1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Author manuscript
Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 July 01.

Published in final edited form as:
Adv Drug Deliv Rev. 2016 July 1; 102: 73-82. doi:10.1016/j.addr.2015.11.012.

-, HHS Public Access
«

Novel adjuvant formulations for delivery of anti-tuberculosis
vaccine candidates

Else Marie Agger
Department of Infectious Disease Immunology, Statens Serum Institut, Artillerivej 5, 2300
Copenhagen S, Denmark, eag@ssi.dk

Abstract

There is an urgent need for a new and improved vaccine against tuberculosis for controlling this
disease that continues to pose a global health threat. The current research strategy is to replace the
present BCG vaccine or boost BCG-immunity with subunit vaccines such as viral vectored- or
protein-based vaccines. The use of recombinant proteins holds a number of production advantages
including ease of scalability, but requires an adjuvant inducing cell-mediated immune responses. A
number of promising novel adjuvant formulations have recently been designed and show evidence
of induction of cellular immune responses in humans. A common trait of effective TB adjuvants
including those already in current clinical testing is a two-component approach combining a
delivery system with an appropriate immunomodulator. This review summarises the status of
current TB adjuvant research with a focus on the division of labor between delivery systems and
immunomodulators.

Graphical Abstract

Delivery Immuno-

system modulator

DUAL COMPONENT
ADJUVANT SYSTEM

Keywords

Tuberculosis; BCG boost vaccine; dual-component adjuvants; immunomodulators; delivery
systems; long-term memory; mucosal adjuvants; PAMPS

1. Introduction

The etiological agent of tuberculosis (TB), Mycobacterium tuberculosis (M.tb.), is the most
successful pathogen on earth with an estimated one third of the world’s population harboring
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the bacteria. Although we have witnessed a decrease in TB annual death rates during the last
15 years, there is still an alarming 1.5 million deaths/year according to the latest Global
Tuberculosis Report from 2014 [1]. The BCG vaccine, developed by an attenuation of the
virulent Mycobacterium bovis, remains the only vaccine against TB and is the world’s most
widely used vaccine with a coverage rate of more than 80% in areas endemic for TB. BCG
has a documented effect against the childhood manifestations of TB in children but neonatal
administration of BCG has very limited protection against pulmonary TB which is the most
common clinical form of TB in adults [2]. Developing a novel and effective vaccination
strategy is a high priority area and is together with new treatment modalities possibly the
only way of reaching the target of eliminating TB by 2050.

Two different TB vaccination strategies are being pursued; replacing the current BCG with
an improved BCG or an attenuated M.zb., or alternatively boosting BCG-immunity either
shortly after BCG administration in infants or more predominantly as a booster in
adolescence when there is an increase in TB incidence. Currently, there are sixteen novel
vaccines in clinical development, of which the majority are BCG booster vaccines [3]. The
booster vaccines are based on one or more selected M.tb. antigens expressed by a live viral
vector or produced recombinantly as a fusion of the proteins. Fusion protein constructs hold
a number of production advantages including ease of scalability, low extent of batch-to-
batch variation, high level of safety, and many quality control parameters are relatively
uncomplicated e.g. performing full characterization. On the down side, proteins are not
inherently immunogenic and need adjuvants to strengthen the immune response.

At the dawn of clinical testing in the TB vaccine field, there were only two adjuvants
approved for use in humans and very few available for human testing; Alum was used
successfully in vaccines for many decades with the key feature being induction of
antibodies. Similarly, MF59® mainly induce antibody responses and is in particularly a very
effective adjuvant in influenza vaccines [4]. For these adjuvants, there was no evidence of
induction of the cell-mediated immune (CMI) response needed for combating an
intracellular pathogen like M.zb., and indeed preclinical studies showed no protective
potential of using Alum in TB vaccines [5]. Thus, with the first TB fusion proteins getting
ready for clinical testing just after the millennium, an important task of developing suitable
CMI-inducing adjuvants was running in parallel.

2. What type of immune response should we aim for?

Control of M.tb. infection is correlated with the induction of a Th1 response and in
particularly the crucial role of CD4 T cells has been acknowledged for many years. The
evidence is abundant and comes from classical animal studies showing protection by
adoptive transfer of CD4 T cells or antibody depletion of the same subset [6] [7] and from
humans where reduced CD4 T cell counts, e.g. during HIV infection, is associated with
increased risk of developing TB. The CD4 T cells secrete interferon-y (IFN-vy) that is
capable of activating bacteriacidal effector mechanisms in the infected macrophage, and for
many years TB vaccine research including adjuvant screening was focused on identifying
the most vigorous Th1l-inducing construct or vaccination strategy using IFN-y as a marker of
success [8] [9].
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Today it is evident that immunity against TB is much more complex and involves several
cell subsets, cytokines, and effector mechanisms (for a recent review e.g. [10] [11]). Tumor
necrosis factor alpha (TNF-a) secreted by CD4 T cells, but also by macrophages, is
important for differentiating monocytes into macrophages and in granuloma formation, and
mice lacking TNF-a receptors are highly susceptible to TB [12]. Re-activation of latent
M.th. infection is a considerable risk upon initiation of TNF-a inhibitor therapy used to treat
chronic immune-mediated diseases. CD8 T cells take part in TB immunity by a direct
cytolytic activity through secretion of perforin and granulysin and/or by secreting IFN-y and
adoptive transfer of CD8 T cell can provide protection in murine models [13] [14].
Interleukin (IL)-17 secreted by Th17 CD4 T cells is important for recruitment and initiation
of the Th1 response in the lung, and more recently IL-17 has also been suggested a more
direct protective role against virulent clinical strains of M.zb. [15]. Adoptive transfer of
BCG-or M.tb.-specific IL-17-secreting T cells showed significant protection against TB
challenge even in the absence of IFN-y secretion [16]. In fact, co-secretion of IFN-y seem to
be detrimental for the long-term protection afforded by the Th17 cells [17]. A number of
unconventional cell types like mucosa-associated invariant T cells (MAIT cells), CD1 and v/
8 T cells have also been implicated in protective immunity, although at this stage we have
limited knowledge on how to exploit this using vaccine technologies, including adjuvants.
Finally, it is important to bear in mind that correlates of protection as identified in
individuals not developing TB disease after infection is not necessarily the same as vaccine-
induced correlates of protection. In this regard, a recent paper showed that TNF-a/IFN-y
secreting CD4 T cells in fact were redundant for vaccine-protection by ID93/GLA-SE [18]
despite the abundant evidence on the importance of these two cytokines in natural control of
M.tb. infection. Conversely, the Khader lab have convincingly shown that Th17 cells play a
key role in vaccine-induced protection against TB whereas their role during natural M.zb.
immunity is more debated [17] [19].

3. Dual component adjuvant systems — a key to better TB protection

As evident from above there is no single unique correlate of immunity to M.zb., rendering
adjuvant research and development highly challenging. Despite this, there are a number of
highly promising adjuvant candidates in clinical testing that have solid evidence of
protection in various preclinical animal models including non-human primates (NHPs), and
three of the candidates (IC31®, AS01, CAF01) have demonstrated the ability to induce CMI
responses in human TB clinical trials (Table 1).

Older experimental TB adjuvants were highly complex preparations but with the quite
consisting finding that optimal activity was obtained by combining e.g. an extract of cell
wall in liposomes or oil droplets [20]. Pioneering studies from Edgar Ribi showed that
protection of a heat-killed fraction of BCG was dependent on co-delivering the material in
an oil paste [21]. Accelerated by modern regulatory demands, there was a wish to use more
defined adjuvant preparations than bacterial fractions that could potentially fulfill quality
requirements for human use but still with a CMI-inducing profile. This attested into the
widespread use of liposomes prepared of the quaternary ammonium compound dimethyl
dioctadecyl ammonium (DDA). DDA induced a CMI-response with secretion of IFN-y and
combining DDA with mixture of mycobacterial proteins, e.g. culture filtrate proteins,
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provided significant protection against both M.tb. and M. bovis [22] [23]. Later, it became
apparent that in order to effectively adjuvant highly refined recombinantly produced protein
antigens an additional immune-stimulator was needed. Thus, whereas DDA was effective
with a highly immunogenic protein like Ag85, proteins of lower inherent immunogenicity
required the addition of the TLR4 ligand monophosphoryl lipid A (MPL) for maximizing T
cell responses and protective immunity [24]. Today, the common denominator of most
adjuvants effective in TB animal models including the ones in clinical development rely on
the dual activity of an immunomodulator stimulating through a pathogen-recognition
receptor (PRR) and a delivery system for efficient vaccine targeting.

3.1 Immunomodulators

The discovery of PPRs and their signalling pathways has had a major impact on adjuvant
research, rendering this area a very high-profiled research discipline. The deliberate
activation of the innate immune system through triggering of appropriate PRRs by natural
purified compounds as well as synthetic derivatives has gained intense interest [25]. Several
families of PRRs recognize mycobacterial pathogen-associated molecular patterns (PAMPS)
including membrane-bound C-type lectin receptors, membrane-bound and cytosolic Toll-like
receptors (TLRs), and cytosolic NOD-like receptors (for a review see [26]). Compared to old
generation crude adjuvant preparations, increased knowledge on receptor-mediated
recognition allows us to design adjuvants which stimulate signalling pathways that serve to
promote mycobacterial killing while at the same time avoid PAMPs that could be exploited
by the mycobacteria to downregulate such responses.

3.1.1 Novel generation Freund Adjuvant-inspired immunomodulators—The
existence of biologically active components in the mycobacterial cell wall has been known
for years and is illustrated by the fact that inactivated mycobacteria constitute a key
ingredient in the archetypical adjuvant Freund’s Complete Adjuvant (FCA) [27]. Over the
years, considerable efforts have been devoted towards identifying single components in FCA
with adjuvant activity. Derivatives from the peptidoglycan cell wall layer and in particular
the minimal active structure muramy! dipeptide (MDP) signal through NOD2 [28] and have
a number of immune stimulating effects through activation of the NF-kB pathway with the
subsequent induction of proinflammatory cytokines [29]. In vivo, MDP has primarily been
used for various cancer therapeutic applications and has also demonstrated anti-influenza
activity, whereas the use in TB vaccines has been sparse and not very successful. Testing
MDP in combination with DDA liposomes as an adjuvant for the M.zb. antigen ESAT-6
showed no enhanced IFN-y responses compared to mice receiving DDA alone and no
protective effect in the conventional prophylactic aerosol mouse challenge model [8].

In contrast, it has been extensively documented that another mycobacterial cell wall
component, trehalose dimycolate (TDM), also known as cord factor, is highly efficacious in
TB adjuvant formulations [30] [8]. TDM is the most abundant glycolipid in the
mycobacterial cell wall and it has been known for many years that TDM can induce cellular
responses and provide protection against TB. Dating back to 1969, the lab of Edgar Lederer
showed that i.v. injection with small amounts of cord factor derived from different
mycobacteria could induce an immune response in the lungs of mice very similar to that
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seen in mice infected with live mycobacteria, and that cord-factor treated mice were
protected against a subsequent challenge with M. tb. H37Rv [31]. Accelerated by the potent
activity of TDM including e.g. for tumor regression also led to the realization that TDM was
too toxic for human use. A series of analogues was synthesized and trehalose dibehenate
(TDB) identified as maintaining a stimulatory effect but with a more acceptable toxicity
profile [32] [33].

Later, the oil was substituted with DDA and the combination of DDA and TDB has been
tested extensively in different TB animal models including mice [8] [34], guinea pigs [35]
(Olsen, 1Al), and non-human primates (JoAnne Flynn, personal communication). When
TDB is incorporated into the unstable DDA liposomes in a ratio of 1:5, the formulation is
highly stable with a shelf life at 4 °C of more than 2 years [36] (Lars Vibe Andreasen,
personal communication) and designated CAF01 (cationic adjuvant formulation). The key
trait of this adjuvant system is the induction of a long-lived and balanced Th1/Th17 response
with a high frequency of central memory T cells (T¢p) producing TNF-a and I1L-2 in
combination [30] [37] [38]. At this stage, CAFO1 has been tested in three clinical Phase |
trials showing an excellent safety profile and a remarkable maintenance of the TNF-a/IL-2
co-producers also in humans [39].

The receptors and downstream intracellular pathways activated by TDM and TDB have
recently been under intense investigations and it has been shown that these glycolipids bind
to the C-type lectin receptor Mincle, and that depletion of Mincle in mice abrogated
granuloma formation and the Th17 response seen upon injection with TDM [40] [41]. More
recently, the macrophage C-type lectin (MCL) was also found to sense TDM [42].
Importantly, a recent study describes that the human Mincle receptor also responds to
stimulation with TDM/TDB and that human stimulated antigen-presenting cells (APCs)
produce G-CSF and IL-6, known to contribute to Th1 differentiation in humans [43].

More recently, other mycobacterial cell wall components have been used as
immunomodulators in vaccines. This includes phosphoglycolipid phosphatidylinositol
mannosides (PIMs), that have been tested in both the native formats and as synthetic
analogues and shown to be efficient inducers of CMI responses [44, 45]. In a murine
efficacy study, only the synthetic PIM, construct resulted in significant protection indicating
that the adjuvant efficacy of PIMs are highly influenced by their structure [46]. Similarly, the
mycobacterial mycolate, glycerol monomycolate (GroMM or MMG), has been shown to
stimulate innate responses and has been used in TB adjuvants either as a natural purified
component or a synthetic variant [47] [48]. This molecule is also a ligand for Mincle [49]
and its discovery emphasizes that the mycobacterial cell wall contains a wealth of
immunostimulatory components that potentially can be exploited for use in TB adjuvants.

3.2.1 The use of TLR ligands in TB adjuvants—TLRs are also involved in
recognition of M.#h. and initiation of cellular responses to mycobacterial products with
ligands identified for TLR2, TLR4, TLR6, TLR9 and possibly also TLR8 (for a review see
[50]). TLR2 recognizes a number of different mycobacterial glycolipids e.g.
lipoarabinomannan but this pathway has not been exploited in adjuvants. TLR9 recognizes
unmethylated CpG motifs in bacterial DNA leading to I1L-12 production by dendritic cells
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(DCs); a cytokine that is pivotal for induction and maintenance of Th1l responses [51].
Soluble CpG has been used for adjuvanting different TB-derived antigens but with limited
protective effect in most mouse models and with most vaccine antigens like Ag85 and
culture filtrate proteins [52] [53] whereas the use of CpG as adjuvant in HLA-DR3
transgenic mice has been more successful [54] [55]. CpG has also been combined with
various delivery systems for improving on the immunogenecity of e.g. nanoparticles and
polymers. In IC31®, the single-stranded DNA-phosphodiesther oligo-d(1C)13 (ODN1a) is
combined with a polypeptide KLKLsKLK (referred to as KLK) [56]. IC31® acts through
the TLR9/MyD88 pathway with induction of a long-term Th1 response that is highly
protective in mice [5] and NHPs [57]. In humans, IC31® has been tested with three different
fusion proteins (H1, H4, H56) in 11 different clinical trials and is currently in Phase 11
testing with H4 and H56 (Ingrid Kromann, personal communication). Vaccination with
IC31® caused minimal adverse effects even in HIV-positive individuals and induced strong
Th1 responses that persisted throughout the 2.5 year follow-up and consisted primarily of
IFN-v/IL-2/TNF-a triple positive CD4 T cells or IL-2/TNF-a double positives [58] [59] [60]
[61] [62]. Most recently, IC31® was tested in healthy adults already harboring a M.zb.
infection with induction of Th1l responses and with no safety considerations [63]. At this
stage, IC31® has not been found to induce CD8 T cell responses when used as an adjuvant
in TB vaccines. This is in contrast with a study using cationic liposomes, where the addition
of a TLR9 (and TLR3) agonist was particularly effective in generating strong CD8 T cell
responses, whereas TLR2, TLR4, and TLR7 agonists complexed to the liposomes elicited
marginal CD8 T cell responses [64]. Vaccination with the liposome TLR9-agonist complex
(designated LANAC) gave rise to significant protection when combined with ESAT-6,
although the protective effect was most likely mediated by CD4 T cells.

Although the role of TLR4 during M.tb. infection is not clear, it has been known for many
years that ligands for this PAMP can be used successfully in TB vaccines. Many research
groups have used MPL in combination with a delivery system e.g. DDA, and TLR4 ligands
are key ingredients in two of the most promising TB adjuvants (GLA-SE, AS01). In a direct
comparison in cattle, DDA/MPL was superior in terms of enhancing BCG-induced
protection against M. bovis compared to DDA with a synthetic phosphatidylinositol
mannoside-2 (PIM2) and DDA/Pam3Cys, respectively [65]. The heparin-binding
haemagglutinin (HBHA) was also protective in DDA/MPL whereas HBHA encapsulated in
nanoparticles with CpG failed to induce protective responses despite the induction of strong
IFN-vy responses [66].

The adjuvant effect of the archetypical TLR4 ligand, lipopolysaccharide (LPS), adheres to
its ability to induce two signalling pathways; MyD88 and TRIF/TRAM that results in
induction of various proinflammatory cytokines but also production of type I interferons and
these two signalling pathways act synergistically to induce potent Th1 responses [67]. MPL
is a chemically modified derivative of the toxic LPS component from Salmonella minnesota
retaining much of the stimulatory effect of the parent molecule but with a highly acceptable
safety profile. MPL together with QS21 constitute the core of the Adjuvant Systems from
GSK either in an oil in water emulsion (AS02) or with liposomes (AS01) (for a review see
[68]). ASOLE (with the E indicating reduced dose for pediatric use) has been used for
adjuvanting the GSK antigen candidate M72 and tested in several clinical trials with
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induction of very potent CD4 T cell response with multiple Th1 cytokine combinations,
CD8 T cells and activation of NK cells, and without serious adverse events [69, 70].

Glucopyranosyl lipid adjuvant (GLA) is a synthetic TLR4 agonist which have retained the
stimulatory profile of naturally-derived MPL and with an even more vigorous stimulatory
effect on human DCs characterized by increased levels of DC maturations markers and
higher levels of MyD88 and TRIF-dependent gene transcripts [71]. When administered in
vivo in a stable-emulsion (SE), MPL and GLA generated similar immune profiles with the
only difference being lower TNF-a levels with GLA. The combination of GLA and SE
(GLA-SE) is used in combination with the vaccine candidate 1D93 and a series of preclinical
studies have shown potent Th1 responses with a predominant contribution of IFN-vy/IL-2/
TNF-a triple positive CD4 T cells as well as IFN-y/TNF-a co-producers [72]. Additionally,
GLA-SE/ID93 induces significant protection in mice and guinea pigs and has also been used
in NHPs as a therapeutic intervention in combination with standard isoniazid/rifampicin
treatment [73]. GLA-SE/ID93 is currently in Phase | testing.

3.2 Delivery systems

Traditionally, delivery systems have been considered inert carriers of the vaccine
components, basically serving to ensure that the vaccine antigen is not excreted immediately
after injection [74]. A classical example is Alum-containing adjuvants where the adjuvant
activity mainly has been ascribed the ability to capture antigen; a so-called depot effect (for
a review see [75]. However, a number of recent publications have shown that in addition to
their carrier activities, delivery systems also can serve a number of important functions in
relation to targeting the vaccine components to specific cells of the immune system,
enhancing antigen presentation, prolonging immune responses and reducing unwanted
adverse effects of PAMPs (Figure 1). In addition, delivery systems previously regarded as
inert material have been shown to have many direct immunostimulatory properties.

There is a range of different delivery systems including mineral salts, emulsions, liposomes,
virosomes, and biodegradable polymer microspheres of which liposomes and emulsions are
included in the most promising TB adjuvants. The IDRI research group has tested the effect
of combining GLA with different delivery formulations and noted that even the Th2-
inducing Alum can be re-directed to induce IFN-y by adding GLA [76]. In a direct
comparison, however, Alum/GLA was found less protective against TB compared to GLA
delivered in an oil-in-water emulsion, and in particular the combination of emulsions
composed of squalene oils and GLA was effective in terms of inducing potent Th1 responses
and protection in the standard TB mouse model. The group also tested different liposomes
for their Thl-inducing capability when combined with GLA and found that anionic
liposomes gave rise to the strongest enhancement of Th1l responses. The superiority of
anionic liposomes is in contrast with data using DDA liposomes where replacing highly
cationic DDA liposomes with the zwitterionic distearoylphosphatidylcholine caused the
surface charge to decrease from approximately 70 mV down to 15 mV and by that also a
significant reduction of the Th1 response [77].

The immunostimulatory effect of Alum-, liposome- and emulsion-based adjuvants has also
been compared in the GSK series of AS adjuvants with a clear benefit of using liposome-
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based systems for TB vaccines. Preclinical studies have shown that although both emulsion
and liposomes-based adjuvants provided protection from a mycobacterial challenge, the
liposome-based (AS01) triggered higher T-cell responses as monitored by a stronger IFN-y
response, but also a contribution by CD8 T cells, although the underlying mechanism was
not elucidated [78]. This hierarchy was also seen in human volunteers and ASO1 was
choosen as the preferred adjuvant candidate for the vaccine antigen M72 [79].

In addition to directing the right Th1 type of immune response, it has become clear that the
type of delivery system and its physicochemical properties can be pivotal in two key aspects
of optimal adjuvant activity; avoiding that CMI-inducing PAMPs display overt toxicity and
maintaining long-term memory responses of the vaccine.

3.2.1 Long term memory — a key role for delivery systems—Independent of
vaccination strategy and type of adjuvant, it is the goal of TB vaccination to establish long-
lived memory immunity. It has for many years been widely accepted that non-live subunit
vaccines stimulated poor memory immunity compared to live vaccines. Orme and co-
workers showed that vaccination with culture filtrate proteins in Freund’s incomplete
adjuvant gave rise to levels of protection comparable to BCG but that this protection waned
over time; experiments that led to the assumption that antigen has to persist in order to
provide long-lived immunity but also that additional immunomodulation was required [80].
The additional immunomodulation is clearly represented by various PAMPs in modern
generation adjuvant formulations, and importantly an optimal delivery system ensures
prolonged retention of the vaccine antigen at the injection site and thereby mimicking the
live conditions of antigen persistency. A study on the longevity of the immune response
promoted by CAF01 showed that when both of these key molecules are present (DDA and
TDB), subunit vaccines are indeed capable of inducing vaccine memory responses that are
comparable to or even better than BCG [38]. CAFO1 in combination with the fusion protein
H1 induced very robust CD4 T cell responses that are maintained for more than one year in
the mouse model. Strikingly, a similar longevity of immune response is seen in humans,
with both CAF01 and 1C31®, with both adjuvants showing no waning of vaccine-induced
CDA T cells during the 2-3 years of follow-up of the clinical trials [59] [39].

A common denominator of the delivery systems in IC31® (KLK) and CAF01 (DDA) is a
highly positive charge which seem to be crucial for retaining the vaccine components at the
injection site [56]. As most recombinant antigens are negatively charged, the positively
charged delivery systems readily adsorbs antigen and thereby creates an antigen depot for a
prolonged period [81] [82]. Using radiolabeling of vaccine components, adjuvants based on
cationic liposomes were characterized by a better retention of vaccine at the site-of-injection
and a superior uptake of vaccine antigen into murine DCs and subsequent improved antigen
presentation when compared with adjuvants based on neutral liposomes [83]. Further studies
using cationic liposomes showed that in addition to charge, the rigidity of the delivery
system is also a critical determinant for antigen depot formation. When comparing two
liposome delivery systems that only differed in their degree of saturation of acyl chains
(rendering DDA rigid and DODA fluid at physiological temperature), long-term retention
and slow release of both liposome and vaccine antigen from the injection site was most
optimally achieved with the rigid DDA system and was favorable for sustained Thl
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responses [84]. This clearly emphasize that the antigen release kinetics is highly decisive for
the immunological outcome, and that the kinetics is controlled by the physicochemical
properties of the delivery system.

Memory CD4 T cells are a heterogeneous population composed of different subtypes co-
expressing different chemokines, cytokines, and surface markers. In terms of TB vaccine
development and using IFN-v as a correlate of a “good” TB vaccine, there has been a clear
bias towards strategies that generates effector memory T cells (Tgp). It has however become
increasingly clear that central memory T cells (Tcp) are important mediators of long-term
immune responses. These cells are characterized by their expression of the chemokine
receptor 7 (CCR7) and memory markers CD62L/CD45RA and their functional ability to
secrete IL-2 [85]. In a heroic series of adoptive transfer experiments, the Kaufmann lab
showed that the protection afforded by recombinant BCG primarily resided with the T
population [86]. Conventional BCG is indeed characterized by its preferential induction of
Tem and with poor levels Tcow; a characteristic that has been associated with waning of
BCG-induced immunity over time (reviewed in [87]). Boosting BCG-immunity with a H1/
CAFO01 vaccine expanded the T¢y population, and a significant proportion of IL-2 positive
CDA4 T cells with a strong proliferative potential was still present almost two years after
vaccination in mice [37]. Although it is clear that subunit vaccines are superior than live
vaccines like BCG in generating Tcp, the underlying mechanism is not known. It is
tempting to speculate that an optimal delivery system has an antigen release kinetics than
balances between sufficient antigen initially available for induction of a T cell response but
without overt antigenic presence and stimulation ultimately leading to exhausted vaccine
responses. Deciphering how to induce various memory subsets by vaccination and what
influence different delivery systems has on the magnitude of the T\ population could be
very valuable for designing future generation TB delivery systems.

3.2.2 Delivery systems for taming PAMPs—There has been considerable safety
concern with adjuvants that could stimulate potent CMI-responses illustrated by the toxicity
of FCA but also when using soluble Th1-stimulating PAMPs, and several clinical trials using
soluble TLR agonist have been halted due to safety issues (reviewed in [88]). Recent data
suggest that delivery systems can be used to dampen the toxicity of PAMPs by limiting the
systemic exposure. The Siegrist lab showed that vaccination with IC31®/H1 was associated
with a specific targeting of vaccine components to a minute proportion of DCs (less than
0.3% of the total DC population) and that only the cells taking up the IC31® component
were activated and reflected an enhanced expression of surface maturation markers [89]. As
only the small population of adjuvant-bearing DCs were activated, systemic toxicity was
avoided whereas global stimulation of all DCs by injection of soluble CpG gave rise to
significant levels of proinflammatory cytokines in the serum. Further, in vitro experiments
showed that the delivery system KLK created aggregates with ODN1a that readily
associated with DCs and that ODN1a co-localized with TLR9 positive compartments
following KLK-mediated uptake [90]. This targeted delivery was due to unique
conformation properties of KLK and not the positive charge of KLK as changing a single
amino acid in KLK with no net charge change abolished the effect. The same specific
targeting to a minute population of DCs has been seen for CAF01 where two immunizations
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with H1/CAFO1 resulted in only a few hundred vaccine-bearing DCs in the draining lymph
node despite leading to the induction of prominent Th1/Th17 responses [91].

The reduced toxicity profile seen when delivering the immunomodulator exclusively to the
relevant vaccine-antigen bearing APCs has also been achieved by designing insoluble TLR
agonists that stay at injection site or for intranasal vaccination purposes by coating the
delivery system/TLR ligand (PLGA/TLR7) with a muco-adhesive chitosan layer [92] [93].
Co-targeting of intracellular TLR ligands to DCs using nanoparticles coated with antibodies
that recognizes DC-specific receptors has also been shown to strongly enhance CTL
responses [94]. This not only reflects that it is indeed possible to design CMI-inducing
adjuvants with no or limited overt toxicity but also that strong systemic inflammatory
responses are not necessary for their efficacy.

4. Preclinical adjuvant candidates

The majority of the current TB vaccines in late-stage preclinical development are various
vector-based regimens [95]. In addition to these more official portfolio candidates, there are
also several experimental adjuvants or novel immunization strategies involving adjuvants
with potential in TB vaccines.

A very attractive strategy is aimed at more simple immunization procedures in a format of
an immunogen with so-called inherent adjuvant effect. Mycobacterial antigens have been
directly conjugated to adjuvants to obtain a convenient single product. One example is the
novel adjuvant Lipokel which is the lipid Pam2Cys TLR2 ligand linked to a chelating entity
3NTA [96]. In mice, this construct provided significant protection against challenge
although not to the same extent as the control BCG vaccine. Similarly, antigen
multimerization has been used for enhancing the immunogenicity of proteins and a fusion of
Ag85A to IMX313, a hybrid avian oligomerization domain, showed enhanced CD4 and
CD8 T cell responses when used in DNA and MVA vaccine constructs [97]. In order to
induce combined CD4 and CD8 T cell responses, a formulation of 1L-12 delivered by the
heamagglutinin virus of Japan-envelope and —liposomes has also been used. When
combined with a DNA vaccine expressing the heat shock protein 65, this vaccine was
capable of prolonging the survival of mice infected with MDR-TB although the lack of
comparisons to other vaccines, e.g. BCG, renders it difficult to assess the full potential of
this vaccine [98] [99].

In addition to enhancing the immune response of proteins and DNA vaccines, adjuvants
have also been used for augmenting the effect of BCG. Directly admixing BCG with the
iron-binding and immunstimulatory glycoprotein lactoferrin resulted in decreased
pulmonary pathology upon M.zb. challenge compared to BCG alone, although no effect was
observed when monitoring organ CFUs [100]. BCG incorporating a-galactosylceramide was
found to activate Natural Killer T cells and showed enhanced CD8 T cell responses
compared to BCG alone; an effect that correlated with decreased bacterial burden in the
lungs of M.tb. challenged mice although the protection seemed to wane over time [101].
DDAJ/TDB has also been used to enhance the immunogenicity of BCG or the mutant BCG
AmmaAd4 and this led to significantly higher frequencies of CD4 T cells co-secreting TNF-a
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and IL-2. Although this study did not analyze induction of T¢yy, it is possible that the
addition of DDA/TDB can re-direct BCG-induced T cells to a less differentiated state [102].
Co-delivery of BCG and an adjuvanted protein has also shown potential presumably by a
synergistic effect where BCG serves as an additional immunomodulator to enhance the
effect of the subunit vaccine [103]. There was no requirement of formulating the BCG and
subunit vaccine together and the vaccines could be delivered in separate syringes rendering it
a more realistic scenario to introduce an add-on subunit vaccine than introducing a novel
BCG vaccine into the childhood vaccination program. With the recent focus on adjuvants
and delivery strategies also from important funding bodies including EU Horizon2020 and
NIH, it is very likely that we will see several novel adjuvants for augmenting CMI responses
of relevance for TB vaccines in the coming years.

4. Adjuvants and immunization strategies for mucosal use

The failure of the first novel TB vaccine to reach efficacy testing in many years, MVAS85A,
has accelerated the search for new innovative methods of vaccine delivery with the
respiratory tract being an increasingly popular site to target. By matching the route of
vaccination to the site of infection, it is believed that we can obtain a better and not least
earlier control of infection. This has even led to testing the MVVA85A vaccine administered
by a nebulizer to the mucosal tissue instead of the previous intradermal route [104]. The
potential of using established parenteral adjuvants by various mucosal routes has also been
tested. MPL administered by the oral route gave rise to strong CMI responses and highly
significant levels of protection but only when used as a booster for responses primed
subcutaneously with DDA/MPL [105]. A comparative testing of CpG and MPL delivered
into the lungs together with Ag85A showed induction of Th1 responses and a Th17 response
with MPL but only marginal levels of protection, indicating that also for mucosal delivery it
is important to include a delivery system for better targeting and induction of T cells in the
mucosal tissues [106]. Tissue-resident memory T cells (Trp) is a relatively newly identified
subset of cells that resides at various mucosal tissues including the lungs and there is
accumulating evidence for their protective function [107] [108]. Experiments in mice have
shown that lung-resident T cells generated by BCG vaccination provide protection against
mycobacterial challenge without the need for further recruitment of T cells from the lymph
nodes or periphery [109]. In addition, it has been shown that vaccination through mucosal
routes can promote more IL-17 biased immune response compared to conventional
parenteral routes. Mucosal vaccination with e.g. BCG or Ag85B conjugated to nanoparticles
enhanced IL-17 responses and gave rise to superior protection compared to intradermal
delivery of the same vaccines [110] [52]. Given the emergence of Th17 cells as a key player
in protection against TB, the selective induction of IL-17 warrants further investigation of
using mucosal routes for vaccination.

The existence and definition of Tgy is novel and there are very few attempts to design
subunit vaccination strategies and/or adjuvants for specific induction of this subset. In
contrast, it is known that specific classes of mucosal adjuvants selectively induce Th17
responses e.g. Cholera toxin (CT) [111]. In a recent study, Th17 responses induced by the
mucosal model adjuvant, Escherichia coli enterotoxin (LT), gave rise to early control of
M.tb. through the formation of lymphoid structures with intense macrophage activation; a
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protective signature that was independent of the IFN-y pathway [112]. Boosting BCG
vaccination with CT also increased numbers of IL-17 secreting CD4 T cells and showed
superior protection [110]. Both CT and LT are very potent and toxic mucosal adjuvants and
due to their toxic activity not rendered possible to use in humans. There has been several
attempts on designing non-toxic variants during the last decade. LTK63 is a LT mutant that
was designed to be devoid of a toxic effect but retaining the strong adjuvant effect. In
preclinical models, vaccination with H1/LTK63 through the intranasal route led to protective
levels comparable to H1 delivered subcutaneously in DDA/MPL and importantly these
responses were sustained and gave rise to high levels of protection even 24 weeks post
infection [113]. Very unfortunately, two cases of transient facial paralysis was later reported
in human clinical trials and the use of LTK63 has not been further pursued [114].

More recently, novel adjuvant formulations for specific delivery to the mucosa have been
designed. This includes a delivery construct for specific targeting of the extracellular heparin
sulfate-containing matrix located in the lung alveoli [115]. This construct of wax
nanoparticles adsorbed with Ag85B-HBHA was found to bind to immobilized heparin in
vitro and provide significant protection when used as a BCG booster vaccine intranasally.
Although the mechanism including the importance of 1L-17 production was not addressed in
detail, it clearly shows that it is possible to use a strategy for deliberate targeting of the lung.
Bacillus subtilis spores has also been used to deliver antigens to mucosal surfaces and are
known to induce secretory IgA and also strong Th1l responses [116]. In the context of TB,
inert bacillus spores coated with MPT64 and Ag85B have shown protection in the mouse
model at BCG levels [117]. Overall, there is a shortage of adjuvants approved for human use
and this is even more evident when it comes to adjuvants approved for mucosal use where
safety requirements would be extremely rigorous. Currently, most attempts to vaccinate
through the mucosal surfaces uses parenterally-designed adjuvants or more crude
preparations like killed mycobacteria. If we are to fully exploit and investigate the potential
of targeting the respiratory tract, it is necessary to allocate specific resources in mucosal
adjuvant research and discovery.

5. Future scientific perspectives

There are currently four different adjuvants in TB vaccine clinical development. Although
our insights on their mechanism of action continues to improve, these adjuvants have been
developed in a period when IFN-y was used as the primary screening tool. It is therefore
beyond doubt that by using updated knowledge on correlates of protection and vaccine-
mechanisms combined with novel state-of-the-art adjuvant technology, we will be able to
bring adjuvant research into a new era of rationally designed adjuvants that can improve TB
vaccine efficacy.

There are multiple novel adjuvant technologies and vaccine strategies emerging that could
potentially lead to increased efficacy. So far, only a handful of immunomodulators have been
used in TB vaccines and numerous more possibilities exists or will be discovered and tested
in the years to come. Combining PAMPs and thereby creating synergy between different
signalling modes is also an attractive approach. In this regard, GLA-SE was formulated with
an additional TLR agonist (CpG) leading to enhanced protection compared to GLA-SE
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alone using the standard small animal short-term protection model [118]. Although it is
important to dissect to longevity of this enhancement including whether increased signalling
strength leads to generation of more Tgy and thereby potentially a more rapid exhaustion of
the vaccine-induced T cells, this clearly illustrates that it is possibly to obtain PAMP
synergy. The induction of T cell lineages apart from CD4 and CD8 T cells e.g. MAITS,
CD1, and v/8 T cells is still a relatively unexplored area, and we will hopefully see a number
of novel compounds in testing in the coming years including immunomodulators for specific
targeting of cells in the respiratory tract. As we have very limited knowledge relating to
induction of non-conventional T cells, | believe this area of research and development will
require substantial investment of funding and resources in the years to come in order to
translate basic scientific knowledge into technologies for use in vaccines. The benefits of
using particulate delivery systems have also just recently been fully appreciated and more
sophisticated technologies for controlled antigen/immunomodulator release is starting to
emerge. Serial boosting to induce sufficient levels of long-lived immune response is a major
hurdle for vaccine compliance and it is possible that technologies mimicking repeated
vaccinations in a single syringe would eliminate the need for repeated immunizations.

TB vaccine research and development faces enormous challenges and perhaps the greatest is
the lack of a correlate of protection that can guide the rational development of novel
adjuvants. Studies in NHPs, considered the optimal animal model for predicting TB
outcome, have so far mostly been allocated to study mechanism of disease or testing
different vaccines antigens whereas studies on adjuvants including their mechanism have
been non-existent in NHPs. Comparative studies where different adjuvants including those
already in clinical testing are tested are rarely performed and, if so, only in the mouse model.
In order to improve our knowledge on adjuvant candidates, their mechanism/safety in higher
species, and their likelihood of success | believe we could benefit from more focus on
adjuvant research to be performed in NHP models. Early exploratory clinical trials testing
novel adjuvants can also provide important new information on adjuvants and should be
designed to address aspects of adjuvant safety, mechanism, and immune profile. Systematic
investigations from clinical trials can provide important feedback that is pivotal in informing
us how to design the novel TB adjuvants and thereby maximize the impact of adjuvants in
future generation TB vaccines.
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Figure 1. Characteristics of delivery systems for optimal adjuvant effect in TB vaccines
Delivery systems have numerous effects that can enhance the activity of the adjuvant system

including; A) targeting the antigen to specific organs e.g. lymph nodes or cells e.g. DCs, B)
enhance the antigen uptake and antigen presentation in the APC, C) protecting the vaccine
antigen from degradation and rapid excretion from the system, D) ensure slow release of
antigen from the injection site, E) dampen systemic toxicity of PAMPs by avoiding global
activation of all APCs, F) direct stimulatory effect of the target APC or adjacent cells e.g.
NK cells.
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Adjuvant systems in TB clinical trials

Table 1

mycobacterial cord factor

Adjuvant | Vaccine antigen | Delivery Immunomodulator Signalling pathway?

GLA-SE 1D93 Emulsion GLA,; glucopyranosyl lipid | TLR4
adjuvant

AS01 M72 Liposomes MPL,; 3-O-desacyl-4’- TLR4
monophosphoryl lipid A

IC31® H4/H56 Polypeptide | ODN1a; TLR9
oligodeoxynucleotide

CAF01 H1 Liposomes TDB; a synthetic variant of | Mincle;

aSignaIIing pathway of the immunomodulator
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