeOH and treating it with amberlite Na*. tH NMR (600 MHz, CDCl3/MeOD 9:1) &:
7.38 - 7.21 (m, 18H, H-arom), 7.10 - 6.97 (m, 2H, H-arom), 4.98 (d, ] = 11.1 Hz, 1H, CH2-Bn),
4.83 - 4.72 (m, 2H, CH2-Bn), 4.70 (d, ] = 11.6 Hz, 1H, CH2-Bn), 4.63 (d, ] = 11.1 Hz, 1H, CH2-Bn),
4.60 - 4.47 (m, 2H, CH2-Bn), 4.36 (d, ] = 10.8 Hz, 1H, CHz-Bn), 3.85 - 3.77 (m, 2H, H-1, H-2),
3.77 - 3.67 (m, 3H, CH2-0, H-6a), 3.66 - 3.55 (m, 2H, H-3, H-4), 3.55 - 3.45 (m, 2H, H-6b, H-5),
2.09 - 1.94 (m, 2H, CH2-P), 1.65 - 1.47 (m, 3H, CHz-lipid, CH-lipid), 1.37 - 1.17 (m, 33H, CHz-
lipid, CH-lipid), 1.10 - 1.01 (m, 9H, CH2-lipid, CH-lipid), 0.88 (t, ] = 7.0 Hz, 3H, CHs-lipid), 0.86
-0.76 (m, 15H, CHs-lipid). 13C-APT NMR (151 MHz, CDCl3/MeOD 9:1) 8: 138.2 (C-arom), 138.1
(C-arom), 138.0 (C-arom), 137.9 (C-arom), 137.8 (C-arom), 137.0 (C-arom), 128.6 (C-arom),
128.5 (C-arom), 128.5 (C-arom), 128.4 (C-arom), 128.4 (C-arom), 128.4 (C-arom), 128.3 (C-
arom), 128.3 (C-arom), 128.2 (C-arom), 128.1 (C-arom), 128.0 (C-arom), 128.0 (C-arom),
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127.9 (C-arom), 127.9 (C-arom), 127.8 (C-arom), 127.8 (C-arom), 127.8 (C-arom), 127.7 (C-
arom), 127.7 (C-arom), 84.5 (C-3), 78.1 (C-5), 77.3 (C-2), 75.2 (CH2-Bn), 75.2 (CHz-Bn), 75.0
(C-1), 74.8 (C-4), 72.9 (CH2-Bn), 72.5 (CH2-Bn), 68.6 (C-6), 64.8 (CH2-0), 37.5 (CHz-lipid), 37.5
(CHz-lipid), 37.5 (CHz-lipid), 37.5 (CHz-lipid), 37.4 (CHz-lipid), 37.4 (CH:-lipid), 37.4 (CHz-
lipid), 37.1 (CH2-lipid), 33.2 (CH2-lipid), 32.9 (CH-lipid), 32.9 (CH-lipid), 32.8 (CH-lipid), 32.8
(CH-lipid), 32.8 (CHs-lipid), 32.0 (CHz-lipid), 30.0 (CH2-P), 29.7 (CHz-lipid), 29.5 (CH2-lipid),
29.5 (CHz-lipid), 29.4 (CHz2-P), 29.1 (CHz-lipid), 28.9 (CHz-lipid), 28.8 (CH:-lipid), 28.7 (CHz2-
lipid), 28.6 (CHz-lipid), 28.2 (CHz-lipid), 27.1 (CHz-lipid), 24.6 (CHz-lipid), 24.5 (CHz-lipid),
24.5 (CHz-lipid), 24.5 (CHz-lipid), 22.7 (CHz-lipid), 19.8 (CHs-lipid), 19.8 (CHs-lipid), 19.7
(CHs-lipid), 19.5 (CHs-lipid), 19.5 (CHs-lipid), 14.1 (CHs-lipid). 31P-Hdec NMR (162 MHz,
CDCl3/MeOD 9:1) 8: 25.6, 24.9. HRMS [M+H]+: 1067.74611 found, 1067.74633 calculated.

1-phosphoryl-(4S,8S,1285,165,20S)-4,8,12,16,20-pentamethylheptacosyl-B-D-manno-
heptulopyranose (2).

Compound 35 (20 mg, 0.02 mmol, 1 eq) was dissolved in a mixture of THF/H20 1:1 and the
solution was purged and bubbled through with a flow of Argon. Then Pd/C (10 mg) was added
and the solution was purged and bubbled through with Argon once more. The suspension was
bubbled through with Hydrogen and subsequently stirred vigorously under a Hydrogen
atmosphere. After 16 hours, the reaction mixture was purged of Hydrogen and filtered over a
Whatman filter. Compound 2 was obtained after in vacuo removal of volatiles as an
amorphous solid (12 mg, 0.016 mmol, 80%). 1H NMR (850 MHz, CDCl3/MeOD/D20 95:95:10)
6:3.91 (d,] = 2.5 Hz, 1H, H-2), 3.88 - 3.78 (m, 4H, H-6a, CH:-0, H-1), 3.71 (dd, ] = 12.0, 5.6 Hz,
1H, H-6b), 3.60 - 3.53 (m, 2H, H-3, H-4), 3.28 (ddt, ] = 8.0, 5.6, 2.3 Hz, 1H, H-5), 2.01 - 1.96 (m,
1H, CH2-P), 1.95 - 1.92 (m, 1H, CH2-P), 1.69 - 1.56 (m, 4H, CHz-lipid), 1.43 - 1.15 (m, 43H, CHa-
lipid, CH-lipid), 1.12 - 1.04 (m, 8H, CH.-lipid), 0.92 - 0.81 (m, 18H, CHs-lipid). 13C-APT NMR
(214 MHz, CDCI3/MeOD/D20 95:95:10) &: 79.8 (C-5), 74.4 (C-1), 74.3 (C-3),71.19 (d,] = 7.5
Hz, C-2), 66.7 (C-4), 64.32 (d, ] = 5.6 Hz, CH2-0), 60.9 (C-6), 37.0 (CHz-lipid), 36.9 (CHz-lipid),
36.9 (CHz-lipid), 36.9 (CHz-lipid), 36.9 (CHz-lipid), 36.8 (CHz-lipid), 36.8 (CH- lipid), 36.5
(CHz-lipid), 32.7 (CHz-lipid), 32.3 (CH-lipid), 32.3 (CH-lipid), 32.3 (CH-lipid), 32.2 (CH-lipid),
32.2 (CH-lipid), 31.4 (CHz-lipid), 29.4 (CH2-lipid), 29.2 (CHz-lipid), 29.2 (CH.-lipid), 28.9 (CH2-
lipid), 28.8 (CHz-lipid), 28.2 (CHz- lipid), 28.1 (CHz-lipid), 26.5 (CHz-lipid), 24.0 (CHz-lipid),
24.0 (CHz-lipid), 23.9 (CHz-lipid), 23.9 (CHz-lipid), 23.1 (CHz-lipid), 22.2 (CHz-lipid), 19.2
(CHs-lipid), 19.1 (CHs-lipid), 19.1 (CHs-lipid), 19.0 (CHs-lipid), 18.8 (CHs-lipid), 13.3 (CHs-
lipid). 31P-Hdec NMR (202 MHz, CDCl3/MeOD/D20 95:95:10) &: 23.0, 22.5. HRMS [M+H]*:
707.5596 found, 707.5585 calculated.
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Mannose-1-C-difluorophosphonate mycoketide
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S3 Figure - Synthetic scheme for the generation of difluoro-C-mannoside 3. a) LDA, (Et0)2P(=0)CHF>,
THF, 98%, b) i. Me0.CC(=0)Cl, DCM, ii. AIBN, BuzSnH, toluene, 30%, c) TMSBr, pyridine, CH3CN, quant., d)
iPrsPhS0:Cl, toluene:DMF:pyridine (1.25:1:0.5, v/v/v), 50°C, 64%, 6) Pd/C, Hz, THF:H:0 (2:1, v/v), 82%.

Diethyl 1-hydroxy-2,3,4,6-tetra-0-benzyl-$-D-manno-heptulopyranose-1-
(difluoro)phosphonate (19).

A solution of DIPA (1.6 ml, 11 mmol, 2 eq) in THF (30 ml) was cooled to -78°C. After the
addition of n-BuLi (6.9 ml, 11 mmol, 2 eq) dropwise via syringe, the reaction mixture was
rapidly brought to 0°C for 10 minutes and then cooled again to -78°C. A solution of diethyl
(difluoromethyl)phosphonate (1.4 ml, 9.3 mmol, 1.7 eq) in THF (10 ml) was cooled to -78°C
and added dropwise via cannula to the first solution. After 1 hour and 30 minutes, a solution
of lactone 7 (2.96 g, 5.5 mmol, 1 eq) in THF (10 ml) was cooled to -78°C and added dropwise
via cannula to the reaction mixture. After 10 minutes from the addition of the last drop of
lactone the reaction was stirred for additional 10 minutes with a saturated solution of
NH4Cl(aq) and finally diluted with EtOAc and transferred to a separatory funnel. The water
layer was extracted (3x) with EtOAc and the combined organic layers were washed (1x) with
water and (1x) with brine, dried over Na2S0O4 and concentrated in vacuo. Compound 19 was
obtained after silicagel chromatography (Pentane/EtOAc 10:1—2:1; DCM loading of crude) as
a colorless syrup (3.95 g, 5.4 mmol, 98%). 1H NMR (500 MHz, CDCls) &: 7.40 - 7.17 (m, 20H,
H-arom), 6.00 (s, 1H, -OH), 4.87 (d, ] = 10.9 Hz, 1H, CH2-Bn), 4.82 (d, ] = 11.0 Hz, 1H, CH2-Bn),
4.78 - 4.66 (m, 3H, CH2-Bn), 4.60 - 4.51 (m, 2H, CH2-Bn), 4.42 (d, ] = 11.8 Hz, 1H, CH2-Bn), 4.34
- 4.23 (m, 4H, CH2-0), 4.20 (bs, 1H, H-2), 4.17 - 4.09 (m, 2H, H-3, H-5), 3.99 (t,] = 9.7 Hz, 1H,
H-4),3.79 (dd, ] = 11.2, 5.9 Hz, 1H, H-6a), 3.69 (dd, ] = 11.4, 1.7 Hz, 1H, H-6b), 1.38 (t,] = 7.1
Hz, 3H, CHs), 1.17 (t, ] = 7.1 Hz, 3H, CHs). 13C NMR (126 MHz, CDCl3) &: 138.6 (C-arom), 138.5
(C-arom), 138.4 (C-arom), 138.3 (C-arom), 128.5 (C-arom), 128.4 (C-arom), 128.4 (C-arom),
128.2 (C-arom), 128.1 (C-arom), 128.1 (C-arom), 127.8 (C-arom), 127.7 (C-arom), 127.6 (C-
arom), 127.6 (C-arom), 127.6 (C-arom), 127.4 (C-arom), 116.56 (ddd, ] = 286.9, 265.2, 194.0
Hz, CF2), 96.61 (ddd, ] = 30.6, 19.1, 11.1 Hz, C-1), 81.08 (d, ] = 2.6 Hz, C-3), 75.2 (C-2), 75.2
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(CHz-Bn), 74.7 (CHz-Bn), 74.6 (C-4), 73.1 (CH2-Bn), 73.1 (C-5), 72.4 (CHz-Bn), 69.5 (C-6), 65.71
(dd, ] = 50.5, 6.3 Hz, CH2-0), 16.35 (dd, ] = 15.2, 5.9 Hz, CH3). 19F NMR (471 MHz, CDCl3) &: -
118.38 (dd, ] = 304.5, 96.1 Hz), -119.83 (dd, ] = 304.5, 100.1 Hz). 31P NMR (202 MHz, CDCl3) &:
8.14 (dd, ] = 100.0, 96.0 Hz). HRMS [M+Na]*: 749.26594 found, 749.26615 calculated.

Diethyl 2,3,4,6-tetra-0-benzyl-f-D-manno-heptulopyranose-1-(difluoro)phosphonate
(20).

Compound 19 (3.6 g, 5 mmol, 1 eq) was co-evaporated with toluene and dissolved in a dry
mixture of DCM/pyridine 5:1 (25 ml) before being cooled to 0°C. Methyl oxalyl chloride (0.92
ml, 10 mmol, 2 eq) was dissolved in DCM (2.5 ml) and slowly added to the first solution via
syringe before an extra portion of pyridine was added (2.5 ml). The reaction mixture was
warmed up to RT and stirred for 10 minutes before quenching it with EtOH over 10 minutes.
Then a saturated solution of NaHCO3 and DCM were used to dilute the reaction mixture before
it was transferred to a separatory funnel. The organic layer was concentrated in vacuo and the
reaction intermediate was dissolved in dry toluene (250 ml) without further purification. This
solution was purged and bubbled through with Argon before the addition of BusSnH and AIBN.
The reaction mixture was heated up to reflux and stirred overnight. After removal of volatiles
in vacuo, the crude was purified via silicagel chromatography (Pentane/EtOAc 9:1—3:1),
followed by treatment with a 1 M KF(aq) solution and silicagel/KCO3 9:1 chromatography
(Pentane/EtOAc 3:2). Compound 20 was obtained after silicagel chromatography as a
colorless syrup (1.05 g, 1.48 mmol, 30% over two steps). 1H NMR (500 MHz, CDCls) &: 7.44 -
7.39 (m, 2H, H-arom), 7.35 - 7.23 (m, 16H, H-arom), 7.20 - 7.17 (m, 2H, H-arom), 4.91 - 4.84
(m, 2H, CH2-Bn), 4.79 (d, ] = 11.2 Hz, 1H, CH2-Bn), 4.70 (d, ] = 11.7 Hz, 1H, CH2-Bn), 4.64 (d,] =
11.8 Hz, 1H, CH2-Bn), 4.60 - 4.54 (m, 2H, CH2-Bn), 4.47 (d, ] = 11.8 Hz, 1H, CH2-Bn), 4.30 - 4.18
(m, 5H, CH2-0, H-2), 3.98 (t,] = 9.6 Hz, 1H, H-4), 3.91 (dt, ] = 22.3, 3.4 Hz, 1H, H-1), 3.78 - 3.69
(m, 2H, H-6), 3.63 - 3.56 (m, 2H, H-3, H-5), 1.36 - 1.31 (m, 3H, CH3), 1.21 - 1.16 (m, 3H, CH3).
13CNMR (126 MHz, CDCl3) &: 138.6 (C-arom), 138.3 (C-arom), 138.2 (C-arom), 138.1 (C-arom),
128.5 (C-arom), 128.5 (C-arom), 128.4 (C-arom), 128.3 (C-arom), 128.2 (C-arom), 128.2 (C-
arom), 128.1 (C-arom), 127.9 (C-arom), 127.8 (C-arom), 127.8 (C-arom), 127.7 (C-arom),
127.6 (C-arom), 127.5 (C-arom), 117.40 (ddd, ] = 280.4, 257.0, 209.8 Hz, CF2), 84.05 (d,] = 1.9
Hz, C-3), 80.6 (C-5), 75.74 (ddd, ] = 31.4, 18.8, 13.6 Hz, C-1), 75.3 (CHz-Bn), 74.7 (C-4), 74.4
(CHz2-Bn), 73.3 (CH2-Bn), 72.34 (dd, ] = 6.1, 2.1 Hz, C-2), 72.2 (CHz-Bn), 69.5 (C-6), 64.96 (dd, ]
=30.3, 6.5 Hz, CH2-0), 16.43 (dd, ] = 9.5, 5.7 Hz, CH3). 31P NMR (162 MHz, CDCI3) &: 6.73 (dd, ]
=101.2,99.2 Hz). 19F NMR (471 MHz, CDCl3) &: -116.13 (dd, ] = 312.3, 100.9 Hz), -124.45 (ddd,
] =312.4,99.0, 22.3 Hz). HRMS [M+Na]+*: 733.27157 found, 733.27123 calculated.

Pyridinium 2,3,4,6-tetra-0-benzyl--D-manno-heptulopyranose-1-
(difluoro)phosphonate (9).

Compound 20 (71 mg, 0.1 mmol, 1 eq) was co- evaporated (3x) with toluene, dissolved in dry
CHsCN (6.7 ml) and cooled to 0°C. A glass stopper was used to seal the reaction vessel and a
glass covered stirring rod was used to stir the reaction. Pyridine (0.1 ml, 1.2 mmol, 12 eq) and
TMSBr (0.26 ml, 2 mmol, 20 eq) were added dropwise via syringe. The reaction was heated
up to RT and stirred overnight. Volatiles were removed in vacuo, with water bath temperature
of 20°C under fume hood. Ice cold milli-q water and acetonitrile were added and after stirring
the mixture for 2 hours and 30 minutes, the volatiles were removed in vacuo. Compound 9
was obtained as a white solid (70 mg, 0.1 mmol, quant.) without any further purification. tH
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NMR (500 MHz, MeOD) &: 8.95 - 8.85 (m, 12H, H-pyr), 8.69 - 8.62 (m, 6H, H-pyr), 8.11 - 8.03
(m, 12H, H-pyr), 7.50 - 7.45 (m, 2H, H-arom), 7.39 - 7.24 (m, 15H, H-arom), 7.22 - 7.17 (m,
3H, H-arom), 7.11 - 7.06 (m, 2H, H-arom), 4.97 - 4.91 (m, 3H, CH2-Bn), 4.79 - 4.74 (m, 2H, CHz-
Bn), 4.66 (d, ] = 11.0 Hz, 2H, H-2, CHz-Bn), 4.29 - 4.11 (m, 4H, CHz2-Bn, H-4, H-1), 3.89 (dd, ] =
9.4, 2.7 Hz, 1H, H-3), 3.81 (dd, ] = 11.0, 1.9 Hz, 1H, H-6a), 3.74 (dd, ] = 11.0, 3.5 Hz, 1H, H-6b),
3.64 (ddd,] =9.9,3.6,1.9 Hz, 1H, H-5). 13C NMR (126 MHz, MeOD) 6: 148.5 (C-arom), 147.0 (C-
arom), 143.0 (C-arom), 140.2 (C-arom), 140.0 (C-arom), 140.0 (C-arom), 139.2 (C-arom),
138.9 (C-arom), 129.9 (C-arom), 129.8 (C-arom), 129.8 (C-arom), 129.8 (C-arom), 129.7 (C-
arom), 129.7 (C-arom), 129.7 (C-arom), 129.7 (C-arom), 129.6 (C-arom), 129.6 (C-arom),
129.5 (C-arom), 129.5 (C-arom), 129.4 (C-arom), 129.3 (C-arom), 129.2 (C-arom), 129.2 (C-
arom), 129.1 (C-arom), 129.0 (C-arom), 129.0 (C-arom), 129.0 (C-arom), 128.9 (C-arom),
128.9 (C-arom), 85.7 (C-3), 81.4 (C-5), 78.12 (ddd, ] = 27.8, 11.8, 4.7 Hz, C-1), 76.2 (CH2-Bn),
76.1 (CHz-Bn), 75.9 (C-4), 74.7 (C-2), 74.3 (CHz-Bn), 73.4 (CH2-Bn), 70.1 (C-6). 1°F NMR (471
MHz, MeOD) 6: -118.58 (ddd, ] = 302.1, 88.8, 8.1 Hz), -123.20 (ddd, ] = 302.2, 94.6, 19.9 Hz).
31P NMR (202 MHz, MeOD) 6: 3.36 (dd, ] = 94.7, 89.0 Hz). HRMS [M+Na]+: 655.22681 found,
655.22669 calculated.

1-(difluoro)phosphoryl-(4S,8S,1285,16S,20S5)-4,8,12,16,20-pentamethylheptacosyl-
2,3,4,6-tetra-0-benzyl--D-manno- heptulopyranose (36).

Compound 9 (7 mg, 0.01 mmol, 1 eq) and lipid 4 (16 mg, 0.018 mmol, 3 eq) were co-
evaporated (2x) in toluene and dissolved in a mixture of dry DMF/pyridine 2:1 (0.24 ml) and
dry toluene (0.20 ml) respectively. This solution was heated up to 60°C before the addition of
TIPPSCI (5.6 mg, 0.018 mmol, 1.8 eq). The reaction mixture was then stirred overnight at this
temperature and then concentrated. Compound 36 was obtained after silicagel
chromatography (CHCl3/MeOH 40:1—9:1; CHCls/MeOH 40:1 loading of crude; ultrapure
silica, neutralized with 1% EtsN) as a colorless oil (7 mg, 0.0064 mmol, 64%). tH NMR (500
MHz, MeOD) 8: 7.64 - 6.96 (m, 20H, H-arom), 4.87 (d, ] = 10.9 Hz, 2H, CH2-Bn), 4.81 (d,] = 11.6
Hz, 1H, CH2-Bn), 4.74 (d, ] = 10.7 Hz, 1H, CH2-Bn), 4.71 (d, ] = 11.6 Hz, 1H, CH2-Bn), 4.59 (d,] =
11.4 Hz, 2H, CH2-Bn), 4.50 (d, ] = 11.7 Hz, 1H, CH2-Bn), 4.41 (bs, 1H, H-2), 4.06 - 3.93 (m, 2H,
H-1, H-4), 3.93 - 3.81 (m, 6H, -OCH3), 3.80 - 3.70 (m, 3H, H-3, H-6), 3.66 - 3.56 (m, 1H, H-5).
13C NMR (126 MHz, MeOD) &: 140.2 (C-arom), 140.0 (C-arom), 140.0 (C-arom), 139.8 (C-
arom), 129.7 (C-arom), 129.6 (C-arom), 129.6 (C-arom), 129.5 (C-arom), 129.5 (C-arom),
129.4 (C-arom), 129.4 (C-arom), 129.2 (C-arom), 129.0 (C-arom), 129.0 (C-arom), 128.9 (C-
arom), 128.8 (C-arom), 85.4 (d, ] = 2.1 Hz, H-3), 81.8 (C-5), 77.6 - 77.0 (m, C-1), 76.4 (CH2-Bn),
76.1 (C-4), 76.0 (CH2-Bn), 74.5 (CHz-Bn), 74.22 - 74.12 (m, C-2), 73.5 (CH2-Bn), 70.7 (C-6),
56.3 (d, ] = 6.4 Hz, -OCH3), 56.0 (d, ] = 6.7 Hz, -OCH3). 31P NMR (202 MHz, MeOD) 6: 9.85 (pt, ]
=102.0 Hz). 19F NMR (471 MHz, MeOD) 8: -114.97 (ddd, ] = 313.6, 101.5, 4.3 Hz), -123.23 (ddd,
] =313.5,102.7,21.8 Hz). HRMS [M+H]*: 1103.72789 found, 1103.72749 calculated.

1-(difluoro)phosphoryl-(4S,8S,1285,16S,20S)-4,8,12,16,20-pentamethylheptacosyl-f-D-
manno-heptulopyranose (3).

Compound 36 (12 mg, 0.011 mmol, 1 eq) was dissolved in a mixture of THF/H20 2:1 (5 ml)
and the solution was purged and bubbled through with a flow of Argon. Then Pd/C (10 mg)
was added and the solution was purged and bubbled through with Argon once more. The
suspension was bubbled through with Hydrogen and subsequently stirred vigorously under a
Hydrogen atmosphere. After 16 hours, the reaction mixture was purged of Hydrogen and
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filtered over celite. Compound 3 was obtained after in vacuo removal of volatiles as an
amorphous solid (7 mg, 0.009 mmol, 82%). 1H NMR (500 MHz, MeOD) 6: 4.28 (d, ] = 3.1 Hz,
1H, H-2), 4.10 - 3.94 (m, 2H, OCH2), 3.89 (pd, ] = 12.3 Hz, 1H, H-6a), 3.87 - 3.61 (m, 4H, H-1, H-
6b, H-4), 3.57 - 3.49 (m, 1H, H-3), 3.31 - 3.26 (m, 1H, H-5), 3.18 (q, ] = 7.3 Hz, 4H, CHa-
triethylamonium), 1.77 - 1.54 (m, 4H, CHz-lipid), 1.45 - 1.17 (m, 54H, CH2-lipid, CH-lipid, CHs-
triethylamonium), 1.12 - 1.02 (m, 9H, CHz-lipid, CH-lipid), 0.90 - 0.84 (m, 18H, CHs-lipid). 13C
NMR (126 MHz, MeOD) &: 81.0 (C-5), 79.0 (C-1), 74.2 (C-3), 67.3 (C-4), 67.0 (OCHz), 66.4 (C-
4), 60.8 (C-6), 46.2 (CHz-triethylammonium), 36.9 (CHz-lipid), 36.8 (CHz-lipid), 36.7 (CHa-
lipid), 36.4 (CH2-lipid), 32.4 (CH2-lipid), 32.3 (CH-lipid), 32.2 (CH-lipid), 32.2 (CH-lipid), 31.4
(CHz-lipid), 29.4 (CHz-lipid), 29.1 (CHz-lipid), 28.8 (CHz-lipid), 26.5 (CHz-lipid), 23.9 (CHz-
lipid), 23.9 (CHz-lipid), 23.8 (CHz-lipid), 22.1 (CHz-lipid), 19.1 (CHs-lipid), 19.1 (CHs-lipid),
19.1 (CHs-lipid), 19.0 (CHs-lipid), 18.7 (CHs-lipid), 13.3 (CHs-lipid), 7.9 (CHs-
triethylammonium). 31P NMR (202 MHz, MeOD) &: 2.84 (t, ] = 85.4 Hz). 19F NMR (471 MHz,
MeOD) 6: -115.15 (dd, ] = 305.6, 86.7 Hz), -117.29 (dd, ] = 305.5, 84.5 Hz). HRMS [M+H]*:
683.25772 found, 683.25799 calculated.
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Abstract

Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis (TB), is one of the most
successful pathogens on earth with an estimated 10 million newly infected people and 1.4
million deaths worldwide in 2019 only. Subunit vaccines containing proteins or peptide-
epitopes combined with well-defined adjuvants can be attractive tools in the fight against Mtb.
The glycolipids glucose monomycolate (GMM) and trehalose dimycolate (TDM) are promising
immune adjuvants showing affinity for the murine and human C-type lectin receptor Mincle.
In this Chapter the synthesis of four simplified GMM and TDM analogues is described and their
ability to stimulate murine and human immune cells is tested. During the synthesis, the
analogues were successfully equipped with a ligation handle to allow for further conjugation
to an Mtb-derived peptide epitope. After verifying the ability of the novel synthetic glycolipids
to interact with Mincle two TDM analogues were conjugated to an HLA-DR3 presented Mtb
peptide antigen. An HLA-DR3 transgenic mouse model was then used to investigate the
vaccine potential of one of these constructs. Although there was an absence of detectable CD4+
T-cell responses, the self-adjuvanting peptide induced significant systemic humoral immune
responses. Interestingly immunisation with this construct induced a reduction of the bacterial
load in the spleen of intranasally Mtb challenged mice in the absence of detectable T-cell
responses in the circulation. Further in vitro experiments to translate the findings to human
DCs suggested that this compound was not able to activate these cells. A second self-
adjuvanting peptide, carrying a very similar TDM analogue, however, was able to do so. The
present study provides the first example of self-adjuvanting peptides capable of interacting
with the C-type lectin receptor Mincle, provides insights in their immune-stimulatory
potential in the context of Mtb infection, and shows that protection against Mtb challenge can
be obtained in the presence of humoral responses.
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Introduction

Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis
(Mtb), is responsible for the death of approximately 1.4 million people worldwide in
2019 alone.! It is estimated that one quarter to one third of the population is latently
infected with Mtb and 5-10% of these will develop active disease during their
lifetime.2 In most cases, TB can be treated with antibiotic combinations, but
multidrug-resistant strains are emerging, which limit treatment options.3 In
countries with a high incidence of active TB, the World Health Organization (WHO)
recommends vaccination of infants with Mycobacterium bovis Bacille Calmette-
Guérin (BCG), which is the only commercially available vaccine against TB.1

The BCG vaccine is an attenuated live mycobacterium derived from M. bovis. It can
be formulated using different protocols and using (six) different original bacterial
inocula-derived strains, with reports indicating that strain variability may influence
efficacy.* Although there is evidence supporting the utility of this vaccine, especially
when administered in the first months of a human'’s life, epidemiological studies
indicate inadequate protection against pulmonary TB in adults and the occurrence
of disseminating BCG infection in immunocompromised infants.5¢ A novel
prevention strategy is required to reduce TB burden and possibly eradicate the
pathogen.1?

An alternative to attenuated bacteria is the use of subunit vaccines, where antigenic
fragments of the pathogen are presented together with molecular adjuvants to
increase immunogenicity. Subunit vaccines present a better safety profile compared
to whole-cell mycobacteria as they are usually more stable and can be modified at
the molecular level to achieve the desired effect.? The efficacy of subunit vaccines
against Mtb infection is suggested through the exemplary case of the M72/AS01
vaccine, consisting of two proteins, Rv1196 (PPE18) and Rv0125 (serine protease,
pepA), in liposome and used as a booster to BCG in latently infected individuals. The
results of a phase 2b clinical trial indicated 49.7% protection in immunized
individuals at 36 months after vaccination.%1® However, at the moment, a lack of
detailed understanding of the molecular mechanisms governing a successful
immune response and clearance of Mtb, and the consequent lack of definitive
immune markers to protection, hinders the further development of synthetic subunit
vaccines from reaching their full potential. In the context of Mtb and the use of
subunit vaccines, significant effort is placed in exploiting pathogen-associated
molecular patterns (PAMPs) to increase the immunogenicity of protein and peptide
antigens.!!

The work reported in this Chapter describes the generation of a prototype synthetic
Mtb-vaccine, formed by linking a PAMP glycolipid adjuvant and a Mtb-derived
peptide antigen. Chemically linking an antigen and an adjuvant to generate a
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conjugate is a method employed to ensure co-delivery of these two essential
components of subunit vaccines. Co-delivery through a single-molecule vaccine
usually results in the induction of strong immune-responses.12 For example, Huang
et al. have previously reported that co-delivery of the Ag85B-HspX fusion protein
with arabinogalactan and the TLR3 ligand Poly(1:C) through chemical conjugation
successfully induced humoral and cellular responses against Mtb in vivo, while the
antigenic protein alone induced only marginal levels of inflammation.13
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Figure 1 - Synthetic compounds designed and described in this Chapter. GMM analogues
(compounds 1 and 2) TDM analogues (compounds 3 and 4) equipped with a thiol ligation handle for
further conjugation synthetic long peptide p57 (compound 5). Self-adjuvanting peptides 6 and 7 were
synthesized from maleimide functionalized peptide 5.

A suitable candidate for the generation of the self-adjuvanting peptides described in
this Chapter is the Rv1733c peptide 5, depicted in Figure 1. This peptide, derived
from a latency protein, was previously shown by Coppola et al. to have antigenic
properties and to be presented through the human HLA-DR3 molecule to T-cells in
vivo using a transgenic HLA-DR3/Ab? murine model.1*

65



Design and immunological evaluation of conjugates containing Mincle ligands

With the idea of chemically coupling this peptide antigen to a relevant synthetic
adjuvant, a series of four glycolipids designed to bind to the macrophage inducible
C-type lectin (Mincle) receptor was generated (see Figure 1 for their chemical
structure). To date, no reports have been published on synthetic conjugates
containing ligands for Mincle, although there is ample evidence that this receptor
performs important roles in immunity against pathogens: recognition of
mycobacterial glycolipids and production of pro-inflammatory cytokines through a
signalling cascade that results in activation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB).15 Finally, it has been shown that Mincle
activation enhances the transcription of inflammatory genes, while it also inhibits
the late-stage  NLRP3-inflammasome activation, preventing excessive
inflammation.1¢ Because of these desirable characteristics, Mincle represents an
interesting target to exploit for the development of vaccines against TB.

Mincle is a transmembrane pattern recognition receptor (PRR) expressed on
macrophages, monocytes and dendritic cells, that is able to recognize glycolipids
from fungi and mycobacteria. The first ligands for Mincle, trehalose dimycolate
(TDM) (pictured in Figure 2a) and its analogue trehalose dibehenate (TDB), were
identified in 2009 by Ishikawa et al.l” Recognition of TDB and TDM by Mincle is
mediated through its carbohydrate recognition domain in the extracellular region.!8
Measurement of the direct interaction of TDM and its analogues is limited by their
poor solubility limiting crystallography studies to analogues containing short alkyl
chains. However, a general pattern has been suggested that binding affinity increases
for longer alkyl chains.?> Binding of a ligand to Mincle has been shown to activate the
adapter protein Fc receptor y-chain (FcRy) which is required for the recruitment of
spleen tyrosine kinase (SYK). SYK recruitment is followed by a cascade of signaling
events which culminate in NF-kB activation.!>

Figure 2 - Chemical structures of natural glycolipids that have been shown to interact with the
Mincle receptor. a) Trehalose dimycolate (TDM); b) glucose monomycolate (GMM).
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Since 2009, the year of first discovery of TDM/Mincle interaction, several groups
have designed simplified synthetic analogues of known Mincle ligands to study their
immune-stimulatory potential and reduce toxicity to cells. For example, a series of
synthetic TDM analogues was designed by Kallerup et al. and Huber et al, and their
results indicated that the compounds are able to bind to Mincle and induce G-CSF
and NO production in murine macrophages, suggesting that these compounds might
also function as adjuvants.1920 Other ligands belonging to glycolipid families other
than TDM have been discovered and shown to bind to Mincle. Glucose monomycolate
(GMM) is one such ligand (chemical structure of GMM shown in Figure 2b).

The present study describes the synthesis of two TDM and two GMM simplified
analogues, equipped with simple saturated linear lipid chains and a ligation handle
with the ultimate goal being the incorporation of a Mincle ligand in a self-adjuvanting
peptide construct. At a later stage this construct could be further expanded to include
an additional adjuvant.

The design of the synthetic route of the two TDM analogues described in this Chapter
was inspired by the research of Toubiana et al, Johnson, Datta et al,?1-23 using a
TMS-protecting group based strategy, advantageous in comparison to the benzyl
protecting group strategy used by Nishizawa et al. in the ease of scaling up the final
deprotection reaction.2* The choice of lipids for coupling to the carbohydrate core
was based on: 1) structural studies suggesting increased binding interaction of
trehalose 6-OH mono-substituted compounds with increasing alkyl chain length and
the requirement for interaction between the 3-OH and 4-OH positions of trehalose
to the carbohydrate recognition domain on the receptor;2526 2) experimental
evidence that biological activity in symmetrically substituted trehaloses increased
with increasing chain length, with C18 showing little to no difference as compared to
C22 (length of alkyl chain in the well-studied analogue TDB);19.27.28 3] no evidence
was found suggesting the requirement of the two alkyl chains having the same
number of carbon atoms. Based on these considerations, the new TDM analogues
were designed to contain: a C18 alkyl chain on the 6-OH position of the trehalose and
a C11 or C16 alkyl chain on the 6’-OH position, with this latter lipid chemically
modified to present a thiol ligation handle for further conjugation.

The design of the two GMM analogues was inspired by a publication by Decout et al.
reporting of a synthetic GMM analogue, produced as racemic mixture, and named
GIcC14C18. This compound exhibited a stronger adjuvant effect than TDB, when
formulated in liposomes and it induced protective immunity in a mouse model of Mtb
infection.2? Separately, it was shown for multiple TLRZ2 ligands that different
stereoisomers can elicit different biological responses.3%31 Based on these results,
the two GMM analogues containing the enantiomerically pure C14C18 lipids
equipped with a thiol ligation handle were designed and synthesised using a similar
TMS-protecting group approach as the one selected for the synthesis of the TDM
analogues.
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To probe the ability of the four synthetic glycolipids to interact with the C-type lectin
receptor Mincle, in vitro assays using the human embryonic kidney 293 (HEK-293)
expressing murine Mincle reporter cell line were performed. The glycolipids
showing the best binding affinity for Mincle were conjugated to the Mtb-derived
peptide. These were evaluated in vitro in murine and human cell systems for their
immunomodulatory activity. An HLA-DR3/Ab? transgenic mouse model was used to
investigate the vaccine potential of one of these constructs in vivo and their effect on
the bacterial load when challenged with live Mtb.

Results

Synthesis of GMM and TDM analogues

The synthetic strategy for the generation of the four glycolipids depicted in Figure 1
is based on a protecting group strategy using trimethyl silyl ethers (TMS) and a
Steglich esterification approach to introduce the lipid chains. The enantiomeric fatty
acids contained in the two GMM analogues, compounds 1 and 2, were synthesized
starting from the same pseudoephedrine derivative 9 (see Figure 3A) via two
stereo-divergent approaches.

Starting from compound 9, a Myers alkylation with diisopropyl amine (DIPA) and
allyl bromide delivered the R-isomer of a-allyl stearic acid 10. The S-configured lipid
14 was obtained by an O-allylation with sodium hydride and allyl bromide followed
by a Claisen rearrangement using triflic anhydride and 2-fluoropyridine.* A cross
metathesis with S-(dodec-11-en-1-yl) ethanethioate then delivered the enantiomeric
branched acids 12 and 15, which were obtained in 46% and 38% yield over 5 steps
starting from stearic acid, respectively. The two GMM analogues 1 and 2 were
obtained from a-D-glucose, as shown in Figure 3B. a-D-Glucose 16 was first protected
as the TMS ethers using TMS chloride, hexamethyldisilazane (HMDS) and pyridine
which was followed by deprotection of the primary alcohol with ammonium acetate.
The lipids 12 and 15 were then installed by esterification utilizing 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI) and DMAP. Afterwards, a simultaneous
reduction of the alkyl double bond and thioester with p-nitrosulfonyl hydrazide was
carried out. Finally, removal of the TMS-protecting groups with amberlite resin and
treatment with tris(2-carboxyethyl)phosphine (TCEP) to reduce the disulfide
resulted in compounds 1 and 2 with 24% and 14% yield over 6 steps, respectively.

Next, the attention was shifted to the synthesis of TDM analogues 3 and 4 (see Figure
4). Lipid thioester 21, required for the generation of the conjugation ready TDM
analogue 3, was synthesized in one step via nucleophilic substitution of

1 A schematic depiction of the suggested mechanism of the reaction and intermediates can be found in
the supporting information (Figure S5).
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commercially available 11-bromoundecanoic acid with potassium ethanethioate in
91% yield.
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Figure 3 - Synthetic route optimized to generate GMM analogues and enantiomeric lipids. (A)
Reaction scheme for the synthesis of lipids. a) oxalyl chloride, DMF, toluene, y: 99%, b) pseudoephedrine,
EtsN, DCM, y: 99%, c) DIPA, LiCl, allyl bromide, THF, y: 84%, d) H2S04 (5N)/dioxane 1:1, y: 73%, €) S-
(dodec-11-en-1-yl) ethanethioate, Grubbs 1st generation, DCM, reflux, y: 76%, f) NaH, allyl bromide, DCM,
y: 86%, g) i. Tf20, 2-fluoropyridine, DCM, 0°C, ii. H2SO4 (2.5 N)/dioxane 1:1, 100-C, y: 60%, h) S-(dodec-
11-en-1-yl) ethanethioate, Grubbs 1st generation, DCM, reflux, y: 76%. (B) Reaction scheme for the
synthesis of glycolipids. a) TMSCI, HMDS, pyridine, y: quant. b) NHs0Ac, DCM/MeOH 1:1, y: 73%, c) lipid,
EDCI, DMAP, y: 52%, d) p-nitrosulfonyl hydrazide, EtsN, DCM, e) amberlite H*, DCM/MeOH 1:1, f)
TCEP.HCI, PBS, MeOH/CHsCN 1:1, y: 62% over 3 steps, g) lipid, EDCI, DMAP, y: 50%, h) p-nitrosulfonyl
hydrazide, EtsN, DCM, i) amberlite H*, DCM/MeOH 1:1, 1) TCEP.HCI, PBS, MeOH/CH3CN 1:1, y: 73% over
three steps.

For the synthesis of thioester 24, the chosen reaction sequence consisted of the
opening of cyclohexadecanolide with NaOMe, subsequent bromination to replace the
hydroxyl moiety, saponification of the ester and nucleophilic substitution of the
bromide with potassium thioacetate to obtain lipid 24 in 43% overall yield. In line
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with the assembly of 1 and 2, the alcohols of trehalose were protected as TMS-ethers
except this time the reaction was carried out using N,0-bis(trimethylsilyl)acetamide
and TBAF. After the primary hydroxyl groups were deprotected with potassium
carbonate in methanol, stearic acid was installed with EDCI and DMAP to provide the
monoesters (Figure 4B). Next, a condensation with lipid thioesters 21 and 24
provided the fully protected TDM analogues 27 and 28. Removal of the silyl ethers
under acidic conditions and conversion of thioester to free thiol with hydrazine then
provided compounds 3 and 4 in 26% and 27% yield, respectively, over 5 steps
starting from trehalose.
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Figure 4 - Synthetic route optimized to generate TDM analogues and lipids with different chain
length. (A) Reaction scheme for the synthesis of lipids. a) potassium thioacetate, DMF, y: 91%, b) NaOMe,
MeOH, y: 85%, ¢) PPhs, NaHCOs3, NBS, y: 88%, d) LiOH, THF, y: 91%, €) potassium thioacetate, DMF, y:
63%. (B) Reaction scheme for the synthesis of glycolipids. a) i. N,0-bis(trimethylsilyl)acetamide, TBAF,
DMF, ii. K2CO3, MeOH, y: 79%, b) stearic acid, EDCI, DMAP, toluene, y: 47%, c) 11-(acetylthio)undecanoic
acid, EDCI, DMAP, toluene, y: 70%, d) amberlite H*, DCM/MeOH 1:1, y: quant., ¢) NH2NH2CH3-COOH,
DCM/MeOH 1:1, y: quant,, f) 11-(acetylthio)hexadecanoic acid, EDCI, DMAP, toluene, y: 85%, g) amberlite
H+, DCM/MeOH 1:1, y: 87%, h) NH2NH2-H.0, DCM/MeOH 1:1, y: quant. (isolated as mixture of oxidized
and reduced thiol).

In vitro evaluation of Mincle ligand-peptide conjugates

With the simplified GMM and TDM analogues in hand, the HEK-Blue mMincle
reporter cell line was used to probe the binding of these constructs. HEK-Blue
mMincle is a commercially available cell line transfected to overexpress murine
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Mincle. Functional binding of a ligand to Mincle in this cellular system results in
release of secreted alkaline phosphatase (SEAP) in the cells supernatant, which
induces a colour change in the QUANTI-blue medium proportional to the amount of
secreted SEAP. The colour change is detectable by eye and can be measured
quantitatively using a spectrophotometer at 620-655 nm. The synthetic TLR2 ligand
UPam, known immune stimulator for human and murine antigen presenting cells
(APCs),3° was used as negative control to validate the assay’s specificity.
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Figure 5 - Dose-response curves for HEK-293 mMincle activation. HEK-293 cells expressing murine
Mincle and a NF-kB-inducible reporter system were stimulated with plate-bound glycolipids for 16h. NF-
kB activation was determined by measuring secreted embryonic alkaline phosphatase (SEAP) activity and
reading 0.D. at 635 nm after mixing of 20 ul of the culture supernatant with 180 ul of Quanti-BlueTM
(InvivoGen). TDS and Mtb lysate (expected to contain TDM) were used as positive controls. UPam, a TLR2
ligand, was used as negative control. Dots represent mean + SEM of duplicates from one experiment.
Curves were interpolated using a non-linear regression model with 4 parameters as calculated using
GraphPad Prism software.

Cells stimulated with each analogue responded to the stimulation by releasing SEAP
in the cell supernatant, indicating that all four analogues are able to bind to and
activate the murine Mincle receptor (see Figure 5). The two TDM analogues,
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compounds 3 and 4, bound the receptor with higher potency than the two GMM
analogues, compounds 1 and 2, and were therefore chosen for the generation of the
two self-adjuvanting peptides described in the next section.
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Figure 6 - Binding experiment using soluble murine Mincle (B) and stimulation experiment using
murine D1 dendritic cells (C). (A) Chemical structures of synthetic long peptide p57 (compound 5) and
self-adjuvanting peptides 6 and 7. (B) ELISA experiment was performed using plate-bound glycolipids (5
nmol/well), self-adjuvanted peptides (5 nmol/well) and control compounds. TDS = Trehalose distearate
(5 nmol/well) was used as positive control. PAA-LewisX (10 pug/ml), Mannan (10 ug/ml) and Laminarin
(3 pg/ml) known to bind other CLRs, and the reference peptide p57 (5 nmol/well) were chosen as
negative controls. Soluble recombinant murine Mincle Fc chimera protein was used for assaying binding
interaction. (C) IL-12p40 production by murine D1 DC cells stimulated for 20 hours using synthetic
compounds (50 pM) or ODN1826 control (1 pg/ml), as measured by ELISA. Bars represent mean + SD of
duplicates from two independent experiments. Statistical significance with reference to the negative
control group, BSA (1%) in buffer (plot a) and DMSO (0.1%) in medium (plot b), was determined by one-
way ANOVA with Tukey’s multiple comparisons test (****p < 0.0001, **p < 0.01, *p < 0.05).
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Peptide 5 (amino acid sequence shown in Figure 6A) was functionalized with an
N-terminal maleimide ligation handle for conjugation to the thiol-functionalized
TDM analogues. It was synthesized using an automatic solid phase synthesizer and
obtained in 6.7% yield after purification. The conjugation of the glycolipids to the
synthetic long peptide was performed via thiol-maleimide addition. Self-adjuvanting
peptides 6 and 7 (chemical structures shown in Figure 6A) were obtained with,
respectively, 73% and 25% yield after HPLC purification. Partial precipitation and
low solubility of self-adjuvanting peptide 7 in many organic solvents rendered
isolation and purification of the product difficult resulting in a lower yield.

The two self-adjuvanting peptides were tested for their binding to murine Mincle. An
ELISA assay was performed using the commercially available Mincle-Fc-chimera
recombinant soluble receptor. This assay, as shown in Figure 6B, indicated that the
two self-adjuvanting peptides had a fully preserved ability to interact with this
receptor. As expected, no binding between soluble Mincle receptor and peptide 5
was observed. This result confirmed that the interaction between the self-
adjuvanting peptides and Mincle is mediated by the glycolipid moiety. As additional
negative controls, known CLRs ligands, such as Lewis X polyacrylamide conjugate
(PAA-LewisX), Mannan and Laminarin,32 were selected and none of them bound to
Mincle. The synthetic compound TDS was used as positive control in all binding
assays.

Next, the functional effect of self-adjuvanting peptide 6 was studied using the
well-defined, immature murine D1 dendritic cell line. As shown in Figure 6C,
stimulation using self-adjuvanting peptide 6 resulted in production of significant
amounts of IL-12p40, although no increase in CD40 or CD86 activation markers
could be observed (data not shown). Somewhat unexpectedly, this was not the case
for the mixture of separate peptide 5 and compound 3, where neither activation nor
production of the pro-inflammatory cytokine IL-12p40 was observed. ODN1826,
potent immune-stimulatory agent able to interact with dendritic cells via TLR9, was
used as positive control.33

To functionally characterise the synthetic TDM analogues and derived
self-adjuvanting peptides, human dendritic cells and macrophages were generated
starting from monocytes. Changes in activation or T cell co-stimulatory markers and
released pro-inflammatory/anti-inflammatory cytokines were used as a measure of
immunogenicity of novel constructs. Immature monocyte-derived dendritic cells
(moDCs) and macrophages were differentiated as described in the Materials and
Methods section of this Chapter, and their cell surface marker phenotype was
characterised by CD1a, CD14, CD11b, CD163 expression.3435 Flow cytometry analysis
of the CD83 activation marker for dendritic cells showed that little or no activation

2 Studies performed using an HEK-Blue mMincle reporter assay resulted in absence of detectable amounts
of SEAP when stimulating cells with the two self-adjuvanting peptides.
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was induced by treatment with the compounds containing the shorter alkyl chains,
namely compound 3 and self-adjuvanting peptide 6, while the compounds
containing the longer alkyl chain, compound 4 and self-adjuvanting peptide 7, did
induce up-regulation of this activation marker to a comparable extent to that induced
by LPS (Figure 7). In the case of the CD86 marker, compound 4 induced a 5-fold
increase in marker expression as compared to the negative control.
The self-adjuvanting peptide 7 was responsible for a more modest up-regulation of
CD86, with a 3-fold increase, comparable to the increase induced by self-adjuvanting
peptide 6. Up-regulation of the CD80 marker in human moDCs was induced only by
stimulation with self-adjuvanting peptide 7. A two-fold increase in MHC class II
expression as compared to unstimulated control is observed for moDCs treated with
compounds 3 and 4, peptide 5 and the self-adjuvanting peptides. Cell supernatants
were analysed via ELISA to quantify production of IL-12p40 and IL-10 (see
supporting Figure S6). The anti-inflammatory cytokine IL-10 was only detected in
the LPS control. On the other hand, a ten-fold increase of IL-12p40 was detected in
supernatants of cells treated with the self-adjuvanting peptide 7. Luminex analysis
of the same supernatants allowed for the identification of IL-6 and TNF-a as two
additional pro-inflammatory cytokines released wupon treatment with
self-adjuvanting peptide 7. However, the increase in cytokine production for this
compound did not show statistical significance.

Macrophage differentiation by GM-CSF, which leads to pro-inflammatory M1-type
cells, and M-CSF, leading to anti-inflammatory M2-type macrophages was studied
next, and the results are summarised in Figure 8. The CD80 marker was significantly
upregulated on M1 and M2 macrophages upon stimulation with self-adjuvanting
peptides 6 and 7. The latter was also shown to induce CD83 upregulation on both
macrophage types. Interestingly, stimulation using the unconjugated TDM analogues
3 and 4 did not promote expression of CD80. However, analogue 4 caused
upregulation of CD83 to a similar extent to self-adjuvanting peptide 7 and LPS
control.

Analysis of cell supernatants via ELISA for the quantification of IL-12p40 and IL-10
indicates that IL-10 is released by M-CSF/M2 macrophages upon stimulation with
both self-adjuvanting peptides (Figure 9). No IL-10 nor IL-12p40 was detected in
supernatants of GM-CSF/M1 macrophages.
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Figure 7 - Bar plots depicting the mean expression of selected surface markers on monocyte-
derived dendritic cells from 3 different donors as measured by flow cytometry. All synthetic
compounds were used at a final concentration of 20 M in medium. LPS (100 ng/ml) is used as a positive
control. Statistical significance with reference to cells exposed to medium + DMSO was calculated through
one-way ANOVA method (***p < 0.001, **p < 0.01, *p < 0.05). Bars indicate the mean value + SD of the MFI
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Figure 8 - Bar plots depicting the mean expression of CD80 and CD83 markers on GM-CSF/M1 and
M-CSF/M2 macrophages cells from 3 different donors as measured by flow cytometry. All synthetic
compounds were used at a final concentration of 20 M in medium. LPS (100 ng/ml) is used as a positive
control. Statistical significance with reference to cells exposed to medium + DMSO (0.1%) was calculated
through one-way ANOVA method (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Bars indicate the
mean value + SD of the MFI dataset for each condition as calculated using GraphPad Prism.
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GM-CSF/M1: IL-12p40 ELISA M-CSF/M2: IL-10 ELISA
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Figure 9 - Cytokine production profile of human macrophages stimulated for 20 hours using TDM
analogues 3 and 4, and self-adjuvanting peptides 6 and 7, as measured by ELISA (IL-12p40 and
IL-10) or Luminex (IL-6 and TNF-«). All synthetic compounds were used at a final concentration of 20
uM in medium. LPS (100 ng/ml) is used as a positive control. Bars indicate the mean value + SD of
duplicates from three donors as calculated using GraphPad Prism. Statistical significance with reference
to cells exposed to medium + DMSO was calculated through one-way ANOVA method
(***p < 0.001, **p < 0.01, *p < 0.05).

In vivo evaluation of Mincle ligand-peptide conjugate

An HLA-DR3 transgenic mouse model lacking murine MHC class II system
(HLA-DR3/AbY), previously shown to be suitable for the in vivo study of peptide p57
HLA-DR3 restricted T-cell immunity, * was used to evaluate the in vivo
immunogenicity of self-adjuvanting peptide 6. In this model, mice were immunised
subcutaneously three times with either peptide 5 in admixture with ODN1826 as
positive control, peptide 5 in admixture with compound 3, self-adjuvanting peptide
6 or injected with PBS as negative control. Intracellular IFN-y, TNF-a and IL-17
production by CD4*+ T-cells was measured via flow-cytometry after in vitro
stimulation of splenocytes with either the peptide antigen or recombinant protein.
The control mixture of the peptide with ODN1826 induced strong Th1 responses, as
previously reported, [28] a result which was confirmed also by analysis of the cell
supernatants by IFN-y ELISA (see supporting information S7). Immunisation with
either the mixture of peptide 5 with 3 or with self-adjuvanting peptide 6 did not
induce detectable CD4+ T-cell responses.
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Figure 10 - Measurement of antigen-specific antibodies from sera of mice (n=6) immunized with
self-adjuvanting peptide 6 (40 nmol), peptide 5 (40 nmol) in admixture with UPam adjuvant (40
nmol) or treated with PBS only (naive group). Plate-bound peptide p57 antigen was used for the Total
Ig antibodies assay. (A) Box plots representing absorbance (0D450) corresponding to amount of Total Ig
antibodies and measured for sera diluted 10 times (n = 5 for naive, n = 6 for the other groups). Statistical
significance was calculated using one-way ANOVA as calculated with GraphPad Prism software
(***p < 0.0001, ns > 0.05). (B) Dose-response dot plots representing mean + SEM of absorbance
measurements from 5 or 6 mice as calculated using GraphPad Prism. (C) Measurement of antigen-specific
antibody isotypes from sera of mice (n=6) immunised with self-adjuvanted peptide 6. Plate-bound peptide
5 antigen was used for the Ig subtypes antibodies assay. Dots represent mean + SEM of single
measurements from 6 mice as calculated using GraphPad Prism. (D) Measurement of antigen-specific
antibody isotypes from sera of mice (n=6) immunised with self-adjuvanted peptide 6. Plate-bound
Rv1733crecombinant protein antigen was used for the Ig subtypes antibodies assay. Dots represent mean
+ SEM of single measurements from 6 mice as calculated using GraphPad Prism.
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To verify if humoral responses were induced by the chosen treatments, sera were
analysed for the presence of antigen-specific antibodies (see Figure 10). The mixture
of antigen plus adjuvant did not stimulate production of antigen-specific antibodies.
In striking contrast, self-adjuvanting peptide 6 consistently induced production of
antibodies able to bind peptide 5, indicating the importance of antigen-adjuvant co-
delivery. Analysis of antibody subtypes lead to the identification of high titers of
antigen-specific IgG1, associated with Th2 activation in mice, able to recognize both
peptide 5 and its source, Rv1733c protein. In addition, IgG2b antibodies, associated

with T-cell independent responses, that were able to recognize the peptide antigen
were also found.36-38

To further assess the vaccine potential of the self-adjuvanting peptide 6, its
prophylactic effect was evaluated using a live Mtb challenge model. Here

enumeration of the colony forming units (CFU) in the lung and spleen of infected
mice was used as a measure of protection.
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Figure 11 - Protective efficacy against Mtb infection in the spleen of mice that were immunised s.c.
for 3 times with 2 weeks interval. Mice (n=6) were immunised with a mixture of peptide 5 (40 nmol)
with ODN1826 (50 pg/ml) as positive control, with self-adjuvanted peptide 6 (40 nmol) or mice (n=3)
were treated with TDM analogue 3 (40 nmol) or with peptide 5 (40 nmol). Six weeks later, the mice were
challenged with intranasal Mtb H37Rv (105 CFU). Alternatively, the mice received 10¢ CFU BCG s.c. 10
weeks before challenge. Colonies in lungs and spleen were counted after 3 weeks of incubation at 37 °C.
Statistical significance with reference to the naive group was calculated through one-way ANOVA method
(****p < 0.0001, ***p < 0.001). Box plots were generated using GraphPad Prism.
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The following groups were included in the study: mice immunised with a mixture of
peptide 5 with ODN1826, mice immunised with the standard BCG1331 vaccine, mice
immunised with peptide 5 only, mice immunised with TDM analogue 3 and mice
immunised the self-adjuvanting peptide 6. As shown in Figure 11, analysis of
infection progression in the lungs of immunised mice indicated that only the BCG
control was able to cause a reduction of the bacterial load locally in the lungs at the
time of organ isolation. Nevertheless, signs of a protective systemic immune
response were evident when analysing the spleen of mice immunised with the self-
adjuvanting peptide 6, as the latter significantly reduced the number of CFU in the
spleen of vaccinated mice (Figure 11). This reduction is present only in the case of
vaccination with the self-adjuvanting peptide, and not following vaccination with the
unconjugated peptide or compound 3. Vaccination with the self-adjuvanting peptide
led to a lower bacterial count than vaccination with the mixture of the peptide with
ODN1826.

Discussion

The study discussed in this Chapter shows that conjugation of the latency antigen
Rv1733c p57 peptide to synthetic compound 3, a novel Mincle ligand, induces
stronger immune responses in vivo than the simple admixture of adjuvant-antigen.
This study provides the first evidence that a self-adjuvanting peptide containing a
TDM analogue can induce protection against TB in an in vivo model.

Considerations on the design rationale of the TDM and GMM analogues containing a
ligation handle for conjugation to the Rv1733c p57 peptide antigen were detailed in
the introduction section of this Chapter. Binding of TDM analogues 3 and 4 to the
murine Mincle receptor did not seem to be affected by the introduction of a thiol
ligation handle, which was purposefully located on the 6’ 0-alkyl chain. Comparison
of the dose-response curves for compounds 3, 4 and the structurally similar
experimental control TDS, lacking the thiol ligation handle, indicated comparable
activation of the HEK-Blue mMincle reporter cell line upon stimulation with the
aforementioned compounds.

Using the same HEK-Blue mMincle reporter assay, it was observed that the two GMM
synthetic adjuvants also activated this reporter cell line. A difference was, however,
recognized when comparing the two TDM analogues to the two GMM analogues, with
the GMM analogues inducing significantly lower activation.

For this reason, the TDM analogues were used to generate the two single molecule
subunit vaccines. The synthesis of the trehalose conjugates was achieved by reacting
the thiol-functionalised glycolipids with a maleimide functionalised peptide. This
reaction required judicious solvent optimization, to meet the different solubility
requirements of the two reagents. A mixture of DMF/chloroform/water 4:3:1 was
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identified to allow for optimal solubilization of both reagents and by adjusting the
pH of the mixture to 8 by addition of N-methyl-morpholine.

The conjugates, composed of the peptide antigen and TDM analogues, were assayed
for their ability to activate HEK-Blue mMincle cells. Unexpectedly, the responses
were very low for both self-adjuvanting peptides. Aggregation of the conjugates was
observed experimentally at the highest concentrations, and this could explain the
reduced binding of the conjugates in the HEK-Blue mMincle cells.® Further research
into the specific cause of the unexpected result would be required to shed light on
the significance of these results. To verify if this result was connected to the model
or it would indicate disrupted binding of the glycolipid moiety to the Mincle receptor,
an additional model was selected to qualitatively assess the interaction to the murine
receptor. Following the steps of Decout et al. and Chinthamani et al,2%4% an ELISA
assay was performed using the commercially available murine Mincle-Fc-chimera
receptor. This assay indicated that the two self-adjuvanting peptides preserved the
ability to interact with Mincle.*

The functional effect of the synthetic glycolipids and self-adjuvanting peptides was
studied using human monocyte-derived dendritic cells and macrophages. Changes in
expression of CD80, CD83and CD86 molecules were monitored via flow cytometry
as an indication of stimulatory activity of the synthetic compounds. CD80 and CD86
are type I glycoproteins expressed on the surface of APCs, with the ability to interact
with CD28 and with cytotoxic T lymphocyte antigen-4 (CTLA-4) expressed on
activated T cells.*? They are therefore conventionally considered co-stimulatory
molecules for T cells, and their upregulation is associated with APC activation.*2
CD83 is a member of the immunoglobulin family and is conventionally used as a
marker for mature dendritic cells, although it is expressed on the cell surface of
several APCs.*3

The results here described clearly indicate that human monocyte-derived dendritic
cells respond differently to the two synthetic TDM analogues and that the response
depends on the difference in alkyl chain length. Flow cytometry analysis of the CD83
and CD86 activation markers for dendritic cells showed that little or no activation is
induced by treatment with the compounds containing the shorter C11-alkyl chain
(compounds 3 and 6), while the compounds containing the longer C16-alkyl chain
(compounds 4 and 7) induced up-regulation of these activation markers to an extent
comparable to that induced by LPS. As previously mentioned, several reports have
suggested that biological activity depends on the lipid chain length in trehalose
mono- and di-esters. However, those studies focused on murine bone-marrow
derived macrophages and employed plate-bound glycolipids. It is not possible to

3 An alternative hypothesis could be endoplasmatic reticulum stress, which has been previously shown
to cause critical interference in secreted protein-based reporter assays. 32

# The use of human Mincle-Fc-chimera in a preliminary ELISA assay indicated that the novel adjuvants
and self-adjuvanting peptides are also capable of binding to the human receptor (see Chapter 6).
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directly compare the results obtained using dissolved/suspended compounds to
those referring to experiments performed using plate-bound glycolipids.1928. With
the goal of incorporating a Mincle ligand in a self-adjuvanting peptide construct, and,
at a later stage, further expand the self-adjuvanting construct to include an additional
adjuvant, the use of plate-bound lipid was avoided in the evaluation of the in vitro
functional studies reported in this Chapter. Furthermore, the supernatants from
moDCs were analysed via ELISA and Luminex for the quantification of
pro-inflammatory cytokines, and it was observed that only the self-adjuvanting
peptide 7 induced release of IL-12p40, IL-6 and TNF-a. These cytokines were not
released upon stimulation with the stand-alone trehalose adjuvant nor the peptide,
suggesting either a synergistic effect of the two or, possibly, formation of
supramolecular structures which results in improved immunogenicity for the
self-adjuvanting peptide.

Analysis of the activation markers for GM-CSF/M1 and M-CSF/M2 macrophages
further indicated that the self-adjuvanting peptides more strongly activated human
antigen-presenting cells than the TDM analogues alone, as exemplified by expression
of CD80 for M1 and M2 and cytokine production by M2 macrophages. However,
activation of macrophages seems to be less sensitive to the alkyl chain length of the
TDM analogue linked to the peptide. Further structure-activity relationship studies
to identify how the chain length influences response in human monocyte-derived
dendritic cells are warranted.

To compare the vaccine potential of the self-adjuvanting peptide 6 to that of a
mixture of adjuvant 3 and peptide 5, an in vivo experiment was performed to assess
both cellular and humoral responses in class II-deficient mice, transgenic for
HLA-DRA/B1*0301 (DR3) allele. The expected responses were found in the group of
mice immunised subcutaneously with positive control, where IFN-y TNF-a double
positive CD4+ T-cell responses were detected. The IFN-y production by restimulated
splenocytes in the control group was confirmed by ELISA assay performed on
splenocytes supernatant. On the contrary, no CD4+* T-cell responses were detected
for either the mixture of antigen plus compound 3 nor self-adjuvanting peptide 6.
Splenocytes supernatants were also assayed using a Luminex kit for the
identification of cytokine increase upon restimulation. Also in this case, no increase
in quantity of cytokines was observed upon restimulation. To verify if humoral
responses were induced by the self-adjuvanting peptide, sera were analysed for the
presence of antigen-specific antibodies. The mixture of antigen plus compound 3 did
not stimulate production of antigen-specific antibodies. On the contrary, high titers
of IgGl and IgG2b antibodies were induced by immunisation with the
self-adjuvanting peptide 6. Murine IgG1 antibodies are usually associated with a Th2
type response and their production is shown to increase in the presence of 1L-4.3637
Switching to IgG2b antibodies seems to be mediated by transforming-growth
factor- and it has been associated with a T-independent immune response.38
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The majority of TB vaccine candidates currently in clinical trials have been selected
on the basis of pre-clinical studies focused on inducing a CD4* Th1/Th17 cellular
response.** The paradigm of protection that revolved around the induction of
polyfunctional CD4+ T-cells in response to immunisation is only very recently
shifting towards a broader interest in the interplay between innate, cellular and
humoral immunity to tackle the challenge of developing an effective TB vaccine.#4-46
To further assess if the self-adjuvanting peptide could effectively counteract Mtb
infection, even though only humoral responses were detected, a challenge
experiment with live Mtb was performed. Following the same immunisation protocol
described above, and using BCG immunisation as positive control, it was determined
that the self-adjuvanting peptide 6 was able to reduce hepatic bacterial load in
vaccinated mice, although no effect was observed in the lungs of the same mice. This
adds to the growing body of evidence that significant protective effects against
mycobacterial infection can be observed in the presence of humoral responses.7.48

Conclusion

Subunit vaccines comprised of fully-synthetic antigens and adjuvants represent a
promising strategy to overcome safety-related issues connected to BCG
immunisation against Mtb, and co-delivery of antigen and adjuvant in
single-molecule vaccines allows for the induction of strong immune-responses. The
work reported in this Chapter describes the generation of a prototype synthetic
Mtb-vaccine, formed by linking a glycolipid adjuvant and a Mtb derived peptide. For
that purpose, four novel simplified analogues of immune adjuvants TDM and GMM
were designed and successfully synthesized already equipped with a thiol ligation
handle for conjugation to antigenic peptides. The TDM analogues, the most potent
Mincle binders identified in the present study, were chosen for the generation of two
self-adjuvanting peptides. This study provides a proof of principle that fully synthetic
self-adjuvanting peptides containing a Mincle ligand are immunogenic and can
induce protection against Mtb infection, in association with humoral (including IgG1
and IgG2b) but unexpectedly, no detectable cellular (CD4* T cell) responses. The
results from the murine experiments here described indicate the presence of
antigen-specific IgG1l and IgG2b antibodies in the sera of mice immunised with
self-adjuvanting peptide 6 and a reduced bacterial load in their spleen, which is
indicative of a systemic and protective immune response induced by this construct.
Further research is required to determine if the observed protection can be
generalised to other antigens and whether this solely depends on humoral immune
responses.
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Materials and methods

General synthetic methods

General synthetic methods and description of analytical instrumentation are provided in the
materials and methods section of Chapter 2.

Glucose monomycolate analogues
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S1 Figure - Synthetic scheme for the generation of lipid moieties of glucose monomycolate
analogues. a) oxalyl chloride, DMF, toluene, y: 99%, b) pseudoephedrine, EtsN, DCM, y: 99%, c) DIPA,
LiCl, allyl bromide, THF, y: 84%, d) H2SO4 (5N)/dioxane 1:1,y: 73%, e) S-(dodec-11-en-1-yl) ethanethioate,
Grubbs 1st generation, DCM, reflux, y: 76%, f) NaH, allyl bromide, DCM, y: 86%), g) i. Tf20, 2-fluoropyridine,
DCM, 0 °C, ii. H2S04 (2.5 N)/dioxane 1:1, 100, y of 14: 60%, h) S-(dodec-11-en-1-yl) ethanethioate, Grubbs
1st generation, DCM, reflux, y: 76%, i) i. Potassium tert-butoxide, THF/toluene 2:1, 5 °C, ii. Potassium
thioacetate, DMF, 80 °C, y: 19%.
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S-(dodec-11-en-1-yl) ethanethioate (31).

A solution of 1, 12-dibromododecane (39.4 g, 120 mmol, 1 eq) in THF /toluene 2:1 (80 ml) was
cooled to 0 °C. Potassium tert-butoxide (20.2 g, 180 mmol, 1.5 eq) was added to the solution
in portions of about 2 g over 30 minutes. After addition of the last portion of potassium tert-
butoxide, the reaction mixture was stirred at 5 °C for 1 hour. The reaction was then quenched
with water and HCI (1 M) and transferred to a separatory funnel. The water layer was
extracted (3x) with toluene and the combined organic layers were washed (1x) with HCI (1 M)
and (2x) with brine. The toluene layer was dried over MgSQOj, filtered and concentrated in
vacuo. The crude from the elimination reaction was dissolved in DMF (800 ml) for the
subsequent reaction. Potassium thioacetate (25 g, 219 mmol, 1.8 eq) was added to this
solution and heated to 80 °C for 2 hours. The reaction was then quenched with water, diluted
with Et20 and transferred to a separatory funnel. The water layer was extracted (3x) with
Et20, then the combined organic layers were washed (1x) with water and (1x) with brine. The
organic layer was dried over MgSOs, filtered and concentrated in vacuo. Compound 31 was
obtained after silicagel chromatography (Pentane/Et20 95:5; DCM loading of crude) as a
transparent oil (5.6 g, 23.1 mmol, 19% over two steps). 1H NMR (300 MHz, CDCls) &: 5.80 (ddt,
J=16.9,10.2, 6.7 Hz, 1H, CH=), 5.07 - 4.80 (m, 2H, CH2=), 2.86 (t,] = 7.3 Hz, 2H, CH2-S), 2.31 (5,
3H, CHs-thioacetyl), 2.10 - 1.94 (m, 2H, CHz-allylic), 1.63 - 1.47 (m, 2H, CHz-lipid), 1.44 - 1.12
(m, 16H, CHz-lipid). 13C-APT NMR (75 MHz, CDCls) 6: 195.9 (S-C=0), 139.2 (CH=), 114.2
(CHz2=), 33.9 (CHz-allylic), 30.6 (CHs-thioacetyl), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.2 (CHz-
lipid), 29.1 (CHz-lipid), 29.0 (CHz-lipid), 28.9 (CHz-lipid). HRMS [M+H]*: 243.17762 found,
243.17771 calculated.

Stearoyl chloride (29).

Stearic acid (17.71 g, 60 mmol, 1 eq) and DMF (0.6 ml, 7.8 mmol, 0.13 eq) were dissolved in
toluene (600 ml) and cooled to 0 °C. Oxalyl chloride (21 ml, 240 mmol, 4 eq) was added
dropwise to the solution via cannula over 15 minutes. The resulting solution was slowly
allowed to heat up to room temperature. After stirring for 20 hours at RT, the solution was
heated to reflux to complete the reaction. Solvents and volatiles were removed by rotatory
evaporation under fume hood. Compound 29 was obtained as a white solid (18.02 g, 59.5
mmol, 99%) without any further purification. NMR analysis confirmed purity of the product,
whose tH NMR and 13C NMR spectra were in agreement with published literature.4?

N-((1S,2S)-1-hydroxy-1-phenylpropan-2-yl)-N-methylstearamide (9).

Pseudoephedrine (3.3 g, 20 mmol, 1 eq) was dissolved in DCM (70 ml). Triethylamine (5.6 ml,
40 mmol) was added and this solution was cooled to 0 °C. A solution of compound 29 in DCM
(30 ml) was added dropwise to the pseudoephedrine solution via cannula over 20 minutes.
The reaction mixture was then heated up to room temperature and stirred overnight. The
reaction mixture was quenched with a saturated solution of NH4ClI (aq), diluted in EtOAc and
transferred to a separatory funnel. The water layer was extracted (3x) with EtOAc and the
combined organic layers were dried over MgSO4, filtered and concentrated in vacuo.
Compound 9 was obtained after silicagel chromatography (Pentane/EtOAc 5:1-1:1; DCM
loading of crude; EtsN neutralization of silica) as a white solid (8.57 g, 19.8 mmol, 99%).
Rotamer a: 1H NMR (400 MHz, CDCl3) &: 7.42 - 7.14 (m, 5H, H-arom), 4.73 - 4.51 (m, 2H, CH-
Bn, OH), 4.51 - 4.34 (m, 1H, CH-N), 2.79 (s, 3H, CHs-N), 2.33 - 2.17 (m, 2H, CH2-C=0), 1.66 -
1.49 (m, 2H, CHz-lipid), 1.36 - 1.16 (m, 28H, CHz-lipid), 1.08 (d, ] = 6.9 Hz, 3H, CHs-lipid), 0.92
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-0.82 (m, 3H, CHs-lipid). 13C-APT NMR (101 MHz, CDCl3) &: 175.5 (C=0), 142.6 (C-arom), 128.3
(C-arom), 127.6 (C-arom), 126.4 (C-arom), 76.5 (CH-Bn), 58.4 (CH-N), 34.4 (CH2-C=0), 32.9
(CHs-N), 32.0 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid),
29.6 (CHz-lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CHa2-
lipid), 25.1 (CHz-lipid), 22.7(CHz-lipid), 14.5 (CHs-lipid), 14.2 (CHs-lipid). Rotamer b: 1H NMR
(400 MHz, CDCl3) 6: 7.42 - 7.14 (m, 5H, H-arom), 4.73 - 4.51 (m, 1H, CH-Bn), 3.97 (dq,] = 8.7,
6.8 Hz, 1H, CH-N), 3.52 (s, 1H, OH), 2.88 (s, 3H, CH3-N), 2.38 (t,] = 7.8 Hz, 2H, CH2-C=0), 1.66 -
1.49 (m, 2H, CHz-lipid), 1.36 - 1.16 (m, 28H, CHz-lipid), 0.96 (d, ] = 6.7 Hz, 3H, CHs-lipid), 0.92
-0.82 (m, 3H, CHs-lipid). 13C-APT NMR (101 MHz, CDCl3) &: 174.4 (C=0), 141.7 (C-arom), 128.6
(C-arom), 128.2 (C-arom), 127.0 (C-arom), 75.4 (CH-Bn), 58.4 (CH-N), 33.8 (CH2-C=0), 32.0
(CHz-lipid), 29.7 (CHz-lipid), 29.7(CHz-lipid), 29.7 (CHz-lipid), 29.7 (CH:-lipid), 29.6 (CHz-
lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CHz-lipid),
26.8 (CH3-N), 25.5 (CHz-lipid), 22.7 (CHz-lipid), 15.4 (CHs-lipid), 14.2 (CHs-lipid). HRMS
[M+Na]*: 454.3652 found, 454.3655 calculated.

(R)-2-allyl-N-((1S,2S)-1-hydroxy-1-phenylpropan-2-yl)-N-methyloctadecanamide (10).

Diisopropylamine (1.39 ml, 9.9 mmol, 4.4 eq) and LiCl (1.14 g 27 mmol, 12 eq) were
suspended in dry THF (45 ml) and the suspension was cooled to -78 °C. A solution of n-BuLi
(1.6 M in hexanes) (5.6 ml, 9 mmol, 4 eq) was added dropwise via syringe to the THF solution.
The reaction mixture was quickly warmed to 0 °C, stirred at this temperature for 10 minutes,
then cooled again to -78 °C. Compound 9 (1.94 g, 4.5 mmol, 2 eq) was co-evaporated (3x) with
dry toluene, then dissolved in THF (10 ml) and slowly added to the freshly made LDA solution.
The reaction mixture was stirred at -78 °C for 1 hour and 30 minutes before being heated up
to 0 °C and stirred at this temperature for 15 minutes. The reaction mixture was then heated
up further to RT for 5 minutes and cooled again at 0 °C for the addition of allyl bromide (195
uL, 2.25 mmol, 1 eq). After 2 hours, the reaction was quenched by the addition of a saturated
solution of NH4ClI (aq) (100 ml, 10 minutes stirring at 0 °C), diluted with EtOAc and transferred
to a separatory funnel. The water layer was extracted (3x) with EtOAc and the combined
organic layers were dried over MgSO0s4, filtered and concentrated in vacuo. Compound 10 was
obtained after silicagel chromatography (Pentane/EtOAc 8:1—4:1; DCM loading of crude; EtsN
neutralization of silica) as a white solid (0.90 g, 1.9 mmol, 84%). Rotamer a:'H NMR (400 MHz,
CDCls) 8: 7.45 - 7.17 (m, 5H, H-arom), 5.64 (ddt, ] = 17.2,10.1, 7.0 Hz, 1H, CH=), 5.00 - 4.90 (m,
2H, CHz=), 4.70 - 4.53 (m, 1H, CH-Bn), 4.41 (s, 1H, CH-N), 2.84 (bs, 3H, CH3-N), 2.63 (tt, ] = 8.4,
5.6 Hz, 1H, CH-C=0), 2.27 (dtt, ] = 26.6, 13.6, 6.6 Hz, 1H, CHz-allylic), 2.19 - 2.07 (m, 1H, CHaz-
allylic), 1.70 - 1.52 (m, 1H, CHz-lipid), 1.52 - 1.35 (m, 1H, CHz-lipid), 1.34 - 1.17 (m, 28H, CHo-
lipid), 1.14 (d, ] = 7.0 Hz, 3H, CH3-lipid), 0.92 - 0.79 (m, 3H, CHs-lipid). 13C-APT NMR (101 MHz,
CDCl3) 8: 178.0 (C=0), 142.6 (C-arom), 136.1 (CH=), 128.4 (C-arom), 127.6 (C-arom), 126.4 (C-
arom), 116.6 (CHz=), 76.4 (CH-Bn), 58.4 (CH-N), 42.4 (CH-C=0), 37.2 (CHz-allylic), 33.7(CHs-
N), 32.7 (CHz-lipid), 32.0 (CHz-lipid), 29.9 (CHz-lipid), 29.9 (CHz-lipid), 29.8 (CHz-lipid), 29.8
(CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CHz-
lipid), 29.5 (CHz-lipid), 27.5 (CHz-lipid), 27.1 (CHz-lipid), 22.8 (CHz-lipid), 14.7 (CHs-lipid),
14.3 (CHs-lipid). Rotamer b: 1H NMR (400 MHz, CDCI3) &: 7.45 - 7.17 (m, 5H, H-arom), 5.95-
5.71 (m, 1H, CH=), 5.19 - 5.00 (m, 2H, CH2=), 4.70 - 4.53 (m, 1H, CH-Bn), 4.21 - 4.04 (m, 1H,
CH-N), 2.91 (s, 3H, CH3-N), 2.89 - 2.77 (m, 1H, CH-C=0), 2.53 - 2.42 (m, 1H, CHz-allylic), 2.42 -
2.19 (m, 1H, CHz-allylic), 1.70 - 1.52 (m, 1H, CHz-lipid), 1.52 - 1.35 (m, 1H, CHz-lipid), 1.34 -
1.17 (m, 28H, CHz-lipid), 0.99 (d, ] = 6.7 Hz, 3H, CHs-lipid), 0.92 - 0.79 (m, 3H, CHz-lipid). 13C-
APT NMR (101 MHz, CDCl3) &: 176.8 (C=0), 141.2 (C-arom), 137.0 (CH=), 128.8 (C-arom),
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128.5 (C-arom), 127.1 (C-arom), 116.8 (CHz2=), 116.7 (CH2=), 76.3 (CH-Bn), 75.5 (CH-Bn), 58.4
(CH-N), 41.5 (CH-C=0), 37.4 (CHz-allylic), 32.9 (CHz-lipid), 32.0 (CHz-lipid), 29.9 (CHz-lipid),
29.9 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.7 (CHz2-
lipid), 29.7(CHz-lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 27.7 (CHz-lipid), 27.1 (CHs-N), 22.8
(CHz-lipid), 15.7 (CHs-lipid), 14.3 (CHs-lipid). HRMS [M+Na]*: 494.3971 found, 494.3968
calculated.

(R)-2-allyl octadecanoic acid (11).

Compound 10 (192 mg, 0.41 mmol, 1 eq) was dissolved in dioxane (2 ml). A solution of H2SO4
in water (5 N, 2 ml) was added and the reaction mixture was stirred at reflux over the
weekend. After cooling the reaction mixture to RT, water (40 ml) and DCM (20 ml) were added
before transferring to a separatory funnel. The water layer was extracted (3x) with DCM. The
combined organic layers were dried over MgSOs, filtered and concentrated in vacuo.
Compound 11 was obtained after silicagel chromatography (Pentane/EtOAc 8:1-1:1;
Pentane/EtOAc 8:1 + a drop of DCM for loading of crude) as a white solid (103 mg, 0.3 mmol,
73%). 1H NMR (400 MHz, CDCl3) &: 5.77 (ddt, ] = 16.8, 10.1, 6.8 Hz, 1H, CH=), 5.19 - 4.93 (m,
2H, CH2=), 2.51 - 2.32 (m, 2H, CH-C=0, CHz-allylic), 2.32 - 2.18 (m, 1H, CHz-allylic), 1.73 - 1.57
(m, 1H, CHz-lipid), 1.57 - 1.45 (m, 1H, CHz-lipid), 1.32 - 1.23 (m, 28H, CHz-lipid), 0.93 - 0.83
(m, 3H, CHs-lipid). 13C-APT NMR (101 MHz, CDClI3) 6: 182.6 (C=0), 135.4 (CH=), 117.1 (CHz2=),
45.4 (CH-C=0), 36.3 (CHz-lipid), 32.1 (CHz-lipid), 31.7 (CHz-lipid), 29.9 (CHz-lipid), 29.8 (CH:-
lipid), 29.8 (CHz-lipid), 29.8 (CHa-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid),
27.3 (CHz-lipid), 22.9 (CHz-lipid), 14.3 (CHs-lipid). HRMS [M+H]*: 325.3105 found, 325.3101
calculated.

(R)-2-(13-(acetylthio)tridec-2-en-1-yl)octadecanoic acid (12).

Compound 11 (227 mg, 0.7 mmol, 1 eq) was co-evaporated with toluene (2x) and dissolved in
dry DCM (15 ml). Compound 31 (970 mg, 4 mmol, 5.7 eq) was also co-evaporated with toluene
(2x) before being dissolved in DCM (5 ml) and added to the carboxylic acid solution. After
addition of Grubbs 1st generation catalyst (41 mg, 0.05 mmol, 0.07 eq), the solution was
heated to reflux overnight. Compound 12 was obtained after removal of volatiles followed by
silicagel chromatography (Pentane/EtOAc 20:1-5:1; DCM for loading of crude) and size
exclusion (LH-20, DCM/MeOH, 1/1, v/v) as a white solid (308 mg, 0.53 mmol, 76%). 1H NMR
(400 MHz, CDCl3) &: 5.47 (dt, ] = 14.9, 6.6 Hz, 1H, CH=), 5.41- 5.28 (m, 1H, CH=), 2.86 (t,] = 7.3
Hz, 2H, CH2S), 2.51 - 2.09 (m, 6H, CHs-thioacetyl, CHz-allylic, CH-C=0), 1.99 (dq, ] = 20.9, 7.6,
7.0 Hz, 2H, CHz-allylic), 1.61 - 1.44 (m, 4H, CHz-lipid), 1.36 - 1.19 (m, 42H, CHz-lipid), 0.93 -
0.82 (m, 3H, CHs-lipid). 13C NMR (101 MHz, CDCl3) 196.2 (S-C=0), 182.5 (C=0), 133.5 (CH=),
126.5 (CH=), 45.7 (CH-C=0), 35.2 (CHz-allylic), 32.7 (CHz-allylic), 32.1 (CHz-lipid), 31.6 (CHz-
lipid), 30.8 (CHs-thioacetyl), 29.9 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CH:-
lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.6 (CH:-lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid),
29.5 (CHz-lipid), 29.3 (CHz-lipid), 29.3 (CHz-lipid), 29.2 (CHz-lipid), 29.0 (CHz-lipid), 27.4 (CHa2-
lipid), 22.8 (CHz-lipid), 14.3 (CHz-lipid). HRMS [M+Na]+*: 561.4315 found, 561.4312 calculated.

N-((1S, 25)-1-(allyloxy)-1-phenylpropan-2-yl)-N-methylstearamide (13).

Compound 9 (3.44 g, 7.98 mmol, 1 eq) was co-evaporated (2x) with toluene and dissolved in
a mixture of dry DCM/DMF 1:1 (80 ml) and CH3CN (1 ml). Allylbromide (1 ml], 11.97 mmo], 1.5
eq) was added and the reaction mixture was cooled to 0 °C. After the addition of NaH (478 mg,
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11.97 mmol, 1.5 eq) the solution was slowly heated to RT and stirred overnight. The reaction
was quenched with water on ice, diluted with EtOAc and transferred to a separatory funnel.
The organic layer was washed (2x) with brine, dried over MgSOy, filtered and concentrated in
vacuo. Compound 13 was obtained as a white solid (3.22 g, 6.83 mmol, 86%) without the need
for further purification. Rotamer a: 1H NMR (400 MHz, CDCl3) &: 7.41 - 7.24 (m, 5H, H-arom),
5.81 (dddd, ] = 16.8, 10.6, 6.1, 4.7 Hz, 1H, CH=), 5.25 - 5.06 (m, 2H, CHz=), 4.20 (d, ] = 8.3 Hz,
1H, CH-Bn), 4.09 - 3.99 (m, 1H, CH-N), 3.88 (dddd, ] = 17.7, 13.0, 4.7, 1.6 Hz, 1H, CHz-allylic),
3.65 (dddd, ] = 14.5,12.9, 6.1, 1.5 Hz, 1H, CHz-allylic), 2.87 (s, 3H, CHs-N), 2.34 (dd,] = 8.1, 7.6
Hz, 2H, CH2-C=0), 1.71- 1.48 (m, 2H, CHz-lipid), 1.38 - 1.16 (m, 28H, CHz-lipid), 0.99 (d,] = 6.6
Hz, 3H, CHs-lipid), 0.88 (t, ] = 6.8 Hz, 3H, CHs-lipid). 13C-APT NMR (101 MHz, CDCls) &: 174.4
(C=0), 139.4 (C-arom), 134.5 (CH=), 128.8 (C-arom), 128.4 (C-arom), 127.6 (C-arom), 116.9
(CHz=), 82.1 (CH-Bn), 69.5 (CHz-allylic), 57.3 (CH-N), 33.6 (CH2-C=0), 32.0 (CHz-lipid), 29.8
(CHz-lipid), 29.8 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CHz-
lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid), 27.2 (CH3-N), 25.5
(CHz-lipid), 25.2 (CHz-lipid), 25.0 (CHz-lipid), 22.8 (CHz-lipid), 14.3 (CHs-lipid), 14.2 (CHs-
lipid). Rotamer b: 1H NMR (400 MHz, CDCl3) &: 7.41 - 7.24 (m, 5H, H-arom), 5.81 (dddd, ] =
16.8,10.6, 6.1, 4.7 Hz, 1H, CH=), 5.25 - 5.06 (m, 2H, CHz2=), 5.03 -4.83 (m, 1H, CH-N), 4.34 (bs,
1H, CH-Bn), 3.88 (dddd, ] = 17.7, 13.0, 4.7, 1.6 Hz, 1H, CHz-allylic), 3.65 (dddd, ] = 14.5, 12.9,
6.1, 1.5 Hz, 1H, CHz-allylic), 2.87 (s, 3H, CH3-N), 2.25 (td, ] = 7.3, 1.9 Hz, 1H, CH2-C=0), 1.71 -
1.48 (m, 2H, CHz-lipid), 1.38 - 1.16 (m, 28H, CHz-lipid), 0.99 (d, ] = 6.6 Hz, 3H, CHs-lipid), 0.88
(t, ] = 6.8 Hz, 3H, CHs-lipid). 13C-APT NMR (101 MHz, CDCl3) &: 173.8 (C=0), 139.6 (C-arom),
134.9 (CH=), 128.4 (C-arom), 128.0 (C-arom), 127.7 (C-arom), 116.5 (CH2=), 82.3 (CH-Bn),
69.6 (CHz-allylic), 57.3 (CH-N), 34.2 (CH2-C=0), 32.0 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHa2-
lipid), 29.7 (CHz-lipid), 29.7 (CHa-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid),
29.5 (CHz-lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid), 27.2 (CH3-N), 25.5 (CHz-lipid), 25.2 (CHz2-
lipid), 25.0 (CHz-lipid), 22.8 (CHz-lipid), 15.8 (CHs-lipid), 14.2 (CHs-lipid). HRMS [M+H]*:
472.4142 found, 472.4149 calculated.

(S)-2-allyloctadecanoic acid (14).

Compound 13 (377 mg, 0.8 mmol, 1 eq) was co-evaporated (3x) with toluene and dissolved in
dry DCM (10 ml). 2-fluoropyridine (179 uL, 2.08 mmol, 2.6 eq) was added and the solution
was cooled to 0 °C. Triflic anhydride (262 pL, 1.56 mmol, 1.95 eq) was added and the reaction
mixture was stirred at 0 °C overnight. The day after the mixture was concentrated, dioxane (5
ml) and H2S04 (2.5 N, 5 ml) were added and this reaction mixture was heated up to 100 °C and
stirred overnight. The day after the reaction was diluted in water (50 ml) and DCM (25 ml)
and transferred to a separatory funnel. The water layer was extracted (3x) with DCM and the
combined organic layers were dried over MgSO4, filtered and concentrated in vacuo.
Compound 14 was obtained after silicagel chromatography (Petroleum ether/EtOAc
20:1-9:1; DCM for loading of crude) as a white solid (155 mg, 0.48 mmol, 60%). 1H NMR (400
MHz, CDCls) &: 11.80 (s, 1H, COOH), 5.76 (ddt, ] = 16.8, 10.2, 6.8 Hz, 1H, CH=), 5.12 - 4.98 (m,
2H, CH2=), 2.50 - 2.31 (m, 2H, CH-C=0, CHz-allylic), 2.24 (dt, ] = 13.4, 6.1 Hz, 1H, CHz-allylic),
1.62 (ddd, ] = 14.0, 8.6, 5.0 Hz, 1H, CHz-lipid), 1.49 (ddd, ] = 13.5, 8.3, 5.3 Hz, 1H, CHz-lipid),
1.34 - 1.22 (m, 28H, CH2-lipid), 0.88 (t, ] = 6.8 Hz, 3H, CHs-lipid). 13C-APT NMR (101 MHz,
CDCls) 6: 182.1 (C=0), 135.4 (CH=), 117.1 (CHz2=), 45.3 (CH-C=0), 36.3 (CHz-lipid), 32.1 (CHz-
lipid), 31.7 (CHz-lipid), 29.8 (CHa-lipid), 29.8 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid),
29.6 (CHz-lipid), 29.5 (CHz-lipid), 27.3 (CHz-lipid), 22.8 (CHz-lipid), 14.3 (CHs-lipid). HRMS
[M+H]*: 325.31015 found, 325.31011 calculated.
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(35)-5-methyl-3-tetradecyldihydrofuran-2 (3H)-one (side product 30).

In addition to the desired product also the cyclized side product 30 (41 mg, 0.13mmol, 16%)
was isolated and characterized. Diastereoisomer a: 1H NMR (850 MHz, CDCl3) &: 4.85 - 4.76
(m, 1H, CH-0), 2.81 - 2.70 (m, 1H, CH-C=0), 2.26 - 2.19 (m, 1H, CHz-ring), 2.15 (ddd, ] = 12.8,
9.0, 5.0 Hz, 1H, CHz-ring), 2.12 - 2.03 (m, 1H, CHz-lipid), 2.01 - 1.93 (m, 1H, CHz-lipid), 1.90 -
1.66 (m, 1H, CHz-lipid), 1.65 - 1.58 (m, 1H, CHz-lipid), 1.58 -1.53 (m, 1H, CHz-lipid), 1.51 (d, ]
= 6.4 Hz, 3H, CH3-ring), 1.50 - 1.46 (m, 2H, CHz-lipid), 1.46 - 1.27 (m, 21H, CHz-lipid), 1.02 (t,]
= 7.1 Hz, 3H, CHz-lipid). 13C-APT NMR (214 MHz, CDCl3) §: 179.3 (C=0), 75.3 (CH-0), 41.7 (CH-
C=0), 35.2 (CHz-ring), 32.1 (CHz-lipid), 30.8 (CH2-lipid), 30.5 (CH2-lipid), 29.9 (CH-lipid), 29.8
(CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.7 (CH2-
lipid), 29.7 (CHz-lipid), 29.6 (CHa-lipid), 29.6 (CH:-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid),
27.5 (CHz-lipid), 27.5 (CHz-lipid), 22.8 (CHz-lipid), 21.2 (CHs-ring), 14.3 (CHs-lipid).
Diastereoisomer b:'H NMR (850 MHz, CDCl3) 6: 4.67 - 4.57 (m, 1H, CH-0), 2.81 - 2.70 (m, 1H,
CH-C=0), 2.61 (ddd, ] = 12.4, 8.5, 5.5 Hz, 1H, CHz-ring), 1.90 - 1.66 (m, 2H, CHz-lipid), 1.65 -
1.58 (m, 2H, CHz-ring, CHz-lipid), 1.58 -1.53 (m, 4H, CH3-ring, CHz-lipid), 1.50 - 1.46 (m, 2H,
CHaz-lipid), 1.46 - 1.27 (m, 22H, CHz-lipid), 1.02 (t,] = 7.1 Hz, 3H, CHs-lipid). 13C-APT NMR (214
MHz, CDCl3) 6: 179.6 (C=0), 75.1 (CH-0), 39.5 (CH-C=0), 37.2 (CHz-ring), 32.1 (CHz-lipid), 30.8
(CHz-lipid), 30.5 (CHz-lipid), 29.9 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-
lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid),
29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 27.5 (CHz-lipid), 27.5 (CHz-lipid), 22.8 (CHz2-
lipid), 21.4 (CHs-ring), 14.3 (CHs-lipid). HRMS [M+H]*: 325.30999 found, 325.31011
calculated.

(5)-2-(13-(acetylthio)tridec-2-en-1-yl)octadecanoic acid (15).

Compound 14 (630 mg, 1.94 mmol, 1 eq) was co-evaporated with toluene (2x) and dissolved
in dry DCM (30 ml). Compound 31 (1.88 g, 7.76 mmol, 4 eq) was also co-evaporated with
toluene (2x) before being dissolved in DCM (9 ml) and added to the carboxylic acid solution.
After addition of Grubbs 1st generation catalyst (80mg, 0.1 mmol, 0.05 eq), the solution was
heated to reflux for 2 days. Compound10was obtained after removal of volatiles followed by
silicagel chromatography(Pentane/EtOAc 95:5-5:1; DCM for loading of crude) and size
exclusion (LH-20, DCM/MeOH, 1/1, v/v) as a white solid (855 mg, 1, 46 mmol, 76%). 1H NMR
(400 MHz, CDCI3) &: 5.58 - 5.22 (m, 2H, CH=), 2.86 (t,] = 7.3 Hz, 2H, CH2S), 2.52 - 2.09 (m, 6H,
CHs-thioacetyl, CHz-allylic, CH-C=0), 1.98 (dt, J= 21.0, 7.0 Hz, 2H, CHz-allylic), 1.71 - 1.42 (m,
4H, CHa-lipid), 1.25 (d, ] = 2.4Hz, 42H, CHz-lipid), 0.92 - 0.82 (m, 3H, CHs-lipid). 13C-APT NMR
(101 MHz, CDCl3) &: 196.2 (S-C=0), 182.5 (C=0), 133.4 (CH=), 132.4 (CH=), 126.6 (CH=), 126.0
(CH=), 45.9 (CH-C=0), 35.2 (CHz-allylic), 32.7 (CHz-allylic), 32.1 (CHz-lipid), 31.7 (CHz-lipid),
31.6 (CHz-lipid), 30.7 (CHs-thioacetyl), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8
(CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid), 29.6 (CHz-
lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.3 (CHz-lipid), 29.3 (CHz-lipid),
29.2 (CH2-S), 29.0 (CHz-lipid), 27.5 (CHz-lipid), 27.4 (CHz-lipid), 27.4 (CHz-lipid), 22.8 (CHa2-
lipid), 14.3 (CH3-lipid). HRMS [M+Na]+: 561.4315 found, 561.4312 calculated.
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S2 Figure - Synthetic scheme for the generation of glucose monomycolate analogues. a) TMSCI,
HMDS, pyridine, y: quant. b) NH40Ac, DCM/MeOH 1:1, y: 73%, c) lipid, EDCI, DMAP, y: 52%, d) 2-
nitrobenzenesulfonyl hydrazide, EtsN, DCM, e) amberlite H*, DCM/MeOH 1:1, f) TCEP.HCI, PBS,
MeOH/CH3CN 1:1,y: 62% over 3 steps, g) lipid, EDCI, DMAP, y: 50%, h) 2-nitrobenzenesulfonyl hydrazide,
EtsN, DCM, i) amberlite H*, DCM/MeOH 1:1,1) TCEP.HCI, PBS, MeOH/CH3CN 1:1, y: 73% over three steps.

1, 2, 3, 4, 6-penta-trimethylsilyl-a-glucopyranoside (32).

a-D-glucose (1.8 g, 10 mmol, 1 eq) was dissolved in pyridine (100 ml). HMDS (18 ml, 86 mmol,
8.6 eq) and TMSCI (8.9 ml, 70 mmol, 7 eq) were added to this solution and heated up to 75 °C
for 1 hour. The reaction mixture was allowed to cool to RT and ice-water (100 ml) was added
to it. The mixture was then diluted with pentane and transferred to a separatory funnel. The
water layer was extracted (3x) with pentane, then the combined organic layers were washed
(3x) with water, dried over MgSO0s, filtered and concentrated in vacuo. Compound 32 was
obtained as a white solid (5.5 g, 10 mmol, 100%) without any further purification. NMR
analysis confirmed purity of the product, whose 'H NMR and 13C NMR spectra were in
agreement with published literature.50

1, 2, 3, 4-tetra-trimethylsilyl-6-hydroxy-a-glucopyranoside (17).

Compound 32 (5.5 g, 10 mmol, 1 eq) was dissolved in a mixture of DCM/MeOH 1:1 (83 ml)
and NH40Ac (1.54 g, 20 mmol, 2 eq) was added. When TLC showed complete consumption of
the starting material, the volatiles were removed by evaporation, the crude was dissolved in
pentane and the mixture transferred to a separatory funnel. The organic layer was washed
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(3x) with water, (1x) with brine, dried over MgSOs, filtered and concentrated in vacuo.
Compound 17 was obtained after silicagel chromatography (Pentane/EtOAc 15:1; DCM for
loading of crude) as a white solid (3.43 g, 7.31 mmol, 73%). 1H NMR (400 MHz, CDCl3) &: 5.00
(d,] = 3.0 Hz, 1H, H-1), 3.87 - 3.59 (m, 4H, H-3, H-5, H-6), 3.45 (dd, ] = 9.5, 8.6 Hz, 1H, H-4),
3.34 (dd, ] =9.1, 3.0 Hz, 1H, H-2), 1.76 (t,] = 6.1 Hz, 1H, -OH), 0.20 - 0.12 (m, 36H, CH2-TMS).
13C-APT NMR (101 MHz, CDCl3) &: 94.0 (C-1), 74.1 (C-2), 73.6 (C-3), 72.0 (C-5), 71.8 (C-4), 61.9
(C-6), 1.2 (CH3-TMS), 0.9 (CH3-TMS), 0.4 (CH3-TMS), 0.2 (CH3-TMS). HRMS [M+Na]*:
491.21040 found, 491.21072 calculated.

6-((R)-2-(13-(acetylthio)tridec-2-en-1-yl)octadecanoyl)-1, 2, 3, 4-tetra-trimethylsilyl-a-
glucopyranoside (18).

Compound 17 (260 mg, 0.55 mmol, 1.26 eq) and compound 12 (260 mg, 0.44mmol, 1 eq) were
co-evaporated (3x) with toluene before being dissolved in dry toluene (8.8 ml). After addition
of DMAP (54 mg, 0.44 mmol, 1 eq), the solution was cooled to 0 °C. EDCI (169 mg, 0.88 mmol,
2 eq) was added and the reaction mixture was heated up to 70 °C. After 4 hours the reaction
was cooled to RT, diluted with water and EtOAc and transferred to a separatory funnel. The
organic layer was washed (2x) with brine and the combined water layers were extracted (1x)
with EtOAc. The combined organic layers were washed (1x) with brine, dried over MgS0sa,
filtered and concentrated in vacuo. Compound 18 was obtained after silicagel chromatography
(Pentane/EtOAc 100:3—9:1; DCM for loading of crude) as a white solid (228 mg, 0.22 mmol,
50%). 'H NMR (400 MHz, CDCl3) &: 5.47 - 5.27 (m, 2H, CH=), 4.98 (d, ] = 3.0Hz, 1H, H-1), 4.59
-4.46 (m, 1H, H-6a), 3.97 - 3.85 (m, 2H, H-6b, H-4), 3.79 (pt, ] = 8.8 Hz, 1H, H-3), 3.40 (td, ] =
8.9, 2.6 Hz, 1H, H-5), 3.33 (dd, ] =9.1, 3.1Hz, 1H, H-2), 2.86 (t,] = 7.4 Hz, 2H, CHz-S), 2.44 - 2.30
(m, 5H, CHs-thioacetyl, CHz-allylic, CH-C=0), 2.29 - 2.08 (m, 1H, CHz-allylic), 2.08 - 1.89 (m,
2H, CHz-allylic), 1.64 - 1.41 (m, 5H, CHz-lipid), 1.38 - 1.16 (m, 49H, CHz-lipid), 0.90 - 0.86 (m,
3H, CHs-lipid), 0.18 - 0.12 (m, 36H, CH3-TMS). 13C-APT NMR (101 MHz, CDCI3) &: 196.2 (S-
C=0),175.9 (aC=0),175.8 (b C=0),133.1 (aCH=),132.2 (b CH=),126.9 (a CH=), 126.4 (b CH=),
94.0 (C-1), 74.2 (C-2), 74.2 (C-3), 73.9 (a C-5), 73.9 (b C-5), 72.8 (C-4), 70.3 (a C-6), 70.2 (b C-
6), 63.5 (a CH-C=0), 63.4 (b CH-C=0), 46.0 (a CHz-allylic), 45.8 (b CHz-allylic), 35.3 (CHaz-
allylic), 32.8 (CHz-lipid), 32.1 (CHz-lipid), 31.9 (CHz-lipid), 31.9 (CHz-lipid), 30.8 (CHs-
thioacetyl), 29.9 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CH:-
lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.3 (CHz-lipid), 29.3 (CHz-lipid), 29.3 (CHz-lipid),
29.0 (CHz-lipid), 27.5 (CHz-lipid), 27.4 (CHz-lipid), 27.4 (CHz-lipid), 22.8 (CHz-lipid), 14.3 (CHs-
lipid), 1.4 (CHs-TMS), 1.1 (CH3-TMS), 0.6 (CHs-TMS), 0.3 (CH3-TMS), 0.2 (CH3-TMS). HRMS
[M+Na]*: 1011.6424 found, 1011.6421 calculated.

6-((R)-2-(13-(mercapto)tridec-2-en-1-yl)octadecanoyl)-a-glucopyranoside (1).

Compound 18 (52 mg, 0.05 mmol, 1 eq) was co-evaporated (2x) with toluene and dissolved in
dry DCM (0.25 ml). To this solution, EtsN (0.25 ml) and 2-nitrobenzenesulfonohydrazide (22
mg, 0.1 mmol, 2 eq) were added and the reaction was stirred overnight. The morning after TLC
showed that the reaction was not complete and therefore an extra portion of 2-
nitrobenzenesulfonohydrazide (22 mg, 0.1 mmol, 2 eq) was added and the reaction was
stirred for another day. After that the reaction mixture was diluted with EtOAc and brine and
transferred to a separatory funnel. The organic layer was washed (2x) with brine, dried over
MgSO0s4, filtered and concentrated in vacuo. This reaction intermediate was then dissolved in a
mixture of DCM/MeOH 1:1 (9 ml) and a spatula of amberlite H* was added. The TMS-removal

91



Design and immunological evaluation of conjugates containing Mincle ligands

reaction was complete after 30 minutes as verified by TLC. Amberlite H* was removed from
the solution by means of filtration and the volatiles were removed in vacuo. The crude was
then dissolved in a mixture of MeOH/CH3CN 1:1 (7 ml) and a solution of TCEP-HCI (143 mg,
0.5 mmol, 10 eq) in PBS (0.7 ml) was added. The reaction mixture was stirred for 15 minutes,
then the volatiles were removed in vacuo. Compound 1 was obtained after silicagel
chromatography (CHCI3/MeOH 14:1; eluent used for loading of crude; N2 flow was used for
purification) as a white solid (24 mg, 0.036mmol, 73%). a-anomer: 'H NMR (600 MHz,
MeOD/CDCl3 1:1) 8: 5.03 (d, ] = 3.7 Hz, 1H, H-1), 4.40 - 4.36 (m, 1H, H-6a), 4.14 - 4.05 (m, 1H,
H-6b), 3.88 (ddd, ] = 10.1, 5.0, 2.2 Hz, 1H, H-5), 3.60 (t, ] = 9.3 Hz, 1H, H-3), 3.32 - 3.27 (m, 1H,
H-2), 3.27- 3.19 (m, 1H, H-4), 2.46 - 2.38 (m, 2H, CH2-S), 2.35 - 2.22 (m, 1H, CH-C=0), 1.68 -
1.45 (m, 4H, CHz-lipid), 1.45 - 1.26 (m, 5H, CHz-lipid), 1.26 - 1.13 (m, 43H, CHz-lipid), 0.80 (t,
] = 7.0 Hz, 3H, CHs-lipid). B-anomer: 1H NMR (600 MHz, MeOD/CDCl31:1) 6: 4.41 (d,] = 7.8 Hz,
1H, H-1), 4.37 - 4.33 (m, 1H, H-6a), 4.14 - 4.05 (m, 1H, H-6b), 3.40 (ddd, ] =9.8, 6.4, 2.0 Hz, 1H,
H-5), 3.32 - 3.27 (m, 1H, H-3), 3.27 - 3.19 (m, 1H, H-4), 3.09 (dd, ] =9.3, 7.8 Hz, 1H, H-2), 2.46
- 2.38 (m, 2H, CH2-S), 2.35 - 2.22 (m, 1H, CH-C=0), 1.68 - 1.45 (m, 4H, CHz-lipid), 1.45 - 1.26
(m, 5H, CHz-lipid), 1.26 -1.13 (m, 43H, CHz-lipid), 0.80 (t, ] = 7.0 Hz, 3H, CHs-lipid). a-anomer:
13C-APT NMR (151 MHz, MeOD/CDCI31:1) 6: 176.8 (C=0), 92.0 (C-1), 76.1 (C-2), 73.0 (C-3),
69.9 (C-4), 68.9 (C-5), 62.7 (C-6), 45.2 (CH-C=0), 33.5 (CHz-lipid), 33.4 (CHz-lipid), 31.7 (CHz-
lipid), 31.7 (CHz-lipid), 31.6 (CHz-lipid), 31.6 (CHz-lipid), 31.5 (CHz-lipid), 31.3 (CHz-lipid),
29.1 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz2-
lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CH:-lipid), 28.9 (CHz-lipid), 28.9 (CHz-lipid),
28.9 (CHz-lipid), 28.8 (CHz-lipid), 28.8 (CHz-lipid), 28.8 (CHz-lipid), 28.8 (CHz-lipid), 28.7 (CHz2-
lipid), 28.5 (CHz-lipid), 27.7 (CHz-lipid), 26.7 (CHz-lipid), 26.7 (CHz-lipid), 26.7 (CHz-lipid),
26.7 (CHz-lipid), 23.5 (CH2-S), 22.0 (CHz-lipid), 13.1 (CHs-lipid). B-anomer: 13C-APT NMR (151
MHz, MeOD/CDCl31:1) &: 176.8 (C=0), 96.2 (C-1), 74.2 (C-2), 73.6 (C-5), 71.9 (C-3), 69.9 (C-4),
63.2 (C-6), 45.1 (CH-C=0), 33.5 (CHz-lipid), 33.4 (CHz-lipid), 31.7 (CHz-lipid), 31.7 (CHz-lipid),
31.612 (CHz-lipid), 31.6 (CHz-lipid), 31.5 (CHz-lipid), 31.3 (CHz-lipid), 29.1 (CH-lipid), 29.0
(CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CH2-
lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 28.9 (CH-lipid), 28.9 (CHz-lipid), 28.9 (CHz-lipid),
28.8 (CHz-lipid), 28.8 (CHz-lipid), 28.8 (CHz-lipid), 28.8 (CHz-lipid), 28.7 (CHz-lipid), 28.5 (CHz2-
lipid), 27.7 (CHz-lipid), 26.7 (CHz-lipid), 26.7 (CHz-lipid), 26.7 (CHz-lipid), 26.7 (CHz-lipid),
23.5 (CH2-S), 22.0, 13.1 (CH3-lipid). HRMS [M+Na]*: 683.4882 found, 683.4891 calculated.

6-((S)-2-(13-(acetylthio)tridec-2-en-1-yl)octadecanoyl)-1, 2, 3, 4-tetra-trimethylsilyl-a-
glucopyranoside (19).

Compound 17 (105 mg, 0.23 mmol, 1 eq) and compound 15 (157 mg, 0.27mmol, 1.2 eq) were
co-evaporated (3x) with toluene before being dissolved in dry toluene (4.5 ml). After addition
of DMAP (28 mg, 0.225 mmol, 1 eq), the solution was cooled to 0 °C. EDCI (86 mg, 0.45 mmo],
2 eq) was added and the reaction mixture was heated up to 70 °C. After 1 hour another portion
of EDCI (43 mg, 0.23 mmol, 1 eq) was added to the reaction mixture and after 3 hours the
reaction was cooled to RT, diluted with water and EtOAc and transferred to a separatory
funnel. The organic layer was washed (2x) with brine and the combined organic layers were
dried over MgSOs, filtered and concentrated in vacuo. Compound 19 was obtained after
silicagel chromatography (Pentane/EtOAc 100:3—9:1; DCM for loading of crude) as a white
solid (122 mg, 0.12 mmol, 52%). tH NMR (400 MHz, CDCl3) 6: 5.49 - 5.38 (m, 1H, CH=), 5.37 -
5.25 (m, 1H, CH=), 4.99 (d, ] = 3.1 Hz, 1H, H-1), 4.55 - 4.40 (m, 1H, H-6a), 3.99 - 3.84 (m, 2H,
H-6b, H-4), 3.79 (pt, ] = 8.9 Hz, 1H, H-3), 3.44 - 3.36 (m, 1H, H-5), 3.36 - 3.30 (m, 1H, H-2), 2.86
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(t, ] = 7.4 Hz, 2H, CH2-S), 2.46 - 2.29 (m, 5H, CHs-thioacetyl, CHz-allylic, CH-C=0), 2.28 - 2.12
(m, 1H, CHz-allylic), 2.07 - 1.90 (m, 2H, CHz-allylic), 1.76 - 1.51 (m, 5H, CHz-lipid), 1.49 - 1.14
(m, 49H, CHz-lipid), 0.91 - 0.85 (m, 3H, CHs-lipid), 0.18 - 0.13 (m, 36H, CH3-TMS). 13C-APT
NMR (101 MHz, CDCl3) &: 196.2 (S-C=0), 175.9 (a C=0), 175.8 (b C=0), 133.1 (a CH=),132.2 (b
CH=), 126.8 (a CH=), 126.3 (b CH=), 94.0 (C-1), 74.2 (C-2), 74.0 (C-3), 73.9 (C-5), 72.8 (C-4),
70.3 (a C-6), 70.2 (b C-6), 63.5 (CH-C=0), 46.0 (a CHz-allylic), 45.9 (b CHz-allylic), 35.5 (CHz-
allylic), 32.8 (CHz-lipid), 32.1 (CHz-lipid), 31.6 (CHz-lipid), 31.5 (CH2-lipid), 30.8 (CHs-
thioacetyl), 30.1 (CHz-lipid), 29.9 (CHz-lipid), 29.8 (CH:-lipid), 29.8 (CHz-lipid), 29.7 (CHz2-
lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.3 (CHz-lipid),
29.3 (CHz-lipid), 29.3 (CHz-lipid), 29.0 (CHz-lipid), 27.6 (CHz-lipid), 27.5 (CHz-lipid), 27.4 (CHa-
lipid), 22.8 (CHz-lipid), 14.3 (CHs-lipid), 1.4 (CH3-TMS), 1.1 (CH3-TMS), 0.6 (CH3-TMS), 0.6
(CH3-TMS), 0.3 (CH3-TMS). HRMS [M+Na]+*: 1011.64176 found, 1011.64212 calculated.

6-((S)-2-(13-(mercapto)tridec-2-en-1-yl)octadecanoyl)-a-glucopyranoside (2).

Compound 19 (100 mg, 0.1 mmol, 1 eq) was co-evaporated (2x) with toluene and dissolved in
dry DCM (0.5 ml). To this solution, EtsN (0.5 ml) and 2-nitrobenzenesulfonohydrazide (84 mg,
0.39 mmol, 4 eq) were added and the reaction was stirred overnight. The morning after TLC
showed that the reaction was not complete and therefore an extra portion of 2-
nitrobenzenesulfonohydrazide (22 mg, 0.1 mmol, 1 eq) was added and the reaction was
stirred for 4 hours. After that the reaction mixture was diluted with EtOAc and brine and
transferred to a separatory funnel. The organic layer was washed (2x) with brine, dried over
MgSOs4, filtered and concentrated in vacuo. This reaction intermediate was then dissolved in a
mixture of DCM/MeOH 1:1 (18 ml) and a spatula of amberlite H* was added. The TMS-removal
reaction was complete after 30 minutes as verified by TLC. Amberlite H* was removed from
the solution by means of filtration and the volatiles were removed in vacuo. A mixture of
reduced and oxidised forms of the desired product was isolated after silicagel chromatography
(CHCI3/MeOH 14:1; eluent used for loading of crude; N2 flow was used for purification) as a
white solid (55 mg, 0.083 mmol, 85%). The product was then dissolved in a mixture of
MeOH/CHsCN 1:1 (12 ml) and a solution of TCEP-HCI (238 mg, 0.83 mmol, 10 eq) in PBS (1.2
ml) was added. The reaction was complete after 15 minutes and the volatiles were removed
in vacuo. Compound 2 was obtained after silicagel chromatography (CHCI3/MeOH 14:1; eluent
used for loading of crude; N2 flow was used for purification) as a white solid (41 mg, 0.062
mmol, 62% over 3 steps). a-anomer: 'H NMR (400 MHz, MeOD/CDCl31:1) 6: 5.14 (d, ] = 3.7 Hz,
1H, H-1), 4.50 - 4.45 (m, 1H, H-6a), 4.26 - 4.20 (m, 1H, H-6b), 3.98 (ddd, ] =10.0, 5.0, 2.2 Hz,
1H, H-5), 3.70 (pt, ] = 9.3 Hz, 1H, H-3), 3.44 - 3.36 (m, 2H, H-2, H-4), 2.75 - 2.63 (m, 2H, CHz-
S), 2.43 - 2.34 (m, 1H, CH-C=0), 1.80 - 1.54 (m, 4H, CHz-lipid), 1.54 - 1.36 (m, 4H, CH-lipid),
1.36 - 1.06 (m, 48H, CH-lipid), 0.89 (t,] = 6.7 Hz, 3H, CHz-lipid). B-anomer: 'H NMR (400 MHz,
MeOD/CDCl31:1) &: 4.51 (d, ] = 7.8 Hz, 1H, H-1), 4.44 (d, ] = 2.1 Hz, 1H, H-6a), 4.20 - 4.15 (m,
1H, H-6b), 3.57 - 3.47(m, 1H, H-5), 3.44 - 3.36 (m, 2H, H-3, H-4), 3.24 - 3.15 (m, 1H, H-2), 2.75
- 2.63 (m, 2H, CH2-S), 2.43 - 2.34 (m, 1H, CH-C=0), 1.80 - 1.54 (m, 4H, CHz-lipid), 1.54 - 1.36
(m, 4H, CHz-lipid), 1.36 - 1.06 (m, 48H, CH-lipid), 0.89 (t, ] = 6.7Hz, 3H, CHs-lipid). a-anomer:
13C-APT NMR (101 MHz, MeOD/CDCl31:1) 6: 176.9 (C=0), 92.1 (C-1), 76.1 (C-2), 73.1 (C-3),
70.0 (C-4), 69.0 (C-5), 62.8 (C-6), 45.2 (CH-C=0), 33.5 (CHz-lipid), 31.7 (CHz-lipid), 31.4 (CHz-
lipid), 29.1 (CHz-lipid), 29.1 (CHa-lipid), 29.1 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid),
29.0 (CHz-lipid), 28.9 (CHz-lipid), 28.8 (CHz-lipid), 28.5 (CHz-lipid), 27.8 (CHz-lipid), 26.8 (CHz2-
lipid), 23.7 (CHz2-S), 22.1 (CHz-lipid), 13.2 (CHs-lipid). B-anomer: 13C-APT NMR (101 MHz,
MeOD/CDCl31:1) &: 176.9 (C=0), 96.3 (C-1), 74.3 (C-2), 73.7 (C-5), 71.9 (C-3), 70.0 (C-4), 63.3
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(C-6), 45.3 (CH-C=0), 33.5 (CHz-lipid), 31.7 (CHz-lipid), 31.4 (CHz-lipid), 29.1 (CHz-lipid), 29.1
(CHz-lipid), 29.1 (CH2-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 29.0 (CHz-lipid), 28.914 (CHz-
lipid), 28.8 (CHz-lipid), 28.5 (CHz-lipid), 27.8 (CHz-lipid), 26.8 (CHz-lipid), 23.7 (CH2-S), 22.1
(CHz-lipid), 13.2 (CH3-lipid). HRMS [M+Na]*: 683.48900 found, 683.48910 calculated.

Trehalose dimycolate analogues

o a o o
HOJ\/\/\/\/\/\ Br —_— HOJK/\/\/\/\/\S)J\
20 21
[0}
o o o

22 23 33

S3 Figure - Synthetic scheme for the generation of lipid moieties of trehalose dimycolate analogues.
a) potassium thioacetate, DMF, y: 91%, b) NaOMe, MeOH, y: 85%, c¢) PPhs, NaHCO3, NBS, y: 88%, d) LiOH,
THF, y: 91%, €) potassium thioacetate, DMF, y: 63%.

11-(acetylthio)undecanoic acid (21).

1-Bromoundecanoic acid (398 mg, 1.5 mmol, 1 eq) was dissolved in DMF (10ml) and cooled
to 0 °C. Potassium ethanethioate (308 mg, 2.7 mmol, 1.8 eq) was added to the solution and the
mixture was stirred at RT for 1 h and 30 minutes. At this point the reaction mixture was diluted
with DCM and the organic layer was washed (3x) with water, dried over MgS0s, filtered and
concentrated in vacuo. Compound 21 was obtained as a brown solid (352 mg, 1.35 mmo],
91%) without any further purification. 1H NMR (400 MHz, CDCl3) 6: 2.86 (t,] = 7.3 Hz, 2H, CH:-
S), 2.42 -2.24 (m, 5H, CH2-C=0, CHs-thioacetyl), 1.70 - 1.51 (m, 4H, CHz-lipid), 1.36- 1.21 (m,
12H, CHz-lipid). 13C-APT NMR (101 MHz, CDCls) 8: 196.3 (S-C=0), 179.7 (C=0), 34.1 (CHz-C=0),
30.8 (CHs-thioacetyl), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid), 29.3
(CHz-lipid), 29.2 (CHz-lipid), 29.1 (CH2-S), 28.9 (CHz-lipid), 28.9 (CHz-lipid), 24.8 (CHz-lipid).
HRMS [M+Na]+: 283.1339 found, 283.1338 calculated.

methyl 16-hydroxyhexadecanoate (23).

Cyclohexadecanolide (3.61 g, 15 mmol, 1 eq) was co-evaporated with toluene and dissolved in
dry MeOH (88 ml). After addition of NaOMe (4.05 g, 75 mmol, 5eq) the reaction mixture was
heated up to reflux for 1 hour and 30 minutes. The reaction was quenched with a 1 M solution
of HCI until pH 11, then brine and EtOAc were added and the mixture was transferred to a
separatory funnel. The water layer was extracted (2x) with EtOAc. Compound 23 was obtained
as a white solid (3.68 g, 12.8 mmol, 85%) without any further purification.!H NMR (400 MHz,
CDCls) &: 3.73 - 3.58 (m, 5H, CH3-0, CH2-OH), 2.30 (t, ] = 7.6 Hz, 2H, CH2-C=0), 1.65 - 1.52 (m,
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4H, CHz-lipid), 1.33 - 1.23 (m, 20H, CH2-lipid). 13C-APT NMR (101 MHz, CDCl3) &: 174.5 (C=0),
63.2 (CH2-OH), 51.6 (CH3-0), 34.3 (CH2-C=0), 32.9 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHa2-
lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CH:-lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid),
25.9 (CHz-lipid), 25.1 (CHz-lipid). HRMS [M+H]+: 287.2572 found, 287.2586 calculated.

methyl 16-bromohexadecanoate (33).

Compound 23 (3.44 g, 12 mmol, 1 eq) was co-evaporated with toluene and dissolved in DCM
(60 ml). Triphenylphospine (3.93 g, 15.6 mmol, 1.3 eq) and NaHCO3 (90 mg, 1.08 mmo]l, 0.09
eq) were added and the solution was cooled to 0 °C. Subsequently, NBS (2.55 g, 21.6 mmol, 1.8
eq) was added in portions over 20 minutes and the reaction mixture was stirred for 2 hours
at RT. Compound 33 was obtained after silicagel chromatography (Pentane/EtOAc 9:1-8:2;
DCM loading of crude) as a white solid (3.69 g, 10.56 mmol, 88%). tH NMR (400 MHz, CDCl3)
8: 3.67 (s, 3H, CHs-0), 3.41 (t,] = 6.9 Hz, 2H, CHz-Br), 2.30 (t, ] = 7.5 Hz, 2H, CH2-C=0), 1.90 -
1.81 (m, 2H, CHz-lipid), 1.65- 1.57 (m, 2H, CHz-lipid), 1.46 - 1.38 (m, 2H, CHz-lipid), 1.31 - 1.22
(m, 20H, CHz-lipid). 13C-APT NMR (101 MHz, CDCl3) 6: 174.5 (C=0), 51.6 (CH3-0), 34.2 (CHz-
Br), 34.2 (CHz-C=0), 33.0 (CHz-lipid), 29.8 (CHz-lipid), 29.7 (CHz-lipid), 29.7 (CHz-lipid), 29.7
(CHz-lipid), 29.6 (CHz-lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid), 28.9 (CH:-lipid), 28.3 (CHz-
lipid), 25.1 (CHz-lipid). HRMS [M+Na]+: 371.1563 found, 371.1556 calculated.

16-bromohexadecanoic acid (34).

Compound 33 (3.49 g, 10 mmol, 1 eq) was dissolved in THF (100 ml). Subsequently a 1 M
solution of LiOH (25 ml) was added and the reaction mixture was stirred overnight at RT. The
reaction was quenched with a 1 M HCl solution until pH 2, after which this mixture was diluted
with DCM and water and transferred toa separatory funnel. The water layer was extracted
(3x) with DCM and the combined organic layers were dried over MgSO4, filtered and
concentrated in vacuo. Compound 34 was obtained as a brown solid (352 mg, 1.35 mmo],
91%) without any further purification. 1H NMR (400 MHz, CDCl3) 6: 3.41 (t,] = 6.9 Hz, 2H, CH:-
Br), 2.35 (t,] = 7.5 Hz, 2H, CH2-C=0), 1.85 (dt, ] = 14.5, 6.9 Hz, 2H, CHz-lipid), 1.68 - 1.58 (m,
2H, CHz-lipid), 1.46 - 1.39 (m, 2H, CHz-lipid), 1.33- 1.23 (m, 20H, CHz-lipid). :3C-APT NMR
(101 MHz, CDCls) &: 180.4 (C=0), 34.2 (CH2-Br), 34.2 (CH2-C=0), 33.0 (CHz-lipid), 29.8 (CHz-
lipid), 29.7 (CHz-lipid), 29.7 (CHa-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid),
29.4 (CHz-lipid), 29.2 (CHz-lipid), 28.9 (CHz-lipid), 28.3 (CHz-lipid), 24.8 (CHz-lipid). HRMS
[M+H]*: 319.1283 found, 319.1278 calculated.

16-(acetylthio)hexadecanoic acid (24).

Compound 34 (36 mg, 0.11 mmol, 1 eq) was dissolved in DMF (0.73 ml) and cooled to 0 °C.
Potassium ethanethioate (22 mg, 0.19 mmol, 1.8 eq) was added to the solution and the mixture
was stirred at RT for 4 hours. The reaction mixture was then diluted with DCM, the organic
layer was washed (5x) with water, dried over MgSOs4, filtered and concentrated in vacuo.
Compound 24 was obtained as a brown solid (22.8 mg, 0.07 mmol, 63%) without any further
purification. 1H NMR (400 MHz, CDCl3) 6: 2.86 (t, ] = 7.3 Hz, 2H, CH2-S), 2.36 (t, ]= 3.8 Hz, 2H,
CH2-C=0), 2.32 (s, 3H, CHs-thioacetyl), 1.72 - 1.50 (m, 4H, CHz-lipid), 1.35 - 1.23 (m, 20H, CHz-
lipid). 13C-APT NMR (101 MHz, CDCI3) &: 196.4 (S-C=0), 179.4 (C=0), 34.1 (CH2-C=0), 30.8
(CHs-thioacetyl), 29.8 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid), 29.6
(CHz-lipid), 29.4 (CH2-lipid), 29.3 (CHz-lipid), 29.3 (CH2-S), 29.2 (CHz-lipid), 29.0 (CHz-lipid),
24.8 (CHz-lipid). HRMS [M+H]*: 331.2310 found, 331.2307 calculated.
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S4 Figure - Synthetic scheme for the generation of trehalose dimycolate analogues. a) i. N,0-
bis(trimethylsityl)acetamide, TBAF, DMF, ii. K2COs3, MeOH, y: 79%, b) stearic acid, EDCI, DMAP, toluene, y:
47%, ¢) 11-(acetylthio)undecanoic acid, EDCI, DMAP, toluene, y: 70%, d) amberlite H*, DCM/MeOH 1:1, y:
quant., e) NH2NH.CHsCOOH, DCM/MeOH 1:1, y: quant., f) 11-(acetylthio)hexadecanoic acid, EDCI, DMAP,
toluene, y: 85%, g) amberlite H*, DCM/MeOH 1:1, y: 87%, h) NH.NH:H20, DCM/MeOH 1:1, y: quant.
(isolated as mixture of oxidized and reduced thiol).

2, 3,4, 2°, 3’, 4’-hexaakis-O-(trimethylsilyl)-a, a’-trehalose (26).

D(+)-Trehalose dihydrate (684 mg, 2 mmol, 1 eq) was co-evaporated (2x) with toluene and
dissolved in dry DMF (3 ml). Bis(trimethylsilyl)acetamide (3.56 g, 17mmol, 8.7 eq) anda 1 M
solution of TBAF (0.12 mmol, 0.06 eq) in THF were added and the reaction mixture was stirred
for 2 hours at RT. The solution was cooled to0 °C and quenched with i-propanol (1.2 ml). After
diluting the mixture with MeOH (45 ml), K2COs (138 mg, 1 mmol, 0.5 eq) in MeOH (60 ml) was
added and the reaction mixture was stirred for 2 hours at 0 °C. The solution was warmed up
to room temperature, diluted with brine and EtOAc and transferred to a separatory funnel.
The water layer was extracted (3x) with EtOAc. The combined organic layers were dried over
MgS0s, filtered and concentrated in vacuo. Compound 26 was obtained after silicagel
chromatography (Pentane/EtOAc 4:1; DCM loading of crude) as a white solid (1.22 g, 1.58
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mmol, 79%). NMR analysis confirmed purity of the product, whose 1H NMR and 13C NMR
spectra were in agreement with published literature.20

6-0-stearoyl-2, 3, 4, 2’, 3’, 4’-hexaakis-O-(trimethylsilyl)-a, a’-trehalose (35).

Compound 26 (533 mg, 0.69 mmol, 1.2 eq) and stearic acid (163 mg, 0.57 mmol, 1eq) were
co-evaporated (2x) with toluene and dissolved in toluene (1.9 ml). After the solution was
cooled to 0 °C, DMAP (7 mg, 0.057 mmol, 0.1 eq) and EDCI (132 mg, 0.69 mmol, 1.2 eq) were
added and the reaction mixture was warmed first to room temperature over 1 hour and then
to 70 °C. After 4 hours, the reaction mixture was diluted with EtOAc and transferred to a
separatory funnel. The organic layer was washed (2x) with brine, dried over MgS0y, filtered
and concentrated in vacuo. Compound 35 was obtained after silicagel chromatography
(Pentane/EtOAc 20:1-9:1; DCM loading of crude) as a transparent oil (279 mg, 0.27 mmol,
47%). tH NMR (400 MHz, CDCl3) &: 4.95 - 4.88 (d (2x),] = 2.9, 2H, H-1, H-1"), 4.30 (dd, ] = 11.8,
2.2 Hz, 1H, H-6a), 4.06 (dd, ] = 11.8, 4.5 Hz, 1H, H-6b), 4.01 (ddd, ] = 9.6, 4.4, 2.2 Hz, 1H, H-5),
3.94 - 3.87 (dd (2x),] = 9.0, 4.2 Hz, 2H, H3, H3’), 3.87 - 3.81 (dd (2x),] = 9.5, 3.4 Hz, 1H, H-5"),
3.75 - 3.63 (m, 2H, H-6"), 3.52 - 3.39 (m, 4H, H-4, H-4’, H-2, H-2"), 2.35 (td, ] = 7.4, 3.1 Hz, 2H,
CH2-C=0), 1.84 - 1.51 (m, 4H, CHz-lipid), 1.25 (m, 28H, CHz-lipid), 0.90 - 0.85 (m, 3H, CHs-
lipid), 0.19 - 0.09 (m, 54H, CHs-TMS). 13C-APT NMR (101 MHz, CDCl3) 8: 173.9 (C=0), 94.6 (C-
1),94.5 (C-1"), 73.6 (C-5), 73.4 (C-4), 73.1 (C-4'), 72.9 (C-2), 72.7 (C-2"), 72.0 (C-5’), 71.5 (C-3),
70.9 (C-3),63.4 (C-6),61.8 (C-6'), 34.3 (CH2-C=0), 32.1 (CHz-lipid), 29.9 (CH2-lipid), 29.8 (CHz2-
lipid), 29.8 (CHz-lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.3 (CH:-S), 25.0
(CHz-lipid), 22.9 (CHz-lipid), 14.3 (CHs-lipid), 1.2 (CH3-TMS), 1.2 (CH3-TMS), 1.0 (CH3-TMS),
1.0 (CH3-TMS), 0.3 (CH3-TMS), 0.3 (CH3-TMS). HRMS [M+Na]*: 1063.6024 found, 1063.6036
calculated.

6-0-stearoyl-6’-11-(acetylthio)undecanoyl-2, 3, 4, 2’, 3’, 4’-hexaakis-O-(trimethylsilyl)-c,
a’-trehalose (27).

Compound 35 (97 mg, 0.1 mmol, 1 eq) was co-evaporated (2x) with toluene and dissolved in
dry toluene (1.8 ml). Therefore, compound 21 (48.5 mg, 0.19 mmol, 2 eq) and DMAP (5.7 mg,
0.05 mmol, 0.5 eq) were added and the solution was cooled to 0 °C. EDCI (44.6 mg, 0.23 mmol,
2.5 eq) was finally added. The reaction mixture was warmed first to room temperature and
then to 70 °C. After 2 days, the reaction mixture was diluted with EtOAc and transferred to a
separatory funnel. The organic layer was washed (2x) with brine, dried over MgS0y, filtered
and concentrated in vacuo. Compound 27 was obtained after silicagel chromatography
(Pentane/EtOAc 18:1—9:1; DCM loading of crude) as a transparent oil (83 mg, 0.07 mmol,
70%).1H NMR (400 MHz, CDCl3) &: 4.92 (d, ] = 3.1 Hz, 2H, H-1, H-1"), 4.27 (dd, J]= 11.9, 2.2 Hz,
2H, H-6a, H-6a"), 4.06 (dd, ] = 11.8, 4.4 Hz, 2H, H-6b, H-6b’), 4.00 (ddd, ] = 9.6, 4.4, 2.2 Hz, 2H,
H-5, H-5), 3.90 (pt, ] = 8.9 Hz, 2H, H-3, H-3"), 3.54- 3.39 (m, 4H, H-4, H-4’, H-2, H-2"), 2.86 (t,]
= 7.3 Hz, 2H, CH2-S), 2.38 - 2.30 (m, 7H, CH2-C=0, CHs-thioacetyl), 1.65 - 1.53 (m, 6H, CHz-
lipid), 1.32 - 1.23 (m, 40H, CHz-lipid), 0.88 (t, ] = 6.7 Hz, 3H, CHs-lipid), 0.18 - 0.09 (m, 54H,
CH3-TMS). 13C-APT NMR (101 MHz, CDCls) &: 207.9 (S-C=0), 173.9 (C=0), 94.5 (C-1,C-1"),73.6
(C-3,C-3), 72.8 (C-2, C-27), 72.0 (C-4, C-4"), 70.8 (C-5, C-5'), 63.4 (C-6, C-6"), 34.3 (CH2-C=0),
32.1 (CHz-lipid), 30.8 (CHs-thioacetyl), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.6 (CH:-lipid), 29.6
(CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CH2-S), 29.3 (CHz-lipid), 29.2 (CHz-lipid),
28.9 (CHz-lipid), 24.9 (CHz-lipid), 22.8 (CHz-lipid), 14.3 (CHs-lipid), 1.2 (CH3-TMS), 1.0 (CHs-
TMS), 0.3 (CH3-TMS). HRMS [M+Na]*: 1305.7379 found, 1305.7376 calculated.

97



Design and immunological evaluation of conjugates containing Mincle ligands

6-0-stearoyl-6’-(11-(acetylthio)undecanoyl)-a, o’-trehalose (36).

Compound 27 (932 mg, 0.72 mmol, 1 eq) was dissolved in a mixture of DCM/MeOH 1:1 (140
ml). Amberlite H* was added until methanolysis of the TMS groups could be observed via TLC.
The reaction was followed every 5 minutes, until after 30 minutes no starting material and
only one lower running spot could be observed. The resin was removed via filtration and
washed with DCM/MeOH 1:1. The filtered solution was concentrated and compound 36 was
obtained as a white solid (620 mg, 0.72 mmol, quant.) without any further purification. 1H
NMR (400 MHz, CDCl3) &: 5.10 (d, ] = 3.7 Hz, 2H, H-1, H-1"), 4.38 -4.24 (m, 4H, H-6, H-6"), 4.08
(bs, 6H, OH), 3.99 (ddd, ] = 10.2, 4.6, 2.5 Hz, 2H, H-5, H-5’), 3.88 (pt, ] = 9.4 Hz, 2H, H-3, H-3"),
3.54 (dd, ] = 9.8, 3.7 Hz, 2H, H-2, H-2), 3.37 (dd, ] = 10.2, 8.8 Hz, 2H, H-4, H-4'), 2.86 (t,] = 7.3
Hz, 2H, CH2-S), 2.43 - 2.29 (m, 7H, CH2-C=0, CHs-thioacetyl), 1.65 - 1.53 (m, 6H, CH>-lipid),
1.31 - 1.25 (m, 40H, CHz-lipid), 0.90 - 0.86 (m, 3H, CHs-lipid). 13C-APT NMR (101 MHz, CDCl3)
§: 196.9 (S-C=0), 174.6 (C=0), 174.5 (C=0), 93.5 (C-1, C-1"), 72.9 (C-3, C-3"), 71.6 (C-2, C-2"),
70.2 (C-4, C-4"), 70.0 (C-5, C-5’), 63.1 (C-6, C-6"), 34.1 (CH2-C=0), 31.9 (CHz-lipid), 30.5 (CHz-
S), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CHz-lipid), 29.4 (CHz-lipid), 29.3
(CHz-lipid), 29.3 (CHz-lipid), 29.3 (CHz-lipid), 29.2 (CHz-lipid), 29.1 (CHz-lipid), 29.1 (CH2-
lipid), 29.0 (CHz-S), 28.7 (CHz-lipid), 24.8 (CHz-lipid), 24.8 (CHz-lipid), 22.6 (CHz-lipid), 14.0
(CHs-lipid). HRMS [M+Na]+*: 873.5020 found, 873.5005 calculated.

6-0-stearoyl-6’-(11-mercaptoundecanoyl)-a, a’-trehalose (3).

Compound 36 (51 mg, 0.06 mmol, 1 eq) was dissolved in a degassed solution of DCM/MeOH
1:1 (0.6 ml) and hydrazine monoacetate (14 mg, 0.15 mmol, 2.5eq) was added. After 5 hours
an extra portion of hydrazine monoacetate (14 mg, 0.15 mmol, 2.5 eq) was added and the
reaction mixture was stirred overnight. The morning after a white precipitate formed that was
filtered and rinsed with a solution of degassed DCM/MeOH 9:1. The filtrate was dried in vacuo
and compound 3 was obtained after silicagel chromatography (CHCl3/MeOH 9:1-8:2;
CHCI3/MeOH9:1 loading of crude; N2 flow was used for purification) as a white solid (48 mg,
0.06 mmol, quant.). Reduced form: 1H NMR (300 MHz, CDClz/MeOD 9:1) 6: 5.11 (d, ] = 3.8 Hz,
2H, H-1, H-1"), 4.35 - 4.26 (m, 4H, H-6, H-6"), 4.00 - 3.92 (m, 2H, H-5, H-5), 3.77 (pt, ] = 9.3 Hz,
2H, H-3,H-3"), 3.53 (dd, ] = 9.7, 3.7 Hz, 2H, H-2, H-2"), 3.40 - 3.32 (m, 7H, H-4, H-4’, MeOH), 2.52
(t, ] = 7.5 Hz, 2H, CH2-SH), 2.39 - 2.31 (m, 4H, CH2-C=0), 1.68 - 1.55 (m, 6H, CHz-lipid), 1.43 -
1.19 (m, 40H, CHz-lipid), 0.92 - 0.83 (m, 3H, CHs-lipid). 13C-APT NMR (75 MHz, CDCl3/MeOD
9:1) 8: 174.6 (C=0), 93.5 (C-1, C17), 72.9 (C-3, C-3"), 71.6 (C-2, C-2"), 70.2 (C-4, C-4’), 70.0 (C-5,
C-5), 63.1 (C-6, C-6"), 34.1 (CH2-C=0), 31.9 (CHz-lipid), 29.7 (CHz-lipid), 29.6 (CHz-lipid), 29.5
(CHz-lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid), 29.2 (CHz-lipid), 29.1 (CHz-lipid), 29.0 (CHz-
lipid), 28.3 (CHz-lipid), 24.8 (CHz-lipid), 24.4 (CH2-SH), 22.7 (CHz-lipid), 14.0 (CHs-lipid).
HRMS [M+Na]*: 831.4907 found, 831.4899 calculated. Oxidized form: 'H NMR (400 MHz,
CDCls/MeOD 9:1) &: 5.11 (d, ] = 3.6 Hz, 2H, H-1, H-1"), 4.39 - 4.21 (m, 14H, H-6, H-6', OH), 4.05
-3.94 (m, 2H, H-5, H-5"), 3.85 (pt, ] =9.4 Hz, 2H, H-3, H-3"), 3.55 (dd, ] = 9.8, 3.7 Hz, 2H, H-2, H-
2), 3.43 - 3.31 (m, 3H, H-4, H-4’, MeOH), 2.69 (t, ] = 7.3 Hz, 2H, CHz-S), 2.35 (t, ] = 7.6 Hz, 4H,
CH2-C=0), 1.76 - 1.53 (m, 6H, CHz-lipid), 1.43 - 1.24 (m, 40H, CHz-lipid), 0.89 (t,] = 6.6 Hz, 3H,
CHs-lipid). 13C-APT NMR (101 MHz, CDCl3/MeOD 9:1) 6:174.5 (C=0), 93.5 (C-1, C-1"), 72.9 (C-
3, C-3’), 71.5 (C-2, C-2"), 70.1 (C-4, C-47), 69.9 (C-5, C-5’), 63.0 (C-6, C-6"), 39.0 (CH2-S), 34.0
(CH2-C=0), 31.8 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid), 29.3 (CHz-
lipid), 29.2 (CHz-lipid), 29.1 (CHz-lipid), 29.1 (CH-lipid), 29.0 (CHz-lipid), 28.9 (CHz-lipid),
28.3 (CHz-lipid), 24.7 (CHz-lipid), 22.5 (CHz-lipid), 13.8 (CHs-lipid).
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6-0-stearoyl-6’-(16-(acetylthio)hexadecanoyl)-2, 3, 4, 2’, 3’, 4’-hexaakis-0O-
(trimethylsilyl)-a, a’-trehalose (28).

Compound 35 (211 mg, 0.2 mmol, 1 eq) was co-evaporated (2x) with toluene and dissolved in
dry toluene (4 ml). Therefore, compound 24 (99 mg, 0.3 mmol, 1.5 eq) and DMAP (24 mg, 0.2
mmol, 1 eq) were added and the solution was cooled to 0 °C. EDCI (77 mg, 0.4 mmol, 2 eq) was
finally added. The reaction mixture was warmed first to room temperature and then to 70 °C.
The day after, the reaction mixture was diluted with EtOAc and transferred to a separatory
funnel. The organic layer was washed (2x) with brine, dried over MgSO4, filtered and
concentrated in vacuo. Compound 28 was obtained after silicagel chromatography
(Pentane/EtOAc 20:1-9:1; DCM loading of crude) as a transparent oil (232 mg, 0.17 mmol,
85%). tH NMR (400 MHz, CDCls) &: 4.92 (d, ] = 3.1 Hz, 2H, H-1, H-1"), 4.28 (dd, ] = 11.8, 2.2 Hz,
2H, H-6a, H-6a"), 4.06 (dd, ] = 11.8, 4.4 Hz, 2H, H-6b, H-6b’), 4.00 (ddd, ] = 9.5, 4.4, 2.2 Hz, 2H,
H-5, H-5’), 3.90 (pt, ] = 9.0 Hz, 2H, H-3, H-3"), 3.53 - 3.39 (m, 4H, H-4, H-4’, H-2, H-2"), 2.86 (t,]
= 7.3 Hz, 2H, CHz-SH), 2.38- 2.31 (m, 7H, CH2-C=0, CHs-thioacetyl), 1.66 - 1.53 (m, 6H, CHz-
lipid), 1.31- 1.22 (m, 50H, CHz-lipid), 0.90 - 0.85 (m, 3H, CHs-lipid), 0.17 - 0.12 (m, 54H, CHs-
TMS). 13C-APT NMR (101 MHz, CDCls) 6: 196.2 (S-C=0), 173.9 (C=0), 94.5 (C-1, C-1"), 73.6 (C-
3,C-3"),72.8 (C-2, C-2),72.0 (C-4,C-4),70.9 (C-5, C-5"), 63.4 (C-6, C-6"), 34.3 (CH2-C=0), 32.1
(CHz-lipid), 30.8 (CHs-thioacetyl), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.8 (CHz-lipid), 29.7
(CHz-lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.3 (CHz-
lipid), 29.3 (CHz-lipid), 29.0 (CHz-S), 24.9 (CHz-lipid), 22.8 (CHz-lipid), 14.3 (CHs-lipid), 2.1
(CH3-TMS), 1.2 (CH3-TMS), 1.0 (CH3-TMS), 0.4 (CH3-TMS), 0.3 (CH3-TMS). HRMS [M+Na]*:
1375.81640 found, 1375.81586 calculated.

6-0-stearoyl-6’-(16-(acetylthio)hexadecanoyl)-a, o’-trehalose (37).

Compound 28 (230 mg, 0.17 mmol, 1 eq) was dissolved in a mixture of DCM/MeOH 1:1 (36
ml). Amberlite H* was added until methanolysis of the TMS groups could be observed via TLC.
The reaction was followed every 5 minutes, until after 30 minutes no starting material and
only one lower running spot could be observed. The resin was removed via filtration and
washed with DCM/MeOH 1:1. The filtered solution was concentrated and compound 37 was
obtained as a white solid (138mg, 0.15 mmol, 87%) without any further purification. tH NMR
(400 MHz, CDCl3/MeOD 3:1) 6: 5.11 (d, ] = 3.7 Hz, 2H, H-1, H-2), 4.37 - 4.28 (m, 4H, H-6, H-6"),
3.98 (ddd, ] = 10.2, 4.8, 2.5 Hz, 2H, H-5, H-5"), 3.83 (pt, ] = 9.3 Hz, 2H, H-3, H-3'), 3.53 (dd, ] =
9.8, 3.7 Hz, 2H, H-2, H-2"), 3.41- 3.32 (m, 3H, H-4, H4’, MeOH), 2.87 (t, ] = 7.3 Hz, 2H, CHz-S),
2.39 - 2.30 (m, 7H, CH2-C=0, CHs-thioacetyl), 1.67 - 1.54 (m, 6H, CHz-lipid), 1.34 - 1.24 (m,
50H, CH2-lipid), 0.88 (t, ] = 6.7 Hz, 3H, CHz-lipid). 13C-APT NMR (214 MHz, CDCl3s/MeOD 9:1) &:
197.1 (S-C=0), 174.6 (C=0), 93.5 (C-1, C-1"), 77.3 (C-3, C-3"), 71.6 (C-2, C-2"), 70.2 (C-4, C-4"),
70.0 (C-5, C-5"), 63.1 (C-6, C-6"), 34.1 (CH2-C=0), 34.1 (CH2-C=0), 31.9 (CHz2-lipid), 30.5 (CHz2-
lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid), 29.6 (CH:-lipid), 29.6 (CHz-lipid), 29.6 (CHz-lipid),
29.6 (CHz-lipid), 29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.4 (CHz-lipid), 29.4 (CHz-lipid), 29.4 (CHz2-
lipid), 29.4 (CHz-lipid), 29.3 (CHz-lipid), 29.2 (CHz-lipid), 29.1 (CHz-lipid), 29.1 (CHz-lipid),
29.0 (CH2-S), 28.7 (CHz-lipid), 24.9 (CHz-lipid), 24.8 (CHz-lipid), 22.6 (CHz-lipid), 14.0 (CHs-
lipid). HRMS [M+Na]+: 943.5804 found, 943.5787 calculated.

6-0-stearoyl-6’-(16-mercaptohexadecanoyl)-a, a’-trehalose (4).

Compound 37 (46 mg, 0.05 mmol, 1 eq) was dissolved in a degassed solution of DCM/MeOH
1:1 (0.5 ml) and hydrazine monohydrate (13 pL, 0.25 mmol, 5 eq) was added. After 5 hours an
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extra portion of hydrazine monohydrate (13 pL, 0.25 mmol, 5 eq) was added and the reaction
mixture was stirred overnight. The morning after the volatiles were removed in vacuo and
compound 4 was obtained after silicagel chromatography (CHCl3/MeOH 9:1-8:2;
CHCI3/MeOH 9:1 loading of crude; N2 flow was used for purification) as a white solid (26 mg,
0.03 mmol, 50%). The remaining 50% was recovered as a mixture of free thiol and disulfide
as confirmed by NMR analysis.!H NMR (300 MHz, CDCls/MeOD 1:1) 6: 5.10 (d, ] = 3.7 Hz, 2H,
H-1,H-1"), 4.43 - 4.20 (m, 4H, H-6, H-6"), 4.00 (ddd, ] = 10.1, 5.0, 2.4 Hz, 2H, H-5, H-5"), 3.81 (pt,
] =9.3 Hz, 2H, H-3, H-3"), 3.53 (dd, ] = 9.8, 3.8 Hz, 2H, H-2, H-2"), 3.46 - 3.29 (m, 3H, H-4, H-4,
MeOH), 2.60 - 2.45 (m, 2H, CH2-SH), 2.36 (t, ] = 7.5 Hz, 4H, CH2-C=0), 1.71 - 1.53 (m, 6H, CHz-
lipid), 1.41 - 1.21 (m, 50H, CHz-lipid), 0.89 (t, ] = 6.3 Hz, 3H, CHz-lipid). 13C-APT NMR (75 MHz,
CDCl3/MeOD 3:1) 8:174.4 (C=0), 93.3 (C-1, C1"), 73.1 (C-3, C-3’), 71.5 (C-2, C-2"), 70.2 (C-4, C-
47, 69.8 (C-5, C-5"), 63.0 (C-6, C-6"), 33.9 (CH2-C=0), 31.6 (CHz-lipid), 29.4 (CHz-lipid), 29.4
(CHz-lipid), 29.2 (CHz-lipid), 29.0 (CHz-lipid), 28.9 (CHz-lipid), 28.8 (CHz-lipid), 28.1 (CH2-
lipid), 24.6 (CH2-SH), 24.1 (CHz-lipid), 22.4 (CHz-lipid), 13.6 (CHs-lipid). HRMS [M+Na]+*:
901.56788 found, 901.56813 calculated.

6, 6’-0-distearoyl-2, 3, 4, 2’, 3, 4’-hexaakis-O-(trimethylsilyl)-a, a’-trehalose (38).

Compound 26 (311 mg, 0.4 mmol, 1 eq) and stearic acid (228 mg, 0.8 mmol, 2 eq) were co-
evaporated (2x) with toluene and dissolved in toluene (1.3 ml). After the solution was cooled
to 0 °C, DMAP (49 mg, 0.04 mmol, 0.1 eq) and EDCI (75 mg, 0.5 mmol, 1.2 eq) were added and
the reaction mixture was warmed first to room temperature over 1 hour and then to 70 °C.
After 4 hours, the reaction mixture was diluted with EtOAc and transferred to a separatory
funnel. The organic layer was washed (2x) with brine, dried over MgSO4, filtered and
concentrated in vacuo. Compound 38 was obtained after silicagel chromatography
(Pentane/EtOAc 20:1-9:1; DCM loading of crude) as a transparent oil (433 mg, 0.33 mmol,
82%).1H NMR (300 MHz, CDCl3) 6: 4.99 (d, ] = 3.1 Hz, 2H, H-1, H-1"), 4.35 (dd, ] = 11.7, 2.0 Hz,
2H, H-6a, H-6b), 4.19 - 4.03 (m, 4H, H-6a’, H-6b’, H-5, H-5"), 3.98 (pt, ] = 8.9 Hz, 2H, H-3, H-3"),
3.60 - 3.45 (m, 4H, H-2, H-2’, H-4, H-4"), 2.41 (t,] = 7.3 Hz, 4H, CH2-C=0), 1.69 (p, ] = 7.4 Hz, 4H,
CHz-lipid), 1.43- 1.25 (m, 56H, CHz-lipid), 0.93 (t,] = 7.0 Hz, 6H, CHs-lipid), 0.27 - 0.16 (m, 54H,
CH3-TMS). 13C-bbdec. NMR (101 MHz, CDCl3) 6: 173.9 (C=0), 94.5 (C-1, C-1'), 73.6 (C-3, C-3"),
72.8 (C-2, C-27), 72.0 (C-4, C-4’), 70.8 (C-5, C-5'), 63.4 (C-6, C-6"), 34.3 (CH2-C=0), 32.1 (CH2-
lipid), 30.4 (CHz-lipid), 29.8 (CHa-lipid), 29.8 (CH:-lipid), 29.8 (CHz-lipid), 29.6 (CHz-lipid),
29.5 (CHz-lipid), 29.5 (CHz-lipid), 29.3 (CHz-lipid), 24.9 (CHz-lipid), 22.8 (CHz-lipid), 14.3 (CHs-
lipid), 1.6 (CH3-TMS), 1.2 (CH3-TMS), 1.0 (CH3-TMS), 0.7 (CH3-TMS), 0.3 (CH3-TMS), -0.1 (CHs-
TMS). HRMS [M+Na]*: 1329.6190 found, 1329.8645 calculated.

Trehalose-6, 6’-distearate (39).

Compound 38 (1.6 g, 1.23 mmol, 1 eq) was dissolved in a mixture of DCM/MeOH1:1 (200 ml).
Amberlite H* was added until methanolysis of the TMS groups could be observed via TLC. After
2 hours, the resin was removed via filtration and washed with MeOH. The filtered solution was
concentrated and compound 39 was obtained as a white solid (864 mg, 0.96 mmol, 78%)
without any further purification. tH NMR (400 MHz, CDCls/MeOD 2:1) 6: 5.09 (d, ] = 3.7 Hz,
2H, H-1, H-2), 4.32 (dd, ] = 12.1, 2.4 Hz, 2H, H-6a, H-6b), 4.26 (dd, ] = 12.0, 4.9 Hz, 2H, H-6a’, H-
6b"), 3.97 (ddd, ] = 10.2, 4.9, 2.4 Hz, 2H, H-5, H-5"), 3.78 (pt, ] = 9.3Hz, 2H, H-3, H-3’), 3.52 (dd,
] =9.7,3.7 Hz, 2H, H-2, H-2"), 3.39 - 3.30 (m, 3H, H-4, H-4, MeOH), 2.34 (t, ] = 7.6 Hz, 4H, CHz-
€=0), 1.61 (p,] = 7.5 Hz, 4H, CHz-lipid), 1.31 - 1.22 (m, 56H, CHz-lipid), 0.87 (t, ] = 6.8 Hz, 6H,
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CHs-lipid). 13C-APT NMR (101 MHz, CDCl3/MeOD 2:1) 6: 174.4 (C=0), 93.4 (C-1, C-1'), 73.03
(C-3,C-3), 71.4 (C-2, C-2), 70.1 (C-4, C-4’), 69.8 (C-5, C-5'), 63.0 (C-6, C-6"), 33.9 (CH2-C=0),
31.7 (CHz-lipid), 29.4 (CHz-lipid), 29.4 (CHz-lipid), 29.36 (CHz-lipid), 29.2 (CHz-lipid), 29.2
(CHz-lipid), 29.1 (CHz-lipid), 29.0 (CHz-lipid), 28.9 (CHz-lipid), 24.6 (CH:-lipid), 22.4 (CH2-
lipid), 13.6 (CHs-lipid). HRMS [M+H]+: 897.62662 found, 897.62736 calculated.

Peptide conjugates

Materials for the synthesis of peptides and conjugates

All reagents and solvents used in the solid phase peptide synthesis were purchased from
Novabiochem (San Diego, CA, USA) and Biosolve (Valkenswaard, The Netherlands), with the
exception of 3-maleimido-propionic acid (Bachem, Torrance, CA, USA), palmitoyl-Cys((RS)-2,
3-di(palmitoiloxy)-propyl)-OH (Bachem, Torrance, CA, USA) and tetradecyl isocyanate
(Sigma-Aldrich, St.Louis, MO, USA). Tentagel resins were purchased from Rapp Polymere
(Tuebingen, Germany). All chemicals were used as received. Analytical LC-MS was performed
using an Agilent 1260 LC system (215 and 254 nm UV sensors included) coupled to Agilent
6120 single quadrupole mass analyzer. This LC-MS system was equipped with one of the
following columns: Macherey-Nagel NUCLEODUR® C18 5 um, 4.6 x 50 mm; Hichrom Vydac®
219TP Diphenyl 5 pm, 4.6 x 150 mm; Cosmosil 5C4-MS 120°A 5pm, 4.6 x 150 mm. Ternary
solvent system: A - 100% water; B - 100% acetonitrile; C - 1% TFA in water. Gradients of B in
A were employed in combination with 10% C. Purifications were performed on a Preparative
HPLC system from Gilson equipped with one of the following columns: Macherey-Nagel
NUCLEODUR® C18 5 pm, 10 x 250 mm; Hichrom Vydac® 219TP Diphenyl 5 um, 10 x 250 mm;
Cosmosil 5C4-MS 120°A 5um, 10 x 250 mm. Binary solvent system: A - 1% TFA in water; B -
100% acetonitrile. Gradients of B in A were employed over 3 CV unless stated otherwise.
MALDI-TOF spectra were recorded on an Ultraflextreme MALDI-TOF or a 15T MALDI-FT-ICR
MS system.

General methods for the synthesis of peptides

The solid phase peptide synthesis was performed on a Liberty Blue™ Automated Microwave
Peptide Synthesizer. TentaGel® S RAM resin and Fmoc based protocols were employed for the
synthesis of the peptides, unless stated otherwise. The steps performed for each amino acid
coupling were: a) DMF washes (2 times) and subsequent nitrogen purge of the solvent; b)
Fmoc protecting group removal using 4 ml of a solution containing 20% piperidine in DMF (3
times 1.5 minutes) at 90 °C; c) DMF washes (3 times) and subsequent nitrogen purge of the
solvent; d) Fmoc protected amino acid (5 eq) coupling in the presence of oxyma pure (1 M, 1
eq) and DIC (0.5 M, 1 eq), performed at 90 °C for 2.5 minutes; e) DMF washes (3 times) and
subsequent nitrogen purge; f) washing of the resin with DMF (3 times), DCM (3 times), Et20
(2 times) and subsequent nitrogen purge. After completion of all synthetic cycles, the resin
was transferred to a polypropylene syringe equipped with a porous polypropylene disc at the
bottom and treated for 1 hour and 30 minutes with a TFA/TIS/H20 (38:1:1, v/v/v) cleavage
cocktail (5 mL/100 pmol scale reaction). The reaction mixture containing the cleaved peptide
was filtered into cold Et20/pentane (1:1, v/v) (50 ml/5 ml cleavage cocktail) and the resin was
washed with 1 ml TFA (2 times) into the cold Et20/pentane solution. The solution was stored
in a -20 °C freezer for 2 hours, then centrifuged (10 minutes, 4400 rpm, 3 x g); finally, the
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supernatant was discarded and the precipitate was purified via RP-HPLC. Synthetic
compounds were tested using LAL assay to exclude the possibility of LPS contamination.

Rv1733c p57-84 peptide: Ile-Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-Ala-Val-GIn-Asp-Ser-Arg-
Ser-His-Val-Tyr-Ala-His-GIn-Ala-GIn-Thr-Arg- His-Pro-NH: (5)

The p57 peptide (compound 5) was synthesized according to the general procedure for
peptide synthesis described above. Pseudoproline dipeptides Fmoc-Asp(OtBu)-Ser (yMe,
Mepro)-OH and Fmoc-Gly-Thr (yMe, Mepro)-OH were employed to enhance synthetic
efficiency. Purification by RP-HPLC (linear gradient 20—30% B in 10 min) followed by
lyophilization yielded compound 5 as a white powder (90.4 mg, 30.26 pmol, 12.1% yield based
on theoretical resin loading of 0.23 mmol/g). LC-MS analysis (C18 column, linear gradient
10-90% B, 11 min): Rt = 3.571 min, ESI-MS [M+H]?* = 1494.3 found, 1493.8 calculated.
MALDI-TOF [M+H]*: 2986.4517 found, 2986.5143 calculated.

Rv1733c p57-84 maleimido-peptide: Maleimido-Ile-Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-Ala-
Val-GIn-Asp-Ser-Arg-Ser-His-Val-Tyr-Ala-His-GIn-Ala-GIn-Thr-Arg-His-Pro-NHz (40)

Compound 40 was synthesised according to the general procedure for peptide synthesis
described above. Pseudoproline dipeptides Fmoc-Asp(OtBu)-Ser (yMe, Mepro)-OH and Fmoc-
Gly-Thr ({y/Me, Mepro)-OH were employed to enhance synthetic efficiency. Purification by RP-
HPLC (linear gradient 20—35% B in 10 min) followed by lyophilisation yielded 40 as a white
powder (20.99 mg, 6.68umol, 6.7%yield based on theoretical resin loading of 0.23 mmol/g).
LC-MS analysis (C18 column, linear gradient 10-50% B, 11 min): Rt = 6.395 min, ESI-MS
[M+H]2+=1570.0 found, 1569.3 calculated.

3-(3-(trehalose-6-stearoyl-6’-undecanoylthio)-2, 5-dioxopyrrolidin-1-yl) propanoate-Ile-
Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-Ala-Val-GIn-Asp-Ser-Arg-Ser-His-Val-Tyr-Ala-His-GIn-
Ala-GIn-Thr-Arg-His-Pro-NH: (6)

Trehalose glycolipid 3 (12 mg, 14.4pmol, 3 eq) was dissolved in degassed CHCl3 (0.9 ml) and
added to a mixture of Rv1733c p57-84 maleimido-peptide 40 (15 mg, 4.7umol, 1 eq) in
degassed DMF (1.2 ml) and H20 (0.3 ml). The reaction was stirred overnight under Argon
atmosphere. Compound 6 was obtained after purification by RP-HPLC (C18 column, linear
gradient 25-75% B, 12 min) as a white powder (14.8 mg, 3.7umol, 79%). LC-MS analysis (C18
column, linear gradient 10-90%B, 11 min): Rt = 7.906 min, ESI-MS [M+H]2+= 1974.5 found,
1973.5 calculated. MALDI-TOF [M+H]*: 3946.121 found, 3946.038 calculated.

3-(3-(trehalose-6-stearoyl-6’-palmitoylthio)-2, 5-dioxopyrrolidin-1-yl) propanoate-Ile-
Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-Ala-Val-GIn-Asp-Ser-Arg-Ser-His-Val-Tyr-Ala-His-GIn-
Ala-GIn-Thr-Arg-His-Pro-NH: (7)

Trehalose glycolipid 4 (0.9 mg, 1.02umol, 1 eq) was dissolved in degassed CHCI3 (0.19 ml) and
added to a mixture of Rv1733c p57-84 maleimido-peptide 40 (8 mg, 2.5umol, 2.5 eq) in
degassed DMF (0.25 ml) and H20 (0.06 ml). The reaction was stirred overnight under Argon
atmosphere. A precipitate formed, which was separated after centrifuging from the mother
liquor, and redissolved in a 3:3:1 mixture of t-BuOH/CH3CN/H20 (500ul) with addition of TFA
(50ul) to improve solubility. Compound 7 was obtained after purification by RP-HPLC (C18
column, linear gradient 30—100% B, 15 min) as a white powder (0.9 mg, 3.7umol, 22%).LC-
MS analysis (C18 column, linear gradient 10-90% B, 11 min): Rt = 9.081min, ESI-MS
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[M+H]3+=1339.9 found, 1339.4 calculated. MALDI-TOF [M+H]+: 4016.0244 found, 4016.1202
calculated.

Immunological methods

Culturing and stimulation of HEK-Blue mMincle cell line

The HEK-Blue mMincle cell line was purchased from InvivoGen (San Diego, United States) and
cultured according to manufacturer’s instructions in Dulbecco’s Modified Eagle Medium
DMEM (Gibco, PAA, Linz, Austria) + 4.5 g/1 glucose, 10% (v/v) heat-inactivated fetal calf serum
(FCS) (HyClone, GE Healthcare Life Sciences, Eindhoven, the Netherlands), 50 U/ml penicillin,
50 mg/ml streptomycin, 100 mg/ml Normocin and 2 mM L-glutamine (Life
Technologies-Invitrogen, Bleiswijk, the Netherlands). All compounds used for stimulation
were dissolved in iso-propanol and transferred to 96 well plates (Microlon high binding,
Greiner Bio-One International). The solvent was evaporated completely at 50 °C. HEK-293
cells were suspended in Quantiblue (InvivoGen, San Diego, United States) medium and
approximately 50.000 cells/well were transferred to 96 well plate. Reference peptide and
UPam were used as negative controls. After overnight stimulation with novel adjuvants and
conjugates, sample absorbance at 635 nm was measured using a Spectramax i3x (Molecular
Devices, CA, USA) spectrometer.

ELISA using murine Mincle-Fc receptor

Recombinant Murine CLEC4E Fc Chimera Protein was purchased from RD systems
(Minneapolis, MN, USA) and used at concentrations of 0.83 pg/ml. Control compound
PAA-Lewis X was purchased from Lectinity (MW approx. 20 KDa, Carbohydrate content
around 20% mol). Laminarin (from Laminaria digitata) and Mannan (from Saccharomyces
cerevisiae) were purchased from Sigma-Aldrich (St.Louis, MO, USA). All synthetic compounds
were dissolved in iso-propanol and were transferred to 96 well plates (Nunc MaxiSorp,
Biolegend, London, UK) at three different concentrations (5 - 1 - 0.2 nmol/well) for a total
volume of 50 uL/well. The solvent was evaporated at 50 °C. Control compounds Laminarin (3
pg/ml), PAA-Lewis X (1 pg/ml) and Mannan (1 pg/ml) were diluted in PBS and used to coat
remaining wells for a total volume of 50 pL/well. After coating for 2 hours at room
temperature, all the wells were washed twice with TMS (20 mM
tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 8.0; 150 mM NaCl; 1 mM CaClz; 2 mM
MgClz) (150pL) and blocked with 100 pL TMS with 1% of BSA (Fraction V, Merk Millipore,
Burlington, MA, USA) for 30 minutes at room temperature. The plates were then incubated for
1 hour at room temperature with 50 pL soluble receptor in TMS with 1% of BSA. The wells
were washed two times with TMS (150uL) and incubated at room temperature with 50 pL of
Goat-anti human HRP (0.8 pg/mL, Jackson Immuno Research, Germany) in TMS with 1% of
BSA for 30 minutes. After two washes with TMS (150uL), 50 pL of substrate solution (3, 3, 5,
5-Tetramethylbenzidine, TMB, in citric/acetate buffer, pH=4, and H202) were added and after
2 minutes at room temperature the reaction was stopped with 50 pL of H2SO4 (0.8M). Sample
absorbance at 450 nm was measured using a Spectramax i3x (Molecular Devices, CA, USA)
spectrometer.
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Culturing and stimulation of murine D1 DC cell line

The D1 cell line5! was obtained from the department of Immunohematology and Blood
Transfusion of the Leiden University Medical Centre. The cells were cultured in IMDM medium
(Lonza, Belgium) containing 10% heat inactivated FCS (HyClone, GE Healthcare Life Sciences,
Eindhoven, the Netherlands), 2 mM GlutaMAX™ (Gibco, PAA, Linz, Austria), 50 uM
B-mercaptoethanol (Sigma, St.Louis, MO, USA) and 30% supernatant from R1 cells (mouse
fibroblast NIH/3T3 cells transfected with mouse GM-CSF gene), which was collected from
confluent cultures and filtered. Cells were harvested using PBS containing 2 mM EDTA,
counted and transferred to 96 well plates (round bottom, Corning Costar TC-Treated
Microplates, Corning, NY) at approximately 50.000 cells/well. Immediately after plating, the
cells were stimulated at a concentration of 50 pM of trehalose 6-6’-distearate and synthetic
compounds. Synthetic compounds were dissolved in DMSO (Sigma, St.Louis, MO, USA) at a
concentration of 5 nmol/uL, further diluted and premixed in culture medium. ODN1826 (1
ug/ml; 5'-TCCATGACGTTCCTGACGTT-3"; InvivoGen, San Diego, CA) was used as positive
control for stimulated cells. Supernatants were harvested 20 hours after the addition of stimuli
for subsequent analysis of cytokines and cells were stained as described below.

Flow cytometric analysis of D1 DC cell line

After 20 h stimulation, murine D1 cells were incubated for 30 minutes at 4 °C with the
following dye-labelled antibodies: PE anti-mouse CD40 clone 3/23 (Biolegend, London, UK)
and FITC anti-mouse CD86 clone B7-2 (eBioscience, San Diego, CA). Samples containing the
stained cells were characterized on a BD FACSLyric™ flow cytometer and analysed using
FlowJo v10 software (Treestar Inc).

Generation and stimulation of immature human moDCs and macrophages

Buffy coats of healthy human Blood Bank donors were purchased from Sanquin, Amsterdam,
The Netherlands. CD14+monocytes were isolated from whole blood using Ficoll-Paque density
gradient followed by purification on autoMACS® Pro Separator instrument using CD14
MicroBeads (MACS, Miltenyi Biotec, Bergisch Gladsbach, Germany). The monocytes were
differentiated to monocyte-derived dendritic cells (moDCs) at a concentration of 106 cells/mL
in RPMI 1640 (Gibco, PAA, Linz, Austria) medium containing 10% FCS (Hyclone, GE Healthcare
Life Sciences, Eindhoven, the Netherlands), 2 mM GlutaMAX™ (Gibco, PAA, Linz, Austria), 100
U/ml penicillin, and 100 pg/ml streptomycin and 10 ng/mL GM-CSF (Life Technologies-
Invitrogen, Bleiswijk, the Netherlands) and 10 ng/mL IL-4 (Peprotech, Rocky Hill, NJ).
Differentiation into macrophages was done in the presence of a final concentration of 5 ng/ml
GM-CSF for type 1 macrophages and 50 ng/ml M-CSF (R&D Systems, Abingdon, UK) for type 2
macrophages. On day 3 of culturing, all cultures were replenished with fresh culture media
with the appropriate concentrations of GM-CSF and IL-4 for the moDC’s and GM-CSF/M-CSF
for the different subtypes of macrophages. Cells were incubated for a total of 5 days at 37 °C
and in a 5% CO2z atmosphere incubator. Immature dendritic cells were then harvested, counted
and transferred to 96 well plates (round bottom, Corning Costar TC-Treated Microplates,
Corning, NY) at approximately 50.000 cells/well; macrophages type 1 and type 2 were
harvested, counted and transferred to 96 well plates (flat bottom, Corning Costar TC-Treated
Microplates, Corning, NY) at approximately 30.000 cells/well. The next day, cells were
stimulated at fixed concentrations (20 - 1 -0.05 uM) of trehalose 6-6’-distearate and synthetic
compounds. Synthetic compounds were dissolved in DMSO (Sigma, St.Louis, MO, USA) at a
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concentration of 5 nmol/pL, further diluted and premixed in RPMI 1640 medium containing
10% FCS, 2 mM GlutaMAX™, 100 U/ml penicillin, and 100 pg/ml streptomycin. LPS
(InvivoGen, San Diego, United States), at a concentration of 100 ng/ml, was used as positive
control for stimulated cells. Supernatants were harvested 20 hours after the addition of stimuli
for subsequent analysis of cytokines and cells were stained as described below.

Flow cytometric analysis of human moDCs and macrophages

Cells were incubated for 10 minutes at room temperature with 5% human serum (Sigma,
Merck, Darmstadt, Germany) in PBS to prevent nonspecific binding of the antibodies.
Subsequently, cells were stained for 10 minutes at 4 °C using LIVE/DEAD™ Fixable Violet Dead
Cell Stain Kit (Thermo Fisher scientific, Merelbeke, Belgium), followed by surface staining (30
minutes at 4 °C) with CD40 - APC (clone 5C3), CD80 - APC-R700 (clone L307.4), CD83 - PE
(clone HB15¢€), CD86 - BB700 (clone 2331 (FUN-1)), HLA-DR-DP-DQ - BV510 (clone Tu39); all
antibodies were purchased from BD Biosciences. All samples were characterized on a BD
FACSLyric™ flow cytometer and analysed using FlowJo v10 software (Treestar Inc).

ELISA human cytokines

Human IL-12/IL-23 (p40) and human IL-10 ELISA kits were purchased from Biolegend (ELISA
MAX™ Standard Set; London, UK). All supernatants were tested in duplicates according to
manufacturer’s instructions. Microlon high binding 96 well plates (Greiner Bio-One
International) were used for the assays. Sample absorbance was measured using a Spectramax
i3x (Molecular Devices, CA, USA) spectrometer.

Luminex human Th1/Th17

Cytokines and chemokines in culture supernatants were measured with the Milliplex magnetic
bead kit (Merck, USA) on 96 well multiscreen filter plates (Millipore, USA) using the
Bio-Plex-100-suspension-array-system (Bio-Rad Laboratories, Veenendaal, The Netherlands)
and analyzed using the Bio-Plex Manager software 6.1 (Bio-Rad Laboratories, Veenendaal, The
Netherlands). Cytokines/chemokines included: IL-6, GM-CSF, TNF-q, IFN-y. After prewetting
the filter with assay solution supernatant samples (25 pl) were added to the plates, together
with 25 ul assay buffer and 25 ul beads, and the plates were incubated for overnight at 4 °C.
After two washing steps with 200 pl wash buffer (Millipore, USA), 25 pl detection Ab mixture
was added per well, and plates were incubated at room temperature in the dark for 1 hour on
a plate shaker at 300 rpm. Per well 25 pl streptavidin-PE solution was added and incubated
for 30 min at room temperature in the dark. After two washes, 150 pl Sheath Fluid was added
to each well, and the plates were placed in the Bio-Plex System. From each well, a minimum of
50 analyte-specific beads was analyzed for fluorescence. A curve fit was applied to each
standard curve according to the manufacturer’s manual. Sample concentrations were
interpolated from these standard curves. Analyte concentrations outside the upper or lower
limits of quantification were assigned the values of the limits of quantification of the cytokine
or chemokine.

Mice

HLA-DRB1*0301/DRA transgenic (tg), murine class II-deficient (HLA-DR3/Ab0%) mice were
bred under specific-pathogen-free conditions at the Leiden University Medical Centre (LUMC)
animal facility. During breeding, PBMCs of each mouse were typed for expression and

105



Design and immunological evaluation of conjugates containing Mincle ligands

segregation of the transgene by flow cytometry for HLA-DR PE-labelled mouse IgG2a
anti-HLA-DR (clone G46-6; BD Biosciences, Franklin Lakes, NJ, USA) and murine CD4
FITC-labelled rat IgG2a, k anti-mouse CD4 (clone H129.19; BD Biosciences). Littermates
lacking HLA-DR expression were excluded from these experiments.

Immunizations

Mice (3 to 6 animals per group; 6 weeks old) were injected subcutaneously (s.c.) in the right
flank with conjugate, or mixtures of p57-peptide and trehalose adjuvant, in 200 pl
phosphate-buffered saline (PBS) at 2 weeks interval. Two weeks after the last immunization,
splenocytes were harvested.

In vitro cultures of splenocytes

Splenocytes were isolated from individual animals by homogenizing spleens through a 70um
cell strainer (Falcon; Fisher Scientific, Loughborough, UK), and were resuspended in Iscove’s
modified Dulbecco’s medium (Invitrogen, Thermo Fisher Scientific, Bleiswijk, the
Netherlands) + Glutamax (Gibco, PAA, Linz, Austria), supplemented with 100 U/100 pg/ml
penicillin-streptomycin solution (Invitrogen) and 8% FCS (Hyclone, GE Healthcare Life
Sciences, Eindhoven, the Netherlands) at 3 x 106 cells/ml in a 96-well round-bottom microtiter
plates (Costar; Corning Incorporated, Corning, NY). Cells were incubated in quadruplicate with
100 pl of medium, peptide (final concentration 10 pg/ml), or relevant recombinant Mtb
protein (10 pg/ml). The mitogen concanavalin A (ConA; 2 pg/ml; Sigma, St.Louis, MO, USA)
was used as a positive control for cell viability. After 6 days, supernatants were taken from
each well and quadruplicates were pooled and frozen at -20°C.

Intracellular cytokine staining

Splenocytes (6 x 106/well) were cultured in vitro with medium, peptide (5 pg/ml) or protein
(5 pg/ml) in a 24 well plate. After 4 h, BrefeldinA (2.5 pg/ml, Sigma, St.Louis, MO, USA) was
added and incubated overnight. The following day cells were stained with the following
surface markers CD8a-Horizon V500 (clone 53-6.7), CD62L APC (clone MEL-14) (BD
Biosciences, San Diego, CA), CD44-BV605 (clone IM7), HLA-DR-AF700 (clone L243), PD-1-PE-
Cy7 (clone RMP1-30) (Biolegend, London, UK), KLRG1-V450 (clone 2F1) (ThermoFisher
Scientific, Waltham, MA, USA). After fixation cells were permeabilized with Cytofix/Cytoperm
reagents (BD Bioscience, San Diego, CA) according to manufacturer’s instructions and stained
intracellularly with IFN-y-AlexaFluor488 (clone XMG1.2) (Biolegend, London, UK), TNF-a-PE
(clone MP6-XT22). IL-2-APC Cy7 (clone JES6-5H4) (BD Biosciences, San Diego, CA) and IL-
17A-PerCP-Cy5.5 (clone eBio17B7) (ThermoFisher Scientific, Waltham, MA, USA).

Antibody detection

Antibodies against the Rv1733¢ p57 peptide, Rv1733c protein and Mtb sonicate in serum from
immunized mice were determined by ELISA: High binding 96 well plates (Microlon, Greiner
Bio-One International, Alphen a/d Rijn, The Netherlands) were coated overnight at 4 °C with
Bovine Serum Albumine (0.4%, BSA, Roche, Woerden, The Netherlands) to determine the non-
specific background, peptide (5pg/ml), protein (5pg/ml) or Mth sonicate (5ug/ml) for the
specific antibody responses; washed three times with PBS/0.05% Tween-20 and blocked with
1% BSA/1% Tween-20 for 2h at 37 °C. After washing three times, serum dilutions in 1% BSA
were incubated at 37 °C for 2h, followed by three times washing and incubated for 2h at 37 °C

106

3



Chapter 3

with horse radish peroxide (HRP)-labelled Ig antibodies (total Ig, IgG1, IgG2a, IgG2b, IgG2c,
IgG3, IgM and IgA (all Dako, Glostrup, Denmark)) in PBS/1% BSA. After incubation, plates were
washed five times and TMB substrate (Sigma, St.Louis, MO, USA) was added for 10 minutes at
RT, H2S04 (1M) was added to stop the colorimetric reaction and 0D450 was determined.

IFN-y ELISA

Splenocytes (6 x 106/well) were cultured in vitro with medium, peptide (5 pg/ml) or protein
(5 pg/ml) in a 24 well plate. IFN-y ELISA (BD Bioscience, San Diego, CA) was performed on
supernatants according to manufacturer’s instructions. Absorbance (0D450) was determined
and Microplate Manager software version 5.2.1 (Biorad Laboratories, The Netherlands) was
used to convert the values into concentrations using a standard curve.

Cytokine-chemokine analysis

Cytokines and chemokines in supernatants from splenocytes were measured using a Milliplex
magnetic bead kit (Merck, USA) on 96 well multiscreen filter plates (Millipore, USA) using the
Bio-Plex-100-suspension-array-system (Bio-Rad Laboratories, Veenendaal, The Netherlands)
and analyzed using the Bio-Plex Manager software 6.1 (Bio-Rad Laboratories, Veenendaal, The
Netherlands). Cytokines/chemokines included: IL-2, IL-6, IL-15, IFN-y, IL-1[3, IL-4, IL-5, IL-10,
IL-13, IL-17A, IL-17F, IL-21, IL-22, CD40L, TNF-a, TNF-3, MIP-3a, GM-CSF. After prewetting
the filter with assay solution supernatant samples (25 pl) were added to the plates, together
with 25 pl assay buffer and 25 pl beads, and the plates were incubated for overnight at 4 °C.
After two washing steps with 200 pl wash buffer (Millipore, USA), 25 pl detection Ab mixture
was added per well, and plates were incubated at room temperature in the dark for 1 hour on
a plate shaker at 300 rpm. Streptavidin-PE solution (25 pl/well) was added and incubated for
30 min at room temperature in the dark. After two washes, 150 pl Sheath Fluid was added to
each well, and the plates were placed in the Bio-Plex System. From each well, a minimum of
50 analyte-specific beads was analyzed for fluorescence. A curve fit was applied to each
standard curve according to the manufacturer’s manual. Sample concentrations were
interpolated from these standard curves. Analyte concentrations outside the upper or lower
limits of quantification were assigned the values of the limits of quantification of the cytokine
or chemokine.

BCG immunization

Mice were injected s.c. in the right flank with 106 CFU BCG1331 (M. bovis bacillus Calmette
Guérin; Statens Serum Institut, Copenhagen, Denmark) from glycerol stocks, 12 weeks before
Mtb challenge.

Intranasal infection of mice with live Mtb

Mice were anesthetized with isofluoran (2-chloro-2-(difluoromethoxy)-1, 1, 1-trifluoro-
ethane; Pharmachemie BV, The Netherlands) and intranasally (i.n.) infected with 105 CFU live
Mtb strain H37Rv from glycerol stocks, 2 weeks after the third antigen immunization or 12
weeks after BCG immunization. Mice were daily monitored for ethical requirements, and
weighed once a week. They were sacrificed 6 weeks after Mtb infection, lungs and splenocytes
were aseptically removed. Organs were homogenized using 70 uM cell strainers (Fisher
Scientific, Loughborough, UK) and the numbers of Mtb bacteria were determined by plating
serial dilutions of the homogenates on 7H11 agar plates (BD Bioscience, San Diego, CA),
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supplemented with BBL Middlebrook OADC enrichment and PANTA (all BD Bioscience, San
Diego, CA). Colonies were counted after 3 weeks of incubation at 37 °C.

Supporting figures

Myers alkylation
(o} J\/
R \)J\ N ; Ph
I 6w

enolization l LDA, LiCl

(solvent), LiO ~Ph
SN ;”\\

R7—\ H
OLi(solvent),

Br/\/

Claisen rearrangement

o
R\)LNJ\/Ph
o

electrophilic l THO j\

activation 2-F-pyridine

.\\_‘ \
' N S
R7\ oTf

( hydrolysis

S5 Figure - Schematic comparison of the reaction mechanisms for Myers alkylation and Peng’s

strategy employing Claisen rearrangement.>2

108



Chapter 3

Hkek ke

10000—Jﬁ 2000
2000 - *x
€ 2000 __ 1500+
2 g
1500 2
S S 1000
3 °
N 1000 i
2 500-|
500
0 0-
E O O O < © ~ M v E O v O < © ~ @m oy
25 g2egggle 2%gggggle
B 5 3 2 2 ¢ B gg:wo'_'_
E g 8 8 % = £ & 83 2 =
"fire fsrid
ERE 3 38
6000+ *k 1000 *kkok
800
£ 4000 £
£ > 600
[ a
© 3
i L 400
2 | Z
= 2000 &
i 200
0 T T T 0-
E O O O < © N~ @ WY E W W O T © ~ m®
s%gegegsggle 2%gzgegzgle
B 2 s5ss &g F 2 255§ agrFF
= g 38 2 = = g 32 8 % =
e £ E T T & £ E T T
Q O ®© ®© QO O ®© ®
© O & o © O & &
[OR ) o O
w wn [Z I

S6 Figure - Cytokine production profile of human moDCs stimulated for 20 hours using TDM
analogues 3 and 4, and self-adjuvanting peptides 6 and 7, as measured by ELISA (IL-12p40 and IL-

10) or Luminex (IL-6 and TNF-a). All synthetic compounds were used at a final concentration of 20 uM

in medium. LPS (100 ng/ml) is used as a positive control. Bars indicate the mean value + SD of duplicates
from three donors as calculated using GraphPad Prism.

109



Design and immunological evaluation of conjugates containing Mincle ligands

Naive pept. p57 + ODN1826
20 20 20 20
i) B ® X
8 15 L15 2 3 15 L15 2
+ o + - : Iy
< <
) E o g
O 10 F10 o O 10  wia - , 110 o
¢ g : s
+ +
E 54 5 2 i 5 e * o[58
5 = S S &
[ L} .'. ';g : 7]
0—-op—mm—am *—*—‘1‘.——-0 0—-op——at 70
N . DN N DN S
E o © E 0 © E o0 © E 0 ©
% S a8 B S a B S a8 B S 5
f= - Q [ - Q = = Q c - Q
S 2 0 S 2 » S 2 & S 2 o
g e g e g e g e
& g & &
pept. p57 + adj. C11C18 self-adj. pept. p57 C11C18
20 20 20 20
@ X ® X
8 15 L1s 3 3 15 L15 3
3 Iy 3 o
) E a 2
G 104 F10 o © 104 1109
* g > g
z + z +
L 54 r5 g L 549 r5 g
R @ e 2
q,' . e_an P
0—-op-apm-om—— ) 0 O om-apm-op——T 0
EB B EB S EB B E8 B
3 S a5 3 S 5 % S o 3 S o
c = (8] = Q c = (8] c = O
S 2 & S 2 @6 S 2 & S 2 &
g e g e g e g o
s s s S
o 14 14 14
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Abstract

Despite the availability of the Bacillus Calmette-Guérin vaccine for the prevention of
tuberculosis (TB), Mycobacterium tuberculosis (Mtb) remains one of the deadliest pathogens
in the world. Novel vaccination strategies are required, and synthetic chemistry provides
excellent tools to develop highly pure, homogenous and economical vaccines. Antigenic
peptide epitopes are the smallest fragments in protein antigens recognized by immune cells.
However, they are often poorly immunogenic by themselves. To overcome their poor
immunogenicity, peptides can be formulated with adjuvants, or covalently linked to
immunostimulatory molecules. Here, a panel of three synthetic peptide-conjugates was
generated, with each containing a TLR2 ligand covalently attached to one of three antigenic
peptides (p57 from the Mtb Rv1733c protein, p31 and p75 from the Mth Rv2034 protein).
These synthetic conjugates induced strong innate immune responses in vitro using human
antigen-presenting cells. Most importantly, it is reported that one conjugate was more
immunogenic in vivo when compared to the unconjugated admixture of peptide and TLR2
ligand. After subcutaneous vaccination in mice, the synthetic conjugate induced Th17 cellular
responses and co-expression of multiple antigen-specific IgG subclasses. Furthermore, the
conjugate was effective in reducing the bacterial load in the spleen of humanized, HLA-DR3
transgenic mice that had been intranasally infected with Mtb bacilli. These results suggest a
promising role for molecularly defined TLR2 ligand-peptide conjugates as novel TB vaccine
modalities, and provide additional support to the role of synthetic chemistry in aiding the
development of highly pure and versatile vaccines.
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Introduction

Tuberculosis (TB) is one of the top ten causes of death worldwide and is caused by
aerosol infection with Mycobacterium tuberculosis (Mtb).! Novel improved
vaccination strategies replacing or complementing current Bacillus Calmette-Guérin
(BCG) vaccinations, are required to reduce the TB burden.?z According to the latest
epidemiological studies reported by the World Health Organization, the most
affected populations are those in developing countries, with the majority of infection
cases in India (26%), Indonesia (8.5%), China (8.4%), the Philippines (6.0%),
Pakistan (5.7%) and Nigeria (4.4%).! The development of an efficacious and
inexpensive vaccine against Mtb would accelerate the global efforts to halt the spread
of this disease to vulnerable populations.

Fully synthetic compounds, with their economical, versatile and robust
manufacturing processes, represent a promising resource which can find application
in the field of vaccine development, as illustrated by the fast de novo design and
production of SARS-COV2 synthetic vaccines.>* The rational design of such modern
synthetic vaccines relies on the identification of suitable antigens to induce selective
immunity towards a specific pathogen.> Proteins and peptides are the most common
antigenic units that are recognized by antigen-presenting cells (APCs) and that are
subsequently presented to B and T cells, key players for the development of humoral
and cellular immunity.¢

Usually, such antigens by themselves are poorly immunogenic when injected, and
generally only induce weak immune responses if employed as a single entity. The
combination of antigenic proteins or peptides with immune-stimulatory molecules,
called adjuvants, is a proven successful strategy to circumvent the issue of poor
immunogenicity.”8 Synthetic long peptides (SLPs) have been successfully employed
to design therapeutic vaccines against the Human Papillomavirus.®

Recently, synthetic conjugates containing antigen(s) covalently attached to the
adjuvant(s) of choice in the form of a single molecular construct, have been studied
and shown to induce efficient antitumor immunity.101t This Chapter reports on the
application of a similar simple approach for the discovery of synthetic vaccines
against TB. The novel molecular constructs employed in these studies were designed
to include a toll-like receptor 2 (TLR2) ligand which would act as adjuvant, and one
of three different synthetic long peptides (SLPs) as Mtb antigens. These conjugates
were evaluated to determine the robustness of the conjugation strategy and the
effect of conjugation on the biological outcome (see Figure 1 for a schematic
overview of the study design).

TLR2 is a pattern recognition receptor (PRR) mainly expressed on the cell surface of
antigen-presenting cells, such as dendritic cells and macrophages, and it is known to
interact with bacterial lipoproteins. Upon agonist engagement with TLR2, a
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TIRAP/MyD88 activation pathway is initiated which results in transcription of
several inflammatory genes.1? This receptor is often expressed as a heterodimer in
combination with TLR1 or TLR6.13

Synthetic vaccines comprising TLR2 ligands have been shown to induce strong
immune responses. In 2014, PamsCysSKs, a TLR2/TLR1 ligand, was covalently
attached to melanoma or lymphoma tumor derived epitopes and shown to promote
CD4+and CD8*T cell responses, which correlated with in vivo anti-tumor activity.14
In 2016, the same research group employed UPam (also known as Amplivant), also
a TLR2/TLR1 ligand, in the form of a synthetic conjugate to stimulate human
monocyte-derived dendritic cells and specifically activate cancer patient-derived T
cells.t> Most importantly, pulmonary immunization of C57BL/6 mice using the
TLR2/TLR6 ligand Lipokel (a derivative of PamzCys linked to the Ni2*-chelating
entity 3NTA) conjugated to Mtb-derived proteins was shown to provide protection
after low dose Mtb challenge (100 CFU), while inducing IFN-y* T lymphocytes and
IgG antibodies.16

Given its enhanced immune-stimulatory ability as compared to the more popular
PamsCysSKs adjuvant, UPam was chosen for the construction of the conjugates
described in the present chapter.l” This compound can be easily conjugated to SLPs
using a synthetic strategy that involves exclusively the use of solid phase synthesis,
which is a common methodology employed for the generation of SLPs. Compared to
the more classical wet chemistry methods, solid phase synthesis offers several
advantages, including simplicity and speed (since all reactions are carried out in a
single reaction vessel), efficiency and cost-effectiveness (since it can easily be
automated and the large losses normally encountered during isolation and
purification of intermediates are reduced).!8

The chosen Mtb-derived SLPs used for conjugation to UPam are HLA-DR3 binding
peptide sequences, with HLA-DR3 being a major class Il allele that is present in about
20% of the human population.1® The selected peptides were shown to be presented
to HLA-DR3 restricted T cells in humans or in transgenic mice.20-23 They belong to
either the Rv1733c or Rv2034 proteins, expressed during latent and inflammatory
pulmonary infection, respectively. These two proteins were both shown to be
strongly recognized by T cells from mycobacteria-exposed individuals.2425 The in
vivo vaccine potential of Rv1733c- and Rv2034-derived synthetic long peptides,
administered subcutaneously to HLA-DR3/Ab® mice in admixture with a toll-like
receptor 9 (TLR9) agonist, has been previously shown.21.22

In the present study, three conjugates containing UPam covalently linked to the p57
peptide (Rv1733c a.a. 57-84), p31 peptide (Rv2034 a.a. 31-60) and the p75 peptide
(Rv2034 a.a. 75-105) were synthesized. It was demonstrated that these synthetic
compounds induced strong immune responses in vitro using human antigen-
presenting cells. Most importantly, the vaccine potential of the p57-UPam conjugate
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was revealed in a preliminary study following challenge of HLA-DR3 transgenic mice
with live Mtb, which resulted in a significant reduction of the bacterial load in the
spleen of vaccinated mice. This finding correlated with the induction of a Th17
cellular response and strong antibody titers in vivo.

Synthetic conjugates containing covalently attached to
adjuvant antigen
N HQOK 4 conjugate-induced in vivo responses
lrs; SKKKK .w
\/\/\/\/\/\/\/\"ﬁ Z
9

PPN NN NN N
in vivo

peptide p57 (Rv1733c - a.a. 57-84)

........ = peplide p31 (Rv2034 - a.a. 31-60)
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Figure 1 - Visual representation of synthetic conjugates generated and key immunological assays
performed. Three conjugates were synthesized using in-line solid phase peptide synthesis, containing a
TLR2 ligand (UPam) and one of three peptides contained in either Rv1733c or Rv2034 Mtb-derived
protein. The three conjugates were assayed for their ability to activate human antigen-presenting cells
(monocyte-derived dendritic cells and macrophages type 1 and 2) in vitro. One selected conjugate was
further studied for its ability to induce humoral and cellular responses in vivo, and was shown to
significantly reduce the bacterial load in the spleen of immunized mice that were live Mtb challenged.

Results

Synthesis of peptides and conjugates

The peptides were synthesized using standard Fmoc automated solid-phase
synthesis. The use of pseudoproline derivatives for the generation of the p57 and p75
peptides was chosen to minimize aggregation during the stepwise assembly of these
two hydrophobic peptides. The resulting yields after HPLC purification (12.1 and
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14.1% for the p57 and p75 peptides, respectively) were comparable to that
calculated for the water-soluble p31 peptide (12.0%). Synthesis of the peptide-UPam
conjugates was performed according to an inline solid-phase synthetic protocol. In
summary, the peptide was generated by Fmoc automated solid-phase synthesis and,
without cleavage from the resin, it was immediately elongated with a known cysteine
derivative (see materials and methods section) in the presence of oxyma pure and
DIC. Subsequent washing and Fmoc-removal steps were followed by treatment with
tetradecyl isocyanate to complete synthesis of UPam moiety. The conjugate was then
cleaved from the resin and simultaneously deprotected. The p57, p31 and p75 UPam
conjugates were obtained with overall yields of 3.3, 7.3 and 2.8%, respectively, after
HPLC purification.

Dynamic light scattering measurements

The peptides have different physicochemical properties, including a different net
charge at pH 7 and different water solubility. As determined using dynamic light
scattering (DLS), the p57 peptide forms nanoparticles with hydrodynamic diameter
of 170 nm and very low polydispersity index (PDI), peptide p31 forms nanoparticles
with hydrodynamic diameter of 238 nm and intermediate PDI, peptide p75 forms
bigger nanoparticles with hydrodynamic diameter of 986 nm and very high PDI.

Table 1 - Dynamic light scattering measurements for peptides in deionized water (20 uM):

net charge at pH 7* particle size (nm) PDI derived countrate
(kcps)
pept. p57 2.3 170 0.062 4658
pept. p31 3.1 238 0.200 52%*
pept. p75 -1 986 0.402 705

*calculated using Pepcalc.com prediction software

**The good water solubility of peptide p31, as predicted using Pepcalc.com, may be responsible for the
low derived count rate calculated using the zetasizer software v7.13 (Malvern Panalytical).

In vitro evaluation using TLRZ ligand-peptide conjugates

The commercially available HEK-293-hTLR2 and HEK-null cell lines were used to
probe binding of p57-UPam, p31-UPam and p75-UPam conjugates. The HEK-293-
hTLR2 cell line is a reporter cell line transfected to over-express human TLR2
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protein, while the HEK-null cell line is the not-transfected negative control cell line.*
HEK-293-hTLR2 cells were stimulated with ligands able to engage the TLR2 receptor
and responses determined by measuring the release of IL-8 in the cell supernatant
by ELISA. The free UPam adjuvant was used as a positive control, and a reference
dose-response curve using this compound was generated. After 20 hours of
stimulation of HEK-293-hTLR2 cells all three synthetic conjugated peptides induced
production of IL-8 in a concentration dependent manner, as shown in Figure 2. The
p31-UPam conjugate induced response that closely paralleled the physiological
response to free UPam adjuvant. The responses induced by the p57-UPam and p75-
UPam conjugates were lower than that of UPam, but significantly higher than the
background. The absence of any detectable amount of IL-8 in the cell supernatant of
HEK-null cells stimulated with UPam or conjugates (data not shown) confirmed that
the responses were strictly TLR2 dependent.

HEK-293 hTLR-2

8
—+— UPam --@- p57-UPam conj. —— medium —o— pept. p31
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Figure 2 - Amount of IL-8 released by HEK-293 hTLR2 cells as a measure of TLR2 activation. HEK-
293 cells expressing human TLR2 were stimulated with soluble UPam adjuvant, free peptides or UPam-
conjugated peptides for 20h. HEK-293 null cells, not transfected with human TLR2, were used as negative
control cell line and stimulated according to the same protocol as HEK-293 hTLR2 cells. NF-kB activation
was determined by measuring secreted IL-8 in the cell supernatants by ELISA. Dots represent mean + SEM
of duplicates from two independent experiments. Curves were interpolated using a non-linear regression
model with 4 parameters as calculated using GraphPad Prism software.

1 Both cell lines express TLR1, a receptor which can form heterodimers with TLR2.
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To further evaluate the TLR2 ligand-peptide conjugates, monocytes were isolated
from healthy human donors, differentiated into dendritic cells (GM-CSF/IL-4),
macrophages type 1 (GM-CSF) or macrophages type 2 (M-CSF). As quality control,
their archetypical cell surface marker phenotypes were characterized by CD1a,
CD14, CD11b and CD163 expression.2627 These antigen-presenting cells were then
stimulated for 24 hours using synthetic conjugates, free peptides or free UPam
adjuvant. Lipopolysaccharide (LPS) was used as positive control. Cells were assayed
for the expression of activation markers, T cell co-stimulatory molecules and MHC-II
molecules using flowcytometry. Furthermore, cell supernatants were analyzed via
ELISA to determine the level of IL-12p40 and IL-10 cytokines.

The three conjugates, the UPam adjuvant and the LPS control were able to activate
both dendritic cells and macrophages. The median fluorescence intensity (MFI), as
obtained from flow cytometry measurements, displayed in Figure 3 for one selected
cell surface marker per cell type, exemplifies the extent of cellular activation
(histograms for CD80, CD83, CD86 and MHC-II are shown in the supporting Figures
S1, S2 and S3). Free UPam and all conjugates induced upregulation of CD86 on the
cell surface of monocyte-derived dendritic cells (moDCs) and upregulation of CD80
on macrophages in a dose dependent manner, while corresponding free peptides
neither promoted activation nor enhanced the expression of these markers.

Cell activation induced by UPam and synthetic conjugates was confirmed by analysis
of cytokine levels in the supernatant of tested antigen-presenting cells (see Figure
4). In this analysis, it was observed that the p57-UPam and p75-UPam conjugate
stimulated dendritic cells to release higher amounts of IL-12p40 (with mean values
of 47 and 27 ng/ml respectively) and IL-10 (with mean values of approximately 1.1
ng/ml for both) at their highest experimental concentration (20 puM), when
compared to the p31-UPam conjugate (mean values of 1.5 ng/ml IL-12p40 and 0.1
ng/ml IL-10). Cell viability was measured by flow cytometry, and no difference was
observed between the p31-UPam conjugate and UPam. Nevertheless, a higher
amount of cytokines was detected in the case of cell stimulation using the
intermediate concentration of the p31-UPam conjugate as compared to the 20 uM
concentration. As expected, the unconjugated peptides did not induce cytokine
production.

Stimulation of macrophages type 1 with the UPam adjuvant or the conjugates
resulted in production of only IL-12p40, as expected, with mean values ranging from
0.3 to 2.1 ng/ml, while stimulation of macrophages type 2 as expected resulted in
production of only IL-10, with mean values ranging from 0.5 to 3.0 ng/ml.
Stimulation with unconjugated peptides did not induce any detectable amount of
tested cytokines.
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Figure 3 - Expression of selected activation markers by APCs stimulated with UPam conjugates and
controls. Human monocyte-derived DCs, M1 and M2 cells were stimulated with soluble UPam adjuvant,
free peptides or UPam-conjugated peptides for 24h. Expression levels of activation and T cell co-
stimulatory markers were measured by flow cytometry. Bar plots represent the mean value + SD (n = 3
donors) of the median fluorescence intensity (MFI) of selected surface markers, as calculated using
GraphPad Prism. LPS was used as a positive control. (A) MFI of the CD86 activation marker on human
dendritic cells; (B) MFI of the CD80 co-stimulatory marker on human macrophages type 1; (C) MFI of the
CD80 co-stimulatory marker on human macrophages type 2.
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Figure 4 - Cytokine production profile of human monocyte-derived APCs stimulated for 24 hours
with single adjuvant, free peptides or UPam-conjugated peptides thereof as measured by ELISA.
LPS (20 ng/ml) was used as a positive control. Bar graph indicate the amount of IL-10 and IL-12p40
detected in the supernatant of macrophages and dendritic cells. No IL-10 was detected in the cell
supernatant of macrophages type 1, and no IL-12p40 was detected in the cell supernatant of macrophages
type 2 (data not shown). Error bars represent mean + SD of duplicates from three donors as calculated
using GraphPad Prism.

To study unwarranted possible inhibitory effects of conjugation on antigen-
presentation by human antigen presenting cells, on PBMC’s or GM-CSF/IL-4
differentiated monocyte-derived dendritic cells, T cell assays were performed,
measuring activation through proliferation by [3H]-thymidine incorporation.
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Figure 5 - Antigen-presentation to T cells. The experiment was performed by co-culturing T cells with
HLA class Il matched moDCs or PBMCs in the presence of the Rv2034 peptide p75 or p75-UPam conjugate.
The T cell clone used in this study is specific for the Rv2034 p75 peptide, Rv2034 p31 peptide was used
as a negative control. T cell proliferation was measured after 96 hour peptide stimulation using
[3H]thymidine incorporation and is expressed as counts per minute (cpm). Values represent mean + SD of
triplicate measurements from a representative experiment, as calculated using GraphPad Prism.

The HLA-DR3 restricted CD4* T cell clone specific for the Mtbh antigen Rv2034
(peptide 81-100), was cocultured with antigen-presenting cells in the presence of
free p75 peptide or UPam-conjugated p75 peptide. Additionally, the p31 peptide
originating from the same Rv2034 protein and its UPam conjugate were included in
the assay as negative controls (Figure 5).

The p75-UPam conjugate induced a dose-dependent T cell proliferation when
presented to the CD4+ T cell clone by HLA-DR matched APCs, as shown in Figure 5.
Stimulation with p75-UPam conjugate showed comparable T cell proliferation levels
as from p75 peptide stimulation for both PBMCs and DCs as antigen-presenting cells.

In vivo evaluation using TLR2 ligand-peptide

An HLA-DR3 transgenic mouse model, genetically lacking expression of murine MHC
class II (I-A) molecules (HLA-DR3/Ab®) has been previously used for in vivo
induction of HLA-DR3 restricted Rv1733c derived p57 peptide specific T cell
responses using subcutaneous (s.c.) SLP vaccination.2228 Here, this model was used
to evaluate the in vivo immunogenicity of the p57-UPam conjugate compared to an
equimolar mixture of unconjugated p57 peptide and UPam adjuvant. Intracellular
[FN-y, TNF-a and IL-17 production by CD4+ CD44* T cells was measured by flow-
cytometry after in vitro stimulation of splenocytes with either the p57 peptide
antigen or with the original recombinant Mtb Rv1733c protein. The expression of
CD44 was used as a marker of T cell activation. After antigen encounter, T cells
rapidly up-regulate CD44 and its expression is also maintained in memory T cells.2?

128




Chapter 4

Naive group pept. p57 p57-UPam +p(§|gty;1$§;6
15 + UPam conjugate 80
+ +
3 $ wEw
3 3 o
o o
b4 T « ? 60+ :
X 10 ; * 2
[m)] o : o
o o *
+ r + 40+ r
i | o N
P4 5 E o Z
= s - 20+ i
[ ? 3 % Poe [
o] [©0) H o [e]
= o ; =
3 e o | gR 2 18
S 07171 T T T T T 1 S 0T
. t. p57
Naive group pept. p57 p57-UPam pep
+ UPam conjugate + ODN1826
% 5 :1- 15 *%
3 1 2
[m)] 4 S L o
2 : -
< < 10
0 34 - [m)]
O o
+ * r
N~ * It
A 2 3 -~
4 o ° 4 5
o (o] -
T14 oo 8 — 9 ol b S|
5 | %% | g 5
R lgo g o=° =
O— 77— T T T T T T T O——T—71
Naive group pept. p57 pept. p57-Upam +p§gt’.\‘;1>g;6
25 + Upam conjugate 80
+ - +
ol % *kkk
2 2
O 2.0 L [&) L
+ +
3 3
o 1.5+ o
e I t r
= 1.0 =
o o
I I
o =i
IS X
S N

Figure 6 - Intracellular cytokine production by splenic T cells. Intracellular IL-17, TNF-a and IFN-y
production by CD4+CD44* T cells was measured via flow-cytometry after in vitro stimulation of
splenocytes with either peptide p57 (5 pg/ml) or Rv1733c recombinant protein (5 pg/ml). Mice (n=6)
were injected three times with either PBS as negative control, peptide p57 (40 nmol) in admixture with
ODN1826 (8 nmol) as positive control, peptide p57 (40 nmol) in admixture with UPam adjuvant (40 nmol)
or peptide p57-UPam conjugate (40 nmol). Splenocytes were obtained two weeks after the last
immunization. Statistical significance was calculated using a paired t-test as calculated with GraphPad
Prism software (****p < 0.0001, **p < 0.01, *p < 0.05).
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T cells from mice immunized with the p57-UPam conjugate were responsive to both
the reference peptide p57 and to the Rv1733c recombinant protein ex vivo, as
indicated by the significant increase in percentage of 1L-17+CD4+CD44+* and TNF-
a*CD4+CD44+ T cells (see Figure 6). Although a similar trend could be observed for
the group of mice immunized with a mixture of peptide p57 with UPam, the results
were not statistically significant. The group immunized with a mixture of peptide p57
with ODN1826 was used as positive control for the experiment, as it has been
previously shown this to induce strong Th1 responses. This was here confirmed by
the detection of significant numbers of IFN-y*CD4+CD44+ T cells by intracellular
cytokine staining analysis for spleen of mice immunized with positive control.
However, neither of the two UPam treatments induced expansion of IFN-y positive T
cells upon ex vivo antigen re-encounter, as shown in Figure 6.

Antigen specific total Ig antibodies were detected in the sera of mice immunized with
either p57/adjuvant mixture or p57-UPam conjugate. The results revealed
significantly higher antibody titers following vaccination with the conjugate (see
Figure 7) compared to the unconjugated mixture, suggesting superior
immunogenicity of the conjugated p57.
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Figure 7 - Antibody production in the sera of immunized mice. Measurement of antigen-specific total
Ig antibodies from sera of mice (n=6) immunized with peptide p57-UPam conjugate (40 nmol), peptide
p57 (40 nmol) in admixture with UPam adjuvant (40 nmol) or treated with PBS only (naive group). Plate-
bound peptide p57 antigen was used for the Ig antibodies assay. (A) Box plots representing absorbance
(0D450) corresponding to amount of antigen-specific total Ig antibodies and measured for sera diluted
10 times (n = 5 for naive, n = 6 for the other groups). Statistical significance was calculated using unpaired
t-test as calculated with GraphPad Prism software (****p < 0.0001, *p < 0.05). (B) Dose-response dot plots
representing mean + SEM of absorbance measurements of the antigen-specific total Ig antibodies from 5
or 6 mice as calculated using GraphPad Prism.
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Figure 8 - Antibody subtypes in murine sera. Measurement of antigen-specific antibody isotypes from
serum of mice (n=6) immunized with peptide p57-UPam conjugate or peptide p57 plus UPam mixture.
Antigen-specific antibodies were measured using plate-bound peptide p57 or recombinant protein
(Rv1733c). Mean data from sera of all mice (n=6 for peptide p57-UPam conjugate immunization; n=4 for
peptide p57 plus UPam mixture) are shown. Curves were interpolated using a non-linear regression
model with 4 parameters as calculated using GraphPad Prism. Data from the sera of each mouse are shown
in the supplementary information.

Subsequent comparison of antibody titers between the two groups indicated a highly
diversifying response between vaccination with the p57-UPam conjugate and
unconjugated p57 with UPam. As shown in Figure 8, p57-UPam conjugate
immunization induced antigen-specific 1gG1, 1gG2a, 1gG2b, IgG2c, IgG3 and IgM
recognizing not only the synthetic peptide, but also the Rv1733c recombinant
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protein. This diversified antibody response was detected for all immunized mice. For
comparative purposes, antibody subtypes in mice immunized using the mixture of
peptide with adjuvant are also depicted in Figure 8. In this case, only four out of six
mice vaccinated with the mixture of peptide with UPam developed antigen-specific
Ig antibodies and the response was less diverse, with IgG1, [gG2b and IgM as main
subtypes present in sera of mixture immunized mice. Thus, conjugation of p57 to
UPam strikingly enhances its immunogenicity and also impacts the quality of the
antibody subclass responses.

The vaccine potential of the p57-UPam conjugate was further evaluated in a
prophylactic vaccination / Mtb challenge model using the same HLA-DR3 transgenic
mouse model. Following a vaccination with BCG as positive control, or three times
p57 with 2 weeks intervals, as described in the materials and methods section, mice
were intranasally infected with 105> Mtb H37Rv. Six weeks later the spleen and lungs
of infected mice were analyzed to determine the bacterial load by enumeration of the
colony forming unit (CFU). Immunization with peptide p57 or UPam alone did not
significantly reduce the CFU load in the spleen nor in the lungs (see Figure 9). As
additional positive control next to BCG, vaccination with peptide p57 and ODN1826
was studied.
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Figure 9 - Bacterial load in the spleen of immunized mice. Protective efficacy against Mtb in the spleen
of mice that were immunized s.c. for 3 times with 2 weeks interval. Mice (n=6) were immunized with a
mixture of peptide p57 (40 nmol) with ODN1826 (50 pg/ml) as adjuvant control, peptide p57-UPam
conjugate (40 nmol) or mice (n=3) were treated with UPam adjuvant (40 nmol) or peptide p57 (40 nmol).
Six weeks later, the mice were challenged intranasally with Mtb H37Rv (10> CFU). Alternatively, the mice
received 106 CFU BCG s.c. 12 weeks before challenge. Colonies in lungs (data not shown) and spleen were
counted after 3 weeks of incubation at 37°C. Statistical significance with reference to the naive group was
determined by ANOVA with Tukey’s multiple comparisons test (****p < 0.0001, ***p < 0.001). Box plots
were generated using GraphPad Prism.
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While BCG vaccination induced a significant reduction of the CFU in both the spleen
and the lungs, immunization with peptide and ODN1826 did not, despite its
impressive induction of T cell immunity (Figures 64, 6B). In contrast, immunization
with the p57-UPam conjugate resulted in a significant decrease in the number of CFU
in the spleen of vaccinated mice, indicative of a systemic immune response to this
construct that was conjugation dependent (since neither free p57 peptide nor free
adjuvant were effective), and involving both T cells as well as strong antibody
induction.

Discussion

Mycobacterium tuberculosis remains one of the deadliest pathogens worldwide. The
only currently available vaccine, BCG, presents several limitations including its
failure to induce robust and consistent protection.3031 Additionally, the burden of TB
is especially afflicting populations in countries with fragile or developing economies
The discovery of efficient synthetic vaccines against TB would hold promise of
inexpensive and accessible vaccine for everyone. Despite their ease of
manufacturing, versatility and improved safety profile as compared to inactivated or
attenuated live vaccines, it was not until 2020 that two synthetic vaccines received
their first historic emergency use authorization, with the liposomal mRNA vaccines
against SARS-CoV-2 by BioNtech/Pfizer and Moderna.3432-34 One of the reasons for
the delayed commercialization of fully synthetic vaccines is that their development
has started later than that of attenuated/inactivated vaccines; another being the
modest, yet growing, body of data available on the immune mechanisms of action
involved in protection.35-38 In general terms, rational design of fully synthetic
vaccines requires the selection of relevant targets, the definition of a strategy to
preserve/enhance immunogenicity of the synthetic molecule which acts on the
selected target, and the verification of its mode of action. The present study provides
evidence for the potential of rationally designed synthetic vaccines to induce
protective immunity within the context of Mtb infection.

The conjugates here presented are designed to target human antigen-presenting
cells in a TLR2-dependent manner. Previous studies have shown the beneficial effect
of using TLR2 agonists to the induction of strong cellular immune responses,
correlated to the reduction of tumor growth in vivo or protection against Mtb.1639 In
this context, the immune-stimulatory potential of conjugates containing the
TLR2/TLR1 ligand UPam covalently linked to one of the three following peptides was
assessed: the p57 peptide (Rv1733ca.a. 57-84) for in vivo mouse studies, p31 peptide
(Rv2034 a.a. 31-60) and the p75 peptide (Rv2034 a.a. 75-105) for in vitro human
studies. This strategy allowed for co-delivery of antigen and adjuvant, which has
been shown to improve immunogenicity as compared to delivering the two
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separately, with the possibility to modify the chemical structure by linking additional
moieties to increase immunogenicity or modulate solubility.*® Additionally, synthetic
conjugate vaccines can be generated with high purity and homogeneity. However,
this strategy presents the risk of loss of immune-stimulatory potential of the
adjuvant after conjugation to the peptide, or the impairment of antigen-presentation.

Despite the big differences in physicochemical properties of the three peptides
selected in this study?, it is shown that all generated conjugates retain the ability to
interact with the TLR2 receptor. Using a HEK-293 cell line over-expressing human
TLR2, the extent of binding of the novel conjugates to the receptor was assessed.
Differences in potency and efficacy of binding were observed, possibly reflecting the
different physicochemical properties of the three conjugates.

Typically, synthetic long peptides require processing through antigen-presenting
cells for presentation to cognate T cell. To verify that conjugation did not affect APC
processing, a human Rv2034-specific CD4* T cell clone that recognizes the epitope
within the p75-UPam conjugate was employed for T cell proliferation and activation
studies.

Comparable T cell proliferation levels were observed upon stimulation of monocytes,
or alternatively dendritic cells, loaded with the p57-UPam conjugate or with the
corresponding free SLP peptide. This observation was supported by flow cytometry
analysis of the demonstrating increased expression levels of CD154 and IFN-y by
CD4+ T cells. These studies indicated that the efficacy of antigen-presentation was
not impaired by conjugation of the p75 peptide to UPam. A similar finding was
reported by Zom et al. in 2016, where the HPV16-specific CD4+ T cell clones were
activated by peptide and UPam-conjugate to a comparable extent.1>

The immune-stimulatory potential of the three conjugates was assessed in vitro by
stimulating human monocyte-derived dendritic cells and macrophages (type 1 and
type 2), and analyzing activation and T cell costimulatory markers together with
production of the IL-12 and IL-10 cytokines.

Previous reports have indicated the presence of both IL-12 and IL-10 in the
supernatant from moDCs stimulated with various TLR2 ligands.15> While the role of
[L-12 has been unequivocally defined as pivotal in the induction of pro-inflammatory
responses and specific cellular immunity, that of IL-10 mostly confers
anti-inflammatory and regulatory activity.41-43

As expected, stimulation of moDCs resulted in production of IL-12p40 and IL-10
cytokines. A relatively higher production of IL-12p40 was detected upon stimulation
with two of the three conjugates (p57-UPam and p75-UPam) as compared to the
other (p31-UPam conjugate), with the highest cytokine levels induced by the

2 See their diverse predicted net charge, solubility and by the measurement of their hydrodynamic
diameter (Table 1).
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p57-UPam conjugate. A similar observation was indeed reported for conjugates
containing the same adjuvant but different peptides.!> This was not the case for the
level of IL-10, which was produced in similar amounts across conjugate groups. It is
additionally reported that IL-12 and IL-10 were released upon stimulation of
macrophages type 1 and type 2, respectively, providing further evidence for the
ability of these constructs to induce activation of these important cell types.

Interestingly, the p31-UPam conjugate induced an unconventional dose-response
effect as compared to the UPam and to the other conjugates. It is highly unlikely that
cell death caused the observed difference in response, as cell viability for moDCs
treated with this conjugate was not different than with UPam alone. These results
could be related, instead, to the different physicochemical properties of the peptides
that are included in such constructs.

Additionally, this chapter reports evidence that free UPam and conjugates induced
upregulation of CD86 on the cell surface of moDCs and upregulation of CD80 on
macrophages in a dose dependent manner, while corresponding free peptides
neither promoted activation nor enhanced the expression of these markers.

The in vivo immunogenicity of the p57-UPam conjugate was determined using an
HLA-DR3/Ab? transgenic mouse model. Subcutaneous immunization with the
conjugate was compared to immunization with an equimolar mixture of peptide and
UPam. Additionally, a mixture of peptide with the TLR9 ligand ODN1826 was used
as positive control, with previous work showing that this combination induced a
Th1l-polarized cellular response in vivo.21.22

Mice were immunized three times on a two weeks interval schedule, and, two weeks
after the last immunization, draining lymph nodes and splenocytes were examined
for CD4+ T cell responses both ex vivo and after antigen restimulation. Evidence of
the beneficial effect of CD4* T cell responses in containment of Mtb have been
extensively provided in the last years, with a strong focus on Th1/Th17 polarized
cellular responses.*44> More recently a renewed interest in the interplay between
cellular, humoral and innate immune responses has been leading the scientific
discussion in the field of vaccine development.#6-48 Therefore, in addition to the
determination of T cell responses, the murine sera from the immunization studies
were analyzed for the presence of antigen-specific antibodies.

As expected for the positive control, polyfunctional CD4+ IFN-y* TNF-a* T cell
responses were detected in mice vaccinated with the reference peptide plus
ODN1826 mixture. TNF-a* and IL-17+ CD4+ T cell responses were also identified in
mice immunized with either p57-UPam conjugate or mixture of p57 peptide plus
UPam, indicating the development of a Th17 polarized cellular immune response.
The significance of Th17 immunity for protection against Mtb is somewhat debated,
with studies supporting its beneficial effect during early phases of mycobacterial
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infection, and others indicating that it might lead to increased immunopathology and
tissue destruction.*9-51

Nevertheless, in addition to the CD4* T cell responses, the UPam conjugate induced
very strong antibody responses, with multiple antigen-specific IgG subtypes found in
sera of vaccinated mice. As opposed to mice vaccinated with the mixture of peptide
plus UPam, where only IgG1 and IgG2b antibodies were found, mice vaccinated with
the conjugate developed high titer IgG1, IgG2a, IgG2b, IgG2c and IgG3 antigen-
specific antibodies. Importantly, high antibody titers against the cell lysate from
heat-killed Mtb were detected in the case of IgG1 and IgG2b subtypes found in the
sera of mice vaccinated with the conjugate. Traditionally, murine IgG1 are associated
with a Th2 polarized immune response, while IgG2b antibodies are thought to be
derived from T cell independent responses.52-54 In 2016 Collins suggested a model of
murine IgG function, called the quartet model, to integrate the beneficial effect of co-
expression of different IgG subclasses. As formulated in Collins’ paper, IgG3 and
IgG2b antibody subclasses would play an important role in the early immune
response, when cellular immune responses are slowly building up. In the specific,
Collins underlined that IgG3 antibodies are associated with complement fixation, and
IgG2b antibodies with early FcyR-mediated effector functions. On the other hand,
IgG2a and IgGl antibodies, which are defined as two murine T cell-mediated
subclasses, would come into play in late immune responses. In fact, I[gG2a has been
shown to be involved both in complement fixation and late FcyR-mediated effector
functions. Although the role of IgG1 in immune protection is currently debated, due
to its inability to fix complement and its binding to the inhibitory FcyRIIb receptor,
Collins suggested that it could well be involved in limiting inflammation and
immunopathology. 55

Perhaps the most important evidence supporting vaccine efficacy of the UPam
conjugate was obtained in the murine in vivo Mtb challenge model, in which
immunized mice were exposed to a high dose (105 CFU) of Mtb intranasally. The
significant reduction in bacterial load in the spleen of conjugate-immunized mice
was indicative of a systemic immune response, with significantly better results
obtained for this treatment as compared to both the unconjugated peptide/UPam
mixture, as well as the unconjugated peptide mixed with ODN1826. In 2019,
Ashhurst et al published a study showing that intranasal immunization using a
Pam:Cys-peptide conjugate was superior to subcutaneous immunization, by
inducing stronger Th17 cellular responses and providing better protection against
mycobacterial infection.5¢ As opposed to the experiments reported in this chapter,
which employ a TLR2/TLR1 ligand, their experiments were performed using a
TLR2/TLR6 adjuvant, lower dose (102 CFU) nasal Mtb infection and a different
oligopeptide. Nevertheless, their promising results, where protection against Mtb is
evident also in the lung of vaccinated mice, further supports the potential of synthetic
conjugates containing toll-like receptor ligands for the development of novel
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vaccines against TB. Their research, published after the execution of the experiments
reported in this chapter, combined with the reported observations, provides useful
insights for possible next steps such as to assess the vaccine potential of the p57-
UPam conjugate as intranasal vaccine and the development of second-generation
synthetic conjugates including additional (synergistic) adjuvants and/or epitopes
that can be presented by multiple HLA class II cell molecules.

Conclusion

In search for an effective conjugate vaccine against tuberculosis, a panel of three
synthetic conjugates containing a TLR2 ligand covalently attached to one of three
antigenic peptides was designed (p57 from the Mtb Rv1733c protein, p31 and p75
from the Rv2034 protein). In the present study, it is reported that these conjugates
induced activation and maturation of human monocyte-derived dendritic cells in
vitro, with production of IL-12p40 and IL-10 cytokines. Moreover, they were able to
activate human monocyte-derived macrophages type 1 and type 2 yielding similar
activation profiles to those of the adjuvant alone, an indication that the adjuvanticity
of the TLR2 ligand was preserved even when the adjuvant was covalently linked to
the peptide. Importantly, peptide antigen processing by monocytes and dendritic
cells, and presentation to T lymphocytes were not impaired by conjugation, as
determined by in vitro T cell antigen presentation experiments with a Mtb Rv2034-
specific human CD4+* T cell clone. To further assess the vaccine potential of the new
conjugates, in vivo subcutaneous immunization experiments were performed in mice
using one of the three constructs as a proof of concept. Comparison of cellular and
humoral immunity elicited in response to this conjugate and in response to the
mixture of peptide with adjuvant indicated the superior efficacy of the synthetic
conjugate strategy when compared to the mixture. Vaccination with the conjugate
resulted in a strong Th17 cellular response and multifunctional T lymphocytes in the
spleen, in addition to the presence of several diverse subtypes of peptide-specific IgG
antibodies in sera. Finally, immunization with this construct induced a significant
reduction of the bacterial load in the spleen of intranasally Mtb challenged mice, not
seen in response to the unconjugated components. These data suggest a promising
role for TLR2 ligand-peptide synthetic conjugates as a novel TB vaccine approach.
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Materials and methods

Synthetic methods

Materials and methods for the synthesis of peptides and conjugates

Description of materials, analytical tools and general synthetic methods are provided in the
“Materials for the synthesis of peptides and conjugates” and “General methods for the
synthesis of peptides” sections of Chapter 3.

p57 peptide: Ile-Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-Ala-Val-GIn-Asp-Ser-Arg-Ser-His-Val-
Tyr-Ala-His-GIn-Ala-GIn-Thr-Arg- His-Pro-NHz

The p57 peptide was synthesized according to the general procedure for peptide synthesis
described above. Pseudoproline dipeptides Fmoc-Asp(OtBu)-Ser(yMe,Mepro)-OH and Fmoc-
Gly-Thr(yMe,Mepro)-OH were employed to enhance synthetic efficiency. Purification by RP-
HPLC (linear gradient 20—30% B in 10 min) followed by lyophilization yielded the p57
peptide as a white powder (90.4 mg, 30.26 umol, 12.1% yield based on theoretical resin
loading of 0.23 mmol/g). LC-MS analysis (C18 column, linear gradient 10-90% B, 11 min): Rt
= 3.571 min, ESI-MS [M+H]?* = 1494.3 found, 1493.8 calculated. MALDI-TOF [M+H]*:
2986.4517 found, 2986.5143 calculated.

p31 peptide: Leu-Ala-Val-Gly-Glu-Leu-Ala-Arg-Asp-Leu-Pro-Val-Ser-Arg-Pro-Ala-Val-Ser-
GIn-His-Leu-Lys-Val-Leu-Lys-Thr-Ala-Arg-Leu-Val

The p31 peptide was synthesized according to the general procedure for peptide synthesis
described above. TentaGel™ S PHB-Val-Fmoc resin was used in place of TentaGel® S RAM.
Purification by RP-HPLC (linear gradient 20—35% B in 10 min) followed by lyophilization
yielded the p31 peptide as a white powder (3.9 mg, 1.20 pumol, 12.0% yield based on
theoretical resin loading of 0.19 mmol/g). LC-MS analysis (C18 column, linear gradient 10 —
50% B, 11 min): Rt = 5.895 min, ESI-MS [M+H]2* = 1619.5 found, 1618.5 calculated. MALDI-
TOF [M+H]*: 3237.425 found, 3236.932 calculated.

p75 peptide: Thr-Gly-Leu-Ala-Ala-Leu-Arg-Thr-Asp-Leu-Asp-Arg-Phe-Trp-Thr-Arg-Ala-
Leu-Thr-Gly-Tyr-Ala-GIn-Leu-Ile-Asp-Ser-Glu-Gly-Asp-NHz

The p75 peptide was synthesized according to the general procedure for peptide synthesis
described above. Pseudoproline dipeptides Fmoc-Asp(OtBu)-Ser(yMe,Mepro)-OH and Fmoc-
Leu-Thr(yMe,Mepro)-OH were employed to enhance synthetic efficiency. Purification by RP-
HPLC (linear gradient 30—45% B in 10 min) followed by lyophilization yielded the p75
peptide as a white powder (11.7 mg, 3.53 umol, 14.1% yield based on theoretical resin loading
of 0.23 mmol/g). LC-MS analysis (C18 column, linear gradient 10-90% B, 11 min): Rt = 5.508
min, ESI-MS [M+H]2+ = 1663.4 found, 1662.9 calculated. MALDI-TOF [M+H]+*: 3325.092 found,
3324.693 calculated.

UPam (Amplivant) synthesis

Compound UPam was synthesized according to published protocol and analytical data were
in agreement with those published in the literature.l”

138




Chapter 4

General methods for UPam-conjugates synthesis

Peptide sequence was synthesized according to the general procedure for peptide synthesis
described in Chapter 3. After completion of all the synthetic cycles, the peptide was not cleaved
from the resin. Instead, the resin was treated with a 0.1 M stock solution of Fmoc-Cys((RS)-
2,3-di(palimitoyloxy)-propyl)-OH (2eq) and in the presence of oxyma pure (1 M, 1 eq) and DIC
(0.5M, 1 eq), with the reaction being performed overnight at RT. After NMP and DCM washes,
the resin was swelled in a mixture of DCM/NMP 2:1 and treated with 20% piperidine in NMP
(3 times, 5 minutes) to remove Fmoc protecting groups. After NMP wash the resin was
suspended in DCM/NMP 1:1 (1 ml per 10 umol resin) and treated with tetradecyl isocyanate
(25 ul per 25 pmol resin). The mixture was reacted for 6 hours at RT, washed with NMP and
DCM and air dried. The resin was then treated for 1 hour and 30 minutes with a TFA/TIS/H20
(38:1:1, v/v/v) cleavage cocktail (5 ml/100 umol scale reaction). The reaction mixture
containing the cleaved peptide was filtered into cold Et20/pentane (1/1, v/v) (50 mL/1 ml
cleavage cocktail) and the resin was washed with 1 mL TFA (2 times) into the cold
Et20/pentane solution. The solution was stored in a -20°C freezer for 2 hours, then centrifuged
(10 minutes, 4400 rpm, 3 x g); finally, the supernatant was discarded and the precipitate was
purified via RP-HPLC.

p57-UPam conjugate: UPam-Ser-Lys-Lys-Lys-Lys-Ile-Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-
Ala-Val-GIn-Asp-Ser-Arg-Ser-His-Val-Tyr-Ala-His-GIn-Ala-GIn-Thr-Arg-His-Pro-NH:

Purification by RP-HPLC (C4 column, linear gradient 50-90% B in 10 min) followed by
lyophilization yielded p57-UPam conjugate as a white powder (15.1 mg, 3.35 umol, 3.3% yield
based on theoretical resin loading of 0.23 mmol/g). LC-MS analysis (C4 column, linear gradient
25-75% B, 21 min): Rt = 8.737 min, ESI-MS [M+H]3* = 1494.2 found, 1493.9 calculated.
MALDI-TOF [M+H]*: 4478.5690 found, 4478.6563 calculated.

p31-UPam conjugate: UPam-Ser-Lys-Lys-Lys-Lys-Leu-Ala-Val-Gly-Glu-Leu-Ala-Arg-Asp-
Leu-Pro-Val-Ser-Arg-Pro-Ala-Val-Ser-GIn-His-Leu-Lys-Val-Leu-Lys-Thr-Ala-Arg-Leu-Val

TentaGel™ S PHB-Val-Fmoc resin was used in place of TentaGel® S RAM. Purification by RP-
HPLC (C4 column, linear gradient 50-90% B in 10 min) followed by lyophilization yielded
p31-UPam conjugate as a white powder (34.5 mg,7.27 umol, 7.3% yield based on theoretical
resin loading of 0.19 mmol/g). LC-MS analysis (C4 column, linear gradient 50-90% B, 15
min): Rt = 8.910 min, ESI-MS [M+H]3+ = 1577.9 found, 1577.0 calculated. MALDI-TOF [M+H]*:
4729.1481 found, 4729.0744calculated.

p75-UPam conjugate: UPam-Ser-Lys-Lys-Lys-Lys-Thr-Gly-Leu-Ala-Ala-Leu-Arg-Thr-Asp-
Leu-Asp-Arg-Phe-Trp-Thr-Arg-Ala-Leu-Thr-Gly-Tyr-Ala-GIn-Leu-Ile-Asp-Ser-Glu-Gly-Asp-
NH:

Purification by RP-HPLC (C4 column, linear gradient 50-90% B in 10 min) followed by
lyophilization yielded SLP3-UPam as a white powder (7.0 mg, 1.4 pmol, 2.8% yield based on
theoretical resin loading of 0.23 mmol/g). LC-MS analysis (C4 column, linear gradient
10-90% B, 21 min): Rt = 12.688 min, ESI-MS [M+H]3* = 1607.0 found, 1606.3 calculated.
MALDI-TOF [M+H]*: 4816.6670 found, 4816.8392 calculated.
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Immunological methods

Culturing of HEK-293 cell line

The HEK-293-h-TLR2 and HEK-293-null cell lines were purchased from InvivoGen (San Diego,
United States) and cultured according to manufacturer’s instructions. DMEM (Gibco, PAA,
Linz, Austria) culture medium contained: 4.5 g/1 glucose, 10% (v/v) fetal calf serum (FCS)
(HyClone, GE Healthcare Life Sciences, Eindhoven, the Netherlands), 50 U/ml penicillin, 50
mg/ml streptomycin, 100 mg/ml Normocin and 2 mM L-glutamine (Life Technologies-
Invitrogen, Bleiswijk, the Netherlands).

Stimulation of HEK-293 cells

Approximately 20.000 cells/well were transferred to 96 well plates (flat bottom, Corning
Costar TC-Treated Microplates, Corning, NY, USA). All compounds used for stimulation were
pre-dissolved in DMSO (Sigma, St.Louis, MO, USA) at a concentration of 5 nmol/pL and
subsequently diluted in culture medium. Reference peptides were used as negative controls.
After overnight stimulation with UPam and UPam conjugates, supernatants were harvested
for IL-8 cytokine detection.

Generation and stimulation of immature human moDCs and macrophages

Human moDCs and GM-CSF/M-CSF macrophages were generated as described in “Generation
and stimulation of immature human moDCs and macrophages” section in Chapter 3. Cells were
stimulated using synthetic compounds (at concentrations ranging from 20-1-0.05 uM). The
synthetic compounds were dissolved in DMSO at a concentration of 5 nmol/pL, further diluted
and premixed in RPMI 1640 medium containing 10% FCS, 2 mM GlutaMAX™, 1% Pen-Strep.
LPS (100 ng/ml) was used as positive control for stimulated cells. Supernatants were
harvested 20 hours after the addition of stimuli for subsequent analysis of cytokines and cells
were stained as described in Flow cytometric analysis of human moDCs and macrophages
section in Chapter 3.

Human IL-8, IL-12(p40) and IL-10 ELISA

Human IL-8 Elisa kit was purchased from R&D Systems (Abingdon, UK). Human IL-12/IL-23
(p40) and human IL-10 ELISA kits were purchased from Biolegend (ELISA MAX™ Standard
Set; London, UK). All supernatants were tested in duplicates according to manufacturer’s
instructions. Sample absorbance was measured using a Spectramax i3x (Molecular Devices,
CA, USA) spectrometer.

T cell proliferation

T cell proliferation was assessed by coculturing 2500 HLA-DR3 matched monocyte derived
dendritic cells or 5x104irradiated (2000 rad), HLA-DR3 matched PBMC’s with 104 T cells from
an established T cell clone specific for peptide 75-105 of Rv2034 from M.tuberculosis, in a 96
well round bottom plate in the absence or presence of serial dilutions of UPam conjugated
peptides. Cells were cultured in IMDM supplemented with Glutamax, 100 U/ml penicillin, 100
pg/ml streptomycin (Gibco, Thermo Fisher Scientific, Bleiswijk, the Netherlands) and 10%
pooled human serum (Sigma, Merck, Darmstadt, Germany) for a total of 96 hours in a
humidified incubator at 37°C and 5% CO2. After 72 hours [3H]-Thymidine (Perkin Elmer,

140




Chapter 4

Groningen, the Netherlands) was added at 0.5uCi/well. Following an additional 18 hours of
incubation cells were harvested with a TomTec cell harvester and measured on a
MicroBetaPlate Scintillation counter 1450 (Wallac, Turku, Finland). Data is represented as
mean counts per minute from triplicate wells.

Flowcytometric antigen specificity analysis

HLA-DR3+* monocyte derived dendritic cells were cocultured with the different peptides and
peptide conjugates and 1x105 T cells from the Rv2034 specific T cell clone (recognizing
peptide 75-105) in a 5 ml Falcon tube in a total volume of 400 pl IMDM supplemented with
Glutamax, 100 U/ml penicillin, 100 pg/ml streptomycin (Gibco, Thermo Fisher Scientific,
Bleiswijk, the Netherlands) and 10% pooled human serum (Sigma, Merck, Darmstadt,
Germany). After 6 hours Brefeldin-A was added (3 pg/ml) (Sigma, Merck, Darmstadt,
Germany) and cells were incubated for an additional 16 hours. Subsequently cells were
harvested and stained for flowcytometric analysis with the violet live/dead stain (ViViD,
Invitrogen, Thermo Fisher Scientific, Bleiswijk, the Netherlands), surface markers CD3-
HorizonV500 (clone UCHT; BD Biosciences, San Diego, CA, USA), CD4-AlexaFluor 700 (clone
RPAT4; BD Biosciences), CD8-FITC (clone HIT8a; Biolegend) and after fixation and
permeabilization with fix/perm reagents (Nordic MUbio, Susteren, the Netherlands) for IFN-
Y-PerCP-Cy5.5 (clone B27; BD Biosciences) and CD154-PE (clone TRAP1; BD Biosciences).
Cells were acquired on a LSRFortessa with FACSDiva vxx and analyzed with Flowjo v9.7.6
(Treestar Inc, Ashland, OR, USA)

Mice

HLA-DRB1*0301/DRA transgenic, murine class II-deficient (HLA-DR3/Ab0) mice were bred
and PBMCs of each mouse were typed for expression and segregation of the transgene as
described in Mice section in Chapter 3.

Immunizations

Mice (3 to 6 animals per group; 6 weeks old) were injected subcutaneously in the right flank
with conjugate, or mixtures of p57-peptide and UPam adjuvant, in 200 pl phosphate-buffered
saline (PBS) at 2 weeks interval. Two weeks after the last immunization, splenocytes were
harvested.

In vitro culture, stimulation and intracellular cytokine staining of splenocytes

Splenocytes were isolated and incubated with medium, peptide, or relevant recombinant Mtb
protein as described in the “In vitro cultures of splenocytes” section in Chapter 3. Intracellular
cytokine staining was performed as described in the Intracellular cytokine staining section in
Chapter 3.

Antibody detection

Antibodies against the Rv1733c p57 peptide, Rv1733c protein and Mtb sonicate in serum from
immunized mice were determined by ELISA as described in “Antibody detection” section in
Chapter 3.
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BCG immunization and intranasal infection of mice with live Mth

See section “BCG immunization and intranasal infection of mice with live Mtb” in Chapter 3.

Supporting figures

Dendritic cells

pept. p75-Upam conj.

pept. p31-Upam conj.

pept. p57-Upam conj.

Upam

LPS 100 ng/ml

unstimulated
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S1 Figure - Expression of activation or T cell costimulatory markers by DCs as measured by flow
cytometry. UPam (20 pM) and synthetic conjugates (20 uM) are used to stimulate human monocyte-
derived dendritic cells. LPS (100ng/ml) was used as positive control. Representative data from one of

three human donors are shown.
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Macrophages type 1

pept. p75-Upam conj.

| pept. p31-Upam conj.

pept. p57-Upam conj.

Upam

LPS 100 ng/ml

unstimulated

2 3 5 2 3 4 5
10 10 10 10 10 10 10 10
CD83 MHC-II
S2 Figure - Expression of activation or T cell costimulatory markers by GM-CSF/M1 macrophages
as measured by flow cytometry. UPam (20 uM) and synthetic conjugates (20 pM) are used to stimulate
human monocyte-derived macrophages type 1. LPS (100ng/ml) was used as positive control
Representative data from one of three human donors are shown.
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Macrophages type 2
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pept. p75-Upam conj.
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"

unstimulated
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10
CD83 MHC-II

S3 Figure - Expression of activation or T cell costimulatory markers by M-CSF/M2 macrophages as
measured by flow cytometry. UPam (20 pM) and synthetic conjugates (20 uM) are used to stimulate
human monocyte-derived macrophages type 2. LPS (100ng/ml) was used as positive control.
Representative data from one of three human donors are shown.
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Abstract

C-type lectin receptors (CLRs) and Toll-like receptors (TLRs) are proteins expressed on
antigen-presenting cells, involved in pathogen recognition by the host. CLRs and TLRs can act
in synergy by interacting with different microbial ligands thus inducing amplified immune
responses, which may result in the production of pro-inflammatory cytokines to a significantly
higher extent than that resulting from interaction with a single ligand. Given the importance
of the macrophage inducible C-type lectin receptor (Mincle) and the Toll-like receptor 2
(TLR2) in mycobacterial recognition, with Mincle shown to interact with cell-wall glycolipids
and TLR2 interacting with lipoproteins from Mycobacterium tuberculosis, the effects of
Mincle/TLR2 co-stimulation on murine and human dendritic cells was investigated. Dendritic
cells are key players in the induction of innate and adaptive immune responses, and their
activation can result in induction of both pro- and anti-inflammatory cytokines. In the present
study two synthetic compounds were selected, namely trehalose distearate (TDS, a Mincle
ligand) and UPam, a TLR2 ligand, and by using a matrix of concentrations for the two ligands,
identified TDS/UPam combinations which resulted in increased production of pro-
inflammatory, as well as anti-inflammatory cytokines by human monocyte-derived dendritic
cells (moDCs). On the basis of these results, it was investigated whether Mincle/TLR2 co-
stimulation would also affect (positively or negatively) adaptive immune responses by
studying antigen presentation to human monoclonal CD4+ Th1 T cells specific for peptide
epitopes from the mycobacterial Heat shock protein 65. These results showed that, upon
stimulation of moDCs in the presence of cognate antigen, the addition of combinations of TDS
and UPam did not affect (neither increased nor decreased) the level of T cell proliferative
responses compared to single pathogen recognition receptor stimuli.

153



Mincle/TLR2 co-stimulation using synthetic ligands

Introduction

The immune system is able to detect microbial pathogens through pathogen
recognition receptors (PRRs), proteins expressed by antigen presenting cells
(APCs) such as dendritic cells (DCs) and macrophages, amongst others. It is well
established that different PRRs can be simultaneously engaged by infecting
pathogens, and several groups have investigated synergistic interactions
between different PRRs.1-3

Toll-like receptors (TLRs) recognise a plethora of microbial structures and they are
arguably the most studied PRRs for their effects of co-stimulation on the
induction of inflammatory responses. For example, Napolitani et al. measured the
induction of several pro-inflammatory cytokines in human and murine DCs via
ELISA and RT-PCR, showing that TLR3 and TLR4 activating ligands can act in
synergy with ligands for three other receptors, namely TLR7, TLR8 and TLR9.# On
the other hand, much less is currently known about the interaction of TLRs with
C-type lectin receptors (CLRs), a class of PRRs specialized in detection of microbial
carbohydrates. The investigation of TLRs/CLRs interactivity is of interest, since it
can provideinsights into the interaction of two distinct signalling pathways.56

During mycobacterial infections, host immune cells are exposed to
mycobacterial lipoproteins as well as glycolipids. These pathogen-associated
molecular patterns (PAMPs) can engage the TLR2 and the macrophage inducible
C-type lectin receptor (Mincle), which are expressed on the cell surface of
human and murine antigen presenting cells. TLR2 engagement induces
pro-inflammatory cytokine production via the MyD-88/TIRAP signalling
pathway, while Mincle signals via ITAM/Syk/Card9, and both pathways converge
on NF-«kB activation.”® Interestingly it has been shown that expression of the
Mincle receptor is increased upon TLR2 stimulation. Schick et al. have shown
that glycolipid extracts of C. diphtheriae and of C. ulcerans, as well as the
commercially available TLR2 ligand lipopeptide Pam3CSKs upregulated Mincle
expression by murine bone marrow-derived macrophages (BMMs) in a
TLR2-dependent manner.l® Matsumura et al. proposed that TLR2-induced
production of IL-6 enhanced Mincle expression on IFN-y-producing immature
myeloid cells.!! More information on the cooperation between Mincle and TLR2
was provided by Lee et al. who stimulated murine BMMs with Pam3CSKs+ and
trehalose 6-6’-dimycolate. Using RNA sequencing they compared the changes in
mRNA transcriptional profiles by stimulating BMMs either with the single
ligands or the combination of the two, and concluded that Mincle signalling at the
initial stage of cell activation synergistically modulated the transcription of most
TLR2-regulated genes towards pro-inflammatory anti-mycobacterial responses
(e.g., iNOS, IL-12 and CCL2), at least in mice. They also showed that, at this stage,
type I interferon responses were selectivelyinhibited, while at a later stage,
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continuous Mincle/TLR2 stimulation inhibited the general translational
machinery, possibly leading to inflammation control.!? These results point to a
potential double role of trehalose 6-6’-dimycolate in admixture with TLR2 ligands
in initiation and control of host responses to infection.

Given the key role that DCs play in the induction of innate and adaptive
immune responses, the effect of co-stimulation of human dendritic cells with
well-defined, synthetic TLR2Z and Mincle ligands was here investigated.
Trehalose-6,6’-distearate (TDS) and 1-tetradecylcarbamyl-Cys((RS)-2,3-di-
(palimitoyloxy)propyl)-Ser-Lys-Lys-Lys-Lys-NHz (UPam) were used to investigate
whether this combination can result in synergistic activation of murine and
human dendritic cells (the chemical structures are shown in Figure 1). The ligands
used in the present study were selected because of their known ability to interact
with murine and human Mincle and TLR2, respectively.13-15 Moreover, these
compounds are readily produced via synthetic pathways and can be easily modified
for conjugation to antigens, making them versatile tools for the generation of subunit
vaccines.

Upam-SK, = il TDS =
\ll];s/_ SKKKK-NH; OYW\/W\N\/
SOOI TLR2-TLR1 "2
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N\
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ITAM -9

BCL10 Card9 <

IL-6, TNF-a }
[ I J
o ¢ o
[ ]
® e o
e ©
Figure 1 - Visual representation of a dendritic cell and its interaction with UPam and TDS via

TLR2/TLR1 and Mincle, respectively. Key proteins involved in signaling through the two receptors
are shown. Chemical structures of the synthetic adjuvants selected for this study are also presented.

155



Mincle/TLR2 co-stimulation using synthetic ligands

Three cellular systems were selected to investigate the effects of single vs.
double ligand activation: a D1 murine cell line system, which is a long-term
immature DC cell line from cultured mouse spleen cells;16 human monocyte-
derived dendritic cells (moDCs); and two cloned human T cell lines specific for
mycobacterial Heat shock protein 65.17 Flow cytometry was employed to assess
if double vs. single stimulation would result in increased expression of
activation markers and T cell co-stimulatory molecules on APCs. Analysis of the
level of pro- and anti-inflammatory cytokines released in the cell supernatants
upon stimulation with nine different mixtures of UPam and TDS, was performed
in order to identify potential synergistic combinations of the two ligands.
Antigen-presentation studies using the two T cell clones were also performed to
analyse the influence of selected single vs. double stimulations with UPam and/or
TDS on T cell proliferation.

Results

In vitro results using murine D1 cells system

First, the expression of Mincle on the D1 cell line was verified using a cross species
reactive anti-Mincle antibody (anti-CLEC4E Clone 16E3). As shown in supporting
Figure S1, Mincle is expressed on the cell surface of immature D1 cells. Subsequently,
D1 cells were assessed for their responsiveness to Mincle ligands, following
stimulation with either synthetic TDS or commercial trehalose 6-6’-dibehenate
(TDB). ODN1826, a TLR9 ligand was taken along as positive control. Upon treatment
with these ligands, the cells shifted from an immature DC-like phenotype to mature
DC-like phenotype which resulted in increased expression of CD40 and CD86
activation markers, as determined by flow cytometry (see supporting Figure S1).
Stimulation of D1 cells using TDS and TDB also resulted in production of IL-12p40,
as determined by ELISA (see supporting Figure S2).

In line with previous results,13 UPam stimulation resulted in an increased number of
CD40+CD86* cells and production of IL-12p40 as compared to the unstimulated
control (Figure 2A and 2B). Notably, TDS stimulation induced an even stronger
cellular activation with significantly higher levels of IL-12p40 production as
compared to UPam stimulation. Combinations of UPam/TDS were investigated using
a 3 by 3 concentration matrix, with concentrations ranging from 50 - 10 - 2 uM for
both ligands. As shown in Figure 2C, stimulation of the cells with 10 uM UPam in
combination with TDS (50 - 10 - 2 uM) resulted in increased numbers of CD40+CD86*
cells as compared to stimulation with UPam or TDS alone. However, no increase in
IL-12p40 production was observed (Figure 2D).
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Figure 2 - Effects of UPam/TDS stimulation on D1 DC cells. Bar plots depicting: (A) percentage of
CD40-CD86 double positive D1 cells as measured by flow cytometry; (B) amount of IL-12p40 cytokine
detected in the supernatant as measured by ELISA after 20 hours stimulation with UPam or TDS; (C)
percentage of CD40-CD86 double positive D1 cells as measured by flow cytometry and (D) amount of IL-
12p40 cytokine detected in the supernatant as measured by ELISA after 20 hours stimulation with UPam
and TDS or their combination. Error bars represent mean + SD of two independent experiments as
calculated using GraphPad Prism. Statistical significance with reference to cells exposed to medium +
DMSO was calculated through one-way ANOVA method (****p < 0.0001; ***p < 0.001; **p < 0.01; *p <
0.05). CpG ODN1826 (1 pg/ml) was used as positive control.
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In vitro results using a human moDCs cell system

Immature monocyte-derived dendritic cells (DC) were differentiated as previously
described and analysed for correct differentiation by expression of CD14, CD163,
CD11b, CD1a.1819
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Figure 3 - Box and whiskers plots depicting the expression of selected surface markers from 9
different donors, as measured by flow cytometry. Box plots indicate the median value of the dataset
(n = 9 donors) with error bars from min to max values as calculated using GraphPad Prism. Statistical
significance with reference to cells exposed to medium + DMSO was calculated through one-way ANOVA
method (***p < 0.001; **p < 0.01; *p < 0.05). LPS (100 ng/ml) was used as a positive control.
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In order to verify that this human cell model could be used to investigate the
response to the Mincle/TLR2 ligands, immature moDCs were further characterised
for expression of human Mincle and TLR2. As shown in supporting Figure S3, both
receptors were expressed in immature moDCs, and the expression of TLR2 but not
Mincle further increased upon stimulation by UPam and LPS.

Studies conducted with immature moDCs showed that stimulation with a
concentration range of UPam (5 - 1 - 0.2 uM) resulted in cell activation with an
increased expression of CD40 and CD80 T cell co-stimulatory markers and CD83
activation marker. By contrast, stimulation with a concentration range of TDS (20 -
4 - 0.8 uM) resulted only in an increase in CD83 but not CD40 or CD80 expression.

To determine the immunogenic profile of simultaneous Mincle/TLR2 receptor
stimulation, moDCs were stimulated using matrixed combinations of UPam (5 - 1 -
0.2 uM) and TDS (20 - 4 - 0.8 uM). When TDS was added to UPam, only minor changes
were observed for CD83 and CD40 (Figure 3C, 3B). Interestingly, TDS did not
promote CD40 expression, although co-stimulation using UPam and TDS, for the two
lowest concentrations (1 and 0.2 uM) of UPam selected in this study, led to
upregulation of this surface protein to somewhat higher levels than the
corresponding UPam stimulus. In the case of CD80 (Figure 3A), upregulation of this
marker could be observed when the cells were treated with UPam, in a dose
dependent manner. In contrast TDS stimulation, by itself, did not lead to an increase
in CD80 expression. The simultaneous stimulation using TDS and UPam resulted in
increased expression of CD80 as compared to single UPam stimulation only for the
suboptimal 0.2 and 0.8 uM concentrations of UPam and TDS, respectively.

Cell supernatants were analysed by ELISA for the quantification of IL-12p40, IL-10,
IL-6 cytokines and by Luminex for TNF-a, IL-8, IL-13 and GM-CSF. Neither UPam nor
TDS stimulation resulted in detectable IL-1f and GM-CSF production (data not
shown). Interestingly, when moDCs were stimulated using UPam, medium to high
levels of IL-12p40, IL-10, IL-8, IL-6 and TNF-a were released in the cell supernatant
after 20 hours (see Figure 4). Neither of these cytokines could be detected in the
supernatants of TDS-stimulated cells.

Stimulation of DCs using mixtures of TDS 0.8 uM with UPam (5 - 1 - 0.2 uM) resulted
in increased production of IL-6 and TNF-a as compared to stimulation by single
ligand, with statistically significant differences for one defined concentration of
ligands. In the selected concentration window, the release of IL-6 in the cell
supernatants tended to increase, with twice as much IL-6 produced when UPam 1
uM was combined with TDS 0.8 uM as compared to the amount of cytokine induced
by UPam 1 uM alone (see Figure 4). For the same concentrations of ligands, also the
amount of TNF-« increased significantly, doubling the amount released upon UPam
stimulation of DCs. The amount of IL-12p40 and IL-10 increased slightly upon double
ligand activation, although comparison to the single ligand activation did not result
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in a statistically significant change (Figure 4C and 4D). However, the amount of IL-8
slightly decreases upon TLR2/Mincle stimulation as opposed to single TLR2
stimulation in the studied concentration range (see supporting Figure S4).
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Figure 4 - Cytokine production profile of human moDCs stimulated for 20 hours using single
adjuvants or mixtures thereof, as measured by ELISA or milliplex. (A, C, D) Dots shown in the scatter
dot plots represent IL-6, IL-12p40 and IL-10 data from 6 different donors (each dot corresponds to the
mean of duplicate measurements), as measured by ELISA; (B) Dots shown in the scatter dot plots
represent TNF-a data from 8 different donors, as measured by milliplex. Bars indicate mean value + SD.
Statistical significance with reference to cells exposed to medium + DMSO was calculated through one-
way ANOVA method (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05). LPS (100 ng/ml) is used as a

positive control.
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Figure 5 - Estimation plots for cytokines produced by human moDCs using UPam 1 pM or UPam 1
UM in combination with TDS 0.8 pM. Comparison of change in cytokine concentration for depicted
cytokines is visually facilitated connecting with a line the cytokine concentration per each donor after
stimulation with single or double adjuvants. The difference in cytokine concentration of the two selected
conditions per each donor is visualized on the right side of each plot. (A) Dots shown in the scatter dot
plots represent IL-6 data from 6 different donors (each dot corresponds to the mean of duplicate
measurements), as measured by ELISA; (B) Dots shown in the scatter dot plots represent TNF-a data from
8 different donors, as measured by Luminex. Error bars indicate mean value of differences + 95%
confidence interval, as calculated by GraphPad Prism.

For comparison purposes, paired t-test for each relevant pair of conditions was
performed and the resulting estimation plots for the statistically significant
difference are shown in Figure 5. These plots clearly show that dendritic cells from 4
out of 6 donors produced a higher amount of IL-6 when stimulated with the mixture
of ligand as compared to UPam only. In contrast, UPam stimulation on cells from the
remaining 2 donors resulted in very low amounts of this cytokine, and addition of
TDS did not increase production. Additionally, TNF-a production increased for 4 out
of 8 donors for double ligand stimulation as opposed to UPam stimulation (Figure
5B).

In vitro results using human T cell clones

To study the effect of TDS/UPam co-stimulation on antigen-presentation by
monocyte-derived dendritic cells of peptide antigen to T cells, a T cell proliferation
assay was performed. Here several combinations of TDS (0.8 and 4 yM) and UPam
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(0.2, 1 and 5 uM) were selected in the presence of varying amounts of antigen. Two
T cell clones were selected, namely R2F10, a DR2-restricted T cell clone generated
against the peptide p418-427 from Mycobacterium leprae heat shock protein 65, and
Rp15 1-1, a DR3-restricted T cell clone generated against the peptide p3-13 from
Mycobacterium leprae/Mycobacterium tuberculosis heat shock protein 65 matching
the HLA DR type of the moDC donor.
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Figure 6 - Antigen presentation experiment using moDCs and T cell clones. T cell proliferation for
the R2F10 p418-427 clone (subplot A) and for the Rp15 1-1 p3-13 clone (subplot B) was measured on a
Microbetaplate counter after 18 hours pulsation with [3H]thymidine and it is expressed as counts per
minute (cpm). Values represent mean + SD of triplicate measurements from one experiment as calculated
using GraphPad Prism. Statistical significance with reference to cells exposed to reference peptide was
calculated through one-way ANOVA method (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05). Peptide
(at described concentration) is used as positive control.
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Only UPam at a very narrow single concentration (1 uM) (seen for both T cell clones)
and ODN1826, a TLR9 ligand used as positive control, induced an increase in
proliferation of T cells from the R2F10 clone (see Figure 6). For clone Rp15 1-1 there
was a slight to moderate increase in T cell proliferation by addition of all ligands, but
no synergistic effect was observed, indicating the effect on the antigen presenting
capacity of the treated moDC not to be interfering nor beneficial for T cell antigen
presentation.

Discussion

There is increasing evidence that vaccine adjuvants containing PAMPs not only
function to amplify an immune signal,2 but can also influence and direct the type of
immune response.32! Single-molecule PRR ligands allow for the study of these
immune pathways and represent valuable tools to deepen our understanding of how
the immune system responds to single PAMP molecules. When a pathogen interacts
with cells from the host, several immunostimulatory molecules are present
simultaneously that activate different receptors expressed by antigen-presenting
cells.22 [t has been shown that distinct combinations of pathogenic molecules lead to
very specific responses.> PRRs can cooperate to produce amplified responses, a
phenomenon known as synergistic activation. Many combinations of ligands acting
synergistically have been identified within the TLR family.#23-30 Recently,
combinations of nucleotide-binding oligomerization domain-like receptors, retinoic
acid-inducible gene-I-like receptors, CLRs and TLRs have also been studied.31-3¢ Not
all combinations lead to synergy.3536 Here, the effect of simultaneous TLR2/Mincle
stimulation on murine and human DCs as key players in innate and adaptive immune
responses was studied, because the effect of co-stimulation by ligands for Mincle and
TLR2 on this type of antigen-presenting cells had not been investigated previously.
Synthetic small molecules, namely TDS, a synthetic analogue of mycobacterial cord
factor and an established Mincle ligand, and UPam, a synthetic ligand very similar in
structure to PamsCSKs which is able to activate the TLR1/TLR2 heterodimer?315
were selected for this study. One of the advantages of using small molecules is their
synthetic and commercial potential, in addition to the ease of chemical modification,
which allows for the generation of multiple epitope/adjuvant conjugates, the
insertion of molecular scaffolds to optimise the immune response and/or their facile
incorporation in nanoparticles. Two model cellular systems were used, the murine
D1 DC cell line and human monocyte-derived DCs for the study of potential
Mincle/TLR2 co-stimulation. It was first verified that both cell types expressed
Mincle in their immature state. The D1 DC cells expressed Mincle and they responded
to TDS stimulation by upregulating the expression of CD40 and CD86, and by
producing the pro-inflammatory cytokine IL-12p40. As expected,!3 also UPam
stimulation resulted in upregulation of selected activation markers and production
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of IL-12p40, although to a lower extent than when stimulating these cells with TDS.
No synergy, however, was detected when stimulating the D1 DC cells with the two
ligands. Human DCs, generated by culturing monocytes in the presence of IL-4 and
GM-CSF, were stimulated using a matrix of nine combinations of the two ligands and
the effects of co-stimulation were assessed using flow-cytometry to study the
expression of activation markers and T cell co-stimulatory molecules, and ELISA and
Luminex to detect cytokine-production. Notably, TDS stimulation induced only CD83
upregulation in moDCs and no production of IL-10, IL-6, IL-8, IL-12 nor TNF-a. When
Decout et al. treated human monocyte-derived DCs or peripheral blood monocytes
with TDB, a synthetic compound structurally very similar to TDS, they also observed
that no TNF-a nor IL-6 was detected in the cell supernatants.3” A different study by
Smith et al reported on Brartemicin derivatives, which are synthetic aryl-6,6'-
trehaloses, being able to induce the production of cytokines, including TNF-a and IL-
6, by human peripheral blood monocytes.38 It is possible that the physicochemical
properties of the different trehalose derivatives influence the interaction with Mincle
and the uptake by APCs. This has also been suggested by Kiyotake et al. for
cholesterol in the soluble or crystalline form.3° Additionally, Hunter et al. have
described how different supra-molecular structures of trehalose dimycolate are
responsible for very different activities on human or murine macrophages.*® Further
studies, including structure-activity relationship studies using human Mincle, are
required to fully explain the absence of cytokine production by human moDCs
stimulated with TDS, as observed in our experiments. It is possible that the
interaction to Mincle of the solubilized/suspended ligand differs from the interaction
of the same ligand in a plate-bound form. However, with the overarching goal of
including TDS or analogues in a single molecule vaccine modality containing two
adjuvants, the studies reported in this Chapter required evaluation of the immune-
stimulatory properties of the solubilized/suspended form of this compound.

On the contrary, UPam stimulation, performed as described in the materials and
methods section of this Chapter, induced upregulation of all selected markers and
production of both pro-inflammatory and anti-inflammatory cytokines. These
results are in agreement with published data, where it has been shown that
stimulation of moDCs by UPam induced upregulation of CD83, CD86 and HLA-DR in
addition to production of several chemokines and cytokines, including IL-12, IL-8
and IL-10.14 Interestingly, mixtures of the two ligands, in the assessed concentration
window, induced increased production of TNF-a and IL-6 (up to 2-fold), as compared
to the corresponding amounts released by only UPam stimulation. High inter-donor
variability in terms of extent of the cytokine response to stimuli, with some DCs
producing high amounts of cytokines and others responding with low production,
was observed and this may be related to TLR1 polymorphisms.#1-43 Future studies
should include DNA analysis to detect TLR1 polymorphisms with the aim of selecting
donors who may better respond to UPam treatment.
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Finally, to study the effect of TDS/UPam co-stimulation on antigen-presentation by
monocyte-derived dendritic cells in the presence of peptide antigen, and to exclude
inhibitory effects on T cell activation, a T cell proliferation assay was performed. No
decrease or increase in T cell proliferation was observed upon co-stimulation with
the two PRR ligands, suggesting that the combination of UPam and TDS, in the
selected concentration range, does not improve antigen presentation by dendritic
cells. However, antigen presentation of peptide p418-427 to the R2F10 clone was
strongly enhanced in the presence of single adjuvant UPam (1 uM) and CpG control
as compared to stimulation with peptide alone, and this was the case to a lesser
extent for the p3-13 specific T cell clone. TLR ligands, such as CpG oligonucleotides
and PamsCSKs4, have been shown to enhance T cell activation and proliferation when
combined with anti-CD3 stimulation but this work did not address physiological HLA
class Il dependent antigen-presentation.*4-46

In summary, the present study describes the immune-stimulatory effect of
TLR2/Mincle co-stimulation using synthetic PRR ligands on murine and human
dendritic cells, key players in the induction of T cell immune responses. Experiments
performed using the murine D1 DC cell line, indicated that admixture of TDS and
UPam induced a minor further increase in cell activation as compared to single ligand
stimulation. Detailed quantification of cytokine production by human moDCs,
however, allowed for the identification of only one synergistic/additive combination
of the two synthetic PRR ligands, although minimal or no upregulation was observed
for CD80, CD83 or CD40. Functional ELISA and Luminex assays identified
concentrations of TDS and UPam which induced increased production of TNF-a and
IL-6, as compared to the corresponding amount released following UPam stimulation
alone. Notably, TDS alone failed to induce detectable amounts of any of these
cytokines. Further studies are required to discover which cellular mechanisms may
be responsible for these observations. Taken together, these first results suggest the
potential of co-stimulation of the human TLRZ2 and Mincle receptor for the
enhancement of immune responses typically associated with TLR2 stimulation.
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Materials and methods

Synthesis of ligands

The two synthetic ligands employed in this study were synthesized according to published
procedures.1315 Synthetic compounds were tested using LAL assay to exclude the possibility
of LPS contamination.

Culturing and stimulation of murine D1 cells

The D1 cell linel6 was obtained from the department of Immunohematology and Blood
Transfusion of the Leiden University Medical Centre. The cells were cultured in IMDM medium
(Lonza, Belgium) containing 10% heat inactivated FBS (Sigma, St.Louis, MO, USA), 2 mM
GlutaMAX™ (Gibco, PAA, Linz, Austria), 50 uM B-mercaptoethanol (Sigma, St.Louis, MO, USA)
and 30% supernatant from R1 cells (mouse fibroblast NIH/3T3 cells transfected with mouse
GM-CSF gene), which was collected from confluent cultures and filtered. Cells were harvested
using PBS containing 2 mM EDTA (Sigma, St.Louis, MO, USA), counted and transferred to 96
well-plates (round bottom, Corning Costar TC-Treated Microplates, Corning, NY) at
approximately 50.000 cells/well. Immediately after plating, the cells were stimulated at
described concentrations (see results section) of UPam, trehalose 6-6’-distearate and
combination thereof. Synthetic compounds were dissolved in DMSO (Sigma, St.Louis, MO,
USA) at a concentration of 5 nmol/uL, further diluted and premixed in culture medium.
ODN1826 (1 ug/ml; 5'-TCCATGACGTTCCTGACGTT-3'; InvivoGen, San Diego, CA) and TDB (50
- 10 - 2 uM; Avanti Polar Lipids, Alabama) were used as positive control for cell stimulation.
Supernatants were harvested 20 hours after the addition of stimuli and cells were stained as
described below.

Generation and stimulation of immature human moDCs

Buffy coats of healthy human Blood Bank donors were purchased from Sanquin, Amsterdam,
the Netherlands. CD14+*monocytes were isolated from whole blood using Ficoll-Paque density
gradient followed by purification on autoMACS® Pro Separator instrument using CD14
MicroBeads (MACS, Miltenyi Biotec, Bergisch Gladsbach, Germany). The monocytes were
differentiated to monocyte-derived dendritic cells (moDCs) at a concentration of 106 cells/mL
in RPMI 1640 (Gibco, PAA, Linz, Austria) medium containing 10% FCS (HyClone, GE
Healthcare Life Sciences, Eindhoven, the Netherlands), 2 mM GlutaMAX™ (Gibco, PAA, Linz,
Austria), 100 U/ml penicillin, and 100 pg/ml streptomycin (Life Technologies-Invitrogen), 10
ng/mL GM-CSF (Life Technologies-Invitrogen, Bleiswijk, the Netherlands) and 10 ng/mL IL-4
(Peprotech, Rocky Hill, NJ). On day 3 of culturing, fresh medium (RPMI 1640 + 10% FCS, 2 mM
GlutaMAX™ + 100 U/ml penicillin + 100 pg/ml streptomycin) supplemented with 30 ng/mL
GM-CSF and 30 ng/mL IL-4 was added to the cell culture plates (0.5 mL fresh medium per 1
ml old medium). Cells were differentiated for a total of 5 days at 37°C and in a 5% CO2
atmosphere. Differentiated CD14+ monocytes were harvested, counted and transferred to 96
wells plates (round bottom, Corning Costar TC-Treated Microplates, Corning, NY) at
approximately 50.000 cells/well. The next day, cells were stimulated with described
concentrations (see results section) of UPam, trehalose 6-6’-distearate and combination
thereof. Synthetic compounds were dissolved in DMSO (Sigma, St.Louis, MO, USA) at a
concentration of 5 nmol/uL, further diluted and premixed in RPMI 1640 medium containing
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10% FCS, 2 mM GlutaMAX™, 100 U/ml penicillin, and 100 pg/ml streptomycin. LPS
(InvivoGen, San Diego, United States) (100 ng/ml) was used as positive control for stimulated
cells. Supernatants were harvested 20 hours after the addition of stimuli and cells were
stained as described below.

Cytokine detection

The concentration of cytokines in culture supernatants was measured by ELISA according to
the manufacturer’s instructions. Mouse IL-12/IL-23 (p40), human IL-12/IL-23 (p40) and
human IL-10 ELISA kits were purchased from Biolegend (ELISA MAX™ Standard Set; London,
UK). Human IL-6 ELISA kit was purchased from Invitrogen (Thermo Fisher scientific,
Merelbeke, Belgium). Microlon high binding 96 well plates (Greiner Bio-One International,
Alphen a/d Rijn, The Netherlands) were used for the assays. Sample absorbance was
measured using a Spectramax i3x (Molecular Devices, CA, USA) spectrometer. All samples
were tested in duplicate. The concentration of TNF-a was determined using a MILLIPLEX MAP
Human TH17 Magnetic Bead Panel (Merck, Darmstadt, Germany) according to manufacturer’s
protocol and also contained reagents for the quantification of IL-6, [FN-y and GM-CSF. Milliplex
data were measured using a Bio-Plex 200 system and analysed using Bio-Plex Manager
software v6.2 (Bio-rad, Belgium).

Flow cytometric analysis of D1 cells

After 20 h stimulation, murine D1 cells were incubated for 30 minutes at 4 °C with the
following dye-labelled antibodies: PE anti-mouse CD40 clone 3/23 (Biolegend, London, UK)
and FITC anti-mouse CD86 clone B7-2 (eBioscience, San Diego, CA). Alternatively, cells were
stained with Alexa-Fluor 647 anti-CLEC4E (clone 16E3; Novus Biologicals, Littleton, CO).
Samples containing the stained cells were characterized on a BD FACSLyric™ flow cytometer
and analysed using Flow]o v10 software (Treestar Inc).

Flow cytometric analysis of human moDCs

For quality check of the cells prior to stimulation, immature moDCs were stained for 30
minutes at 4°C with the following dye-labelled antibodies: Alexa Fluor 647 anti-human CD1a
clone HI149 (Biolegend, London, UK), BB515 Mouse Anti-Human CD11b clone ICRF44 (BD
Biosciences, San Diego, CA), PE anti-human CD163 Antibody clone GHI/61 (Biolegend,
London, UK), Brilliant Violet 510 anti-human CD14 Antibody clone 63D3 (Biolegend, London,
UK). Human moDCs were incubated for 10 minutes at room temperature with 5% human
serum (Sigma, St.Louis, MO, USA) in PBS to prevent nonspecific binding of dye-labelled
antibodies. Subsequently, cells were stained for 30 minutes at 4°C with the following dye-
labelled antibodies: CD40 - APC (clone 5C3), CD80 - APC-R700 (clone L307.4), CD83 - PE (clone
HB15¢e); all antibodies were purchased from BD Biosciences (San Diego, CA). Alternatively,
cells were stained with Alexa-Fluor 488 mouse anti-human CD282 (clone 11G7; BD
Pharmingen, San Diego, CA) and Alexa-Fluor 647 anti-CLEC4E (clone 16E3; Novus Biologicals,
Littleton, CO). All samples were characterized on a BD FACSLyric™ flow cytometer and
analysed using Flow]o v10 software (Treestar Inc).

T cell proliferation

Thawed T cell clones, R2F10 (DR2 restricted, specific for p418-427 of hsp65 Mlep) and Rp15
1-1 (DR3 restricted, specific for p3-13 of hsp65 Mlep/Mtb), were cultured in triplicate in 96-
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wells round-bottom plates (10.000 cells/well) together with HLA-DR-matched monocyte-
derived dendritic cells (2500 cells/well) and cognate peptide (0.0001, 0.001, 0.01, 0.1, 1 and
10 pug/ml) in combination with TDS (0.8 and 4 uM) and/or UPam (0.2, 1, 5 uM) at 37°C, 5%
COz in IMDM (Gibco, PAA, Linz, Austria) supplemented with GlutaMAX™ (Gibco, PAA, Linz,
Austria) and 10% pooled human serum. After 72 hours, cells were pulsed for an additional 18
hours with [3H]thymidine (0.5 uCi/well; Thermo Fisher scientific, Merelbeke, Belgium),
harvested with a TomTec cell harvester, and counted on a Microbetaplate counter (Wallac
Turku).
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Supporting figures:
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S1 Figure - Expression of surface proteins on D1 DC cells, as measured by flow cytometry. (A) Mincle
expression. From front to back: in red unstained cells; in blue unstimulated stained cells. (B) CD40
expression and (C) CD86 expression. From front to back: in red unstained cells; in blue unstimulated
stained cells; in green cells stimulated with TDS (50 uM); in purple cells stimulated with TDB (50 uM); in
grey cells stimulated with CpG ODN1826 (1 pg/ml).
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S2 Figure - Quantification of IL-12p40 produced by D1 DC cells, as measured by ELISA. Bar plot
showing the amount of IL-12p40 cytokine detected in the supernatant of D1 DC cells as measured by ELISA
after 20 hours stimulation with TDS and TDB. Error bars represent mean + SD of two independent
experiments as calculated using GraphPad Prism. Statistical significance with reference to cells exposed
to reference peptide was calculated through one-way ANOVA method (****p < 0.0001; ***p < 0.001; **p <
0.01; *p < 0.05). CpG ODN1826 (1 png/ml) is used as positive control.
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S$3 Figure - Human moDC expression of pattern recognition receptors, as measured by flow
cytometry. (A) Mincle expression; (B) TLR2 expression. Representative data from one human donor are
shown. LPS is used as positive control. From front to back: in red unstained cells; in blue unstimulated
stained cells; in orange cells stimulated with UPam (5 puM); in light green cells stimulated with TDS (20
uM); in dark green cells stimulated with LPS (100 ng/ml). (A) Median fluorescence intensity of Mincle
receptor; (B) Median fluorescence intensity of TLR2 receptor. Bar plots represent mean value + SD (n =2
donors) as calculated using GraphPad Prism. Statistical significance with reference to unstained cells
exposed to medium + DMSO was calculated through one-way ANOVA method (***p < 0.001; **p < 0.01; *p
< 0.05). LPS (100 ng/ml) was used as a positive control.
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S4 Figure - IL-8 production profile of human moDCs stimulated for 20 hours using single adjuvants
or mixtures thereof, as measured by milliplex. Dots shown in the scatter dot plots represent IL-8 data
from 6 different donors, as measured by milliplex. Bars indicate mean value + SD.
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Summary and prospects

The research described in this Thesis was aimed at designing and synthesizing
nature-inspired compounds as part of TB vaccine discovery. A variety of synthetic
analogues of mycobacterial cell wall components, from peptide and glycolipid
antigens to glycolipid pathogen-associated molecular patterns (PAMPs) has been
accessed. Evaluation of the immune stimulatory activity of the novel compounds in
combination with preliminary immunization studies in vivo, suggested the potential
of selected synthetic conjugates as single molecule vaccines against TB. Further
research is needed to verify the efficacy of these vaccine modalities.
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Chapter 1 provides an overview of the interaction of Mtb with the human immune
system, with emphasis on new TB vaccine strategies in preclinical and in clinical
trials. The key players of the human immune system are introduced and a general
overview of the tools available for the rational design of vaccines is provided to set
the context for the research presented in this Thesis.

Chapter 2 focuses on the design and synthesis of Mth glycolipid CD1c binding
molecules. Three stabilized mannosyl phosphomycoketide (MPM) analogues,
comprising a carba-mannose and two C-mannosides, were generated and evaluated
for their ability to bind to CD1c molecules and elicit a T cell response. Antigens
presented by the CD1c system are of great value for vaccine discovery, given the
non-polymorphic nature of the different CD1 (a-e) proteins across humans.! This
research aimed at generating MPM analogues with improved stability as compared
to the natural mycobacterial glycolipid by creating hydrolysis-resistant bonds
between the carbohydrate and phospholipid moiety. As it is not possible to
determine a priori how these modifications impact the binding to the CD1c protein
and presentation to T cells, three different stabilized analogues were generated. One
of the three MPM analogues, the difluoro-C-mannoside, was shown to be resistant to
degradation in APCs and to be cross-reactive with the natural MPM, while the other
two were shown to be less effective mimics. Further studies are needed to explore
the function and potential of the stabilized difluoro antigen including immunization
studies in CD1c-expressing species, such as transgenic mice expressing the human
CD1c protein or guinea pigs that naturally express several CD1c genes.z Depending
on the outcome of these studies, immunization experiments followed by infection
with Mtb are envisioned to assess the potential of this antigen in prophylactic
vaccines.

Chapter 3 combines the design and synthesis of conjugation-ready Mtb glycolipid
Mincle ligands with the synthesis and in vitro/in vivo immunological evaluation of a
fully synthetic single molecule vaccine modality. Two trehalose dimycolate (TDM)
and two glucose monomycolate (GMM) analogues are synthesized and their ability
to interact with Mincle was assessed. A validated peptide antigen, derived from the
Mtb Rv1733 latency protein-antigen, was chemically linked to the TDM analogues to
generate two synthetic conjugates and the innate stimulatory activity of these
compounds was assessed on human DCs, M1 and M2 cells. Finally, one conjugate was
employed in a study to immunize HLA-DR3/Ab? mice, and the results of these studies
indicated the potential of the conjugate to induce humoral and protective immunity
against Mtb, interestingly and unexpectedly in the absence of detectable T cell
responses. In a preliminary immunization study, it was shown that IgG1 and IgG2b
antibody responses could be induced accompanied by a reduction of the bacterial
load in the spleen of immunized mice. For the synthesis of the conjugates containing
Mincle ligands, a maleimido-propionic acid was used to extend the oligopeptide at
the N-terminus end and the generated peptide was conjugated to the
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thiol-functionalized adjuvants in solution. This conjugation strategy required the
design of conjugation-ready Mincle ligands which had not been described before.
Two factors were considered in the design of the ligands: orthogonality of the
ligation handle in anticipation of the extension of the single molecule strategy to
include multiple PAMPs (in this case to include the TLR2 ligand described in Chapter
4); the position of the ligation handle and the definition of the length (and number)
of lipid chains to prevent loss of binding to the receptor. The results from the HEK-
murine Mincle revealed that functional binding to murine Mincle was retained for
the two synthetic analogues generated. The length of the 6’-OH lipid chain influences
the extent of the stimulatory activity of the two Mincle ligands on selected human
antigen-presenting cells and further research is needed to determine the
relationship between the lipid chain length and the biological activity. Although most
studies have been focused on defining the biological function of trehalose glycolipids
in relation to Mincle, there is recent evidence that the natural Mincle ligand, TDM,
and its well-known analogue TDB are regulating macrophage response in a Mincle-
dependent and Mincle-independent way.3-5 Preliminary experiments performed
using soluble human Mincle, DC-SIGN, Dectin-1 and Mannose receptor suggest that
the trehalose derivatives used in this research can interact with human Mincle and
other C-type lectin receptors (see Figure 1).

However, these results do not formally prove that the two Mincle ligands generated
in this Chapter would interact with C-type lectin receptors in a cellular system nor
that binding would be functional. To better understand the result of binding to these
lectins, further studies could address the binding affinities of TDM analogues to a
panel of relevant CLRs, and determine the influence of binding to these receptors on
the immunological and functional effects of the different analogues on APCs.

Avaccine formulation containing the TDM analogue TDB has been previously studied
and shown to polarize cellular immune responses towards a Th1/Th17 phenotype
in a murine model.® In that study, TDB was used in combination with the surfactant
dimethyldioctadecylammonium (DDA) forming the cationic liposomal CAFO01
adjuvant system. However, there is no clear definition, nor consensus, how the
formulation affects binding and activation of Mincle. No explanation can yet be
provided to account for potential interspecies differences in Mincle. In the case of
Mincle-cholesteryl stearate interaction, it has been hypothesized that multivalent
presentation of the ligand may be necessary for binding to the human, but not murine
receptor.”

To compare the immune-stimulatory effects of the synthetic conjugate in solution to
that of the conjugate incorporated in a cationic liposomal formulation, containing
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and N-1-(2,3-Dioleoyloxy)propyl-
N,N,N-trimethylammonium methyl-sulfate (DOTAP) in a 4:1 ratio, the innate
stimulatory activity was assessed on human DCs. The extent of cellular activation and
expression of T cell co-stimulatory molecules on DCs was significantly increased
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upon incorporation of the conjugate in the liposomal formulation (data not shown),
and so was the amount of IL-12p40 and IL-10 released by the cells as shown in Figure
2. The evaluation of the vaccine potential of the cationic formulations containing the
conjugate in a murine system is ongoing.
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Figure 1 - Binding of compounds to soluble forms of DC-SIGN, Dectin-1, Mannose receptor (MR),
Mincle. ELISA experiment was performed using plate-bound glycolipids (chemical structures shown
above) and control compounds. TDS = Trehalose distearate (5 nmol/well), PAA-LewisX (10 pg/ml),
Mannan (10 pg/ml) and Laminarin (3 pg/ml) and the reference peptide (5 nmol/well) were chosen as
negative controls. The soluble human receptors carrying an Fc-portion were used for assaying binding
interaction. Bars represent mean + SEM of duplicates from two independent experiments.

Chapter 4 describes the synthesis and immunological evaluation of conjugates
containing UPam, a known TLR2 ligand, and three antigenic Mtb-derived peptides.
The ability of the constructs to bind to human TLR2 was demonstrated. The innate
immune system stimulatory activity of these conjugates was assessed on DCs, M1
and M2 cells. One conjugate was tested in an antigen-presentation assay with the
available T cell clone to verify that the peptide antigen presentation to CD4+ T cells
was not affected by conjugation to the TLR2 ligand. Finally, the in vivo vaccine
potential of one conjugate was suggested by the ability of the synthetic compound to
induce, after subcutaneous immunization of HLA-DR3/Ab? mice, a Th17 cellular and
a highly diversified humoral immune response, together with protective immunity
against Mtb.
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Figure 2 - Cytokine production profile of human monocyte-derived dendritic cells stimulated with
the solubilized p57-C11C18 conjugate or the same conjugate incorporated in a liposomal
formulation containing the lipids DOPC:DOTAP in a 4:1 molar ratio. IL-12p40 and IL-10 amounts
present in supernatant were measured by ELISA for n = 6 donors. Each dot corresponds to mean of two
replicates from one donor; horizontal line corresponds to the grand median for each treatment group, as
calculated using GraphPad Prism. p values are indicated in the graph above the relative couple of
conditions and they are calculated using one-way ANOVA by GraphPad Prism (****p < 0.0001, **p < 0.01).
LPS (100 ng/ml) is used as a positive control.

A major asset of the use of peptide antigens is that they can be synthesized using
automated solid phase synthesis without the need of intermediate purification steps.
Final purification of the full-length peptide, usually carried out on an automated
HPLC system, delivers a highly pure compound that is free of biological impurities.
Chemical methods can be developed to extend the peptide with other molecular
components in-line during the automated solid phase synthesis without removal of
the peptide from the resin before conjugation. In view of the generation and
immunological assessment of a single-molecule vaccine, UPam which is a synthetic
lipopeptide analogue of PamsCys, was selected for conjugation to the three
Mtb-derived peptides. This TLR2/1 agonist was built via peptide couplings directly
on the growing oligopeptide at the N-terminal end. Despite the differences in
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physicochemical properties of the three peptides, all synthetic conjugates retained
the ability to activate HEK-293 cells via the human TLR2, albeit to a different extent.
Overall, the work presented provided evidence for the ability of Mtb-derived peptide
conjugates containing a TLR2/1 ligand to induce strong in vitro activation of human
DCs and macrophages, key players in bridging the innate and adaptive immune
response. The results further suggested that antigen-presentation by DCs and
monocytes to human cloned CD4+ T cells is neither increased nor decreased by
stimulation with the conjugate as compared to stimulation with the reference
peptide. Whether the activation of human APCs results in the induction of a
protective humoral or cellular adaptive immune response requires further
investigation.

The vaccine potential of one of the UPam-peptide conjugates described in this Thesis
was preliminarily assessed using a murine model system, suggesting that a cellular
Th17 immune response is initiated and that antigen-specific IgG antibodies are
present in the sera as a result of immunization. This response corresponded to the
induction of protective immunity against a live Mtb challenge in the same transgenic
murine model. While differences in the murine and human immune system limits the
generalizability of the results, this approach provides new insight in the efficacy of a
single molecule vaccination strategy. The versatility and modularity that is intrinsic
to peptide-conjugate vaccines represents a powerful tool to screen for different
adjuvant-antigen couples. To expand this strategy to known synthetic PAMPs
recognized by either TLR9 or TLR4, the synthetic strategies shown in Figure 3 were
devised and partly implemented for the generation of two other synthetic
conjugates.

NH,
Ho—TCCATGACGTTCCTGACGTT—o—%—o(")GSH . QN Y o . J\/o\/\o/\/o\/\ N do~_ N;j‘
o ; ] COM H 4
o (HORP-O o oL
ODN1826 with thiol ligation handle maleimido-fuctionalised peptide O NH
TLR9 agonist : o NH o]

: o
1 o} "0

s
HO*TCCATGACGTTCCTGACGTTfOfl";"fOH(;SfS(/\)(;OH
&

|

S
HO*TCCATGACGTTCCTGACGTT*O*I"{’*OﬁSfSHGOfO
o

|

i Monophosphory! lipid A analogue
HO%\)SS—SHSO—O : TLR4 agonist

thiol-fuctionalised peptide

Figure 3 - Synthetic strategies devised for the generation of novel TLR9 ligand-peptide and TLR4
ligand-peptide conjugates.
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In summary, the 3’-disulfide modified CpG oligonucleotide was synthesized using an
automated solid phase synthesizer, then purified using ion-exchange
chromatography and treated with dithiothreitol to reduce the disulfide. A
conjugation to the maleimide-functionalized peptide would lead to the generation of
desired target ODN1826-peptide conjugate. The CpG oligonucleotide ODN1826,
whose sequence is shown in Figure 3, has previously been shown to function as
molecular adjuvant in combination with SLPs and induce protective responses
against Mtb.8 To target TLR4, a conjugate containing a peptide linked to a
monophosphoryl lipid A (MPL) analogue, CRX-527, can be readily generated via a
maleimide-thiol conjugation, as previously demonstrated for a different peptide.®
MPL has been shown to possess strong adjuvanticity and diminished toxicity as
compared to the naturally occurring TLR4 agonist, lipid A.10.11

Chapter 5 provides insight in the effects of Mincle/TLR2 co-stimulation on murine
and human dendritic cells. For this purpose, two synthetic adjuvants were generated,
namely trehalose distearate, a Mincle agonist,'2 and Upam-SK4, a TLR2 agonist.!3 To
improve the composition of current or novel vaccines, it is of relevance to understand
possible synergistic/antagonistic effects of different PAMPs. With the overarching
goal of eventually generating single molecule conjugate vaccines containing a
peptide and two or more different adjuvants, explorative studies were performed to
identify the innate stimulatory/inhibitory activity of the combination of different
synthetic PAMPs. Although studies using murine macrophages suggest potential
synergistic activation by TLR2 and Mincle stimulation,!* co-stimulation of murine or
human dendritic cells using well-defined agonists for these two receptors has not yet
been explored. In murine dendritic cells, signaling via both receptors increases the
expression of activation markers with respect to single TLR2 or Mincle activation,
although to a limited extent. The studies performed on human monocyte-derived
dendritic cells showed that an increase in production of IL-6 and TNF-a could be
detected, but only at a specific concentration range. However, the absence of cytokine
production when only Mincle was activated, points to possible synergistic activity of
TDS with UPam. To better define the role played by the two ligands in the activation
of human DCs and understand the interaction between the two receptors,
mechanistic studies are required. Experiments using blocking antibodies for TLR2
and Mincle would be a logical first step to obtain further molecular proof of ligand
receptor interaction.

Overall, the research described in this Thesis encompasses design and synthesis of
several synthetic vaccine components, antigens and adjuvants, of relevance in the
context of mycobacterial infection. Organic synthesis is combined to immunological
assays to identify relevant biologically active analogues of naturally occurring
compounds to be used as ingredients in soluble or liposomal subunit vaccines. This
research resulted in the identification of novel interesting CD1c ligands, which are
stable to most common hydrolytic conditions, novel analogues of the Mincle-binding
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trehalose dimycolate and a library of Mincle-ligand or TLR2-ligand peptide
conjugates with in vitro and/or in vivo activity.

Materials and methods

ELISA using C-type lectin receptors

Recombinant Human DC-SIGN/CD209 Fc Chimera Protein and recombinant Human CLEC4E
Fc Chimera Protein were purchased from RD systems and used at concentrations of 1.5 pg/ml
and 0.83 pg/ml respectively. Fc-hDectin-1a was purchased from InvivoGen and used at a
concentration of 3 pg/ml. Cys-MR-Fc fusion protein (hydrophobic signal sequence and the first
139 residues of human MR, a 2-residue linker, and the Fc region of human IgG1) was produced
in 293T cells, according to published procedure!> and supernatant was directly used in the
ELISA experiments without further purification. Control compound PAA-Lewis X was
purchased from Lectinity (MW approx. 20 KDa, Carbohydrate content around 20% mol).
Laminarin (from Laminaria digitata) and Mannan (from Saccharomyces cerevisiae) were
purchased from Sigma-Aldrich. All synthetic compounds were dissolved in iso-propanol and
were transferred to 96 well plates (Nunc MaxiSorp, Biolegend) at three different
concentrations (5 - 1 - 0.2 nmol/well) for a total volume of 50 pL/well. The solvent was
evaporated at 50°C. Control compounds Laminarin (3 pg/ml), PAA-Lewis X (1 pg/ml) and
Mannan (1 ug/ml) were diluted in PBS and used to coat remaining wells for a total volume of
50 pL/well. After coating for 2 hours at room temperature, all the wells were washed twice
with TMS (20 mM tris(hydroxymethyl)aminomethane (Tris)-HCI, pH 8.0; 150 mM NaCl; 1 mM
CaClz; 2 mM MgCl2) (150uL) and blocked with 100 pL TMS with 1% of BSA (Fraction V, Merk
Millipore) for 30 min at room temperature. The plates were then incubated for 1 hour at room
temperature with 50 pL soluble receptor in TMS with 1% of BSA. The wells were washed two
times with TMS (150pL) and incubated at room temperature with 50 pL of Goat-anti human
HRP (0.8 pg/mL, Jacksonlmmuno) in TMS with 1% of BSA for 30 min. After two washes with
TMS (150uL), 50 pL of substrate solution (3,3,5,5-Tetramethylbenzidine, TMB, in
citric/acetate buffer, pH=4, and H202) were added and after 2 min at room temperature the
reaction was stopped with 50 pL of H2S04 (0.8M). Sample absorbance at 450 nm was measured
using a Spectramax i3x (Molecular Devices, CA, USA) spectrometer. All samples were tested in
duplicate.

ODN1826 and p57-ODN1826 synthesis

Thiol-functionalized ODN1826 was synthesized on an Expedite automated solid phase
synthesizer (PerSeptive Biosystems), using 3’ Thiol Modifier C6 SS Glyc CPG (Biosearch
technologies) as solid support. Reaction scale 10 umol based on solid support loading.
Oligonucleotide elongation was performed using an established protocol.16 In summary,
elongation was performed using 5’-DMT-protected 3’-phosphoramidite derivatives in the
presence of dicyanoimidazole as coupling agent. After each coupling, remaining free 5’-
hydroxyls were capped using a solution of t-butylphenoxyacetic anhydride/1-
methylimidazole in THF/pyridine, followed by sulfurization of the phosphite to
phosphorothioate using the Beaucage reagent. The DMT protecting groups on the 5’-position
were then removed using trichloroacetic acid, after which the elongation process was
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continued. Cleavage from the resin was performed using a solution of 25% NH4OH in water to
give the desired 3’-disulfide modified ODN (ODN-SS-hexyl-OH). This compound was purified
with ion exchange chromatography on an AKTA Explorer system using a Q-Sepharose column
(source-Q 10 x 100 mm) and the following running buffer solutions: buffer A = 25 mM NaOAc
with 25 mM NaClOs4; buffer B = 25mM NaOAc with 500 mM NaClOs4. Gradient used for
purification: 25% to 75% B in A, over 50 minutes (flow 4 ml/min). Fractions containing the
pure product were combined and lyophilized three times using new aliquots of Endotoxin-free
water (Sigma) to yield disulfide ODN compound as a white solid (9.1 mg, 1.35umol, 13.5%).
Quantification was performed by UV absorbance at 260 nm. LC-MS analysis: (C18 column with
10 mM NH4OAcg, linear gradient 00—-50% B, 11 min): Rt = 5.980 min. CpG-SS-hexyl-OH (3.4
mg, 0.5umol, 1 eq) was deprotected overnight in 2 ml dithiothreitol (DTT) buffer (350 mg DTT,
260 mg of NaOAc 3 Hz0 in 10ml endotoxin-free water). The resulting reduced CpG-SH was
purified using a PD-10 column which was pre-equilibrated using a 50 mM phosphate solution
(25 mM NazHPO4, 25 mM NaH2P04, 1 mM EDTA) which was already degassed and flushed with
Argon. The filtrate (3.25 ml) was directly transferred to a tube containing the maleimide-
functionalized peptide (10 mg, 3pmol, 6 eq). The resulting solution was degassed, sonicated
and stirred under Argon for two days at RT. The CpG-peptide conjugate was isolated after gel-
filtration on a superdex 75 column (16 x 60 mm) with isocratic gradient of 0.15 M NH40Ac and
further purified by RP-HPLC using a C18-column (10 x 250 mm) with 10 mM NH40Ac and a
gradient of 5 to 30% acetonitrile in water over 15 minutes. Fractions containing the pure
product were combined and lyophilized three times using new aliquots of Endotoxin-free
water to yield the synthetic conjugate as a white powder (2.6 mg, 272 nmol, 54%).
Quantification was performed by UV absorbance at 260 nm. LC-MS analysis: (C18 column with
10 mM NH40Ac, linear gradient 50-90% B, 15 min): Rt = 7.222 min, ESI-MS [M+H]10+=972.5
found, 971.7 calculated, ESI-MS [M+H]8+= 1215.7 found, 1214.4 calculated. MALDI-TOF
[M+NHa4]*: 9724.051 found, 9725.164 calculated.

Generation of DOPC:DOTAP liposomes

DOPC/DOTAP (4:1 molar ratio) liposomes were prepared using the thin-film hydration
method. First, a thin lipid film was formed by adding stock solutions of DOTAP and DOPC in
chloroform (25 mg/mL) to a round-bottomed flask, followed by evaporation of the organic
solvent of the lipids using a rotary evaporator. Hereafter, p57-C11C18 conjugate in DMSO
(nothing was added for the empty liposomes) was added to the round-bottomed flasks, and
the formulation was homogenized by adding 5 glass beads and swirling them around to
remove the lipid film from the glass wall. The formulations were transferred to 15 ml tubes,
and the round-bottomed flask was rinsed 4 times, each time with 1 mL of Milli-Q water, which
was added to the tubes to make sure that the main part of the formulation was transferred.
The liposomes were snap-frozen in liquid nitrogen followed by lyophilization overnight. The
resulting lipid cakes were rehydrated in 10 mM phosphate buffer (PB) (pH 7.4) to reach a total
lipid concentration of 10 mg/mL and 77.2 nmol of p57-C11C18 conjugate (305 pg/mL).
Rehydration was performed in three steps, where 25%, 25%, and 50% of the total volume (2
mL) were added with 30 min intervals at 60°C. After the last addition, the formulations
equilibrated for 1 hour at 60°C, the obtained liposomes were extruded (Lipex 1.5 mL extruder,
TransferraNanosciences, Burnaby, Canada) simultaneously through stacked polycarbonate
filters with a pore size of 400 and 200 nm, six times at 60°C. Free molecules were removed by
dialysis (24 hours, RT) using a Float-A-Lyzer G2 with a 100 kDa molecular weight cut-off
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(MWCO) (Repligen, Waltham, MA, USA) and 10 mM PB in the dialysate. The obtained liposomal
formulations were stored at 4°C until further use.

Particle size and zeta potential measurements

The formulations were diluted twenty-fold in 10 mM PB. The intensity-weighted average
hydrodynamic diameter (Z-average) and polydispersity index (PDI) of the particles were
determined by dynamic light scattering (DLS) and the zeta potential was determined by laser
Doppler electrophoresis. Measurements were conducted in triplicates at 25°C using a nano ZS
zetasizer coupled with a 633 nm laser and 173° optics (Malvern Instruments, Worcestershire,
UK) and analyzed using Zetasizer Software v7.12 (Malvern Instruments).

Liposomes (DOPC:DOTAP 4:1) Size (nm) PDI ZP (mV)
Empty 121,2333 0,0959 33,69
p57-C11C18 conjugate 136,3667 01216 28,39

Generation and stimulation of immature human moDCs using liposomes

Buffy coats of healthy human Blood Bank donors were purchased from Sanquin Amsterdam.
CD14+ monocytes were isolated from whole blood using Ficoll-Paque density gradient
followed by purification on autoMACS® Pro Separator instrument using CD14 MicroBeads
(MACS, Miltenyi Biotec, Bergisch Gladsbach, Germany). The monocytes were differentiated to
monocyte-derived dendritic cells (moDCs) at a concentration of 106 cells/mL in RPMI 1640
(Gibco, PAA, Linz, Austria) medium containing 10% FCS (Hyclone, GE Healthcare Life Sciences,
Eindhoven, the Netherlands), 2 mM GlutaMAX™ (Gibco, PAA, Linz, Austria), 100 U/ml
penicillin, 100 pg/ml streptomycin and 10 ng/mL GM-CSF (Life Technologies-Invitrogen,
Bleiswijk, the Netherlands) and 10 ng/mL IL-4 (Peprotech, Rocky Hill, NJ). On day 3, all
cultures were replenished with fresh culture media with the appropriate concentrations of
GM-CSF and IL-4. Cells were incubated for 5 days at 37°C and in a 5% CO2 atmosphere
incubator. Immature dendritic cells were then harvested, counted and transferred to 96 well
plates (round bottom, Corning Costar TC-Treated Microplates, Corning, NY) at 50.000
cells/well. The next day cells were stimulated for three hours, before the supernatant was
discarded and replaced by medium before overnight incubation, using synthetic compounds
(20 uM concentration) or liposomes (100 pg/ml concentration of the lipids DOPC:DOTAP in a
4:1 molar ratio; 0.89 pug/ml = 0.22 nmol/ml synthetic conjugate concentration in the final
formulation). The synthetic compounds were dissolved in DMSO at a concentration of 5
nmol/pL, further diluted and premixed in RPMI 1640 medium containing 10% FCS, 2 mM
GlutaMAX™, 1% Pen-Strep; the liposomes were diluted in the same medium at described
concentration. LPS (100 ng/ml) was used as positive control for stimulated cells. Supernatants
were harvested 20 hours after the initial addition of stimuli for subsequent analysis of
cytokines.

185



Summary and prospects

Human IL-12(p40) and IL-10 ELISA

Human IL-12/IL-23 (p40) and human IL-10 ELISA kits were purchased from Biolegend (ELISA
MAX™ Standard Set; London, UK). All supernatants were tested in triplicates according to
manufacturer’s instructions. Sample absorbance was measured using a Spectramax i3x
(Molecular Devices, CA, USA) spectrometer.
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Het onderzoek in dit proefschrift beschrijft het ontwerp en de synthese van
natuurlijke verbindingen als onderdeel voor een toekomstig tuberculose (TB) vaccin.
De natuurlijke verbindingen hierin beschreven bestaan uit peptides, glycolipide
antigenen en glycolipidische pathogen associated molecular patterns (PAMPs).
Evaluatie van de gesynthetiseerde verbindingen in combinatie met voorlopige in
vivo immunisatiestudies, lieten de potentie zien van synthetische conjugaten als
“single molecule” vaccins tegen TB. Verder onderzoek is nodig om de werkzaamheid
van deze potentiele vaccins te verifiéren.

Hoofdstuk 1 bevat een overzicht van de interacties tussen Mycobacterium
tuberculosis (Mtb) en het menselijk immunsysteem. Verder wordt hier dieper
ingegaan op huidige vaccin strategieén en vaccins die op dit moment klinische
proeven ondergaan. Tot slot wordt de gedachte achter het ontwerp van de
verbindingen, die in dit proefschrift beschreven worden uitgelegd.

Hoofdstuk 2 beschrijft het ontwerp en de synthese van gestabiliseerd mannose
fosfomycoketide (MPM), een stof die de menselijke T-cel reactie tegen de natuurlijke
Mtb glycolipiden stimuleert. Drie gestabiliseerde MPM analogen zijn gesynthetiseerd
en getest op hun antigeniciteit and kruisreactiviteit met natuurlijk MPM. Deze testen
gaven belangrijke inzichten wat betreft MPM presentatie door het CD1c eiwit.

Het eerste biologisch actieve conjungaat vaccin dat bestaat uit een peptide covalent
gebonden aan een synthetisch analoog van een Mtb glycolipide (trehalose
dimycolate, TDM) staat beschreven in Hoofdstuk 3. De synthese van vier
verschillende op TDM geinspireerde glycolipides wordt hier beschreven samen met
de in vitro karakterisatie van de conjungaten hiervan. Data verkregen uit
muisproeven wijst naar een sterkere humorale immuniteits reactie, als gevolg van
deze conjungaten.
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In Hoofdstuk 4 wordt de activatie van TLR2 door verscheidene Upam peptide
conjungaten verkend, voor de inductie van antimycobacteriéle reacties. Drie
conjungaten zijn gesynthetiseerd, waarvan biologische experimenten lieten zien dat
ze activatie van menselijke dendritische cellen en macrofagen sterk opwekken in
vitro. Verdere in vitro experimenten suggereerde dat antigeen presentatie aan T-
cellen niet werd beinvloed door de conjungatie aan een TLR ligand. Een van deze
conjungaten is gebruikt bij een immunisatie studie in muizen, waarbij voorlopige
data leek te wijzen op zowel een humorale als een cellulaire reactie.

In Hoofdstuk 5 wordt de de synthese van twee liganden beschreven, die in staat zijn
te binden met Mincle en TLR2. Deze liganden zijn vervolgens in vitro onderzocht op
functionele synergieén. Hieruit kwam naar voren dat bij bepaalde concentraties
inderdaad een synergetisch effect kon worden bereikt. Dit effect leidde tot een
toename van cytokine productie in menselijke dendritische cellen, die zijn afgeleid
van monocyten. T-cel antigen presentatie experimenten zijn uitgevoerd, die er op
wezen dat co-stimulatie de presentatie niet verder zou verhogen.

Hoofdstuk 6 bevat een samenvatting van de behaalde resultaten, die in dit
proefschrift beschreven staan, samen met een uiteenzetting van de volgende stappen
die nodig zijn voor de toemkomstige ontwikkeling, verfijning en implementatie voor
synthetische Mtb vaccins.
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