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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.

12
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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



General introduction

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.

14
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