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GENERAL INTRODUCTION

“One can think of the middle of the twentieth century as the end of one of the most important
social revolutions in history, the virtual elimination of infectious diseases as a significant
factor in social life [1]” Wrote Sir Frank MacFarlane Burnet, the 1960 co-winner of the
Nobel Prize in Medicine, in 1962.

This optimistic statement was presumably based on the improved living conditions in
the Western World caused by better nutrition, sanitation, housing, and the development
of vaccines and antibiotics that had decreased the mortality and morbidity of infectious
diseases [2]. However, the statement was shortly after disproven, as a series of outbreaks
and epidemics of new, re-emerging, and drug-resistant pathogens, e.g., the AIDS outbreak
(1981: first official reporting [3]) and Ebola (1976: first recognition of the disease [4])
refuted the notion that infectious diseases were no longer a threat to human health [2]. We
have still not “virtually eliminated” infectious diseases. One of humans’ oldest enemies,
tuberculosis (TB), which has been with us for at least 10,500 years [5], is still going strong.
TB is the deadliest infectious disease in recent times, only recently surpassed (on a death/
year basis) by COVID-19 [6, 7].

Tuberculosis

TB is caused by the Mycobacterium tuberculosis complex, a group of closely related
mycobacteria, including the Mycobacterium tuberculosis (Mtb), which is the main cause of
TB in humans [8, 9]. Mtb is transmitted through airborne droplets, called liquid aerosols,
which expire when individuals with pulmonary TB cough, sneeze, talk, and even breathe
[10]. TB mainly affects the lungs, causing symptoms such as fever, chest pain, and cough
with sputum and sometimes blood [11]. When Mtb is transmitted to a new host, it can
either be eradicated by the immune system [12], lead to the symptomatic (active) disease,
or be (mainly) contained in granulomas by the body as an asymptomatic infection that
possibly can lead to the active disease later in life [13-15]. If active TB is left untreated, it
may cause death by septic shock, respiratory failure, or suffocation [16].

It is estimated that one-quarter of the world’s population is infected (mostly latently)
with TB and that it killed around 1.3 million people in 2022 [7]. This is despite TB being
manageable/curable with a strict regimen of antibiotics [7]. According to the World Health
Organization (WHO), TB is especially a problem in the regions of Southeast Asia (46%),
Africa (23%), and the Western Pacific (18%), regions which mainly consist of low-income
countries [7]. TB is a severe health problem in these countries due to, among others, low
TB case detection [17] and low adherence to and availability of medication [18-20].

Vaccination can potentially reduce the TB burden, as it has lowered the incidence rates
of other diseases, e.g. measles and polio, and even eradicated smallpox [21]. However,
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the only vaccine registered against TB, the live-attenuated vaccine Mycobacterium bovis
Bacille Calmette-Guérin (BCG) (already administered since 1921 [22]), is inadequate, as
it has a high variable efficiency (the protection varies between 0 and 80%), fails to prevent
active pulmonary TB in adults, and can cause severe side effects in immunocompromised
individuals [23, 24]. The variable efficacy of the BCG vaccine against TB has several
controversial and diverse reasons. Such as, but not limited to, i) TB not only being caused
by one, but several mycobacteria in the Mtb complex, ii) previous exposure to mycobacteria
may interfere with the BCG response, iii) lack of essential antigens in the vaccine, and
iv) vaccine manufacturing differences [25]. In the past century, these differences in
manufacturing have been caused by the usage of different strains of the BCG vaccine, e.g.,
BCG Russia, Copenhagen, and Japan, and batch-to-batch variations [25, 26]. Therefore,
a new, more effective vaccine and/or vaccination strategy is needed to increase the
effectiveness and protection rate of TB vaccines. The studies described in this dissertation
will explore different vaccine formulations, administration routes, and methodologies, as a
first step toward a new vaccine against TB.

A promising antigen for a new TB vaccine is Ag85B-ESAT6-Rv2034 (AER), which we
have focussed on in this dissertation. AER is a fusion protein consisting of Antigen 85B
(Ag85B), one of the proteins that is most abundant in Mtb and BCG culture supernatants
[27, 28], the 6 kDa early secretory antigenic target (ESAT-6); a protein secreted by Mtb and
other mycobacteria, but not BCG [29-31], and Rv2034; a protein that is expressed during
inflammatory pulmonary infections in mice [32] and strongly recognised by human T cells
[33]. By choosing a protein, the possibility of strain differences is complety avoided. In a
preclinical study, AER adjuvanted (from Latin: adjuvare; to help) with CAF01 exhibited
promising results in HLA-DR3 mice, which are transgenic mice that have the human
leucocyte antigen variant DR3 (a major allele present in 20% of the human population)
instead of murine major histocompatibility complex (MHC) class II [33]. It reduced the
colony-forming units of Mtb in lungs and spleens in guinea pigs to the same level as BCG
30 days post-infection, which is better than described in other studies performed with
Ag85B-ESAT6 [33]. However, the protective efficacy is still only at the same level as BCG,
the suboptimal vaccine. Therefore, the vaccine could be further optimised.

Mounting of an immune response against TB

To formulate a vaccine against TB, it is important to know how Mtb infects the body
and which response is necessary to eradicate the bacteria. Mtb is (usually) transmitted
after inhalation of Mtb-containing aerosols into the respiratory tract, which comprises
the upper respiratory tract (the oral and nasal cavity down to the larynx above the vocal
cords [34]) and the lower respiratory tract (the larynx below the vocal cords down to the
alveoli [35, 36]). The respiratory tract is mostly lined with a mucous membrane, the first
line of defence against Mtb [35]. The mucous membrane consists of the lamina propria (a
connective tissue layer) and tightly bound epithelial cells covered in mucus [37].
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Little is known about the early Mtb infection [38]. However, it is believed that if the
mucosal barrier functions do not clear the Mtb bacteria, they can travel to the mucosa-free
alveolar sacs and infect alveolar macrophages, which are both the primary immune cell
type in the alveoli and the cell type that Mtb mainly infects [38, 39]. Alveolar macrophages
recognise pathogen-associated molecular patterns located (PAMPs) on Mtb with their
pattern-recognition receptors (PRRs) that, among others, initiate phagocytosis [40].
Phagocytosis is a process by which the pathogen is taken up through an extension of the cell
membrane, which fuses and creates a vesicle inside the macrophage called the phagosome.
The phagosome fuses with other vesicles inside the macrophage called lysosomes, which
contain enzymes and other substances, which the macrophage uses to kill the pathogen
[41]. However, Mtb avoids destruction in various ways, e.g., by preventing phagosome-
lysosome fusion [41]. Therefore, Mtb is able to reproduce slowly (an approximate
generation time of 20 h [38]) inside the phagosomal compartments [41].

Mtb-infected alveolar macrophages can traverse the airway epithelium and gain access to the
lung interstitium [39]. Mtb replicates for approximately one week inside the macrophages,
whereafter the bacteria escape and are phagocytosed by other cells, e.g., neutrophils,
migratory inflammatory monocytes, and the professional antigen-presenting cell dendritic
cells (DCs) [42]. The inflammatory monocytes and the DCs transport Mtb to the draining
lymph node in the lung and transfer the antigen to uninfected lymphoid-tissue resident
immature DCs [42]. The immature DCs differentiate into mature DCs when their PRRs
interact with PAMPs on the Mtb [43, 44].

Antigens that the DCs have sampled are presented on their MHC molecules, which can
interact with T cells through their a:} T cell receptor (TCR) [45]. Classical MHC molecules
are polymorphic and can be divided into MHC class I molecules and MHC class 1I
molecules [46]. For antigen presentation to the cluster of differentiation (CD)4" T cell, the
antigen has to be presented on a MHC class II molecule, and the T cell’s co-receptor CD4
has to interact with the MHC molecule [45]. For the T cell type CD8* T cell, the antigen has
to be presented on a MHC class I molecule, with the co-receptor CD8 interacting with the
MHC molecule [45]. Additional costimulatory signals are transmitted by the interaction
of surface molecules and the secretion of cytokines, see Fig. 1. The best characterised
costimulatory signals for the CD4* T cells are provided by CD80 and CD86 molecules,
which are present in high levels on activated antigen-presenting cells (APCs) [47]. These
molecules bind to the CD28 molecule on the CD4* T cell, and additional costimulatory
signals in the form of cytokines, produced by the DC or other cells, bind to the CD4* T
cell’s cytokine receptors and direct the differentiation into various subsets of effector CD4*
T cells [47].
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Figure 1. Simplified illustration of (pathogen-derived) antigen presentation on an MHC class I molecule and
an MHC class IT molecule on a DC. The DC is activated via PRRs from the pathogen and can hereafter activate
T cells by presenting the antigen on MHC molecules to the TCR while supplying costimulatory signals (here
shown for CD4* T cells), which leads to activation, differentiation, and proliferation of the T cell. CD: cluster of
differentiation, DC: dendritic cell, MHC: major histocompatibility complex.

Based on the costimulatory signals given during the activation of CD4* T cells, they develop
into different effector cells. The major subsets are T helper (Th)1, Th2, Th17, regulatory T
(T,,) cells,and T follicular helper (T ) cells. The subsets are characterised by their cytokine
profiles associated with their effector functions [47]. Th1 cells help macrophages clear
intravesical infections; Th2 cells help to control infections by extracellular organisms, e.g.,
parasites [47, 48]; Th17 cells help to protect against extracellular organisms and have been
associated with autoimmunity and stimulation of neutrophils [49, 50]; T , cells provide help
to the B cells [51], and; Treg cells have a role in dampening immune responses and maintaining
immunological self-tolerance by inhibiting conventional T-cell responses [52]. The activated
CD8" T cell differentiates into the effector cell, the cytotoxic T cell [53]. Once pathogens have
entered host cells, they are inaccessible to antibodies and phagocytic cells. By recognising
pathogen-derived antigens on MHC class I molecules of the infected cell, the cytotoxic T
cell reorganises its cytoskeleton and exocytose granules, which fuse with the cell membrane
and release its content in the synapse between the cytotoxic T cell and the infected cell [54].
The content in the granules consists of preformed effector molecules such as granzymes and
perforins, which penetrate the cell membrane and induce the apoptosis, programmed cell
death, of the host cell [54].

The inflammatory milieu of the Mtb infection promotes Mtb-specific T, cells that restrict
priming and proliferation of effector T cells, therefore delaying their arrival in the lung
(T-cell responses against Mtb are on average detected 45 days after Mtb exposure, whereas
T-cell response typically peak at 7-14 days for most infections), and when these effector
T cells finally reach the site of infection, there is a sizeable bacterial burden, regulatory
cell types and immunosuppressive factors [42]. Therefore, Mtb gets encapsulated in large
granulomas consisting of various cell types, where it can be contained for decades [55].
Sometimes, the structural organisation in the granuloma is altered, which can lead to necrosis
of the granuloma and, thereby, the release of bacteria [55]. As the normal immune response
against TB often is insufficient, it is important to identify the essential factors in containing/
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eradicating the TB infection. However, which kind of immune responses correlate with
protection against TB is not entirely determined.

It has been shown that B cell-deficient mice (B cells can develop into plasma cells that
produce antibodies) demonstrate increased susceptibility to TB and more severe lesion
formation [56]. However, other groups have shown little to no role of B cells [56]. Therefore,
the role of B cells and antibodies in protection against TB is yet to be determined. CD4* T
cells are, on the other hand, crucial as HIV-infected individuals depleted of CD4* T cells are
restricted in their ability to contain TB [42]. Mice with a deletion of the interferon (IFN)-y
gene have shown extreme susceptibility to TB; however, IFN-y-deficient BCG-vaccinated
mice have also shown to exhibit significant protection against Mtb, which indicates that
an IFN-y independent mechanism to limit Mtb does exist and that IFN-y might not be a
reliable correlate of protection against TB [57].

As the immunological response to BCG seems to depend on the animal model, dose, BCG
strain, and administration route, among others, it is hard to determine what makes BCG
inadequate to protect against TB [57]. BCG induces both humoral and cellular responses,
but it might be that the response is not adequate in regards to the central-memory T-cell
response, Th17 response, and/or CD8* T-cell response [57]; however, it is not determined.
Therefore, it is hard to conclude exactly which kind of response a vaccine should elicit
to confer protection. However, it is believed that an effective vaccine against TB should
comprise both a CD4*and a CD8* T-cell response [24].

Different vaccine types and adjuvants

Early vaccines were based on live-attenuated or inactivated-whole pathogens. Live-attenuated
(weakened) vaccines are based on living viruses or bacteria that have been modified,
usually by repeated culturing [58]. They cause a mild infection and induce an immune
response similar to that of the wild-type strain infections; however, they can cause disease
in immunosuppressed people, as seen with disseminated BCGosis in HIV-infected infants
[26], and have the potential for reversion to the virulent form, as it has been documented
with the oral polio vaccine [59]. Vaccines based on inactivated whole pathogens, produced by
inactivating/killing the pathogens with heat, chemicals, or radiation [60], are safer than live-
attenuated vaccines as they cannot revert to the virulent form while still containing pathogen
components, which act as intrinsic adjuvants [61]. However, inactivated-whole pathogen
vaccines are unsuitable when the natural infection does not convey long-standing immunity
[61] and can sometimes not be produced in large quantities, as seen with hepatitis B [62].

Since the early days of vaccine production, other types of vaccines have emerged, such as
subunit vaccines [63]. Subunit vaccines are based on purified antigens, usually proteins
[62], and often have fewer adverse effects than whole inactivated pathogens, e.g., as
seen for the pertussis vaccine [63]. Subunit vaccines often lack adjuvant effects and are,
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therefore, usually poorly immunogenic [61]. It is thus necessary to add adjuvants to these
vaccines, as adjuvants can help improve the potency and redirect the immune system
toward an effective response [61]. Adjuvants can be divided into two groups: particulate
and molecular [64, 65]. In 1926, the immune-enhancing effects of the particulate adjuvant
type aluminium salts, also called alum, were reported [62]. This led to the first licensed
adjuvanted vaccine, which remained the only licensed adjuvant for more than half a
century [61]. Aluminium adjuvants are associated with enhanced antibody responses and
are skewed towards a Th2 response [62, 66]. Since then, other classes of adjuvants have
entered the market. For example, emulsions, e.g., the oil-in-water emulsion adjuvant MF59°
based on squalene first licensed in 1997 [67, 68], as well as liposomes, e.g., ASO1, which
also contains monophosphoryl lipid A and Quillaja Saponaria-21, used against shingles
[62]. This dissertation will focus mainly on the three particulate adjuvant types: liposomes,
poly(lactic-co-glycolic acid) (PLGA) particles, and lipid-PLGA hybrids.

Adjuvants: liposomes, PLGA (nano)particles, and lipid-PLGA hybrids

Particulate adjuvants consist of small particles. Different types of particulate adjuvants
exist, but some common denominators have been identified. Particulate adjuvants can act
as carrier systems for the antigens and molecular adjuvants, thereby ensuring co-delivery,
which has been shown to enhance the immune response [69]. Factors such as size, charge,
and rigidity are important determinants for generating a particular immune response [70].

There are discrepancies among experimental results regarding nanoparticle size in different
studies, probably due to differences in the experimental setup [71]. However, when it comes
to uptake in immune cells such as macrophages and Langerhans cells, phagocytosis is most
efficient for particles with a size of around 3 pm, and clathrin-mediated endocytosis is optimal
for particles of about 100 nm [71]. Nanoparticles also seem to be better at cross-presenting
their antigenic cargo in DCs and hereby being better at activating CD8* T cells, as particles
around 800 nm were processed by the proteasome in DCs, indicating that they escaped from
the lumen of the endosome into the cytosol, whereas 3 um sized particles were processed
by endolysosomal proteases [72]. Furthermore, nanoparticles (around 50 nm and also 300-
600 nm) are more likely to induce Th1 responses than micrometre-sized particles (2-8 pum)
that are more prone to trigger Th2 responses [71, 73]. Therefore, nanoparticles seem to be
preferred for a vaccine that should induce Th1 and CD8"* T-cell responses.

Particles can be neutral, positively or negatively charged. Positively charged particles
typically form a depot at the injection site and are efficiently taken up by APCs [70]. It has
been shown that positively charged particles are taken up more efficiently than neutral
and negatively charged particles and induce higher CD4* and CD8* T-cell responses [74].
Regarding rigidity, studies have shown that rigid particles are more readily taken up by
macrophages, endothelial cells, and DCs than less rigid particles [70, 75]. Only a few
studies have been published on the relationship between rigidity and immunogenicity;
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however, more rigid particles tend to induce Thl responses [70, 71]. The particulate
adjuvant types this dissertation will focus on (cationic liposomes, PLGA particles, and
lipid-PLGA hybrids) have different physicochemical properties and have been shown to
affect the immune system in various ways.

Cationic liposomes can induce maturation of DCs that subsequently can trigger CD4*
(skewed towards a Th1-response) and CD8* T-cell responses [74, 76, 77]. A subgroup of
cationic liposomes is the pH-sensitive cationic liposomes. They are stable at physiological
pH; however, when they are internalised by APCs and exposed to the decreasing pH in
the endosomes, where the liposomal bilayer becomes unstable, fuses with the endosomal
membrane and the content leaks into the cytosol [78, 79]. This can promote CD8* T-cell
responses [80].

PLGA nanoparticles have an excellent safety profile, being both biodegradable and
biocompatible [81], and their properties (hydrophilicity/hydrophobicity, drug loading, drug
release rate, etc.) are tuneable, which allows for the customisation of their properties to fit
specific applications [82]. PLGA nanoparticles, without any added molecular adjuvants, do
not elicit much of an immune response [76]. The small response can be slightly Th2-biased
[73]. However, with a molecular adjuvant included, PLGA nanoparticles can induce Th1-
response in mice [76].

Lipid-PLGA hybrids combine liposomes and PLGA nanoparticles by being nanoparticles
with a PLGA core covered by lipids [73]. Lipid-PLGA hybrids have successfully been used in
drugand vaccine delivery preclinical research, where they induced equal IFNy*CD4CD44""
(Th1)-cell responses to liposomes with the same lipid composition in vivo [73].

Microfluidics and PLGA particle production

Currently, PLGA particles are mainly produced by two methods: emulsion-based methods,
where a water-immiscible or partly water-immiscible organic solvent containing dissolved
PLGA is emulsified in an aqueous solution with a surfactant, and nanoprecipitation methods,
where a water-miscible organic solvent containing dissolved PLGA is mixed with an aqueous
solution [83, 84]. While these techniques allow for manipulation of the nanoparticle diameter
by varying factors, such as the PLGA concentration and the surfactant concentration [84],
the batch-to-batch reproducibility is low [85], and the nanoparticles are rarely below 100
nm [84].

Microfluidics, a technique that enables the manipulation of fluid streams through microscale
fluidic channels, has emerged to overcome these problems, offering precise control of the
nanoparticle diameter, greater batch-to-batch reproducibility, and a narrower particle size
distribution [86]. Therefore, microfluidic methods seem to be the future of PLGA particle
production.
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Intradermal administration

The subcutaneous, intramuscular, and intradermal routes are among the most conventional
vaccine administration routes. Among these, the dermis is more densely populated by
different subsets of DCs compared to subcutaneous and muscle tissue, which contain
fewer, less investigated DCs [87]. Therefore, intradermal delivery of a new TB vaccine
could be of interest.

The BCG vaccine is already mainly administered intradermally. While the oral and
respiratory administration routes seem to induce better mucosal and systemic responses
compared to the subcutaneous and intradermal delivery (for BCG), they do not come
without obstacles [56, 57]. The oral route is associated with cervical adenitis [56], and
the efficacy of orally delivered BCG is lower in the developing world, where helminth
and Helicobacter Pylori infections have been shown to decrease the effect [57]. For the
respiratory route, intranasal vaccination (with Escherichia coli heat-labile toxin adjuvant)
has been associated with facial nerve paralysis [56], intratracheal and endobronchial are
challenging to deliver [56], and in aerosol delivery, it is hard to control the delivered dose
and the uniformity of the distribution [57]. Therefore, the intradermal administration
route remains a viable option.

Among the intradermal administration forms are dissolvable microneedle arrays
(dMNAs). dMNAs are made of a dissolvable material, such as polymers or sugars. They are
favourable, as they can: i) secure the stability of loaded drugs by keeping them in their dry
form, ii) are possible to self-administer because of the easy application of the microneedle
patch, which has needle lengths that would target the dermis, and iii) create zero needle
waste as the needle dissolve leading to no spread of blood-borne pathogens [88].

DISSERTATION AIM AND OUTLINE

This dissertation describes how to design and optimise nanoparticulate vaccine
formulations and dMNAs and assess if the formulations can induce CD4* and CD8* T-cell
responses, which are deemed important in a vaccine against TB.

Chapter 2 reports on how the lipid composition of liposomes affects the immune system.
AER-containing liposomal formulations were formulated with different cationic lipids
and cholesterol contents, and their physicochemical characteristics and immunological
potential in vitro were assessed. The formulations were added to DCs, and the uptake of the
formulations and their ability to upregulate DC surface markers were evaluated. The most
promising formulations were tested in a T-cell assay to test if the formulation-exposed DCs
could upregulate T cells’ activation markers and IFN-y production.
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Chapter 3 describes a novel modular microfluidic system to prepare PLGA nanoparticles.
The system was set up to establish a low-cost method that circumvents bulk nanoparticle
preparation methods, which are typically time-consuming and have high batch-to-batch
variability. Parameters in the modular microfluidic system that affected physicochemical
characteristics, such as the nanoparticle diameter, were determined, and it was possible
to incorporate proteins into the PLGA nanoparticles. Furthermore, this microfluidics
system was also used to prepare the lipid-PLGA hybrids used in Chapter 4 and the PLGA
nanoparticles incorporated in the dMNAs described in Chapter 5.

Chapter 4 describes the immunological responses of PLGA particles, lipid-composition-
optimised liposomes, and lipid-PLGA hybrids. The three particulate adjuvant types
formulated with AER were compared in vitro with and without the molecular adjuvants
monophosphoryl lipid A and cytosine-phosphate-guanine motifs oligodeoxynucleotides
(CpG ODN) 1826 to measure the uptake of the formulations in DCs and their ability to
activate them. The three particulate formulations with AER and the molecular adjuvants’
ability to induce protection against Mtb in mice are hereafter described.

Chapter 5 reports on the comparison of two administration forms: intradermal injection
of an aqueous formulation and intradermal administration with dMNAs. The aqueous
formulations and dMNAs contained the antigen ovalbumin and the molecular adjuvant
CpG ODN 1826 with or without PLGA particles. These formulations were tested in mice
to determine if the formulations could induce CD4* and CD8* T-cell responses.

Finally, Chapter 6 contains the summary, general discussion, prospects, and conclusions
learned from the research described in this dissertation.
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