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Abstract
Native phosphatidylinositol mannosides (PIMs) isolated from the cell wall of
mycobacteria, and synthetic analogues, have been reported to have the ability
to both suppress and stimulate the immune system. These immunomodulating
properties have resulted in PIMs being utilised for the treatment of atopic
diseases and as adjuvants to improve the efficacy of vaccines. While numerous
studies have examined the biological activity of these molecules, little data is
available on the behaviour of these compounds at a molecular level. The aim of
this thesis was to assess the physicochemical properties of a series of synthetic
PIM analogues and to attempt to correlate these characteristics with
immunological activity.

To accomplish this, the flexibility and lipophilicity of synthetic PIM2 was varied
by changing the polar head group (inositol versus glycerol) and the length of
the fatty acid residues (C0, C10, C16 and C18). A series of six
phosphatidylinositol
dimannoside

(PGM2)

dimannoside
compounds

(PIM2)
was

and

synthesised

phosphatidylglycerol
and

characterised.

Examination of their behaviour at an air/water interface using a Langmuir
trough technique, showed that surface pressure‐area (π‐A) isotherms were
significantly influenced by the length of lipid acyl chains and by the nature of
the head group. Stronger hydrophobic attractive forces between the longer
fatty acid chains enabled a closer packing in the pure monolayers. Furthermore,
the more flexible glycerol head group led to more tightly arranged molecules at
the air/water interface. In aqueous solution acylated PIM2 and PGM2 were
observed to self‐assemble into spherical aggregates, as confirmed by dynamic
light scattering (DLS) and transmission electron microscopy (TEM). The length
of the fatty acid chains affected the size of the formed aggregates. In a mouse
model of allergic asthma all compounds showed modest immunosuppressive
ii

activity. Replacement of the inositol core with the three carbon glycerol unit
maintained biological activity. The deacylated PGM2, which did not show self‐
organisation, had no effect on the eosinophil numbers but did impact on the
expansion of OVA‐specific CD4+ T cells. In order to investigate adjuvant
activities, the phosphoglycolipids were incorporated into liposome‐based
delivery systems prepared using phosphatidylcholine (PC). To obtain insight
into bilayer interactions and incorporation of the phosphoglycolipids into PC
bilayers, binary Langmuir monolayers were investigated. In mixed films the
phosphoglycolipids were found to be miscible with PC based on evaluation of
collapse pressures and deviations of experimental molecular areas from
calculated ideal values. ConA agglutination assays confirmed the surface
display of the mannosyl residues. However, using murine bone marrow‐
derived dendritic cells (BMDC), no significant adjuvant activity or effect on
vaccine uptake was detected in vitro. Investigations of the immunostimulatory
activities in vivo revealed that modified liposomes were unable to elicit an
improved antigen‐specific humoral or cellular immune response, as compared
to unmodified PC liposomes. The fact that inclusion of mannosylated
phosphoglycolipids into liposomal bilayers did not enhance immune responses
may reflect the complexity of mannose recognition and signalling. The findings
may indicate that the conformation of the mannose moieties when presented in
the prepared liposomes was not optimal for receptor binding.

In conclusion, physicochemical properties of the investigated compounds were
determined and data gained may help to elucidate the requirements for
receptor interactions of synthetic PIM2 and PGM2. With regards to biological
effects, the impact of structural variations was less pronounced. Varied
lipophilicity did not necessarily correlate with immunological activities and no
conclusive structure‐function relationship could be established.
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1
1.1

General Introduction
Mycobacterium

Background

Pulmonary tuberculosis (Tb) is caused by Mycobacterium tuberculosis (M.
tuberculosis) and can result in a severe respiratory disability1. A symptomatic
infection is characterised by cough, night sweats, fever and weight loss2. At
present, Tb is one of the most common infectious diseases worldwide with
about 9 million new infections and 1.4 million deaths annually3. Reports
concerning tuberculosis infections have been traced back to as far as 2400 BC,
the time of the Egyptians4. In the late 19th century, the bacterium was identified
by Robert Koch, a German scientist who was also the first to visualise the
bacteria following the development of a staining technique4. Following this
milestone, Calmette and Guérin developed the first tuberculosis vaccine
(Bacillus Calmette‐Guérin (BCG) vaccine) from an attenuated strain of M. bovis
which was first tested in humans in 19215. M. bovis is the causative agent of
bovine tuberculosis in cattle6. The availability of a vaccine was a major
breakthrough in the fight against tuberculosis and made the disease
controllable worldwide. However, the vaccine has been shown to have a low
efficacy

in

certain

populations7,8

and

development

of

drug‐resistant

mycobacterial strains9 has been reported. Moreover, due to problems such as
poverty and crowded conditions in developing countries and also an
increasing incidence of HIV positive co‐infections10‐12, the threat of the disease
has reappeared. In 2005, the World Health Organisation (WHO) classified
tuberculosis an emergency in Africa13. Unfortunately, despite many continuing
studies, the pathogenesis of tuberculosis is not yet fully understood. An
understanding of the complex interactions between pathogen and host during
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infection is crucial for developing new vaccines. Current research focusses on
novel vaccine formulations comprising mycobacterial proteins and peptides,
recombinant BCG strains and DNA14‐16; this is discussed further in Section
1.4.2.

Mycobacterial species

Different species of mycobacteria such as M. bovis and M. africanum can cause
tuberculosis. However, most human infections are caused by M. tuberculosis.
While Tb is controlled in industrialised countries, it is a health hazard in
developing countries such as Africa, particularly due to the transmission from
animal to human, with potential infections deriving from consumption of
unpasteurised milk and close physical contact between humans and infected
animals6. Other pathogenic species include M. avium, M. leprae (causative agent
of leprosy) and M. kansasii. A particularly virulent strain of M. tuberculosis, the
Beijing/W strain, has been associated with large outbreaks of multidrug
resistant extra‐pulmonary tuberculosis17. Strains frequently used to investigate
immunological responses to mycobacterial infections in various models
(animal models and cell cultures) are M. bovis BCG, M. tuberculosis18 and M.
tuberculosis H37Rv19‐21. M. marinum is used as a model pathogen for studies in
zebrafish embryos or in the amoeba Dictyostelium18.

1.1.1

Immunology of mycobacterial infection

Innate and adaptive immune response

Tuberculosis is transmitted via inhalation of droplets containing the bacteria.
Due to its high pathogenicity, a mycobacterial infection can result after
exposure to low levels of the pathogen. Bacteria reside in the pulmonary tract
3
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and encounter local antigen‐presenting cells (APCs), such as alveolar
macrophages (AMs) and dendritic cells (DCs) (Figure 1‐1). As part of the innate
immune defence, their function is to eradicate pathogens. APCs express cell
surface receptors (pathogen recognition receptors, PRRs) which enable them to
identify specific structures within the mycobacterial cell envelope.

Figure 1‐1. Illustration of M. tuberculosis infection and key features of the host immune
response. Following inhalation of aerosols containing M. tuberculosis by the host,
pathogens generally settle within the lung. Local macrophages and dendritic cells
(APCs) phagocytose the pathogens and trigger a pro‐inflammatory response including
cytokine production and recruitment of cells of the innate immune system. APCs
migrate to the draining lymph nodes and stimulate CD8+ and CD4+ cells, via major
histocompatibility complex (MHC) class I and II receptors, respectively. These
activated T cells attract further cells, which eventually results in the formation of a
granuloma containing various immune cells such as monocytes, lymphocytes and
foamy macrophages. Figure was adopted from Harding et al.22.

These receptors include toll‐like receptors (TLRs)23, complement receptor (CR)
324, CD1 (cluster of differentiation 1) surface receptors25, and C‐type lectins such
as the mannose receptor (MR) and dendritic cell‐specific intercellular adhesion
molecule 3‐grabbing non‐integrin (DC‐SIGN)26‐28. Following receptor binding,
4
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bacteria are internalised via phagocytosis. Subsequent bacterial degradation
inside the APCs can only occur through fusion of the phagosome and the
lysosome. Once digested, bacterial antigens are loaded onto the cell surface for
presentation. As a result of successful pathogen processing, DCs upregulate co‐
stimulatory surface molecules including CD80, CD86 and CD40 and undergo
maturation. Both the matured DCs and partially activated AMs produce
cytokines such as interleukin (IL)‐12 and tumour necrosis factor (TNF)‐α.
Secretion of these pro‐inflammatory cytokines and other chemokines generates
local inflammatory stimuli. These in turn attract other immune cells such as
monocytes, DCs, natural killer cells (NK cells), neutrophils and T cells to the
site of infection.

Approximately 15 days post infection, the adaptive immune response is
activated. Mature DCs migrate to draining lymph nodes and activate CD8+ and
CD4+ T cells via the major histocompatibility complex (MHC) class I and II
receptors, respectively. Macrophages can additionally activate CD4+ cells,
whereas APCs with CD1 surface receptors are able to stimulate NK T cells
expressing αβ T cell receptors (TCRs), by presenting glycolipid antigens from
bacterial cell wall29. These cells help to control mycobacterial infections by
producing IFN‐γ and exerting a cytotoxic activity22. Activated CD8+ and CD4+ T
cells proliferate and migrate to the lung and stimulate a large number of AMs
and DCs. As a result of the cellular invasion, an aggregate containing various
immune cells such as monocytes, lymphocytes and foamy macrophages is
formed30. This distinctive feature of tuberculosis is called granuloma or
tubercle. Until recently, the granuloma was thought to be protective to the host
and a way to control the infection. However, recent studies suggested that the
granuloma may serve as a reservoir for bacteria, playing a key role in retaining
a latent infection30,31.
5
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To exert an appropriate immune response, mediators such as TNF‐α32,33 and IL‐
1234 are fundamental. The crucial role of IL‐12 has been established in IL‐12
deficient (IL‐12 p40‐/‐) mice, which have an inability to limit bacterial
proliferation following M. tuberculosis infection34. These findings were later
reinforced by a study conducted in tuberculosis patients, where mutations in
genes encoding for IL‐12 were found to result in an increased susceptibility to
infection35. The essential function of IL‐12 is its role in the development of a
protective Th1 immune response, which is required to eradicate intracellular
pathogens such as Mycobacterium1,36. As a consequence of Th1 stimulation, pro‐
inflammatory cytokines including INF‐γ are produced, mainly by CD4+ T cells
as compared to CD8+ T cells and NK cells1,36. This has been well studied in
vitro37 and in patients38,39. INF‐γ activates infected macrophages and
upregulates MHC class II expression, which in turn increases antigen
presentation to T cells. In vivo models using knockout mice demonstrated the
essential role of INF‐γ‐mediated immunity in the control of mycobacteria40.
Other mechanisms for killing pathogens include the secretion of microbicidal
molecules such as superoxides by phagocytic cells41,42.

Several studies have also shown high levels of regulatory T cells (Tregs) in
tuberculosis patients43,44. Interestingly, Tregs are beneficial to mycobacteria by
modifying immune responses of the host and so help generate a chronic
infection45. Tregs have been shown to decrease macrophage activity by
secreting anti‐inflammatory cytokines including IL‐1046 and also to negatively
regulate pathogen‐specific IFN‐γ production43,44.

1.1.2

Subversion of immune response

Innate immunity plays an important role for protection against mycobacterial
infection. If activated appropriately, T cell immunity is protective in more than
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90% of infected individuals47. However, mycobacteria have developed
mechanisms to subvert elimination allowing them to replicate and remain
concealed. It has been shown that once internalised by macrophages,
mycobacteria can suppress fusion of the phagosome with lysosomes by altering
the acidic environment within the phagosome41. Therefore, bacteria can
circumvent phagocytic degradation within the phagolysosome in order to
survive and grow intracellularly. Macrophages are the primary host cells for
mycobacteria. However, in vivo studies have shown that DCs can also support
replication48. Furthermore, findings from in vitro experiments with human and
murine macrophages, have suggested that mycobacteria may escape
eradication by macrophages by preventing INF‐γ‐mediated signalling. A 19‐
kDa lipoprotein found in the mycobacterial cell wall inhibited macrophage
responses to INF‐γ, as well as MHC class II expression and antigen
presentation via TLR‐249‐51. A similar activity has been reported for cell wall
glycolipids. The corresponding underlying mechanism is further discussed in
Section 1.2.2. As a result of decreased antigen processing, DC migration and
subsequent antigen presentation to lymphocytes are reduced. Consequently,
the control of the infection is diminished48.

Another study found that mycobacterial oxygenated mycolic acids activate the
differentiation of macrophages to foamy macrophages30. These cells are
contained in the granuloma structure and are filled with lipid droplets52.
Results suggested that bacteria change to a non‐replicating persistent phase
once internalised by foamy macrophages30. Concealed inside the granuloma,
the host is unable to recognize pathogens and persistent mycobacteria are
maintained.
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Interactions between pathogens and the host immune system are complex. A
distinct role in modulating immune responses has been attributed to the
bacterial cell wall with its highly complex structure and varied composition.
Therefore, the effect of specific components, particularly focussing on
phosphatidylinositol mannosides (PIMs), in manipulating the immune
response is discussed in detail below.

1.1.3

Mycobacterial cell wall

As illustrated in Figure 1‐2, the mycobacterial cell wall is a complex network of
lipids, proteins and polysaccharides. It is generally composed of two layers, the
outer region of which comprises free surface glycolipids varying in their fatty
acid chains. Located underneath is the cell wall core known as the mycolyl
arabinogalactan–peptidoglycan (mAGP) complex. Within this complex are
mycolic acids, consisting of long and short‐chained fatty acids, linked to
arabinogalactans which are further covalently bound to peptidoglycan53.
Additionally distributed throughout the cell wall are proteins and lipoglycans
including

lipoarabinomannans

(LAMs),

lipomannans

(LMs)

and

phosphatidylinositol mannosides (PIMs) (Figure 1‐2).
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Figure 1‐2. Schematic presentation of the mycobacterial cell wall. The characteristic
lipoglycan lipomannans (LMs) and lipoarabinomannans (LAMs) are dispersed
throughout the lower and upper layer of the cell wall structure. Phosphatidylinositol
mannosides (PIMs) represent anchor motifs for attachment to the plasma membrane.
Adopted from Park and Bendelac25.

Phosphatidylinositols (PI) are the anchor structures that insert into the plasma
membrane bilayer53. The lipoglycans are structurally related and are derived
from the same biosynthetic pathway, with PIMs acting as precursors for the
more complex LAM and LM54,55 (Figure 1‐3). Generally PIMs consist of an
inositol core linked to mannose residues and a phosphatidyl moiety with fatty
acids.

Additional

mannosylation

of

PIMs

with

1,6‐α‐D‐linked

mannopyranosides generates LMs. In the case of LAMs, the mannan backbone
structure is further extended with branched arabinan domains55,56 (Figure 1‐3).
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Figure 1‐3. Schematic illustration of the glycolipids found in the mycobacterial cell
envelope. Figure was modified from Jozefowski et al.57.

Different forms of LAM are mainly due to variations in capping motifs and
variations in anchor structure (nature, degree and location of fatty acids).
Additional capping of LAM with one, two or three mannose residues
(ManLAM) is characteristic for virulent slow‐growing mycobacterial species
such as M. tuberculosis, M. avium, M. leprae and M. kansasii and M. bovis BCG58.
Fast

growing

non‐virulent

species,

including

M.

smegmatis,

have

phosphoinositol caps (PILAM), while other species like M. chelonae lack the
terminal capping (AraLAM)57. Pioneering work in the early 1980’s by several
groups clarified the specific structural features of these crucial cell components
which allowed for the establishment of structure‐function relationships54,56,59.
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1.1.4

Role of cell wall components in modulation of immune responses

Over the past decade, research efforts have found that particular cell wall lipids
play an important role in the virulence of mycobacteria. Several studies have
reported mechanistic data on how these components contribute to controlling
the function, and activity of immune cells such as macrophages and DCs.
Importantly, outcomes from these studies supported the proposition that
glycolipids exert different immunomodulatory activity profiles due to varied
structural compositions60. For instance, PILAMs have been found to evoke
secretion of pro‐inflammatory molecules such as IL‐12 and TNF‐α from murine
macrophages in vitro19,61‐63. This was mediated via TLR‐2 receptor binding and
subsequent activation of immune cells64. It is worth mentioning that the
inability of this mycobacterial species to survive inside macrophages, has been
attributed to this stimulation of the host’s immune system60.

In contrast to this, the pathogenicity of M. tuberculosis and M. bovis BCG and the
ability to persist within host cells, was reported to be associated with the
presence of ManLAMs in the bacterial cell envelope60. ManLAMs inhibit
production of IL‐12 and TNF‐α in vitro via binding to MRs65 and DC‐SIGN26,28,66.
MRs comprise eight carbohydrate recognition domains (CRDs) which interact
to bind multi‐valent ligands with high affinity67. Mannose‐capping of LAM
facilitated binding to MRs. However, affinity assays revealed a dependency on
the degree of acylation65, and ManLAMs from various M. tuberculosis strains
differed in their MR binding affinity68. At least two fatty acids were required to
exhibit inhibitory effects. This was attributed to the clustering behaviour of
acylated ManLAM in water65,69. These assembled supramolecular structures
may have enhanced MR binding resulting in increased MR signalling, and
subsequent negative regulation of pro‐inflammatory agents65,69.
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In addition to ManLAMs, other mycobacterial ligands to DC‐SIGN have been
proposed26,70. Indeed, the fact that a number of diverse mycobacterial
glycolipids are able to bind to different C‐type lectins, including MR, DC‐SIGN
and Dectin 171 creates a great complexity in this area. As well as generating
anti‐inflammatory activity by signalling through these receptors, studies also
reported

the

stimulation

of

inflammatory

responses72,73.

Furthermore,

mycobacterial lipid interactions with C‐type lectins have been shown to induce
a signalling cascade that inhibits TLR‐mediated IL‐12 production28,66,74. The
concurrent interaction of mycobacterial components with C‐type lectins and
TLRs, may shift the immune responses from protective Th1 to Th2, resulting in
the ability of the pathogen to circumvent elimination75. This again highlights
how crucial receptor interactions are for determining immunomodulatory
activity of mycobacterial components.

LMs and LAMs on the other hand, exert a very different activity profile as
compared to ManLAM, with studies showing interactions with TLRs rather
than C‐type lectins due to distinctive structural features23,76. Numerous studies
have reported LM and LAMs exerting both pro‐inflammatory and anti‐
inflammatory activity19,23,76‐79. Conflicting data is likely due to diverse models
(cell lines, different concentrations of active agents, timing of delivery of
agents), and different bacterial strains used as the source of these
compounds22,55. Nevertheless, acylation was found to play a significant role in
determining the bioactivity of the immunomodulatory components. Along
with a 19‐kDa lipoprotein, LAM and LMs were identified as agonists of TLR‐2
and, to a lesser extent TLR‐478. In particular, tri‐and tetra‐acylated LM showed
high receptor binding, while mono‐ and di‐acylated LM were inactive70. The
inactivity of mono‐ and di‐acylated LMs may be due to the fact that signalling
through TLR‐2 is modulated via dimerisation with other TLRs. Thus, it is
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believed

that

tri‐

and

tetra‐acylated

forms

offer

optimal

structural

requirements78. The inhibitory effect of di‐acylated and tri‐acylated LMs on
LPS‐induced TNF‐α secretion has yet to be fully elucidated, as this was found
to be independent of TLR‐2 signalling70,76. However, in good agreement with
other structure‐function relationship of ManLAMs65, was that at least two fatty
acids were necessary for suppressive activity in vitro70.

1.2
1.2.1

Phosphatidylinositol mannosides
Structure of PIMs

The discovery of myo‐inositol structures in mycobacterial extracts was first
described in 1930 by Anderson80. Following on from the work of Anderson,
Ballou et al. examined a series of PIMs in chloroform–methanol extracts from
M. bovis BCG81, M. tuberculosis and M. phlei82. They characterised the chemical
structures of isolates as the phosphatidylinositol di‐, tri‐, tetra‐, penta‐ and
hexamannosides (PIM2 to PIM6) using degradation reactions and paper
chromatography81,82. The structures of these compounds were later confirmed
by nuclear magnetic resonance (NMR) analysis83. For example PIM1
compromises a 1‐D‐myo‐inositol core with a glyceryl phosphate residue at the
C‐1 position and a α‐D‐mannopyranosyl unit at C‐283 (Figure 1‐4).
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Figure 1‐4. General structure of phosphatidylinositol mannosides (PIMs). PIMs can
have two acyl residues (R) at the phosphatidyl moiety which in nature are palmitatoyl,
tuberculostearoyl or stearoyl residues. The structure can be further acylated, indicated
as R’, at the mannosyl group attached to the C‐2 position of the inositol ring (Ac1PIMs)
and at the C‐3 position of inositol (Ac2PIMs) (R’ = R or H).

PIMs are generally classified according to their structure, whereby in PIMy, y
denotes the number of mannosyl residues, while x in AcxPIM refers to the
number of additional acyl chains, excluding the ones linked to the
phosphatidyl moiety (Ac1PIMy and Ac2PIMy are tri‐and tetra‐acylated,
respectively). With regard to the structure of PIM1, another mannosyl residue at
C‐6 would give PIM2. Structures of PIM3 and PIM4 correspond to additional α‐
1‐6‐mannosylation while PIM5 and PIM6 are generated by further elongation of
the oligosaccharide side chain via α‐1‐2‐mannosylation81‐83. Severn et al.84
characterised the core structures of deacylated forms of PIM2 and PIM6 in
extracts from M. bovis and M. smegmatis, using advanced technologies such as
two‐dimensional NMR studies and mass spectrometry (MS).
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In the late 1980’s, research was refocused on the resolution of the PIM
structures due to increasing interest in the immunomodulatory capacity of
these components. Initial investigations confirmed the presence of multi‐
acylated forms of PIMs in the mycobacterial cell wall, which varied in the
number, location and type of acyl residues85,86. However, these studies lacked
details about the nature of the acyl residues and their location within the PIM
structure. It was then shown that palmitate and tuberculostearate were the
major fatty acids, with small amounts of stearic acid in purified extracts from
M. leprae and M. tuberculosis59 (Figure 1‐5). In 1995, Khoo et al.87 clarified the
acylation status of PIM2 and PIM6 in M. leprae and M. tuberculosis using fast
atom bombardment‐MS (FAB‐MS). The two fatty acids attached to C‐1 and C‐2
of the glycerol unit were demonstrated to be palmitate and tuberculostearate87.
An additional position of fatty acid attachment at O‐6 of the mannosyl residue
linked to C‐2 of the myo‐inositol core in PIM2 was also identified87. FAB‐MS was
used to successfully describe the structure of an AcPIM388.

(R)

O

O

(R)-tuberculostearoyl
(-COC18H37)
stearoyl
(-COC17H35)
palmitoyl
(-COC15H31)

O

Figure 1‐5. Common acyl residues identified in extracts from various mycobacterial
strains.

A limitation of this analytical approach was the requirement for chemical
modification of molecules, as well as the purification steps of acyl forms for
investigation. Further technical improvements in recent studies enabled
clarification of acylation sites in PIM289,90 and PIM621, using NMR and matrix‐
assisted laser desorption/ionization (MALDI)‐MS, to identify position and
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nature respectively. Gilleron and colleagues21,89,90 reported mono‐ to tetra‐
acylation and established a fourth site of acylation at the C‐3 of the myo‐inositol
core. Fatty acid residues described, were consistent with those reported by
Khoo et al.87.

1.2.2

Immunomodulatory properties

PIMs are essential biosynthetic precursors of the hypermannosylated cell wall
components LM and LAM, and occur naturally in the predominant forms PIM2
and PIM6. Numerous studies have shown how these low molecular weight
molecules elicit a variety of immune responses. They have provided strong
evidence for a key role in mycobacteria‐mediated immune responses.

Several studies reported the ability of mycobacterial PIM2 and PIM6 to
stimulate macrophages in a TLR‐2 dependent manner21,91. This potent pro‐
inflammatory activity led to increased production of TNF‐α and was not
affected by the acylation state21. This is surprising as the binding efficacy of
mycobacterial LMs was found to be dependent on the degree of acylation with
fatty acids78. However, the mannosyl residue was shown to have a great impact
on binding to TLR‐292. It was shown that signalling through TLR‐2 of PIM2 was
considerably reduced when compared to LMs92. Thus, the potency at TLR‐2
receptors may not be restricted by number of acyl residues but the length of the
oligosaccharide chain. Specific mechanisms by which PIMs modulate immune
responses are still under investigation. Until recently, these mycobacterial
molecules were believed to indirectly modulate the function and response of T
cells via interactions with APCs. While pro‐inflammatory signalling through
TLR‐2 leads to production of TNF‐α and IL‐12, prolonged TLR‐2 stimulation
inhibited MHC class II expression and antigen processing93,94. This results in
inhibited CD4+ T cell activation. As mentioned earlier, following cellular
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uptake, microbes live persistently inside macrophages. Studies have shown
that PIMs are actively trafficked out of the phagosome93,94 where they can exit
the cell in membrane vesicles and so interact with TLR‐2 on the cell surface95.
Moreover, mycobacterial PIM2 and PIM6 provoked anti‐inflammatory effects
via TLR‐4 receptors which were independent of TLR‐2 in a model of LPS‐
activated macrophages96.

More recent work has also shown that mycobacterial compounds can directly
affect CD4+ T cells. They can inhibit cytokine secretion and T cell proliferation
independent of APCs through interaction with VLA‐5 (α5β1) on CD4+ T cells97,98.
Synthetic PIM analogues maintained biological activity and showed similar
potency in vitro to their natural counterparts96,99.

To elucidate interactions with MRs, Torrelles et al.27 extracted various PIMs
from M.tuberculosis H37Rv and further fractionated them according to their
mannose content and degree of acylation. Binding efficacy for MRs on human
monocyte‐derived macrophages, using a bead model, was increased for the
higher‐order PIMs such as Ac1PIM6 and Ac1PIM5. While the binding of PIMs to
the MR was affected by the degree of mannosylation, recognition by DC‐SIGN
was independent of the number of the mannosyl residues. The researchers
attributed this phenomenon to the different orientations of the carbohydrate
recognition domains in the different receptors, affecting mannose recognition.
These findings differ from results reported by other groups100,101, where DC‐
SIGN demonstrated a high affinity for PIM6 and a lower affinity for the less
mannosylated PIM2 and PIM4. This may be due to different in vitro binding
assay conditions resulting in varied receptor specificities. The number of acyl
residues also impacted on receptor interactions, with Ac2PIM6 being less
effective in binding to the MR than Ac1PIM627. This was in good agreement with
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studies on the interaction between ManLAM and C‐type lectins. In particular,
the presence of the fourth fatty acid in Ac2PIM6 was suggested to alter the
conformation of the mannosyl cap, thus modifying attachment to the MR. The
high content of ManLAM and highly mannosylated PIMs in the cell wall of M.
tuberculosis may enable increased phagocytosis by macrophages mediated
through MRs67. Subsequently PIMs may also inhibit phagosome fusion with
lysosomes and contribute to virulence by promoting survival inside
macrophages27.

Mycobacteria‐infected cells can be detected and eliminated by CD1‐restricted
NK T cells102. CD1 molecules, which are structurally related to MHC class I,
present non‐protein antigens such as glycolipids to T cells. They can be divided
into two groups, where group 1 (CD1a, CD1b, CD1c and CD1e) is mainly
present in humans, while the group 2 molecule CD1d is found in mice and
humans103. Crystal structure analysis revealed a hydrophobic binding groove in
CD1104 and presentation of mycobacterial PIMs by CD1b and CD1d has been
reported105‐107. PIM6 from M. leprae and M. tuberculosis was recognized by
human αβ TCR‐expressing T cells when presented via CD1b105. In addition
PIM2 was shown to interact with CD1b molecules independently of acyl chain
length106. In a study by Fischer et al.107, the recognition of mycobacterial PIM4 by
αβ NK T cells, was mediated through CD1d resulting in increased INF‐γ
production and cytotoxicity. Binding to CD1d was constrained by the degree
and location of acyl chains with the optimal affinity being found with two acyl
chains.

Of the families of mycobacterial glycolipids found in the cell envelope, the
structurally less complex PIMs offer a variety of immunomodulating activities.
This diversity makes PIMs excellent compounds for the development of novel
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immunosuppressive agents, for treatment of atopic diseases or as adjuvants to
improve the efficacy of vaccines. The ability of PIMs to suppress and activate
immune responses is discussed in more depth in Chapters Three and Four.

1.3

Atopy and allergic responses

The number of individuals developing atopic diseases is steadily rising
worldwide108. Epidemiologic studies in industrialised countries suggest that
more than 25% of the population suffer from allergic hypersensitivity
conditions109. This includes allergic asthma, a chronic respiratory disease
typified by altered airway reactivity, inflammation and narrowing of the
airways110. The development of asthma is effected by many factors such as
genetic predisposition, environmental stimuli and impairment of the immune
system111. In asthmatic individuals the immune response to inhaled
environmental allergens is characterised by a strong, predominantly CD4+ Th2
response (Figure 1‐6).

Figure 1‐6. Pathogenesis of allergic immune responses. A crucial feature of allergic
reactions is the polarisation of the immune response towards the Th2–type, as
indicated by the red triangle. Subsequently, Th2‐associated cytokines are released
which recruit eosinophils into the airways. This cascade results in the typical allergic
reaction and airway inflammation. Figure was modified from Wills‐Karp et al.112
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Following activation by APCs, CD4+ Th2 cells migrate into the lung and secrete
the cytokines IL‐4, IL‐5 and IL‐13. The crucial functions of these cytokines in
mediating the immune response have been assessed in humans and murine
models. IL‐4 triggers differentiation of naïve T cells into Th2 cells113. Both IL‐4
and IL‐13 stimulate B cells to produce IgE, the main antibody associated with
allergic diseases112. Secretion of IL‐13 also stimulates chemokines to activate
and recruit inflammatory cells into the airways112,114. IL‐5 induces eosinophil
differentiation in the bone marrow and activates an eosinophil influx into the
lung115. Lung infiltration of eosinophils and other inflammatory cells such as
mast cells and basophils is thought to be a key feature of asthma, resulting in
local inflammation and airway hyperresponsiveness.

The increased occurrence of allergic diseases, particularly asthma, may be
associated with less contact to bacteria and/or viruses112,116. This is known as the
“hygiene hypothesis”, whereby infections during early childhood are thought
to bias the cytokine profile towards Th1 and so reduce the risk for the
development of Th2‐dependent allergies116. Shifting the immune response to
Th1 promotes the production of IL‐2 and INF‐γ. The latter is highly potent in
suppressing Th2‐dependent inflammation and inhibition of Th2 type T cells. A
promising approach for the treatment of allergic diseases is to redirect immune
responses from Th2 to Th1 in order to restore the Th1/Th2 balance109,117.
Interestingly, mycobacteria are known to be effective stimulators of Th1
immune responses.

1.3.1

Strategies for treatment of allergic diseases

Conventional strategies to treat allergic reactions include various medications
such as antihistamines, (H1 antagonists), β2‐receptor agonists (bronchodilators),
adrenaline,

corticosteroids

and

immunosuppressive

agents

including
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cyclosporine A117. For successful therapies, treatment plans require long‐term
daily medication use. However, these drugs (especially corticosteroids) are
known to cause severe side effects particularly if prescribed at high doses over
prolonged time. These can include thrush, osteoporosis, skin thinning and
bruising, cataracts and glaucoma118. The aim of most conventional treatments is
to improve symptoms rather than treating the underlying disease mechanism.
As a consequence, there is a need for novel immunoregulatory compounds to
treat asthma. Currently, a number of different strategies such as allergen‐
specific and cytokine‐based immunotherapy, DNA vaccines and bacterial
extracts are being tested for their therapeutic potential in both mouse models
and human allergic patients.

1.3.1.1 Allergen‐specific immunotherapy
As a preventive approach, individuals can be desensitised to particular disease‐
causing allergens. This is generally performed by exposing patients to
increasing doses of allergen extracts over a prolonged period of time in order to
promote immunological tolerance117. However, problems related to the crude
allergen extracts often used in these therapies such as variable efficacy,
instabilities of active agents and impurities can cause undesired side effects. To
avoid this and to improve patient safety, recombinant allergens and hybrid
variations with defined immunological properties have been developed.
Examples of allergens for which modified versions have been developed and
which are undergoing clinical studies are birch pollen119,120 and grass
pollen119,121.

These

allergens

are

hypoallergenic

but

still

sufficiently

immunogenic to elicit an appropriate immune response117,119.
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1.3.1.2 Cytokine‐based immunotherapy
Cytokines represent promising targets for immunotherapy of asthma since
their crucial role in the pathogenesis of allergic asthma has been established.
There are different approaches on how to modulate cytokines and the
associated immune responses. Blocking monoclonal antibodies, which have
been designed to bind particular molecules, can inhibit the effects of the Th2‐
related cytokines IL‐4, IL‐5 and IL‐13117. Other investigations have been
directed towards the use of recombinant cytokines, including INF‐γ and IL‐12.
It has been shown that INF‐γ122 and IL‐12123

can decrease levels of Th2‐

associated cytokines and the number of eosinophils, respectively when tested
in patients. However, the effect of IL‐12 was limited to early stage allergic
symptoms and administration also induced arrhythmia and liver side effects123.

1.3.1.3 DNA vaccines
Alternative approaches to prevent and treat allergic diseases are based on
shifting the immune response from Th2 to Th1 responses via TLR stimulation.
TLRs identify pathogen associated molecular patterns (PAMPs) derived from
bacteria and viruses. Subsequently, APCs are stimulated to produce cytokines
which polarise towards a Th1‐type immune response. Dinucleotide sequences
such as CpG DNA are known TLR‐9 ligands124 and coupling of allergens with
CpG DNA has been proved effective in allergic patients125‐127. For instance, the
application of the immune complex containing the ragweed allergen Amb a 1
and CpG DNA, elicited strong allergen‐specific Th1 responses in comparison to
the placebo control groups125,126. Patients showed increased production of INF‐
γ, decreased Th2 cytokine production and eosinophilia125,126 and reduced levels
of IgE antibodies127. Following these promising outcomes, a recent study
reported the evaluation of CpG DNA in patients with allergic rhinitis128. By
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using allergen‐free vaccines, potentially occurring allergic reactions can be
diminished. CpG DNA was incorporated into virus‐like particles (VLP) to
provide protection from rapid degradation and ensure delivery to APCs.
Allergen‐induced symptoms (nasal blockage, eye reddening, sneezing etc.)
were significantly improved in patients treated with CpG DNA‐VLPs in
contrast to the placebo group128.

1.3.1.4 Bacterial extracts
The fact that various bacteria and bacteria‐derived compounds show
immunomodulating activities makes them considerable as potential vaccine
components. The ability of mycobacterial extracts to prevent asthma was
initially demonstrated in Japanese children129. Despite the findings by
Shirikawa et al.129, the inverse correlation between exposure to mycobacteria
and incidence of allergic diseases could not be confirmed in a Swedish
population130. However, several studies using murine models have shown that
mycobacterial infections can modulate Th2‐driven immune responses131‐136.
BCG immunisation 14 days prior to allergen (OVA)‐sensitisation resulted in
elevated INF‐γ titres, decreased production of IL‐4 and IL‐5 in lungs and less
eosinophils infiltrating airways132. Similar results were observed when allergen‐
sensitised mice were treated with either live attenuated131 or killed134‐136
mycobacterial strains. Moreover, components of the mycobacterial cell wall
have been shown to modulate the immune responses. Chapter Three focuses
particularly

on

suppressive

activities

exerted

by

PIMs.

Similar

immunomodulating activities were found for the Gram‐positive Listeria
monocytogenes137 and the Gram‐negative bacteria Francisella tularensis138. In
allergen‐sensitised mice, live‐attenuated vaccines derived from F. tularensis and
bacterial extracts suppressed eosinophil influx and dampened airway
inflammation138. This was mediated by correcting the Th1/Th2 immune
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response. Due to these encouraging in vivo results, bacterial‐based vaccines
may be useful candidates to prevent allergic diseases.

1.4

Vaccines

Vaccines have contributed immensely to human health status since their
worldwide introduction in the beginning of the 20th century. A milestone in the
history of immunisation can be attributed to Edward Jenner and his successful
attempt to immunise a boy against smallpox in 1796139. Inoculation of the child
with infectious material from a cowpox patient resulted in protection against
later exposure to smallpox. Following on from the success of this first
vaccination,

Louis

Pasteur

greatly

advanced

the

understanding

of

immunisation and developed both anthrax and rabies vaccines during the
1880’s139. Since the late 1920’s a great number of vaccines has been introduced.
These included vaccines against diseases with high incidence and lethality such
as polio, measles, mumps, rubella, diphtheria, tetanus and pertussis. Many
diseases have been able to be controlled worldwide due to vaccination
campaigns. While there are many examples in which vaccines were
successfully employed to control or even eradicate diseases, such as smallpox
in 1979139, there are still a number of diseases for which no vaccine is yet
available. There is an obvious need for vaccine research to develop
prophylactic vaccines for diseases such as tuberculosis, HIV, malaria. There is
also a need for therapeutic vaccines to treat non‐communicable conditions,
such as Alzheimer’s disease, allergy and cancer140.

1.4.1

Types of vaccines

The general aim of prophylactic vaccination is to initiate effective antigen‐
specific immune responses and establish long‐term protection. This requires
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activation of humoral as well as cell‐mediated responses associated with the
induction of effector T cells, antibody and memory T cells. Conventional
vaccines can be categorised into inactivated pathogens, live attenuated
pathogens, inactivated toxins produced by these organisms, and subunit
vaccines. The class of inactivated vaccines is characterised by chemically or
heat killed pathogens. Such vaccines have been used to protect against
pertussis, polio and influenza. As these vaccines are non‐replicating, protection
is short‐lived and boosting with multiple dosages is required to maintain
immunity. Further, inactivated vaccines vary in efficacy and cellular responses
are not necessarily stimulated.

Live attenuated vaccines (for example the measles, mumps, rubella (MMR)
vaccine and the tuberculosis vaccine) contain pathogenic organisms which
have been weakened and have reduced virulence. Attenuation can occur
through selective in vitro culture or by targeted genetic mutation. However,
with attenuated vaccines there is a risk of reversion to virulence and even an
attenuated vaccine may cause disease in immunocompromised individuals.

Furthermore, toxoid‐based vaccines can be used to provide protection if
morbidity and mortality are caused by a toxin. This is the case for instance with
diphtheria and tetanus and corresponding vaccines contain inactivated
bacterial toxins. A major drawback associated with toxoids is the potential
presence of impurities. Despite their ability to induce protective immunity, a
disadvantage of using vaccines based on whole pathogens is the adverse effects
which vary in severity from a headache and fever, to encephalitis, anaphylaxis
and neurological complications141. Due to these safety issues, a major focus in
vaccine research has been towards the development of subunit vaccines
containing antigenic motifs (peptides, proteins or DNA) from pathogens. In
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1981 the first subunit vaccine, the Hepatitis B surface antigen vaccine142, was
licenced. Other examples of vaccines licensed since then include typhoid and
influenza vaccines. An advantage of these vaccines is their safety and low
reactogenicity as the subunit antigens can be produced at high purity and
quantity by chemical and recombinant synthesis. The use of essential epitopes
as an alternative of whole organisms reduces the chances of adverse reaction
and improves antigen specificity143. However, one of the drawbacks of subunit
vaccines is their low immunogenicity, consequently insufficient protection may
be provided143.

1.4.2

Developments in tuberculosis vaccines

The only tuberculosis vaccine currently licensed in humans is the live
attenuated BCG vaccine. BCG is a well‐established vaccine that has been used
for more than 80 years with reports of severe adverse events being extremely
rare14. It is thought to induce a strong protective Th1 immune response against
mycobacteria15. However, BCG has proven ineffective in preventing pulmonary
tuberculosis in adults15. Due to serious side effects caused by BCG vaccination
in immunocompromised HIV individuals, it is now contraindicated in this
population144. Efforts are increasing to develop more potent and efficient
subunit Tb vaccines which are able to elicit protective immunity and can also
be given to immunosuppressed individuals. Twelve vaccine candidates are
currently undergoing evaluation in clinical trials16. New strategies involve
either modifications of the current BCG vaccine designed to improve efficacy or
the introduction of new vaccines which can be used as booster vaccines
following an initial BCG immunisation14. Moreover, therapeutic vaccines are
being developed for combination with conventional treatments such as
chemotherapy14.
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1.5

Adjuvants

As discussed above, progress in vaccine research has led to the development of
new vaccine candidates based on antigenic epitopes derived from pathogenic
organisms. Due to their highly purified structures, subunit vaccines lack
features associated with live pathogens and do not provide danger signals to
initiate immune system activation. In order to improve their immunogenicity
and trigger appropriate immune responses in vivo, co‐administration of the
sub‐unit antigen with adjuvants has become common. The term adjuvant is
derived from Latin word “adjuvare” meaning to help or aid. Adjuvants include
a broad variety of compounds such as mineral salts140,145, emulsions146,147,
microbial products148‐150 and particulate systems151,152 each of which exert
diverse modes of action. Until 2009 alum (aluminum salt–based adjuvant) was
the only adjuvant contained in vaccines for human use in the United States.
Only in 1997 was the first non‐aluminium adjuvant, MF59 (Fluad®), available.
Many reasons account for the slow progress in adjuvant development,
including concerns related to biocompatibility, as well as short and long‐term
safety in humans140. Many adjuvants such as complete Freund’s adjuvant
(CFA)153 or lipopolysaccharides (LPSs)148 have been evaluated in animal
models. However, their application in humans is limited due to their toxicity154.
Accessibility and origin of adjuvant components plays an important role, as
they need to be available in a pure and reproducible form. Strategies have been
developed to obtain these compounds via chemical synthesis. However, this
applies only to a limited number of molecules including the synthetic molecule
E6020 which mimics the structure of a LPS155. Progress has been further
delayed by the lack of scalable manufacturing techniques and problems
associated with the stability of antigens/adjuvant combinations140,156. Table 1‐1
gives an overview of currently licenced adjuvants and those undergoing
clinical investigations or preclinical evaluations.
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The diversity of adjuvant types, mode of action and specific implications on the
immune response complicates their classification. According to earlier reports,
adjuvants can be categorized by their mode of action into immunopotentiators
and delivery systems157. However, new studies reveal that their activity cannot
always be ascribed to a single pathway, but is rather the interplay of different
actions. In addition, combinations of delivery systems and immunostimulatory
agents are commonly being developed. These improve the immunogenicity of
specific antigens and activate both humoral and cellular immune responses. A
number of adjuvants relevant to the thesis are discussed in more detail in the
following section. Table 1‐1 gives a summary of these examples categorised by
their current development status.
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Table 1‐1. Outline of various adjuvant systems including their corresponding mode of
action and the type of immune response activated. For more details see text below.
Table modified from Mbow et al.156, O’Hagan and De Gregorio140, Pulendran and
Ahmed150, and Reed et al.158.
Development
status
Licensed

Clinical trials

Adjuvant



Alum



MF59
(o/w emulsion)



AS03
(o/w emulsion)




AS04
(MPL + alum)
Liposomes



Montanides



Saponins



Immunostimula‐
tory nucleic
acids
AS02
(o/w emulsion +
MPL + QS‐21)







Emerging
adjuvants




AS01
(Liposomes +
MPL + QS21)
CFA01
(DDA/TDB
liposomes)
TLR agonists
Monomycoloyl‐
glycerol

Mode of action

Depot effect, antigen
delivery
Local inflammation at
injection site, no depot
effect, enhances AG uptake
Local inflammation at
injection site, no depot
effect, enhances AG uptake
TLR‐4 agonist (MPL)
Depot effect, antigen
delivery
Depot effect, antigen
delivery
Poorly understood,
proposed mechanism:
mediate delivery of AG
directly into cytosol of APC
(lytic capacity)
TLR‐9 agonist

Type of
immune
response
Th2
Th2

Th2

Th1 and
Th2
Th1
Th1
Th1

Th1

Poorly understood,
proposed mechanism:
Synergistic effect of TLR
and non‐TLR dependent
adjuvants
Poorly understood, TLR‐4
agonist (MPL)

Th1/Th2

Local inflammation,
enhance uptake via
interaction with APCs
(surface charge)
TLR‐2/4, TLR‐7/8 agonists
Unknown TLR‐
independent pathway

Th1

Th1

Th1
Th1
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1.5.1

Licensed adjuvants

1.5.1.1 Mineral salts
Different aluminium mineral salts such as aluminium hydroxide, aluminium
phosphate and aluminium potassium sulphate are collectively called alum.
First reported in 1926159, they are until now the most commonly used adjuvants
in human vaccine formulations. Alum‐adjuvanted vaccines include the
hepatitis A virus (HAV), hepatitis B virus (HBV), human papillomavirus
(HPV), diphtheria and tetanus (DT) vaccines. The extensive use of alum is due
to its well‐established safety profile140. It is known that alum aggregates act as
delivery systems for an antigen by adsorbing the antigen onto its surface. Alum
prolongs antigen stability at the injection site and thus lengthens the contact
between APCs and antigens which results in increased uptake145. It further
evokes nonspecific local inflammation and thereby enhances the recruitment of
immune cells145. Alum has been demonstrated to induce immune responses
biased towards Th2‐type responses, typified by the production of cytokines
such as IL‐4, IL‐5 and IL‐13 and high levels of antibodies such as IgE and
IgG1145. A major drawback arises from the production of IgE; an antibody
known to cause local allergic reactions such as erythema, swelling and nodule
formation160. Further, the Th2 polarisation and its inability to induce cellular
immune responses (Th1 and cytolytic T cells), make alum unsuitable for
intracellular pathogens such as tuberculosis, malaria, leishmaniasis, leprosy
and AIDS. However, current advances have partly overcome these issues and
combinations of alum with Th1 stimulators such as MPL (AS04) are now
available.

In

addition,

there

are

reports

suggesting

the

role

of

alum

as

immunostimulatory agent161,162. Results by several research groups have
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suggested that Nalp3 (NODlike receptor, pyrin domain containing 3), a
component of the inflammasome complex, may be involved in the immune
response to alum. For instance, in vitro models revealed alum signalling
through Nalp3, with increased production of the pro‐inflammatory cytokines
IL‐1β and IL‐18 by macrophages161‐164.

1.5.1.2 Emulsions
Emulsions have long been known to enhance immune responses since their
introduction by Freund et al.165 in 1937. The use of water in oil (w/o) emulsions
based on mineral oils (paraffin) is well established with examples being
complete Freund’s adjuvant (CFA) and incomplete Freund’s adjuvant (IFA)166.
CFA contains heat killed mycobacteria which limits its application to
laboratory research153. Its toxicity and side effects which include acute
inflammation and granuloma formation, do not allow for administration in
humans153. IFA, which lacks mycobacterial components, had been commercially
used as part of influenza vaccines. During the 1960’s approximately 900 000
individuals received IFA‐adjuvanted vaccines167. It was withdrawn due to
occasional severe local reactions and is only used in a small number of
veterinary vaccines today153,168.

MF59 was the first oil in water (o/w) adjuvant to be licensed in Europe in 1997
(Fluad®). MF59 is an microfluidised o/w emulsion of squalene, a biodegradable
and

biocompatible

natural

compound,

mixed

with

the

surfactants

polyoxyethylene sorbitan monooleate (Tween 80) and sorbitan trioleate (Span
85)143,147. Interestingly, the licensing of MF59 as an adjuvant in humans was not
always certain. The originally introduced emulsion included a synthetic
immune potentiator muramyl tripeptide phosphatidylethanolamine (MTP‐PE)
which appeared to be reactiogenic for use in humans169,170. Clinical studies
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revealed that MTP‐PE was not necessary for MF59 to show adjuvant
activity140,171. Once administered MF59 has been shown to induce the
production of cytokines and chemokines, to attract immune cells to the site of
infection and to enhance the maturation and subsequent migration of DCs172,173.
Studies have also suggested increased antigen uptake173,174. Similar to MF59, is
the novel multi‐component adjuvant system AS03146. As part of the ‘Adjuvant
System’ introduced by GlaxoSmithKline (GSK), this squalene‐based o/w
emulsion additionally contains α‐tocopherol and was licensed in Europe for the
pandemic flu vaccine Prepandrix® in 2008140.

Montanides are a new generation emulsion‐type adjuvant system and were
developed following the safety issues of IFA175,176. Montanide®ISA51 and
Montanide®ISA720 are currently undergoing clinical trials for use in humans
(Table 1‐1) and details concerning mechanism of action are briefly described in
Section 1.5.2.

1.5.1.3 MPL
MPL (3‐O‐desacyl‐4′‐monophosphoryl lipid A) is a detoxified derivative of
Salmonella minnesota lipopolysaccharides (LPS)148, an endotoxin typically found
in the cell wall of Gram‐negative bacteria. Figure 1‐7 shows the chemical
structure of MPL which is a β‐1′‐6‐linked diglucosamine bearing seven fatty
acids177.
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Figure 1‐7. Chemical structure of Salmonella minnesota MPL.

The inflammatory activity of LPS is mediated through TLR‐4 binding178,179.
Similarly, reports suggested that MPL induces immunostimulation by
signalling through TLR‐4148,180. Studies have shown that MPL polarises towards
Th1‐type immune responses by enhancing associated INF‐γ production180. MPL
has been formulated in combination with liposomes (AS01), in an o/w emulsion
(AS02), and in combination with a QS21, a purified component of Quil A, and
alum (AS04). AS04 has recently been approved in Europe and the USA for use
in vaccines against human papilloma virus (Cervarix®)181 and hepatitis B
(Fendrix®)182. Although a synergistic effect was thought to be the result from the
adsorption of MPL onto alum particles, it was shown that alum improved the
adjuvanticity of MPL by physically stabilising MPL in the vaccine formulation
and by retaining MPL and the antigen at the injection site180.
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1.5.1.4 Liposomes
Liposomes were first described by Bangham et al.183 and have been extensively
studied as drug184 and vaccine delivery systems151 since their discovery in 1965.
Liposomes are colloidal structures which form upon dispersion of amphiphilic
substances (that have a polar head group and non‐polar hydrocarbon chains) in
excess aqueous solution185. The assemblies can consist of single or multiple lipid
bilayers alternating with aqueous compartments enclosing an aqueous core
(Figure 1‐8). Depending on their size and structural properties, liposomes can
be generally divided into small unilamellar vesicles (SUV), multilamellar
vesicles (MLV) and large unilamellar vesicles (LUV)186. Typically, they are
prepared

from

phospholipids

such

as

phosphatidylcholine,

1,2‐

distearoylphosphatidylcholine (DSPC), 1,2‐dioleoylphosphatidylethanol‐amine
(DOPE) or dimethyldioctadecylammonium (DDA)186. Their ability to entrap
hydrophilic and lipophilic drugs within the aqueous structures or lipid
compartments, respectively make them extremely versatile as delivery
systems187. Furthermore, based on electrostatic interactions, molecules such as
negatively charged proteins or nucleic acid may be adsorbed onto the surface
of cationic liposomes.

The composition of the liposomal bilayer plays an important role with regard
to physicochemical properties such as vesicle stability and the retention of
encapsulated drugs. The membrane stability is greatly influenced by the
temperature at which the amphiphiles used, change from the tightly ordered
crystalline gel structure to the liquid‐crystalline phase188. This temperature is
referred to as the main phase transition temperature Tm. The hydrocarbon
chains are randomly oriented and fluid above the Tm and molecules show a
greater movement185. Amphiphiles with higher Tm which are associated with
increased hydrocarbon length and higher chain saturation, may be selected in
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order to design liposomes with an improved membrane rigidity185,189 The
thermotropic behaviour of lipids is further discussed in Section 4.1.4.

Figure 1‐8. Liposomes and their versatile structures. Details are described in the text
below. Figure was adapted from Henriksen‐Lacey et al.190.

The inclusion of cholesterol at low concentrations (< 30 mol%) into lipid
bilayers further enhances membrane stability and fluidity186,188 and has been
shown to reduce membrane permeability in vitro and in vivo191. Cholesterol can
be accommodated into spaces formed between the phospholipid molecules and
subsequently improves lipid packing192,193. Steric repulsion can also improve
liposome stability and is achieved by insertion of charged lipids into the
bilayer194. Numerous studies have investigated the fate of liposome
formulations in vivo post administration. Following systemic application, the
blood circulation and in vivo clearance are affected by liposome size and surface
charge186,195,196. Hence, these properties also determine interactions with immune
35

Chapter One
cells and the pharmacokinetics of entrapped drugs196‐198. Generally, removal
from blood circulation increases with increased vesicle size. Larger vesicles
may be cleared rapidly by opsoninization and subsequent phagocytosis, by
cells of the reticuloendothelial system (RES)196. Interactions with plasma
proteins and enzymes result in relatively fast degradation of lipid bilayers. This
destabilisation also leads to leakage of the encapsulated therapeutic agents196,198.

With respect to delivery of active agents, Chapter Four further discusses the
physical characterisation and stability of modified PC‐based liposomes.

Preparation of liposomes

Various approaches are available for the preparation of liposomes. These can
be categorised based on methods where liposomes are prepared by forming
new bilayer structures or by altering existing bilayers186. The thin film method
of Bangham et al.183 was used in this thesis to produce liposomes and fits into
the first category. A lipid film is deposited onto the inner surface of a glass
flask from an organic phase using solvent evaporation. MLVs are generated by
rehydration of the lipid film with an aqueous solution under agitation. Due to a
passive loading process during liposome formation, only relatively low drug
entrapment is achieved with this technique199. However, the amount of
encapsulated hydrophilic drug can be increased by using methods such as
freeze‐thawing, where the liposome suspensions are subjected to consecutive
cycles of freezing and thawing200. The formed ice crystals induce rupture of the
liposomal membranes and subsequently the vesicles reassemble upon thawing.
Freeze‐thawing may improve incorporation of hydrophilic drugs, by forcing
apart closely associated lipid bilayers and expanding the aqueous compartment
200

. Using other techniques such as reverse‐phase evaporation (REV)201, bilayers
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are prepared by combining an aqueous solution of the drug with an organic
phase containing the drug. Solvent removal from the resultant emulsion
produces LUVs with moderate entrapment199. Liposomes prepared by these
methods are large, and heterogeneous in size and lamellarity. Repeated
extrusion of liposomes suspensions, through polycarbonate membranes under
high pressure, is commonly used to produce liposomes with a homogeneous
particle size distribution and reduced lamellarity202. By using well‐defined pore
sizes (80‐800 nm) specific sizes of liposomes can be achieved. Further
techniques for size reduction are sonication, microfluidization and high‐
pressure homogenisation199.

Methods for producing liposomes by altering existing bilayers include the
preparation of SUVs from MLV using sonication. This disrupts the bilayer
structures and generates smaller vesicles. Liposomes prepared by this method
show low drug encapsulation. Higher entrapments can be achieved using
dehydration–rehydration vesicles (DRV), whereby a suspension of ‘‘empty’’
SUV is mixed with an aqueous solution containing the drug to be entrapped203.
Subsequent freeze‐drying and hydration induces encapsulation of the drug into
the formed MLVs.

An approach for active loading of liposomes uses ion gradients across the lipid
bilayer. A drug is added to empty preformed liposomes and passively diffuses
into the aqueous core. Once inside the liposomes, trapping of the drug can
occur either through the drug becoming charged due to the internal liposomal
pH, or through a change in solubility resulting in drug precipitation199.
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Liposomal adjuvants

Besides being a drug and antigen delivery system, liposomes can also exert
specific adjuvant activities. Allison and Gregoriadis151 first reported that
antigens when entrapped in liposomes were able to stimulate increased
antibody titres, compared to free antigens, in a murine model. Incorporation
into vesicles may provide protection of the antigen from enzymatic
degradation following administration. Thus, liposomes indirectly potentiate
immune responses, by efficiently delivering antigens to APCs and enhancing
interactions between antigens and these immune cells157. However, a result of
using mainly naturally‐derived phospholipids for liposomes preparation is that
the vesicles are non‐toxic and biocompatible, exerting a low immunogenicity204.
Fortunately, their extremely flexible structure allows for incorporation of
immunostimulatory components for the purpose of exerting appropriate
immune responses to liposome‐associated antigens187. Studies have further
indicated that specific cells can be targeted by modification of the liposome
surface205,206. As mentioned above, DCs express PRRs to recognise pathogen‐
associated molecular patterns (PAMP). Therefore, liposomes offer the potential
to target designated cell types, by incorporating specific ligands which mimic
pathogen‐related

structures.

Different

ligands

such

as

peptides,

oligonucleotides or carbohydrates may be displayed on the surface of
liposomes to further enhance the resulting immune response205,207. For instance,
the inclusion of mannosylated dipalmitoylphosphatidylethanolamine (DPPE)
into the bilayer of PC‐based liposomes (20%, w/w), significantly increased the
uptake by monocyte derived dendritic cells (Mo‐DC) in vitro206. This was
thought to be mediated through an increased affinity for the mannose receptors
(MRs) expressed on these cells.
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Currently, lipid vesicle‐based vaccines against and influenza (Inflexal® V) and
HAV (Epaxal®) have been licensed in Europe which were developed by Crucell
(The Netherlands)140,156. Both adjuvants are composed of purified viral antigens
intercalated within the phospholipid bilayer, forming so‐called virosomes208.

Studies have shown that cationic liposomes are more potent in stimulating the
immune response then anionic and neutral liposomes196,209. Due to their positive
charge, they can interact with negatively charged membranes and deliver the
antigen to APCs. Additionally they cause cell damage at site of injection209.
Various cationic systems have been evaluated for vaccine delivery, including
1,2‐dioleoyl‐3‐trimethylammonium‐propane

(DOTAP)

and

DDA.

A

combination of DDA and synthetic mycobacterial cord factor (TDB) was found
to be an effective immunopotentiator. Cellular and humoral immune responses
could be induced in vivo, as well as high levels of INF‐γ and IgG2149,210,211.
CFA01, composed of DDA/TDB (5:1 w/w) liposomes, is currently being tested
in phase I clinical trials against tuberculosis190.

1.5.2

Adjuvants in clinical development

Montanides

Montanides are w/o emulsions stabilised by the surfactant mannide‐
monooleate. Adjuvant formulations derived from this type of emulsion include
Montanide®ISA51, based on a mineral oil, and Montanide®ISA720, which
contains vegetable‐based oil (Seppic, Paris, France). Both systems are currently
undergoing evaluations in clinical studies for use in malaria, HIV and cancer
vaccines158 (Table 1‐1). Montanides act as adjuvant via sustained release of
antigens from the oily deposit at the injection site, which is not achieved with
o/w emulsion types such as MF59175,176. The mechanism of action of montanides
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has further been attributed to recruitment of immune cells, and enhanced
antigen uptake through interactions between the surfactant and cell
membranes. High levels of Th1–type antibodies as well as cytotoxic immune
response are stimulated175.

Saponins

Saponins are triterpene glycosides found in plants, including in the bark of
Quillaja saponaria Molina, a tree native to Chile. Saponins have been long
known to be immunostimulatory and saponin‐based adjuvants such as Quil A
and its semi‐purified component QS‐21 have been assessed in several
immunisation studies212,213. Partially purified fractions of Quil A combine
different saponins varying in their cytotoxicity and adjuvanticity. Major
drawbacks arise from their surfactant activity, which may cause lysis of cell
membranes (haemolytic effect). However, reports suggested that this pore‐
forming ability may be involved in the mechanism of action, by promoting the
antigen uptake into APCs, and subsequent induction of high antibody titres
and cell‐mediated immune responses. Due to its bias towards a Th1 immune
response, it can be used for intracellular pathogens. Quil A as well as QS21 (in
combinations AS01 and AS02, Table 1‐1) have been investigated in vaccine
formulations for viral infections, leishmaniasis, HIV, malaria and therapeutic
cancer vaccines213.

Quil A is also a component of immune‐stimulating complexes (ISCOMs). The
idea of combining a particulate system with the Quil A adjuvant was originally
reported in 1982. These complexes are formed spontaneously when cholesterol,
phospholipid and Quil A are mixed in a certain ratio152. Due to high content of
Quil A in these mixtures, the lipid bilayer structures are ruptured and open,
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cage‐like structures with a highly negative surface charge are formed. Studies
demonstrated that ISCOMs increased both Th1‐ and Th2‐mediated immune
responses214. However, a drawback associated with this adjuvant system is that
antigens need to be incorporated into the lipid network and thus antigen
modifications may be necessary157.

Immunostimulatory nucleic acids

Unmethylated CpG oligodeoxynucleotide sequences (ODN) derived from
bacterial DNA or synthetic analogues, elicit Th1‐dominated immune
responses150. They stimulate B cells and DCs in a TLR‐9 dependent pathway,
leading to secretion of pro‐inflammatory cytokines (TNF‐α, IL‐1 and IL‐6) as
well as Th1‐type associated INF‐γ124. ODNs have limited biological stability.
However, methods have been developed to overcome this issue and enhance
bioavailability, for instance via combination with cationic peptides. The
promising adjuvant system IC31® consists of antimicrobial cationic peptide
KLKL5KLK and ODN1a215. Immunostimulating properties are attributed to
both components, whereby KLKL5KLK induces a Th2 immune response216 and
the TLR‐9 ligand ODN1a generates a cellular and humoral Th1 immune
response217. An advantage is that with the combination of these synthetic
compounds reactogenicity is reduced. IC31® is currently being evaluated in
clinical studies with the mycobacterial fusion protein Ag85B‐ESAT‐6218,219.

1.5.3

Emerging adjuvants

The adjuvant activity exerted by Mycobacterium was originally demonstrated
with complete Freund’s adjuvant (CFA), though due to toxicity issues it is not
suitable for use in humans. However, a number of purified components from
the mycobacterial cell wall have been shown to induce potent immune
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responses. The glycolipid trehalose‐6,6‐dimycolate (TDM, also known as cord
factor) and its synthetic analogue trehalose‐6,6‐dibehenate (TDB) are strong
Th1 adjuvants149,211. As mentioned above, TDB is being assessed as a component
of DDA liposomes. Interestingly, the immune stimulation induced by this
formulation was independent of TLR signalling. A possible signalling through
the Syk–Card9 pathway was proposed, resulting in high levels of Th17209,220.
Comparable to the activity of TDB, was that of native monomycoloyl glycerol
(MMG), isolated from M. bovis BCG221. Delivered as liposome‐based vaccine
formulations, MMG and its synthetic analogues enhanced Th1‐type immune
responses in vivo221‐223.

Signalling through TLR‐2 and TLR‐4 has been suggested for certain
mycobacterial glycolipids. For instance, native and synthetic PIMs such as PIM2
and PIM4 were found to stimulate cytokines and induce inflammatory response
in vitro and in vivo, in a TLR‐dependent manner21,79,90,224,225. A synthetic PIM2
combined with the model antigen Ag85B‐ESAT‐6, decreased numbers of
bacteria in the lung when assessed in a bovine tuberculosis model.
Furthermore, the treatment induced high levels of INF‐γ and other cytokines
(TNF‐α, IL‐2, IL‐6) indicative of a Th1 response226.

Other TLR ligands include imiquimod and resiquimod, which were identified
to signal through the endosome TLRs (TLR‐7 and TL‐7/TLR‐8, respectively),
provoking polarised Th1 activity. These small molecules are currently being
assessed in pre‐clinical studies156.

Taken together, on‐going research has revealed a large variety of different
adjuvants. However, only a few novel adjuvants have been licensed for use in
humans. Acceptability and safety of potential candidates still need to be proven
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in clinical and preclinical studies. Particularly interesting are potential
mycobacterial TLR agonists. As part of this thesis the immunostimulatory
potential of synthetic PIMs in liposomal formulations was investigated
(Chapter Four).

1.6

Thesis aim

PIMs have attracted great research interest in recent years due to their
significant immunomodulatory activity. Numerous studies have examined
their biological activities in both in vitro and in vivo assays and investigated
their potential use for the treatment of atopic diseases or as adjuvants to
improve the efficacy of vaccines. However, despite extensive research on their
bioactivity, current literature provides limited information on molecular
characteristics and pharmaceutical properties of PIMs.

Therefore, the aim of this thesis was to investigate how the physical properties
of PIMs are impacted by structural modifications, and how this affects
biological activity. The main focus was to investigate the influence of varied
lipophilicity and head group characteristics on the structure‐function
relationship. To do this, a library of six related PIMs was produced. The
lipophilic nature of these synthetic compounds was varied, by changing the
length of the acyl chains of the fatty acid residues (C0, C10, C16 and C18) and
the polar head group (inositol versus glycerol based core structure). The impact
of these changes on the interfacial behaviour between two dissimilar phases
(air/water) was studied in one‐component and binary systems. In order to
evaluate the structure‐function relationship, the suppressive activity of the
compounds in a mouse model of allergic asthma was investigated in vivo.
Furthermore, liposomal delivery systems were developed and a thorough
physical characterisation of the particulate formulations was carried out. These
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systems were assayed for their ability to activate dendritic cells in vitro,
followed by an in vivo vaccine model, to assess their potential to elicit cell‐
mediated and humoral immune responses.
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Synthesis of a PIM 2 analogue
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2
2.1

Synthesis of a PIM2 analogue
Introduction

The series of PIMs investigated in this thesis was designed to produce a range
of related compounds with varied lipophilicities (Figure 2‐1). Due to their
structural diversity, native PIMs are difficult to isolate in pure form from
mycobacterial cell wall extracts. Fortunately, their relatively low molecular
weights make them accessible by chemical synthesis. Synthetic strategies have
been developed to prepare PIMs based on the structure of the natural
components found in the mycobacterial cell wall224,227‐229.
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Figure 2‐1. Series of PIM compounds investigated in this thesis: structures of
phosphatidylinositol dimannoside (PIM2) 1a, 1b and phosphatidylglycerol
dimannosides (PGM2) 2a ‐ 2d.

As part of the proposed compound library to be explored, phosphatidylinositol
dimannosides (PIM2) 1a and 1b were prepared by members of the
Carbohydrate Team at Industrial Research Limited (IRL, Lower Hutt, New
Zealand) using previously described methods224,227. The ability of compound 1a
to suppress eosinophilia in an allergic airway disease model of asthma had
been assessed in an earlier study227. Similarly compound 1b, varying in the fatty
46

Chapter Two
acid residues, was available as it had been studied by Ainge et al.224 for its
immunostimulatory activity.

Despite the development of strategies to prepare PIMs, the synthetic routes are
difficult and mainly impeded by controlling the stereochemical centres of the
myo‐inositol core of PIMs. As shown in Figure 2‐2, myo‐inositol is a meso
compound with an internal plane of symmetry along the C‐2 to C‐5 axis. As a
result of this symmetry, the hydroxyl groups attached to C‐1 and C‐3 are
identical and cannot be differentiated. The same principle applies to those
attached to C‐4 and C‐6. Functionalization at any of the O‐1, O‐3, O‐4 and O‐6
positions would result in loss of the plane of symmetry and the formation of
pairs of stereoisomers. In the case of an achiral derivatising agent, pairs of
enantiomers are produced. Enantiomers are extremely difficult to separate due
to the fact that their physical properties are identical in achiral environments.

mirror plane
OH
HO
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3

OH
1

4

HO

5

6

OH

OH

Figure 2‐2. Structure of myo‐inositol core of PIMs.

However, several methods have been developed to provide stereoisomerically
pure myo‐inositol derivatives by attaching chiral residues. These methods result
in pairs of diastereoisomers which would be more amenable to separation
techniques. Elie and colleagues230 prepared pure diastereoisomers of a myo‐
inositol mannoside as shown in Scheme 2‐1. Firstly, myo‐inositol was
desymmetrised with achiral reagents to obtain the racemic inositol derivative
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(±)‐3. Subsequent reaction with enantiomerically pure D‐mannose 4 afforded a
1:1 mixture of inositol mannosides 5 and 6. The two diastereoisomers 5 and 6
could be isolated by column chromatography. Unfortunately, the maximum
theoretical yield of the desired stereoisomer 5, which would further be
converted into PIM, was 50%230. The unwanted isomer 6 was discarded.
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Scheme 2‐1. Synthesis of myo‐inositol derivative by Elie et al.230. For clarity only one
enantiomer is presented for (±)‐3.

In a desymmetrisation method described by Pietrusiewicz et al.231, L‐camphor
dimethyl acetal (8) was employed to provide the chiral myo‐inositol derivative
9 (Scheme 2‐2). Following partial hydrolysis and several recrystallisation steps,
9 was obtained in desired configuration in slightly higher yield compared to
the method above230. Unfortunately, this procedure was found to give
inconsistent results when applied by other research groups232,233.
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Scheme 2‐2. Preparation of chiral myo‐inositol derivative 9 via a method described by
Pietrusiewicz et al.231.
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An alternative synthetic strategy utilising an enantiomerically pure starting
material was developed by Bender et al.234. This method afforded the chiral
myo‐inositol derivative 11, via a lengthy synthetic route from commercially
available methyl α‐D‐glucopyranoside 10234 (Scheme 2‐3).
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Scheme 2‐3. Synthesis of an enantiomerically pure myo‐inositol derivative by Bender et
al.234.

Although this approach demonstrated an effective way of preparing myo‐
inositol derivatives, it required multi‐step synthetic sequences to make the
chiral inositol starting material available for PIM synthesis.

In order to produce a range of closely related compounds where incremental
changes have been made, a series of PIM analogues in which the inositol ring
had been replaced by a glycerol unit was proposed for the current study
(Figure 2‐3). These compounds have been referred to as “cutaway PIMs” or
phosphatidylglycerol mannosides (PGMs). The replacement of the naturally
occurring myo‐inositol core by a three‐carbon glycerol structure, aids the
preparation of those compounds, by overcoming the stereochemical issues
associated with the myo‐inositol core. The absence of asymmetric centres in the
cutaway core structure of PGMs facilitates their syntheses.
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Figure 2‐3. Glycerol core structure of phosphatidylglycerol mannosides (PGMs)
(highlighted in red). The removal of the C‐3, ‐4 and ‐5 unit from the myo‐inositol core
gave a symmetrical phosphatidylglycerol mannoside containing a three‐carbon
glycerol centre.

In earlier work, Singh‐Gill et al.235 designed and synthesised PGM2 2a, a
structure possessing stearate (C18) fatty acid esters (Figure 2‐4). This
compound maintained immunological activity when tested in an allergic
airway disease mouse model235, comparable to that observed for the bistearate
PIM2 (1a). Those findings indicated that the myo‐inositol core was dispensable
for activity, while it is known from other studies that fatty acid residues, along
with mannosyl‐moieties are essential structural features for biological
activity227,236.
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Figure 2‐4. Proposed series of phosphatidylglycerol dimannosides (PGM2) 2a ‐ 2d.
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More recently, those results have been verified by Doz and colleagues96, who
reported an elegant way of synthesising a similar molecule, containing a
glycerol core which differed only in the fatty acid residues.

2.2

Chapter aim

The phosphatidylglycerol dimannoside (PGM2) analogues 2a ‐ d (Figure 2‐4)
required for the current study only differ in the acyl residues attached to the
phosphatidyl group. PGM2 2a containing two C18 fatty acid residues was
available from the study mentioned above235. Compounds PGM2 (0:0) (2b) and
PGM2 (16:16) (2d) were prepared by modification of this synthetic strategy
(Carbohydrate Team, IRL). As part of this project the synthesis of the
corresponding PGM2 (10:10) analogue 2c was the object of this chapter. The
synthetic chemistry used is described in detail below.

2.3
2.3.1

Experimental section
General experimental

2.3.1.1 Nuclear magnetic resonance spectroscopy
1

H (400 MHz), 13C (100 MHz), 31P (162 MHz) NMR spectra were recorded on a

Varian 400 MR spectrometer in chloroform‐d1 (CDCl3), deuterated water (D2O)
or a mixture of methanol‐d4 and chloroform‐d1 (CD3OD:CDCl3) standardised
against the residual solvent peak (7.26 ppm). 1H (500 MHz),

13

C (125 MHz),

P (202 MHz) NMR spectra were recorded on a Varian 500 MHz Premium

31

Shielded spectrometer in chloroform‐d1 (CDCl3), deuterated water (D2O) or a
mixture of methanol‐d4 and chloroform‐d1 (CD3OD:CDCl3) standardised
against the residual solvent peak (77.08 ppm). Spectra are reported according to
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the convention: chemical shift, integrated area, multiplicity, coupling constant,
assignment. Proton multiplicities are reported according to appearance as s
(singlet), d (doublet), dd (double doublet), ddd (double double doublet), t
(triplet), dt (double triplet), ddt (double double triplet), quin (quintet), m
(multiplet). Assignments of the proton signals are designated by the attached
carbon.

2.3.1.2 Mass spectrometry
High resolution mass spectrometry (HRMS) experiments were conducted using
a Bruker microTOFQ (Bruker Daltronics, Bremen, Germany) with an
electrospray ionization (ESI) source in either positive or negative mode.
Samples are introduced using direct infusion at 180 μL hr‐1, Capillary voltage ‐
4500 V, employing a dry gas of N2 at 180°C, 5 L min‐1. Acetonitrile or methanol
was utilised as the mobile phase for ESI.

2.3.1.3 Chromatography
Thin layer chromatography (TLC) was performed on Merck TLC aluminum
foil coated with a thickness of 0.2 mm silica gel 60 F254. Components were
detected using ultraviolet light, acidic vanillin dip, phosphomolybdic acid dip
or aqueous phosphomolybdic dip, with subsequent heating.

Column chromatography was accomplished using Merck silica gel 60 (230‐400
mesh), which was packed by the slurry method. Solvent systems are expressed
as ratios (vol:vol).

High‐performance liquid chromatography (HPLC) analyses were carried out
on an Agilent 1100 quaternary pump system. Following dilution in water, a
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sample volume of 8 μL was injected onto a Phenomenex Synergi Fusion‐RP
reversed phase column (4 μm, 80 Å pore size, 4.6 x 250 mm). The compounds
were eluted using a gradient: solvent A water; solvent B 1:1 MeOH/water
containing 50 mM NH4OAc (pH 5); solvent C MeOH; Program 0‐20 min 0‐10%
B, 70 to 90% C; 20‐28 min hold; 30‐32 min return to 100% A; 32‐40 min
equilibrate at 100% A. The flow rate was 1 min mL‐1 and compounds were
detected with an ESA Corona Charged Aerosol detector.

2.3.1.4 Infrared spectroscopy
Infrared spectra were acquired on a Bruker alpha‐P FTIR spectrometer for
liquid and solid samples. No sample preparation was required. Spectra were
recorded against a background of air.

2.3.1.5 Solvents
Dry dichloromethane (CH2Cl2), diethylether and tetrahydrofuran (THF) were
dried using the PURE SOLV MD‐6 solvent purification system. Analytical
grade methanol (MeOH) was used without purification (Fisher Scientific). All
other laboratory grade solvents were used as received.

2.3.1.6 Polarimetry
Optical rotations (specific rotation [α]DT) were recorded at room temperature
(described by T in [α]DT) on a Jasco DIP‐1000 Digital polarimeter using a 100
mm cell with a 3.5 mm aperture at 589 nm (sodium filter). Samples were
prepared at the concentration (g 100 mL‐1) in the solvent indicated.
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2.3.2

Experimental protocol

Allyl 2,3,4,6‐tetra‐O‐acetyl‐α‐D‐mannopyranoside (13)235.

AcO
AcO
AcO

OAc
O
2'

1'

O

2
1

13

Penta‐O‐acetyl‐D‐mannopyranose 12 (5.00 g, 12.81 mmol) was dissolved in dry
CH2Cl2 (75 mL). Allyl alcohol (4.36 mL, 64.0 mmol) and boron trifluoride
diethyl etherate (8.12 mL, 64.0 mmol) were added. The reaction mixture was
stirred overnight at RT. The reaction mixture was washed with water, the
organic phase dried (anh. MgSO4), filtered and the solvent removed. The
residue was purified on silica gel (2:3 EtOAc/PE) to give the title compound 13
(2.5 g, 50%) as a dark orange syrup, which was spectroscopically identical to
that reported in the literature235. 1H NMR (400 MHz, CDCl3) δ 1.99 (3 H, s), 2.04
(3 H, s), 2.11 (3 H, s), 2.15 (3 H, s), 3.98‐4.07 (2 H, m), 4.11 (1 H, dd, J = 12.2, 2.3
Hz), 4.18 (1 H, d, J = 5.2 Hz), 4.29 (1 H, dd, J = 12.2, 5.3 Hz), 4.87 (1 H, s, H‐1’),
5.22‐5.30 (3 H, m), 5.32 (1 H, d, J = 8.2 Hz), 5.38 (1 H, dd, J = 10.0, 3.4 Hz), 5.90
(1 H, ddt, J = 16.9, 11.4, 5.8 Hz, H‐2).
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Allyl α‐D‐mannopyranoside (14)235.

HO
HO
HO

OH
O
1'

2'

2

O

1

14

Compound 13 (2.50 g, 6.44 mmol) was dissolved in methanol (50 mL). Sodium
carbonate (1.7 g, 16.09 mmol) was added to the solution and the reaction was
stirred overnight at RT. The mixture was filtered and the solvent removed
under reduced pressure to give title compound 14 (1.84 g, 89%). The
spectroscopic data found for compound 14 was identical to earlier reports235. 1H
NMR (400 MHz, D2O) δ 3.66‐3.71 (2 H, m), 3.79‐3.87 (2 H, m), 3.92
(1 H, d, J = 12.2 Hz), 3.98 (1 H, dd, J = 3.4, 1.8 Hz), 4.11 (1 H, dd, J = 12.7, 6.3 Hz),
4.27 (1 H, ddd, J = 5.4, 4.9, 1.5 Hz), 4.95 (1 H, dd, J = 2.1, 0.7 Hz, H‐1’), 5.28‐5.44
(2 H, m, H‐1), 5.94‐6.09 (2 H, m, H‐2)

Allyl 2,3,4,6‐tetra‐O‐benzyl‐α‐D‐mannopyranoside (15)235.

BnO
BnO
BnO

OBn
O
2'

1'

2

O
3

1

15

Sodium hydride (7.4 g, 154 mmol, 50% by weight) was slowly added to a
solution of 14 (5.65 g, 25.7 mmol) in dry DMF (30 mL). The solution was cooled
to 0°C under nitrogen and stirred until bubbling stopped. Benzyl bromide (15.5
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mL, 128 mmol) was carefully added. The reaction mixture was stirred
overnight at RT and then quenched by the addition of water (5 mL). The
mixture was diluted with water (300 mL) and extracted into EtOAc. The
organic phase was washed with water, brine and dried (anh. MgSO4).
Evaporation of the solvent gave a crude material which was purified on silica
gel (2:3 PE/CH2Cl2 to CH2Cl2) to afford title compound 15 (5.9 g, 40%) as a pale
yellow syrup. The spectroscopic data for compound 15 was consistent with that
reported in literature235. 1H NMR (400 MHz, CDCl3) δ 3.69‐3.82 (4 H, m),
3.90‐4.03 (3 H, m), 4.12‐4.19 (1 H, m, H‐1), 4.47‐4.79 (7 H, m), 4.88
(1 H, d, J = 10.7 Hz), 4.92 (1 H, d, J = 1.7 Hz, H‐1’), 5.12‐5.24 (2 H, m, H‐3), 5.84
(1 H, ddd, J = 15.5, 10.7, 5.5 Hz, H‐2), 7.13‐7.41 (20 H, m, Ar‐H).

1‐O‐(2,3,4,6‐Tetra‐O‐benzyl‐α‐D‐mannopyranosyl)glycerol (16)235.

BnO
BnO
BnO

OBn
O
1'

2'

O

OH
2

OH

16

Pyranoside 15 (1.00 g, 1.7 mmol) and N‐methylmorpholine N‐oxide (0.030 g,
2.58 mmol) were dissolved in mixture of water‐acetone (1:9, 40 mL) and 1%
aqueous osmium tetroxide solution (1.5 mL) was added. The reaction mixture
was stirred overnight at RT, then poured into 10% sodium thiosulfate solution
(20 mL) and then extracted with CH2Cl2 (40 mL). The organic layer was washed
with water and dried (anh. MgSO4). The solvent was removed under reduced
pressure and the residue was purified on silica gel (2:3 PE/CH2Cl2) to give the
title compound 16 (0.800 g, 76%) as a pale yellow oil, which was
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spectroscopically identical to that reported in the literature235. 1H NMR (500
MHz, CDCl3) δ 3.44‐3.55 (1 H, m), 3.56‐3.93 (10 H, m), 4.46‐4.65 (5 H, m),
4.68‐4.78 (2 H, m), 4.82‐4.88 (1 H, m), 7.12‐7.40 (20 H, m, Ar‐H); HRMS‐ESI
[MNa]+ calculated for C37H42NaO8+: 637.2772. Found: 637.2825.

2‐O‐Benzoyl‐3‐O‐(2,3,4,6‐tetra‐O‐benzyl‐α‐D‐mannopyranosyl)glycerol
(17)235.

BnO
BnO
BnO

OBn
O
1'

2'

O

OBz
2

OH

17

The glycerol mannoside 16 (2.44 g, 3.97 mmol) and trityl chloride (2.21 g, 7.93
mmol) were dissolved in dry pyridine (40 mL) then heated at 100°C for 4 hours.
The mixture was cooled to 0°C and a solution of benzoyl chloride (1.84 mL,
15.86 mmol) was added. The reaction was allowed to warm up to RT and
stirred overnight. The solvent was removed and the residue dissolved in
CH2Cl2 (100 mL), washed with HCl (2 x 40 mL), water (50 mL) and brine (50
mL). The organic layer was dried over anh. MgSO4, filtered and the solvent
removed under reduced pressure. The residue was again dissolved in
CH2Cl2/MeOH (7:3, 100 mL) and p‐toluenesulfonic acid (p‐TSA) (150 mg) was
added and stirred for 24 hours at RT. The reaction washed with saturated
bicarbonate solution (50 mL), brine, dried (anh. MgSO4) and the solvent
removed under reduced pressure. The residue was purified on silica gel firstly
using CH2Cl2 as eluent until trityl alcohol was removed. The eluent was then
changed to 1:9‐1:4 EtOAc/CH2Cl2 to give the title compound 17 (1.14 g, 47%) as
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a yellow syrup, which was spectroscopically identical to that reported in the
literature235. The polarity of the eluent was increased to EtOAc to regain
glycerol glycoside 16 (0.33 g, 14%) as starting material. Data for 17: 1H NMR
(500 MHz, CDCl3) δ 3.62‐4.01 (11H , m), 4.45‐4.75 (7H , m, PhCH2), 4.93 (0.5 H,
d, J = 2.0, H‐1’), 4.89 (0.5 H, d, J = 2.0, H‐1’), 5.22 and 5.27 (each 0.5 H, quin,
J = 5.0, H‐2), 7.11‐7.37 (20H, m, Ar‐H), 7.54 (1H, ddd, J = 2.2, 1.7, 1.1 Hz, H‐4’’ of
Bz), 8.01‐8.04 (2H, m, H‐2’’,6’’ of Bz); HRMS‐ESI [MNa]+ calculated for
C44H46NaO9+: 741.3034. Found: 741.3081.

2,3,4,6‐Tetra‐O‐benzyl‐α‐D‐mannopyranosyl trichloroacetimidate (19)237.

BnO
BnO
BnO

OBn
O
1'

O

NH
CCl3

19

2,3,4,6‐Tetra‐O‐benzyl‐D‐mannopyranose 18 (0.536 g, 0.991 mmol) was
dissolved in dry CH2Cl2 (20 mL) and cooled to 0°C under nitrogen atmosphere.
Trichloroacetonitrile (994 μL, 9.91 mmol) and diazabicycloundecene (DBU) (150
μL, 0.991 mmol) were added and the reaction stirred for 60 min. The solvent
was removed and the residue was purified on silica gel (1:2 EtOAc/PE) to give
title compound 19 (0.669 g, 99%). The spectroscopic data for compound 19 was
consistent with earlier reports237. 1H NMR (400 MHz, CDCl3) δ 3.73 (1 H, dd,
J = 11.2, 1.8 Hz), 3.79‐4.01 (4 H, m), 4.14 (1 H, dd, J = 11.7, 4.4 Hz), 4.50‐4.71 (5 H,
m), 4.77 (1 H, s), 6.37 (1 H, d, J = 2.0 Hz, H‐1’), 7.17‐7.44 (20 H, m, Ar‐H), 8.52
(1 H, s, NH).
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2‐O‐Benzoyl‐1,3‐bis‐O‐(2,3,4,6‐tetra‐O‐benzyl‐D‐mannopyranosyl)

glycerol

(20)235.
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TMSOTf (15.00 μL, 0.083 mmol) was added drop wise to a stirred solution of
glycerol 17 (600 mg, 0.835 mmol) and trichloroacetimidite 19 (740 mg, 1.08
mmol) in dry ether (30 mL) cooled to ‐42°C. The reaction mixture was stirred
and allowed to warm up to 0°C. The reaction was monitored regularly by silica
TLC (1:2 EtOAc/PE) after it had warmed up to ‐10°C. Following stirring
overnight at RT the reaction was quenched with Et3N (700 μL, 4.99 mmol). The
mixture was filtered through Celite and the filter cake further washed with
ether. The solvent was evaporated under reduced pressure and the obtained
crude material was purified on silica gel (4:1‐3:1‐2:1 EtOAc/PE) to afford the
title compound 20 (0.800 g, 78%, 4:1 mixture of α,α and α,β‐diastereoisomers)
as a yellow syrup. The spectroscopic data found for compound 20 was identical
to earlier reports235. Data for 20: 1H NMR (500 MHz, CDCl3) δ 3.50–4.13 (16H,
m), 4.42–4.52 (4H, m), 4.55–4.65 (4H, m), 4.69 (2H, d, J = 12.5 Hz, PhCH2), 4.72
(2H, d, J = 12.5 Hz, PhCH2), 4.82 (2H, d, J = 11 Hz, PhCH2), 4.86 (2H, d,
J =11 Hz, PhCH2), 4.91 (1H, d, J = 2 Hz), 4.96 (1H, d, J = 2 Hz), 5.33–5.38 and
5.41–5.53 (1H, 2 x m, H‐2’), 7.08–7.38 (42H, m, Ar‐H), 7.55 (1H, t, J = 7.7 Hz),
8.00 (2H, d, J = 7.7); 13C NMR (125 MHz, CDCl3) δ 65.5, 65.9, 69.1, 69.2, 71.4, 72.2,
72.3, 72.4, 72.65, 72.68, 73.38, 73.42, 74.7, 74.8, 74.9, 75.0, 75.1, 79.9, 80.0, 97.7,
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98.4, 127.52, 127.60, 127.63, 127.73, 127.76, 127.78, 127.81, 127.87, 127.92, 128.03,
128.29, 128.33, 128.35, 128.41, 128.5, 129.8, 130.0, 133.2, 138.35 138.42, 138.43,
138.5, 138.5, 138.6, 165.9; HRMS‐ESI (+ve) [MNa]+ calculated for C78H80NaO14+:
1263.5440. Found: 1263.5363.

1,3‐Bis‐O‐(2,3,4,6‐tetra‐O‐benzyl‐α‐D‐mannopyranosyl)glycerol (21)235.
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The dimannoside 20 (800 mg, 0.644 mmol) was dissolved in 1 M sodium
methoxide (80 mL) (2.3 g of Na metal dissolved in 100 mL methanol).
Additionally CH2Cl2 (20 mL) was added to enhance the solubility of 20. The
reaction was stirred overnight at RT. The solvent was reduced to one third of
the initial volume, diluted into water and extracted with CH2Cl2. The aqueous
phase was back extracted several times. The combined organic phases were
washed with 1M HCl (80 mL), water (80 mL) and dried over anh. MgSO4. The
solvent was evaporated under reduced pressure and the residue purified on
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silica gel (3:1‐2:1‐3:2 EtOAc/PE) to give the title compound 21 (0.328 g, 45%)
and 22 (0.091 g, 12%), both as a colorless syrup. The spectroscopic data for
compound 21 and 22 were consistent with earlier reports235. Data for 21 (α,α
isomer): [α]D20 +22 (c 0.21, CH2Cl2); νmaxcm‐1 3438 br (OH stretch); 1H NMR (500
MHz, CDCl3) δ 2.79 (1 H, d, J = 4.2 Hz, OH), 3.44 (1 H, dd, J = 10.6, 7.1 Hz), 3.51
(1 H, dd, J = 10.9, 4.1 Hz), 3.56 (1 H, dd, J = 10.9, 5.9 Hz), 3.60 (1 H, dd, J = 10.6,
4.3 Hz), 3.67‐3.80 (8 H, m), 3.85 (2 H, dt, J = 9.2, 3.2 Hz), 3.86‐3.91 (1 H, m, H‐2),
3.94 (1 H, d, J = 9.4 Hz), 3.98 (1 H, d, J = 9.4 Hz), 4.46‐4.53 (4 H, m), 4.57‐4.65
(6 H, m), 4.69 (2 H, d, J = 12.4 Hz, H‐1’), 4.74 (2 H, d, J = 12.4 Hz, H‐1’’), 4.82‐4.88
(4H, m), 7.12‐7.39 (43 H, m, Ar‐H); 13C NMR (125 MHz, CDCl3) δ 69.20, 69.22,
69.41, 69.60, 69.98, 72.22, 72.24, 72.31, 72.35, 72.74, 73.40, 73.42, 74.90, 74.95,
75.06, 75.12, 80.02, 80.06, 98.73, 98.89, 127.53, 127.56, 127.65, 127.66, 127.67,
127.70, 127.81, 128.03, 128.34, 128.35, 128.37, 128.39, 138.32, 138.42, 138.49;
HRMS‐ESI (+ve) [MNa]+ calculated for C17H76NaO13: 1159.5178. Found:
1159.5228.

Data for 22 (α,β isomer): 1H NMR (500 MHz, CDCl3)  3.58‐3.42 (1H, m), 4.00‐
3.64 (16H, m), 4.76‐4.44 (15H, m), 4.92‐4.83 (2H, m), 5.04 (1H, d, J = 2 Hz, H‐1’),
7.34‐7.16 (40H, m, Ar‐H);

13

C NMR (125 MHz, CDCl3)  61.69, 67.03, 69.29,

72.23, 72.36, 72.38, 72.40, 72.71, 72.78, 73.46, 74.88, 74.92, 74.96, 75.11, 75.17,
79.95, 80.14, 97.7, 98.6, 98.6, 127.55, 127.59, 127.66, 127.69, 127.76, 127.84, 127.92,
127.97, 128.06, 128.08, 128.14, 128.18, 128.22, 128.37, 128.40, 138.23, 138.26,
138.30, 138.36, 138.42, 138.50, 138.53; HRMS‐ESI (+ve) [MNa]+ calculated for
C17H76NaO13: 1159.5178. Found: 1159.5101.
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3‐O‐Benzyl‐1,2‐O‐isopropylidene‐sn‐glycerol (24)238.

O
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(S)‐(+)‐1,2‐O‐isopropylidene‐sn‐glycerol 23 (5.123 g, 38.8 mmol) was dissolved
in dry DMF (50 mL) under argon at RT. The flask was immersed in a water
bath at RT and NaH (2.89 g, 50% dispersion in oil, 60.2 mmol) was added
portion wise. Benzyl bromide (BnBr) was added (6.75 mL, 56.8 mmol), the
water bath removed after 5 min and the reaction stirred for 72 hours. The
reaction was quenched with the addition of 2 M NaOH (10 mL) and diluted
into ether (200 mL) and water (300 mL). The aqueous phase was back extracted
with ether (100 mL) and the combined ether phases were washed with water (3
x 150 mL). The organic phase was dried over anh. MgSO4 and the solvent
removed under reduced pressure. The residue was purified on silica gel
(initially PE, followed by 1:19‐1:9‐1:4‐2:3 EtOAc/PE) to give title compound 24
(8.290 g, 96%), which was spectroscopically identical to that reported in the
literature238. 1H NMR (500 MHz, CDCl3) δ 1.37 (3 H, d, J = 0.5 Hz, CH3), 1.42
(3 H, d, J = 0.5 Hz, CH3), 3.48 (1 H, dd, J = 9.8, 5.6 Hz, H‐1), 3.56 (1 H, dd, J = 9.8,
5.7 Hz, H‐1), 3.75 (1 H, dd, J = 8.3, 6.3 Hz, H‐3), 4.06 (1 H, dd, J = 8.3, 6.4 Hz,
H‐3), 4.27‐4.34 (1H, m, H‐2), 4.56 (1 H, d, J = 12.1 Hz), 4.60 (1 H, d, J = 12.1 Hz),
7.23‐7.38 (5 H, m, AR‐H);

13

C NMR (125 MHz, CDCl3) δ 25.46, 26.84, 66.95,

71.16, 73.59, 74.81, 109.47, 127.78, 127.80, 128.46, 138.03.
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3‐O‐Benzyl‐1,2‐di‐O‐decanoyl‐sn‐glycerol (25).

OCOC 9 H19
BnO
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2 1

OCOC 9H 19
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A mixture of 24 (2.008 g, 9.03 mmol), decanoic acid (3.141 g, 18.23 mmol) and p‐
toluenesulfonic acid monohydrate (0.15 g, 0.789 mmol) was heated at 120°C (oil
bath) for 3 hours. The reaction flask was left uncovered to evaporate water and
acetone formed in the reaction. The residue was dissolved in CH2Cl2 and
purified on silica gel (0.5:9.5‐1:9 EtOAc/PE) to give title compound 25 (2.478 g,
66%); [α]D22 +5.1 (c 1.63, CH2Cl2); νmaxcm‐1 1739 (ester CO); 2853, 2922 (CH
stretch); 1H NMR (400 MHz, CDCl3) δ 0.88 (6H, t, J = 6.9 Hz, 2 x CH3), 1.25‐1.30
(24 H, m), 1.54‐1.67 (4 H, m), 2.25‐2.34 (4 H, m), 3.59 (2 H, dd, J = 5.2, 1.1 Hz,
H‐3), 4.19 (1 H, dd, J = 11.9, 6.4 Hz, H‐1), 4.34 (1 H, dd, J = 11.9, 3.8 Hz, H‐1),
4.52 (1 H, d, J = 12.1 Hz), 4.56 (1 H, d, J = 12.1 Hz), 5.21‐5.27 (1 H, m, H‐2),
7.23‐7.38 (5 H, m, Ar‐H); 13C NMR (100 MHz, CDCl3) δ 14.06, 22.64, 24.84, 24.86,
24.88, 24.93, 29.03, 29.06, 29.08, 29.09, 29.24, 29.25, 29.26, 29.36, 29.41, 31.84,
34.01, 34.07, 34.17, 34.20, 34.29, 62.05, 62.15, 62.61, 62.87, 68.24, 68.87, 69.99,
73.26, 127.52, 127.57, 127.61, 127.71, 128.36, 128.40, 129.53, 129.66, 133.19, 137.71,
165.91, 172.76, 172.81, 172.99, 173.16, 173.19, 173.28; HRMS‐ESI (+ve) [MNa]+
calculated for C30H50NaO5: 513.3550. Found: 513.3546.
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1,2‐Di‐O‐decanoyl‐sn‐glycerol (26).

OCOC 9H 19
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3

2 1
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Compound 25 was suspended in HOAc/EtOH 1:10 (25 mL). Pd/C (10%, 0.171 g)
was added and the reaction mixture was stirred under an atmosphere of
hydrogen for 3 hours at RT. The hydrogen atmosphere was removed, the
mixture was filtered through Celite and the solvent was removed. The residue
was purified on silica gel (2:8 EtOAc/PE) to give title compound 26 (0.420 g;
85%) as a white solid; [α]D20 ‐2.6 (c 0.15, CH2Cl2); νmaxcm‐1 1739 (ester CO); 2853,
2922, 2954 (CH stretch), 3504 br (OH stetch); 1H NMR (400 MHz, CDCl3)
δ 0.84‐0.89 (6 H, m, 2 x CH3), 1.26 (24 H, m), 1.60 (4 H, dt, J = 13.4, 6.5 Hz), 2.31
(4 H, dt, J = 8.9, 4.3 Hz), 3.71 (2 H, d, J = 4.8 Hz, H‐3), 4.21 (1 H, ddd, J = 12.0, 5.8,
1.9 Hz, H‐1), 4.31 (1 H,dd, J = 11.9, 4.4 Hz, H‐1), 5.07 (1 H, quin, J = 5.0 Hz, H‐2);
C NMR (100 MHz, CDCl3) δ 14.17, 22.74, 24.97, 25.02, 29.16, 29.19, 29.34, 29.50,

13

31.93, 34.19, 34.37, 61.67, 62.05, 72.19, 173.50, 173.86; HRMS‐ESI (+ve) [MNa]+
calculated for C23H44NaO5: 423.3081. Found: 423.3098.
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Benzyl 1,2‐di‐O‐decanoyl‐sn‐glycero‐diisopropylphosphoramidite (28).
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4,5‐Dicyanoimidazole (0.116 g, 0.982 mmol) was added to a stirred solution of
compound 26 and benzyloxy‐bis‐(diisopropylamino)phosphine 27 (0.628 g,
1.855 mmol) in dry CH2Cl2 (10 mL). After stirring at RT for 1.5 hours the
solvent was removed and the residue purified on silica gel (1:19 Et3N/PE) to
give title compound 28 (0.541 g, 91%) as a colorless oil; νmaxcm‐1 1738 (ester CO);
2854, 2924, 2960 (CH stretch); 1H NMR (500 MHz, CDCl3) δ 0.89 (6 H, t,
J = 6.9 Hz, 2 x CH3), 1.18‐1.21 (12 H, m), 1.25‐1.33 (27 H, m), 1.58‐1.65 (5 H, m),
2.30 (4 H, td, J = 7.7, 2.0 Hz), 3.59‐3.83 (4 H, m), 4.15‐4.22 (1 H, m), 4.30‐4.39
(1 H, m), 4.63‐4.78 (2 H, m), 5.18‐5.23 (1 H, m, H‐2), 7.25‐7.38 (5 H, m, Ar‐H); 13C
NMR (125MHz, CDCl3) δ 11.03, 14.11, 14.16, 22.73, 23.05, 23.82, 24.58, 24.60,
24.63, 24.66, 24.69, 24.75, 24.97, 24.99, 29.00, 29.18, 29.20, 29.35, 29.50, 30.44,
31.93, 3421, 34.41, 38.81, 43.10, 43.11, 43.19, 43.21, 61.55, 61.68, 61.73, 61.86,
62.55, 62.59, 65.36, 65.39, 65.50, 65.54, 58.22, 70.82, 70.86, 70.88, 70.92, 127.00,
127.34, 127.35, 128.31, 128.32, 128.53, 128.86, 130.93, 173.07, 173.45; 31P NMR (162
MHz, CDCl3) δ 148.70, 148.85; HRMS‐ESI (+ve) [MNa]+ calculated for
C36H64NNaO6P: 660.4363. Found: 660.4369.
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2‐O‐(Benzyl‐1,2‐di‐O‐decanoyl‐sn‐glycero‐3‐phosphoryl)‐1,3‐bis‐O‐(2,3,4,6‐
tetra‐O‐benzyl‐‐D‐mannopyranosyl)glycerol (29).
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29

Compound 21 (0.033 g, 0.029 mmol) and phosphoramidite 28 (0.116 g, 0.181
mmol) were stripped down together from dry CH2Cl2 and evaporated under
high vacuum for 90 min. The mixture was dissolved in dry CH2Cl2 (5 mL)
stored over 4Å molecular sieves at RT and then cooled down in a water/ice‐
bath. After addition of 4,5‐dicyanoimidazole (0.011 g, 0.097 mmol) the cooling
bath was immediately removed. The disappearance of 21 and 28 was
monitored by TLC (3:7 EtOAc/PE) and after 3 hours a dried (anh. MgSO4)
solution of 3‐chloroperoxybenzoic acid (50%, 0.053 g, 0.154 mmol) in dry
CH2Cl2 (~10 mL) was added. After stirring for 30 min, the reaction was diluted
with ether (25 mL) and washed with 10% Na2S2O3 (25 mL). The aqueous phase
was back extracted with ether (25 mL). The combined organic phases were
washed with saturated NaHCO3 (3 x 25 mL) and dried over anh. MgSO4. The
solvent was removed under reduced pressure and the residue purified on silica
gel (1:3‐1:2‐2:3 EtOAc/PE) to afford the title compound 29 (0.048 g, 56%) as a
white solid; νmaxcm‐1 1496 (C=C), 1739 (ester CO); 2854, 2923 (CH stretch), 3030
(Ar‐CH stretch); 1H NMR (500 MHz, CDCl3) δ 0.83‐0.92 (6 H, m, 2 x CH3),
0.17‐035 (24 H, m), 1.45‐1.60 (4 H, m), 2.15‐2.27 (4 H, m), 3.50‐3.90 (12 H, m),
3.95‐4.35 (8 H, m), 4.45‐4.80 (12 H, m), 4.82‐5.05 (6 H, m), 5.05‐5.15 (2 H, m),
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6.88‐7.58 (45 H, m, Ar‐H);

13

C NMR (125 MHz, CDCl3) δ 14.16, 22.72, 24.85,

29.12, 29.17, 29.34, 29.49, 29.76, 31.92, 34.00, 34.11, 61.71, 61.75, 69.17, 69.41,
72.06, 72.13, 72.24, 72.27, 72.30, 72.36, 72.41, 72.65, 72.71, 72.73, 72.75, 73.37,
73.42, 74.40, 74.76, 74.88, 75.12, 80.16, 98.63, 127.50, 127.50, 127.57, 127.61,
127.64, 127.65, 127.66, 127.71, 127.74, 127.76, 127.78, 127.82, 128.00, 128.03,
128.07, 128.29, 128.30, 128.32, 128.34, 128.36, 128.37, 128.38,128.67, 128.69,
138.40, 138.41, 138.50, 138.53, 138.56, 172.95; 31P NMR (162 MHz, CDCl3) δ ‐1.65
(s), ‐1.39 (s); HRMS‐ESI (+ve) [MNa]+ calculated for C101H125NaO20P: 1711.8394.
Found: 1711.8414.

2‐O‐(1,2‐D‐O‐decanoyl‐sn‐glycero‐3‐phosphoryl)‐1,3‐bis‐O‐(α‐D‐
mannopyranosyl)glycerol (2c).

HO
HO
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OCOC 9H 19
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Pd(OH)2/C (20%, 86 mg) was added to a solution of compound 29 (120 mg,
0.071 mmol) in dry THF/MeOH (2:3, 10 mL). The mixture was stirred under
hydrogen atmosphere for 4 hours at RT. After removing the hydrogen
atmosphere the mixture was filtered through Celite that had been prewashed
with dry THF/MeOH (2:3, 100 mL) and the solvent removed. The residue was
purified on silica gel (9:1:0–8:2:0–2:1:0.05–2:1:0.1 CHCl3/MeOH/water) to afford
the title compound 2c (45.0 mg, 72%) as a white solid; νmaxcm‐1 1737 (ester CO);
2852, 2922 (CH stretch), 3315 br (OH); 1H NMR (500 MHz, 2:1 CDCl3:CD3OD)
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δ 0.84 (6 H, t, J = 6.8 Hz, 2 x CH3), 1.28 (24 H, m), 1.55 (4 H, s), 2.28 (4 H, dt,
J = 15.1, 7.5 Hz), 3.50‐3.99 (18 H, m), 4.06‐4.20 (3 H, m), 4.32‐4.46 (3 H, m),
4.85 (2 H, d, J = 15.7, 1‐H’ and 1‐H’’), 5.20 (1 H, s, 2‐H); 13C NMR (125 MHz, 2:1
CDCl3:CD3OD) δ 14.34, 23.06, 25.28, 25.37, 29.57, 29.60, 29.72, 29.75, 29.81, 29.90,
29.93, 30.07, 32.30, 34.51, 34.66, 61.86, 63.23, 64.14, 66.99, 67.80, 70.84, 71.57,
73.16, 73.70, 100.47, 174.3; HRMS‐ESI (‐ve) [M‐H]‐ calculated for C38H70O20P:
877.4204. Found: 877.4142. The product was stirred with DOWEX 50X8‐100 in
the sodium form to afford the product as the sodium salt; [α]D20 +38.4 (c 0.12,
70:40:6

CHCl3/MeOH/water);

HRMS‐ESI

(‐ve)

[M‐Na]‐

calculated

for

C38H70O20P: 877.4204. Found: 877.4187.

2.4

Synthetic strategy

The proposed synthetic strategy for target molecule PGM2 (10:10) 2c included
the phosphatidylation of alcohol 21 with phosphoramidite 28 as shown in
Scheme 2‐4. Subsequent global debenzylation of the protected PGM2
intermediate would provide the desired target 2c.
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Target PGM2 analogue 2c

Scheme 2‐4. Key intermediate 21 and synthetic approach for the preparation of target
molecule PGM2 2c.
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Alcohol 21 could serve as a common intermediate for the preparation of
various PGM2 molecules by reaction with glyceryl phosphoramidites
containing different fatty acids. The described chemistry had previously been
employed by Singh‐Gill et al.235 for the synthesis of PGM2 (18:18). Thus, the
initial focus of the synthetic study presented in this chapter was to prepare the
two key intermediates, alcohol 21 and phosphoramidite 28.

2.4.1

Preparation of alcohol 21

Retrosynthetic analysis revealed that alcohol 21 could be obtained by
glycosylation

of

the

protected

mannosyl

glycerol

17,

followed

by

debenzoylation (Scheme 2‐5). Mannosyl glycerol 17 would be attainable from
allyl mannoside 15, by dihydroxylation of the allyl group and selective
benzoylation of the secondary alcohol.
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Scheme 2‐5. Retrosynthesis of alcohol 21.

The synthesis began with the preparation of acetylated allyl mannoside 13
(Scheme 2‐6). The readily available per‐acetylated mannosyl donor 12 was
reacted with allyl alcohol and boron trifluoride diethyl etherate (BF3Et2O) to
give allyl glycoside 13 in 50% yield.
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AcO
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1'

O
13

Reagents and conditions: (a) Allyl alcohol, BF3Et2O, CH2Cl2 (50%).
Scheme 2‐6. Preparation of the allyl glycoside 13.

1

H NMR analysis of the product obtained after purification by column

chromatography, revealed four three‐proton singlets between δ 1.99‐2.15,
confirming the presence of four acetyl methyl groups. Furthermore, a one‐
proton signal typical for a vinylic proton was found at δ 5.90, verifying the
successful introduction of the allyl group at the anomeric carbon C‐1’. 1H NMR
data of 13 was identical to those previously reported in literature, confirming
the α‐configuration of the newly formed linkage235. Formation of 1,2‐trans‐α‐
linkages was essential as naturally occurring PIMs incorporate α‐D‐
mannopyranosyl residues. The anomeric stereochemistry of product 13 was
controlled by the participating ester group on the mannosyl donor 12.
Protecting groups such as an acetate at C‐2’ block the attack of the acceptor
molecule from the β‐face of the ring, thus favouring the formation of the
desired α‐configuration (Figure 2‐5). After loss of the protecting group, a
reactive oxocarbenium‐ion intermediate (A) is formed, which interacts with the
acetate at the adjacent C‐2’ carbon, to form the stabilised cyclic oxocarbenium
ion B. Attack of the allyl alcohol preferentially occurs from the least hindered
α‐face.
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Figure 2‐5. Mechanism of formation of the α‐allyl mannoside 13.

The next step in the synthesis required the removal of the acetate groups of 13.
This was undertaken by reaction with methoxide, produced in situ by sodium
carbonate suspended in methanol (Scheme 2‐7). The success of the reaction
was confirmed by the 1H NMR analysis of the reaction product 14, wherein no
signals characteristic for acetate groups were detected. The spectroscopic data
was identical to those previously reported235.
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HO
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O
13

O
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Reagents and conditions: (a) Na2CO3, MeOH (89%).
Scheme 2‐7. Synthesis of 14.
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Following deacetylation, the free hydroxyl groups were benzylated under
standard conditions to afford the protected allyl mannoside 15 in 40% yield
(Scheme 2‐8). The 1H NMR spectrum for compound 15 exhibited a 20‐proton
multiplet at δ 7.13‐7.41, indicating the presence of four benzyl groups. All the
other signals found were consistent with data reported earlier235.
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OBn
O
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O

O
14

15

Reagents and conditions: (a) NaH, BnBr, DMF (40%).
Scheme 2‐8. Synthesis of the benzylated allyl mannoside 15.

With the benzylated allyl mannoside 15 completed, the allyl moiety was
subsequently converted into a glycerol group in order to produce the core
structure of the target 21. This was accomplished by dihydroxylation of the
allyl group in 15, as shown in Scheme 2‐9. Allyl mannoside 15 was reacted
with a catalytic amount of osmium tetroxide, using N‐methylmorpholine N‐
oxide as a reoxidant. The glycerol mannoside 16 was obtained in 76% yield as a
1:1 mixture of diastereoisomers about the C‐2 carbon.
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Reagents and conditions: (a) 1% aqueous OsO4, N‐methylmorpholine N‐
oxide, 1:9 water/acetone (76%).
Scheme 2‐9. Synthesis of the glycerol mannoside 16.
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The high resolution mass spectrum of compound 16 showed a [MNa]+ peak at
637.2825 confirming the molecular formula as C37H42O8. 1H NMR analysis
clearly indicated the absence of the distinctive signals for the allyl unit.

The synthesis of the desired compound 21 required the incorporation of a
second mannosyl residue. To ensure the correct regioselectivity during the
mannosylation, the secondary alcohol in 16 needed to be protected, leaving the
primary alcohol free for reaction with mannosyl donor 19. This was achieved
by tritylation of the primary alcohol with trityl chloride, followed by
benzoylating the secondary alcohol using benzoyl chloride (Scheme 2‐10). Mild
acid hydrolysis removed the trityl group giving compound 17 in 47% yield.
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OBn
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OBz
2 1
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Reagents and conditions: (a) (i) TrCl, pyridine, 100°C, (ii) BzCl, pyridine,
(iii) p‐TSA, 7:3 CH2Cl2/MeOH (47%).
Scheme 2‐10. Synthesis of the 2‐O‐benzoyl glyceryl glycoside 17.

HRMS data of the purified product confirmed the molecular formula as
C44H46O9. The 1H NMR spectrum showed the expected signals for the anomeric
C‐1’ protons for both diastereoisomers (δ 4.93 and 4.89), as well as two one‐
proton signals at δ 5.22 and 5.27, which corresponded to H‐2, deshielded by the
benzoyloxy group, for each diastereoisomer. Notably evident, was the presence
of characteristic peaks of the benzoyl group at δ 7.54 and 8.01‐8.04.

The described synthetic route required the preparation of O‐glycosyl
trichloroacetimidate 19, a well‐known and commonly used mannosyl donor239.
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Accordingly,

the

free

anomeric

hydroxyl

of

18

was

reacted

with

trichloroacetonitrile (Cl3CCN) in the presence of catalytic DBU237 to generate
the mannosyl donor 19 in 99% yield (Scheme 2‐11). The one‐proton singlet at
δ 8.52 in the 1H NMR spectrum of the purified product was assigned to the
proton of the acetimidate group and supported the formation of 19. Further
support was apparent from the absence of the doublet peak at δ 2.48, attributed
to the hydroxyl group in starting material 18.
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Reagents and conditions: (a) Cl3CCN, DBU, CH2Cl2 (99%).
Scheme 2‐11. Synthesis of the mannosyl donor 19.

Following the preparation of mannoside 17 and mannosyl donor 19,
glycosylation of the partners could be explored. In general, a glycosylation is
performed by coupling an activated glycosyl donor with a glycosyl acceptor
(Figure 2‐6). Sugars with a suitable leaving group (LG) at the anomeric centre
can act as glycosyl donor. Activation with an electrophilic agent (E+, e.g. Lewis
acid) promotes the loss of leaving group and results in the electrophilic
anomeric carbon. This allows for a nucleophilic attack by the glycosyl acceptor
(Nu‐H). The facial selectivity (α or β) of the glycosyl acceptor can be modulated
by the orientation of protecting groups at C‐1’ and C‐2’ position of the donor240.
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Figure 2‐6. The principle of a chemical glycosylation reaction. Figure modified from
Galonic et al.240.

Glycosylation of the protected mannosyl glycerol 17 was mediated by
trichloroacetimidite 19 (Scheme 2‐12). Thus, compound 17 was reacted with an
excess of O‐mannosyl trichloroacetimidite 19, in the presence of catalytic
amounts of TMSOTf as the activating agent. The corresponding glycerol
mannoside 20 was obtained as a 4:1 inseparable mixture of α,α and α,β‐
anomers (78% yield).
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Reagents and conditions: (a) TMSOTf, ether, ‐42 °C (78%).
Scheme 2‐12. Mannosylation of the benzoylated glycerol mannoside 20.

The high resolution mass spectrum of product 20 showed an ion consistent
with the molecular formula of C78H80O14. The successful introduction of the
mannosyl residue was also confirmed by a 40‐proton multiplet at δ 7.08‐7.38,
which was assigned to the phenyl protons of the eight benzyl protecting
groups.
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In order to allow separation of the diastereomeric mixture, the benzoyl group
of compound 20 was removed (Scheme 2‐13). Deprotection of 20 with sodium
methoxide afforded the chromatographically separable α,α‐dimannoside 21,
plus α,β‐dimannoside 22 in 45% and 12% yield, respectively. A high resolution
mass spectrum of the purified compounds 21 and 22 confirmed both as having
the molecular formula of C17H76O13.
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Reagents and conditions: (a) 1 M NaOCH3, CH2Cl2 (45% for 21, 12% for 22).
Scheme 2‐13. Synthesis of the α,α‐dimannoside 21.

The 1H NMR spectrum of 21 displayed a broad doublet at δ 2.79, which was
attributed to the proton of the hydroxyl group. The proton at C‐2 of the
glycerol unit resonated as a broad multiplet at δ 3.86‐3.91. The resonances of
the anomeric protons at C‐1’ and C‐1’’ were difficult to identify due to
overlapping with other signals. These were found at δ 4.82‐4.88, according to
data received from HQSC (heteronuclear single quantum correlation)
spectroscopy. The two anomeric carbon resonances of 21 appeared at δ 98.73
and 98.89 (Figure 2‐7). The 1H‐coupled spectrum showed that C‐1’ and C‐1’’
each had a coupling constant 1JC‐H of approximately 170 Hz, confirming that the
new anomeric linkage of compound 21 possessed the α‐configuration241
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(Figure 2‐7). Comparatively, β‐mannosyl linkages have coupling constants 1JC‐H
of 160 Hz. The optical rotation obtained of the purified product 21 was in
agreement with the literature value235.

Figure 2‐7. 125 MHz 13C NMR shifts of anomeric carbons and corresponding one‐bond
coupling constants 1JC‐H (Hz) of key intermediate 21. Inset: 13C‐NMR spectrum,
expansion of the anomeric region showing the 1H‐decoupled spectrum (lower panel)
and 1H‐coupled spectrum (upper panel).

2.4.2 Preparation of phosphoramidite 28
The proposed synthesis required the construction of the phosphodiester
linkage between alcohol 21 and glycerol diester 26 via phosphoramidite
coupling. It was envisaged that phosphoramidite 28 could be accessed from
glycerol diester 26 via coupling with the phosphatidylating reagent 27 (Scheme
2‐14).
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Scheme 2‐14. Retrosynthesis of target 2c.

The commercially available (S)‐(+)‐1,2‐O‐isopropylidene‐sn‐glycerol 23 was
benzylated under standard conditions, to afford compound 24 in a yield of 96%
(Scheme 2‐15)238. Following purification by column chromatography, 1H NMR
spectroscopy revealed characteristic resonances of the benzylic CH2 groups at δ
3.48 and 3.56, as well as a five‐proton multiplet at δ 7.23‐7.38 verifying the
benzene ring. A multiplet at δ 4.27‐4.34 was assigned to the proton at
stereogenic C‐2.

In order to attach lipid residues, the acetal was hydrolysed with a catalytic
amount

of

p‐toluenesulfonic

acid,

and

the

unisolated

intermediate

subsequently acylated with decanoic acid, under conditions similar to those
reported by Nifantyev et al.242. The glycerol diester 25 was obtained after
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purification by column chromatography on silica gel in a moderate yield of
66%.
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Reagents and conditions: (a) NaH, BnBr, DMF (96%); (b) decanoic acid, p‐
toluenesulfonic acid monohydrate (66%); (c) Pd/C (10%), H2 (85%).
Scheme 2‐15. Synthesis of the glycerol diester 26.

A high resolution mass spectrum of the pure compound 25 confirmed the
molecular formula as C30H50O5. The presence of the fatty chains was supported
by an IR band at 1739 cm‐1, indicative of an ester carbonyl stretching mode. 1H
NMR analysis revealed characteristic peaks for two C10 acyl chains. A triplet at
δ 0.88 integrated for 6 protons was assigned to the CH3‐groups. The two
carbons of the acyl chain, vicinal to the carbonyl group, resonated each as a
four‐proton multiplet at δ 2.30 and 1.60. A 24‐proton multiplet at δ 1.25‐1.30,
related to the remaining protons of CH2‐chains. The distinct H‐2 signal was
shifted downfield and appeared as a one‐proton multiplet at δ 5.21‐5.27.

To enable the attachment the phosphorus coupling agent 27 to the glycerol
unit, compound 25 was debenzylated by hydrogenolysis over a palladium
catalyst, under hydrogen atmosphere, to give the glycerol diester 26 in 85%
yield (Scheme 2‐15). The molecular formula obtained by HRMS showed the
loss of the benzyl group (C23H44O5). The presence of hydroxyl group at C‐3 was
further confirmed by a broad peak in the IR spectrum at 3504 cm‐1. In the 1H
NMR spectrum the proton at the stereogenic C‐2 centre gave a resonance at δ
5.07. Also evident was the optical rotation of ‐2.6 (c 0.15, CH2Cl2) which is
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approximate to the optical rotation of ‐2.3 (c 1.00, CHCl3) measured for a
similar compound containing two C16 acyl chains243.

Finally, the target phosphoramidite 28 was prepared from alcohol 26 by
4,5‐dicyanoimidazole (DCI) activated phosphatidylation, with benzyloxy‐
bis(diisopropylamino)phosphine 27. Purification by column chromatography
on silica gel afforded phosphoramidite 28 in 91% yield (Scheme 2‐16)244‐246.
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Reagents and conditions: (a) 4,5‐dicyanoimidazole (DCI), CH2Cl2 (91%).
Scheme 2‐16. Synthesis of phosphoramidite 28.

The phosphine 27 used in this reaction was kindly provided by Carbohydrate
Research Team from Industrial Research Limited (Lower Hutt, New Zealand).
The data acquired by high resolution mass spectroscopy revealed a combined
ion [MNa]+ consistent with the molecular formula C36H64NO6P. Evidence for the
successful reaction were characteristic peaks at δ 148.70 and 148.85 in the 31P
NMR spectrum related to the two diastereomeric forms of 28. As shown in
Figure 2‐8 the 1H NMR spectrum showed a five‐proton multiplet at δ 7.25‐7.38,
assigned to the phenyl group and characteristic peaks for the stearyl residue
between δ 0.89‐2.30. The

13

C NMR spectrum clearly showed carbonyl

functionality signals at δ 173.07 and 173.45.
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Figure 2‐8. 500 MHz 1H NMR spectrum of phophoramidite 28.

2.4.3

Preparation of target PGM2 analogue 2c

The converging synthetic strategy towards 2c required the phosphatidylation
of α,α‐bismannoside 21 with phosphoramidite 28247. Thus, the phosphodiester
linkage

in

target

molecule

2c

was

achieved

4,5‐dicyanoimidazole (DCI) activated alcohol 21,

by

reacting

with an excess

the
of

phosphoramidite 28, followed by oxidation of the intermediate phosphite with
m‐chloroperoxybenzoic acid (Scheme 2‐17). The formation of the benzyl
protected target 29 was performed under strictly anhydrous conditions, and a
reasonable yield of 56% was obtained after purification by column
chromatography. High resolution mass spectroscopy data of the purified
product was consistent with the proposed molecular formula C101H125O20P. The
IR spectrum showed the expected ester carbonyl stretch at 1739 cm‐1, as well as
the typical C‐H stretch bands at 2854 and 2923 cm‐1 due to the fatty acid chain.
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Aromatic bands at 1496 cm‐1 refer to the presence of benzyl protecting group in
the product.
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Reagents and conditions (a) 4,5‐dicyanoimidazole (4,5‐DCI), mCPBA
(56%).
Scheme 2‐17. Formation of fully benzyl‐protected target molecule 29.

The 1H NMR spectrum of compound 29 was difficult to analyse as many of the
proton signals overlapped. Nevertheless, the spectrum showed characteristic
signals for the aromatic protons of the nine benzyl groups (δ 6.88‐7.58), and
resonances of the fatty acid chains were consistent with those of compound 28.
The two‐proton multiplet at δ 5.05‐5.15 was assigned to the stereogenic proton
at the sn‐2 position. The 13C NMR spectrum displayed the expected peaks for
the anomeric carbon C‐1’ at δ 98.63, as well as carbonyl resonances at δ 172.95.
Additionally the formation of the phosphate was verified by

31

P NMR

spectroscopy. The resonances of the phosphorus ester shifted upfield and gave
signals at δ ‐1.65 and ‐1.39.

The final step in the synthesis of the desired target 2c is presented in
Scheme 2‐18 and involved removal of benzyl groups by catalytic
hydrogenolysis under a hydrogen atmosphere.
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Na‐salt.
Scheme 2‐18. Final deprotection to prepare the target PGM2 2c (sodium salt).

Purification by silica gel using a gradient eluent system of CHCl3/MeOH/water
gave 2c in 72% yield. The IR spectrum of the purified product showed bands at
1737 (ester CO), 2852 and 2922 cm‐1 due to the C‐H stretch of the fatty acid,
which were consistent with the bands found for 29. The broad band at
3315 cm‐1 consistent with an O‐H vibration indicated the successful removal of
the protecting groups. This was supported by HRMS analysis (‐ve) which gave
a signal corresponding to the [M‐Na]‐ ion at 877.4187 in comparison to
1711.8414 found for the starting material 29.

1

H NMR data reinforced the proposed structure and showed no signals in the

aromatic region (Figure 2‐9). Among the typical signals for the fatty acid chain,
consistent with those found for 29, the spectrum displayed a doublet at δ 4.85,
attributed to the two anomeric protons and a singlet at δ 5.20, caused by the
deshielded glycerol sn‐2 proton.
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HOD/H2O

CHCl3
CH3OH

Figure 2‐9. 500 MHz 1H NMR spectrum of PGM2 (10:10) (2c). Solvent peaks are
assigned in the spectrum.

Compound 2c was converted into its sodium salt by stirring with DOWEX
50X8‐100 resin (sodium form). Also evident was the optical rotation of 2c as
sodium salt of +38.4 (c 0.12, 6:40:70 water/MeOH/CHCl3) which is comparable
to the optical rotation of +37 (c 1.4, 0.17:1:2 water/MeOH/CHCl3) reported for a
similar PGM2 compound248. Purity of the target 2c (95%) was verified by
analytical high‐performance liquid chromatography (HPLC) (Figure 2‐10).
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Figure 2‐10. Analysis of PGM2 (10:10) (2c) by HPLC, with an indicated purity of 95%.
A blank was subtracted from the sample trace to give a flat baseline.

In summary, PGM2 (10:10) (2c) was successfully prepared by the synthetic
strategy presented in this chapter. Phosphoramidite 28 could be effectively
coupled with the α,α‐bismannoside 21 and subsequent total deprotection gave
the desired target 2c.

The following chapters describe studies on the physicochemical characteristics
of the presented series of synthetic PIM compounds. The main purpose is to
determine the effect of the structural variations on physicochemical properties
and establish correlations in these qualities to their bioactivity.
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Investigation of physicochemical properties
and immunosuppressive activity of PIM 2 and
PGM 2 compounds
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3

Investigation
of
physicochemical
properties
and
immunosuppressive activity of PIM2 and PGM2 compounds

3.1

Introduction

The focus of this chapter was on investigating the pharmaceutical properties of
a series of synthetic PIM compounds with the aim of understanding the impact
of the chemical composition on the behaviour at an air/water interface, using
the Langmuir trough technique, as well as in an aqueous environment. To
further evaluate the structure‐function relationship, the bioactivity of these
compounds was assessed in vivo.

3.1.1

Langmuir monolayers

The principle of spreading oil on water surfaces goes back to the eighteenth
century BC, when it was used for the art of prophecy. For this purpose
Babylonians observed the oil spreading on a water surface. The first scientific
record concerning the particular effects of oil on water surfaces was made by
Benjamin Franklin in 1774249. In his Clapham pond experiment, Franklin was
able to show that one teaspoon of oil had a calming effect on half an acre of
choppy water. Following numerous studies, including initial film compression
experiments using barriers by Agnes Pockels250, Lord Rayleigh postulated a
dense packing of oil molecules at a certain compression stage251. This theory
was later supported by Irving Langmuir in 1917252. He also greatly expanded
knowledge in this area by elucidating the orientation of the molecules in the
interface and their arrangement as a mono‐molecular film. Langmuir advanced
the experimental concepts by performing the first monolayer measurements
with pure substances. Nowadays these insoluble monolayers are referred to as
Langmuir monolayers.
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Molecules possessing both hydrophilic and hydrophobic groups exhibit
characteristic surface adsorption behaviour. In general the chemical structures
of these amphiphiles comprise non‐polar tail groups and polar head groups.
Due to these different features within one chemical structure, molecules can
orientate at air/water interfaces and form mono‐molecular layers between a
liquid and gaseous phase. These stable films are usually prepared from
compounds dissolved in an organic solvent (chloroform is commonly used)
and deposited onto the water surface. Organic substances such as
phospholipids and glycolipids are well‐known water‐insoluble amphiphiles. At
the interface these molecules orientate with their hydrophilic group immersed
in the water (attracted to the polar phase), while their hydrophobic tails are
directed towards the air253. Organisation and packing of these monolayers is
affected by the geometries of the head group and hydrophobic tail. Typical
head groups of phospholipids are phosphatidylglycerols, phosphatidylcholine,
phosphatidyl‐serine,

phosphatidylethanolamine

and

phosphatidylinositol

(Figure 3‐1).

Figure 3‐1. General structure of a phospholipid (A). The glycerol residue includes two
fatty acid residues (R1 and R2) which can vary in chain length and degree of saturation.
The structure comprises a phosphate group with the common head groups (R) as
shown in (B).
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The head groups have a great impact on the orientation of the molecules in the
interface due to characteristics such as size, polarity, hydrophilic interactions
and steric hindrance253. A balance between the hydrophobic and hydrophilic
moieties is essential to be able to form monolayers. For instance, reduced
hydrophilicity may lead to evaporation of volatile molecules during film
preparation. Crystallization at the surface can occur if the tail groups are too
long254. In contrast, if the ‘tail’ is not sufficiently long, the molecules dissolve
into the water phase and form a soluble monolayer255. Phospholipids
commonly possess two acyl chains varying in their number of carbons (6‐24
carbons) and the degree of saturation. Two‐dimensional Langmuir monolayers
of phospholipids have been extensively studied as useful models of cell
membranes256. By being essentially half a bilayer, a phospholipid monolayer
provides a convenient model for understanding bilayer structures193. Insight
into fundamental processes within bilayers can be obtained by mimicking the
bilayer structure in physical monolayer. These studies enable investigations of
mutual interactions between molecules and a variety of monolayer properties
relevant to biological processes257‐259.

3.1.1.1 Langmuir trough technique
Langmuir monolayer studies can be conducted with a Langmuir trough which
provides a convenient method to prepare and investigate phospholipid
monolayers at an air/liquid interface. The experiments described in this thesis
were performed on a traditional computer‐controlled Langmuir trough. This
consists of a chemically inert Teflon trough (holding the aqueous sub‐phase) a
surface tensiometer and movable barriers (Figure 3‐2) between which the test
molecules are added. Moving the barriers at a set rate across the surface of the
sub‐phase compresses the monolayer in a controlled fashion.
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Figure 3‐2. Set‐up of the Langmuir trough.

When the molecules are deposited onto a large surface area sub‐phase and the
organic solvent is evaporated, the molecules freely diffuse and the effect on the
surface tension of the sub‐phase is minimal. However, upon compression, the
available surface area per molecule is decreased and molecules start to interact
as the intermolecular distance is reduced. Molecules accumulate at the interface
and the surface tension of the sub‐phase is reduced. The reduction in surface
tension is equal to the surface pressure (π) and is described by Equation 3‐1,
where γ0 and γ1 are the surface tension of the sub‐phase alone and in the
presence of a mono‐molecular film respectively:

0

1

Equation 3‐1

This experimental method for probing the organisation of molecules on the
water surface has been used in numerous studies to investigate amphiphilic
lipids or membrane components193,260‐262. For instance, phosphatidylinositol (PI)
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plays a major role in cellular functions and is an important precursor of key cell
wall components. The behaviour of PI with synthetic lipids in monolayers was
investigated to obtain information about membrane distribution and the role of
PI in cellular processes263‐266. Furthermore, the surface behaviour of mycolic
acids, fatty acids found in the mycobacterial cell wall, has been extensively
studied. Mycolic acids isolated from several species of Mycobacterium have been
analysed to understand correlations between chemical structures and
monolayer properties and packing267‐271. Other studies have demonstrated that
monolayer investigations can also be useful to establish pharmaceutical
properties such as stability of liposomes272 and drug‐lipid interactions in
liposomal bilayers223.

The Langmuir monolayer technique has the added advantage of a relatively
simple experimental set‐up and the fact that tests can be conducted in a
controlled manner under customized conditions (temperature, monolayer
composition, sub‐phase)257. Recently, the application of the Langmuir method
has been broadened to investigate less conventional amphiphilic substances
such

as

polymers273,

peptides274‐277,

amphiphilic

dendrimers278

and

organometallic compounds279.

3.1.1.2 Surface pressure‐area (π‐A) isotherm
There are different methods available to measure changes in surface tension253.
In the experiments presented in this thesis the Wilhelmy method was utilised,
in which a filter paper is suspended from a balance so that it is partially
immersed into the sub‐phase. The water phase exerts a downwards force F on
the paper which can be described by the equation, F = γ L cos θ, where L is the
perimeter of the paper and θ the contact angle of the liquid to the paper. In the
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case of a filter paper, the contact angle θ is zero (cos θ = 1) and the surface
tension is therefore given by254:

Equation 3‐2

As mentioned above, the surface pressure π is the reduction in surface tension
γ (Equation 3‐2) which is determined by measuring the change in F acting on
the filter paper.

Monitoring the surface pressure as a function of area occupied by each
molecule (molecular area in Å2) at constant temperature, gives the surface
pressure‐area (π‐A) isotherm (Figure 3‐3). During film compression, the
molecules may undergo various phase changes and the isotherm provides a
useful method to elucidate the phase behaviour of the monolayer. After initial
deposition of the amphiphilic substance onto the sub‐phase, the molecules
spread over the available area and if there is no external pressure applied to the
monolayer, the behaviour of the molecules can be defined as a two‐
dimensional gas:

Equation 3‐3

Where A is the molecular area, K the Boltzmann constant and T is the
thermodynamic temperature255. Upon compression molecules begin to interact
and orientate at the interface. The monolayer progresses through different
phases, similar to those in a three‐dimensional system (gaseous (G), liquid (L)
and solid (S)) (Figure 3‐3). Eventually, after reaching a certain pressure at
which the molecules are compressed to their maximum density, the film
collapses (collapse pressure πcoll).
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Figure 3‐3. Typical surface pressure‐area (π‐A) isotherm for a phospholipid. The
monolayer undergoes various phases during compression such as gaseous (G), liquid‐
expanded (LE), liquid‐condensed (LC) and solid (S). LE‐LC denotes the phase
transition from liquid‐expanded to liquid‐condensed. Extrapolation of the part of the
isotherm with the highest slope to zero surface pressure gives the limiting area per
molecule A0 (Å2). The collapse pressure πcoll (mN m‐1) of the monolayer can be assigned
to the highest pressure to which the film can be compressed without any abrupt
changes. Figure was modified from Erbil254.

Several parameters determine the shape of the π‐A isotherm including
temperature and the chemical composition of the amphiphiles. In general, to be
able to form stable monolayers, hydrocarbon chains require a minimum of 12
carbon atoms255. Weak interactions occurring between short hydrocarbon
chains result in a steady increase in surface pressure; as shown in studies on
N‐dodecanoic acid253 or 1,2‐dioctanoyl‐sn‐glycerol‐3‐phosphocholine280 and the
formation of expanded monolayers. Lengthening the hydrocarbon chains
increases intermolecular interactions such as hydrophobic forces and Van der
Waals contacts between the adjacent chains280,281. Due to these stronger
interactions the chains appear to be more ordered compared to shorter chains and
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a transition from the liquid‐expanded (LE) to the liquid‐condensed (LC) phase
can occur253,281. This can be seen as a plateau region in the isotherm where
molecules arrange in ordered monolayers. The degree of hydrocarbon
saturation has been reported to have a large effect on the phase behaviour.
Double or triple bonds restrict rotation and can prevent lipid chain ordering
and close packing at the interface253. The presence of unsaturation also increases
the total volume occupied by the hydrocarbon chain and thus generates a less
condensed film282. The polar head group also plays a significant role in
interfacial organisation of monolayers (and therefore on the π‐A isotherm)283,284.
Thus, the π‐A isotherm of the film and lipid packing can be affected by the
dimension and polarity of the head groups as well as hydrophilic interactions
and steric hindrance between these283,284.

While the π‐A isotherm is widely used to provide information on phase states
and

transitions

in

monolayers

and

monolayer

stability193,

important

information can also be gained from in‐situ imaging techniques such as
fluorescence microscopy285. This optical approach enables analysis of the
complexity of lipid monolayers larger than 1 μm. Further developments with
atomic force microscopy (AFM)286,287, allowing nano‐scale imaging, provided
additional information on miscibility of the components and enabled
researchers to detect domains of lipids within the monolayer. This can be done
in‐situ283 or following the transfer of the monolayer onto a substrate (e.g. glass
slide) using a dipping technique267. Besides AFM, Brewster angle microscopy
(BAM)288,289 has been established to visualise the morphology of lipid
monolayers and additional information on the interfacial properties of the film
(miscibility and complex formation) can be obtained.
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3.1.2

Amphiphilic compounds and self‐assembly in aqueous media

Findings obtained from monolayer studies can help to understand and predict
the aggregation behaviour of amphiphilic molecules. Self‐assembly is a
concentration‐dependent spontaneous process which occurs when amphiphilic
molecules are exposed to polar environments. At low concentrations the
molecules occur in a monomeric state in solution and all molecules interact in
the same way with their surroundings. Molecules orientate at an interface due
to the tendency of the non‐polar tail groups to avoid the water and to reduce
the free energy of the system. With an increasing number of molecules the
solution surface becomes completely occupied. To further reduce the free
energy the molecules associate in the bulk‐phase. The concentration at which
aggregation begins is called the critical aggregation concentration or critical
micelle concentration. If more molecules are added to this phase, they will form
aggregates290 such as micelles. The principle of this self‐association is similar to
the formation of Langmuir monolayers and leads to well‐defined and
thermodynamically stable structures254. In order to minimize the surface free
energy the molecules orientate in a way that the polar and non‐polar groups
can interact with their favoured environments. An aggregate is formed in
which the hydrophobic groups are isolated from the aqueous environment and
water is in contact only with the hydrophilic groups. This is known as the
hydrophobic effect291.

The morphology of the aggregates varies and depends on solution properties
and the shape and composition of the amphiphilic molecules. The geometry of
the molecules and the packing morphology have been correlated by
Israelachvili et al.292 in the critical packing parameter:

t

c

Equation 3‐4

o

95

Chapter Three
Where vt and lc describe the volume and critical length of the hydrocarbon
chain respectively and ao is the optimal surface area of the head group. The
assembly of aggregates is not only dependent on length and volume of the tail
group of the amphiphilic molecule but also factors which determine the
optimal head group area such as ionic and steric repulsions290. The packing
parameter is used to describe the most favoured curvature of the lipids and
subsequent structure. Some common assemblies and their respective
approximate packing parameters are shown in Figure 3‐4. Typically spherical
micelles are formed by single chained amphiphiles with large head group
areas, whereas double‐chained lipids with large head group areas assemble
into vesicles.

Figure 3‐4. The shape of the assemblies depends on the geometry of the molecules and
can be described the packing parameter P. Figure modified from Erbil254.

Several components of the mycobacterial cell wall have been described to self‐
associate in aqueous media. Nigou et al.65 reported a clustering of total
fractioned mannosylated lipoarabinomannan (tManLAM, M. bovis BCG) in
water. The aggregation depended on the presence of fatty acid residues and
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was demonstrated by a broad peak seen in the 31P NMR spectrum. It was later
shown that purified ManLAM from M. bovis BCG aggregated spontaneously
after dispersion in water to form micelles with a relatively homogenous size
distribution around 30 nm69. Several studies demonstrated the ability of PIMs
extracted from M. bovis (BCG) to form vesicular systems. Liposomes could be
prepared from native PIMs substituted with a varying number of sugar
residues, in combination with cholesterol293,294 and phospholipids294. While
Sprott and colleagues225 reported the formation of liposomes from the total
polar lipid fraction of M. bovis BCG, comprising different phosphoglycolipids
and phospholipids. Biological investigation of these systems has revealed a cell
specific delivery towards macrophages293,294 and it has been suggested that self‐
aggregation may play a key role in recognition and receptor‐mediated uptake
by immune cells65,69. There have been no published studies examining the phase
behaviour of pure synthetic PIMs, either on their own or in combination with
other amphiphilic lipids.

3.1.3

PIMs as immunosuppressive agents

As described in Chapter One, various components of the mycobacterial cell
wall

such

as

phosphatidylinositol

mannosides

(PIMs)

and

their

hypermannosylated products lipoarabinomannans (LAMs), lipomannans
(LMs) and mannose‐capped lipoarabinomannans (ManLAMs) have been found
to induce a wide range of immune responses19,55,295,296. In particular, the
relatively small phosphoglycoplipids, known as PIMs, have attracted great
research interest in recent years due to their significant immunomodulatory
activity21,90,227,236. Native PIMs, isolated from the mycobacterial cell wall, and
synthetic PIM analogues have been reported to exert immunosuppressive
activity. PIM molecules are recognized by macrophages and dendritic cells
through a number of pattern recognition receptors (PRRs), including TLR‐2
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and TLR‐496,297, CD1d107 and C‐type lectins such as MR and DC‐SIGN26,27.
However, data linking specific molecular interaction(s) to biological activity is
conflicting and strongly depends on the source of these compounds, whether
they are purified from extracts or synthetically prepared. Consideration must
also be given to the mycobacterial species, as previous studies demonstrated
different anti‐inflammatory profiles for PIM extracts from M. smegmatis or M.
bovis236. Similarly, the experimental model used to determine biological
function appears to play a significant role. In vitro studies are approximations
of biological processes conducted in a controlled, artificial environment. Thus,
results may not reflect the complex circumstances occurring in a living
organism. Whereas in vivo approaches observe the overall effects of an
experiment on a living subject, in which many parameters may influence the
fate of biologically active compounds.

In mouse models of OVA‐induced allergic asthma, intranasal administration of
natural and synthetic PIMs and a PIM2 mimetic was shown to suppress the
accumulation of eosinophils in the lung227,236,248. Furthermore, the cytokine
profile implied that this was not mediated by inducing a Th1 response which
suppressed the Th2 mediated eosinophilia, but through the production of IL‐10
in the spleen and lymph node suggesting regulatory T cell (Treg)‐mediated
immune suppression236. Tregs are essential immune cells for controlling the
immune response. It has been shown that mycobacterial pathogens subvert
immune response via Treg activation and subsequently down‐regulate the
immune system43‐45,298. This proposed mechanism was supported by other
studies136,299 where splenocytes isolated from OVA‐sensitised mice showed a
higher production of IL‐10, while there was no difference in INF‐γ levels as
compared to the control group136.
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Using a similar airway model, synthetic PIM1 and a PIM2 mimetic were shown
to suppress endotoxin (LPS)‐induced airway inflammation96. Co‐administration
of synthetic compounds suppressed infiltration of neutrophils into the lungs,
and reduced local levels of and chemokines and the pro‐inflammatory cytokine
TNF in vivo.

Important structural features for immunosuppressive activity have been
identified by several research groups96,99,227,236,248. The general structure of PIMs
is presented in Figure 3‐5.
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Figure 3‐5. General structure of PIMs. PIMs can have two acyl residues (R) at the
phosphatidyl moiety naturally occurring as palmitatoyl, tuberculostearoyl or stearoyl
residues. Further acylation is indicated as R’ (R’ = R or H).

The biological activity was found to be dependent on the presence of at least
one

mannosyl‐residue,

fatty

acid

residues

and

the

phosphodiester

linkage96,99,227,236,248. Studies showed that the myo‐inositol core was dispensable
for anti‐inflammatory activity. Various reports reviewing the replacement of
the inositol core by a three‐carbon glycerol structure96,226,248 or acyclic or
heterocyclic

core

structures300

verified

that

biological

activities

were
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maintained. However, modifications in the diacylglycerol unit such as the
replacement of the fatty acid ester unit with ether or amide linkages attenuated
immunosuppressive activity in vitro99.

Following LPS‐activation, mycobacterial‐purified fractions of PIM6 and PIM2
(M. bovis BCG) inhibited activation of primary bone marrow‐derived
macrophages and subsequent release of cytokine TNF, IL‐12 and IL‐1096. The
inhibitory activity was found to be dependent on the degree of acylation, as
less or no efficacy could be detected for PIM6 containing four or one acyl
residues, respectively96. Synthetic analogues exerted similar abilities to
suppress activated macrophages and cytokine release96,99. Contrary to findings
by Doz et al.96, Sayers et al.236 found that fractionated PIM from M. bovis BCG
induced high levels of IL‐10 in an in vivo asthma model. These differences
highlight again the importance of the model and extract type.

Despite diverse findings, individual members of the PIM family exhibit
inherent and versatile biological activities; properties which make them useful
tools to assess structure‐activity relationships in defined models.

3.2

Chapter aims

Results of biological studies investigating the activity of PIM compounds are
likely to be confounded by the different sources of the PIMs (natural extract or
synthetic compound), variation in PIM composition (number, location, type of
the acyl residues and degree of mannosylation), and the type of delivery and
presentation in vitro and in vivo. However, even if the chemical structures of
PIMs are well characterised and biological activities of PIMs are extensively
studied, little data is available on the behaviour of pure PIM compounds at a
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molecular level and specific structure‐function relationships remain poorly
understood. The assessment of physicochemical properties of these synthetic
PIM2 analogues and correlation between these characteristics and their
bioactivity could promote the understanding of particular mechanisms
involved in their immunological activity.

Thus, the work presented in this chapter investigated the physicochemical
properties of a series of synthetic PIM2 and analogues with a main focus on the
impact of the chemical modifications on the physical behaviour of the
molecules at the air/water interface and on the processes of self‐aggregation in
aqueous solution. Furthermore, to evaluate the influence of lipophilicity on the
structure‐function relationship, the suppressive activity of the compounds was
investigated in a mouse model of allergic asthma in vivo.

3.3

3.3.1

Experimental section

Materials

Chloroform (purity 99‐99.4%) and methanol (purity > 99.8%) were purchased
from Merck (Darmstadt, Germany). The sub‐phase used for the Langmuir
trough experiment consisted of water which was distilled, de‐ionized, purified
with a Milli‐Q Continental Water System (Millipore, Bedford, MA, USA) and
had a resistivity of 18.2 MΩcm. Distearoylphosphatidylglycerol (DSPG) was
purchased from Avanti Polar Lipids, Inc. (Alabama, USA) as its sodium salt.
The following PIM2 and PGM2 compounds were synthesised and supplied by
Industrial Research Limited (Lower Hutt, New Zealand): PIM2 (16:16), PIM2
(18:18), PGM2 (0:0), PGM2 (16:16) and PGM2 (18:18). The synthesis of PGM2
(10:10) was described in Chapter Two.
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Phosphate buffered saline (PBS, DulbeccoA, Oxoid, UK) was prepared in
Milli‐Q water with a pH of 7.5.

Antibodies (anti‐CD16/CD32, primary antibodies, secondary reagents) and
propidium iodide (PI) used for flow cytometry were all supplied by BD
Pharmingen (Franklin Lakes, NJ, USA).

3.3.2

Physicochemical characterisation

3.3.2.1 Langmuir trough technique and monolayer conditions
The monolayer studies were performed using a method described earlier with
modifications301. For the one‐component monolayer studies, lipid stock
solutions of either PIM2 or PGM2 compounds were prepared at a concentration
of 0.5 mg mL‐1 in chloroform/methanol (4:1, v/v). The Langmuir trough and the
pressure sensor used were acquired from NIMA technology Ltd (UK). The
surface pressure was recorded according to the Wilhelmy plate principle using
Whatman’s No.1 chromatography paper (1.0 cm x 2.4 cm, ATA Scientific Pty
Ltd, Australia, accuracy of 0.1 mN m‐1) and the NIMA A‐TR516 software. The
trough provided a total area of 90 cm2 (volume of 50 mL) and was placed on a
vibration‐free table. Milli‐Q water was used as sub‐phase in all experiments.
Before each experiment, the Teflon trough and barriers were thoroughly
cleaned using Kimwipes® (surfactant‐free tissue; Kimberly‐Clark) and
dichloromethane, followed by several purges with Milli‐Q. In addition, when
the barriers were closed the sub‐phase was cleaned by suction of the interface
using an aspirator. Before each experiment, contamination of the sub‐phase
was checked by repeated compression without lipids and monitoring the
surface pressure. An increase in surface pressure at the end of the compression
stage indicated the presence of contaminants in the sub‐phase. Cleaning was
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repeated until the surface pressure increase was less than 0.2 mN m‐1, at which
point the surface was considered clean. The lipid solutions (25 μL) were spread
onto the surface using a Hamilton micro‐syringe. After allowing the solvent to
evaporate for 10 min, the monolayer was compressed at a constant rate of
5 cm2 min‐1 and the π‐A isotherm was continuously recorded. All experiments
were carried out at ambient temperature of 24 ± 1°C and repeated three times.

3.3.2.2 Analysis of surface pressure‐area isotherm
The NIMA A‐TR516 software provided by NIMA technology Ltd was used for
π‐A isotherm analysis. Extrapolation of the part of the isotherm with the
highest slope to zero surface pressure gave the limiting area per molecule A0 in
Å2. The collapse pressure of the monolayer was assigned to the highest
pressure (πcoll) the film could be compressed to without any abrupt changes302.

3.3.2.3 Size and zeta potential measurements
Stock solutions (0.4 mg mL‐1 in sterile phosphate buffered saline, pH 7.5) of
PIM2 or PGM2 were prepared. Particle diameters were measured by dynamic
light scattering (DLS) with a Zetasizer NanoZS (Malvern Instruments) at 25°C.
Results were presented as a volume‐based distribution. Particle surface charge
was investigated by zeta potential measured at 25°C applying the
Smoluchowski equation303 and using the same instrument.

3.3.2.4 Transmission electron microscopy
Samples were prepared using the negative staining technique. Briefly, 10 μL of
sample solution were placed onto a carbon coated grid. After 60 seconds, the
grid was blotted with filter paper and negatively stained with 10 μL of 1%
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phosphotungstic acid (PTA; pH 6.8). The staining solution was immediately
removed by blotting and the grid dried completely. The images were viewed
using a Philips CM100 transmission electron microscope at an accelerating
voltage of 100kV (Philips Electron Optics, Eindhoven, Netherlands). Images
were captured using a MegaView 3 digital camera (Soft imaging System
GmBH, Münster, Germany).

3.3.3

Investigation of inhibitory activity (in vivo)

3.3.3.1 Experimental mice
Male C57BL/6, OT‐I and OT‐II mice aged between 6 and 8 weeks were obtained
from the HTRU, University of Otago. Transgenic OT‐I and OT‐II mice are
genetically modified to express T cell receptors specific for the CD8 epitope
(OT‐I) and the CD4 epitope (OT‐II) of OVA304,305. All mice were bred and
maintained under specific‐pathogen free conditions and had free access to food
and water. All experiments were performed with the approval of the
University of Otago Animal Ethics Committee (AEC D46/11).

3.3.3.2 Testing of transgenic mice
A blood sample (4 ‐ 5 drops) was collected from each mouse by tail bleeding
into a tube containing 1 mL Alseviers solution (Appendix A). Blood samples
were spun down at 1200 rpm for 5 min, the supernatant discarded and the
tubes flicked to resuspend the cells. To lyse the red blood cells 1 mL sterile lysis
buffer (Appendix A) was added to each tube and incubated at room
temperature for 10 min. The cells were washed with fluorescence‐activated cell
sorting (FACS) buffer (Appendix A) and spun down (1200 rpm, 5 min). After
discarding the supernatant and resuspension, the cells were stained for FACS
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analysis. For detection of OT‐I and OT‐II cells, anti‐CD8‐PE‐Cy7 (53‐6.7) and
anti‐CD4‐V500 (RM 4‐5) were added to tubes in combination with specific
transgenic T cell markers Vα2‐PE (B20.1) and Vβ5.1‐biotin (MR9‐4). Antibodies
were diluted to 1:200 in FACS buffer at a final volume of 100 μL per tube. The
secondary reagent streptavidin‐APC‐Cy7 in FACS buffer (1:200 dilution) was
added to visualise Vβ5.1. Flow cytometry analysis was performed as described
in Section 3.3.3.9.

3.3.3.3 Adoptive T cell transfer
Adoptive transfer of OT‐I (CD8+) and OT‐II (CD4+) transgenic T cells into
C57BL/6 mice was carried out on day ‐1. The mesenteric, brachial, axial,
cervical and inguinal lymph nodes and spleens from OT‐I and OT‐II transgenic
mice and stored on ice in complete Iscoveʹs Modified Dulbeccoʹs Media
(cIMDM, Appendix A). Subsequently, single cell suspensions were prepared
from lymph nodes and spleens, while OT‐I and OT‐II transgenic cells were
processed separately. The suspensions were washed and centrifuged at 1100
rpm for 8 min. To lyse red blood cells, spleen samples were treated with sterile
lysis buffer (Appendix A) at room temperature for 10 min. All four suspensions
were washed before combining lymphatic and spleen cells, OT‐I and OT‐II
cells, respectively. Following further washing steps, the cells were resuspended
in cIMDM and the OT‐I and OT‐II transgenic cell numbers were determined.
Each single cell suspension was diluted with trypan blue dye (1:10 dilution) in
order to facilitate live cell counting using phase‐contrast microscopy and the
total cell numbers were calculated. To achieve the final cell concentration (8 x
106 cells mL‐1), single cell suspensions were diluted with sterile PBS and OT‐I
cells were combined with OT‐II (1:1). Filtration through a cell strainer was
conducted to remove aggregated cells. A volume of 500 μL of mixed OT‐I and
OT‐II cell suspensions in PBS was injected via the tail vein into C57Bl/6 mice.
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3.3.3.4 In vivo airway inflammation model
3.3.3.4.1 Immunisation and airway challenge with ovalbumin
On day ‐1, transgenic T cells (OT‐I and OT‐II) were adoptively transferred into
experimental mice (see Section 3.3.3.3). The utilised airway model is a variation
of an earlier protocol306. Mice were sensitised intraperitoneally (i.p.) with 100
μg of ovalbumin (OVA) (Sigma Aldrich, St. Louis, MO, USA) in 200 μL of alum
adjuvant (Serva Electrophoresis GmbH, Heidelberg, Germany) on day 0. On
day 7 mice were anaesthetised with a mixture of ketamine (100 mg mL‐1,
Phoenix Pharm Distributors Ltd, New Zealand), xylazine (15 mg mL‐1) and
atropine (77 mg mL‐1). 10 μL of anaesthetic per body weight were administered
via the intraperitoneal route. Subsequently, the mice were given an intranasal
(i.n.) challenge of 100 μg OVA. Four days later mice were sacrificed with a
lethal dose of anaesthetic (volume of 1 mL i.p.) containing ketamine
(10 mg mL‐1) and xylazine (300 μg mL‐1). The trachea was cannulated and a
bronchoalveolar lavage (BAL) was performed with three washes of 1 mL PBS.
The mediastinal lymph nodes and spleen were harvested from each mouse.
3.3.3.4.2 Treatment with PIM2 and PGM2 compounds
On day 6 mice were anaesthetised with ketamine (100 mg mL‐1)/xylazine
(15 mg mL‐1)/atropine (77 mg mL‐1). PIM2 and PGM2 compounds (20 μg in
50 μL PBS) were administered i.n. Control mice were given PBS or
dexamethasone (Dex, 4 mg mL‐1, Hospira, Australia) i.n.

3.3.3.5 Bronchoalveolar lavage
The bronchoalveolar lavage (BAL) cells were counted, spun onto slides
(Shandon CytoSpin II, Shandon Southern Products Ltd., Runcorn, UK) and
stained (Diff‐Quick, Siemens, Newark, USA). The percentages of different cell
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types (eosinophils, lymphocytes, macrophages, neutrophils) were determined
microscopically using standard histological criteria, by a single investigator
blinded to the treatment groups. A total of 200 cells from each slide was
counted.

3.3.3.6 Harvesting cells from treated mice
The mediastinal lymph nodes and spleens were harvested and stored on ice in
cIMDM. Mediastinal lymph nodes were analysed individually for each mouse,
whilst harvested spleens were pooled for each treatment group. A single cell
suspension was prepared as described in Section 3.3.3.3. After resuspension in
cIMDM the total cell numbers were determined using phase‐contrast
microscopy. Cells were then resuspended at 8 x 106 cells mL‐1 in cIMDM for
subsequent processing.

3.3.3.7 In vitro T cell restimulation
Prior to cultivation of harvested cells in a 96 well round‐bottomed tissue
culture plates, wells were coated with α‐CD3 in triplicate with a 50 μL aliquot
of anti‐CD3 antibody (10 μg mL‐1) in coating buffer (Appendix A) and
incubated overnight at 4°C. Following the removal of excess anti‐CD3, the
wells were washed three times with cIMDM. A volume of 100 μL of IL‐2 (10 IU
mL‐1) in cIMDM was added to these wells and to a further three wells to act as
a media control. A 100 μL volume of OVA (200 μg mL‐1) and IL‐2 (10 IU mL‐1)
was plated into another three wells. The single‐cell suspensions prepared from
collected tissue (2 x 106 cells mL‐1) were added to the plates into wells
containing either α‐CD3, OVA or media; each in conjunction with IL‐2. Plates
were incubated at 37°C with 5% CO2 for 72 hours (HERAcell incubator,
Heraeus, Hanau, Germany).
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After three days, 100 μL of supernatant was removed from each sample well
and transferred to wells of flat‐bottomed 96 well plates for analysis of cytokine
production. The plates were sealed and stored at ‐20°C. A volume of 100 μL of
[3H] thymidine (6.7 Ci/mmol; PerkinElmer, Boston, MA, USA) at a 1:20 dilution
in cIMDM was added back to the wells for the last 8 hours of culture. To
determine the extent of T cell proliferation, the amount of [3H] thymidine
which was taken up by dividing T cells was measured. To do this, an
automated cell harvester (Harvester 96® Mach III M, Tomtec, CT, USA) was
used to harvest cells onto glass fibre filter mats (Wallac, Turku, Finland).
Scintillation fluid was added and cellular incorporation of [3H] thymidine was
then assessed using a 1450 MicroBeta Plus Liquid Scintillation Counter (Wallac,
Turku, Finland). Results were expressed in counts per minute (c.p.m.).

3.3.3.8 Cytokine production
Culture supernatants were collected (see Section 3.3.3.7) and IFN‐γ, IL‐4, IL‐5
and IL‐13 levels measured using BD CBA Mouse Flex Set (BD Biosciences)
specific for each cytokine. A CBA Mouse/Rat Soluble Protein Master Buffer Kit
(BD Biosciences) was utilised as the buffer system during sample preparation.
Samples were analysed on BD FACSCanto II (Becton Dickinson, Franklin
Lakes, NJ, USA). Cytokine concentrations of IFN‐γ, IL‐4, IL‐5 and IL‐13 were
calculated against standards using FCAP Array software (v1.0, Soft Flow) with
lowest level of detection of 9.71 pg mL‐1, 10.20 pg mL‐1, 5.43 pg mL‐1 and
19.09 pg mL‐1, respectively. Experiments in which the cytokine level of
background medium was greater than 10% of the level of OVA‐specific
restimulation were excluded from further analysis.
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3.3.3.9 Cell staining and flow cytometry analysis
To analyse the frequency of specific surface markers on T cells, flow cytometry,
also known as fluorescence‐activated cell sorting (FACS), was performed.

Samples of lymph node and spleen cell suspensions (see Section 3.3.3.3) were
washed with FACS buffer (Appendix A) by centrifugation at 1200 rpm for 5
min. The supernatants were discarded and the cell pellets resuspended by
flicking the tube and gentle vortexing. The cells were then incubated with anti‐
CD16/CD32 (2.4G2 Fc Block; 0.5 mg mL‐1) at a 1:400 dilution in FACS buffer
(according to manufacturer’s instructions) for 10 min on ice in the dark. This
was undertaken in order to block non‐specific binding. Cells were
subsequently diluted to stop the binding and washed with FACS buffer (2 mL)
by centrifugation (1200 rpm, 5 min) to remove unbound antibody.
Supernatants were discarded and cells resuspended by flicking and vortexing.
Further cell staining was conducted with 100 μL of a cocktail of anti‐CD8‐PE‐
Cy7 (53‐6.7), anti‐CD4‐V500 (RM 4‐5), Vα2‐PE (B20.1) and Vβ5.1‐biotin (MR9‐4),
all diluted at 1:200. After 10 min incubation on ice in the dark, FACS buffer
(2 mL) was added and samples were centrifuged to remove excess antibodies.
After the supernatants were discarded and the cells resuspended, 100 μL of
streptavidin‐APC‐Cy7 in FACS buffer (1:200 dilution) was added. Again
samples were incubated for 10 min on ice in the dark. The cells were washed,
supernatants decanted and cells resuspended in 100 μL of FACS buffer
containing propidium iodide (PI, 50 μg mL‐1). Flow cytometry was performed
on a BD FACSCanto II (Becton Dickinson) and data analysed using FlowJo
software (version 9.2; TreeStar, Inc., Ashland, Oregon, USA).
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3.3.4

Statistical analysis

Where applicable, results are expressed as mean ± standard deviation (SD)
unless otherwise stated. Statistical analyses were carried out using an unpaired
Student’s t‐test (two‐tailed) or one‐way analysis of variance (ANOVA)
followed by post hoc analysis using Tukey’s pairwise comparison, as
appropriate. In all instances, statistical analyses were conducted using IBM
SPSS Statistics 20 (SPSS Inc., Chicago, IL, USA).

3.4

3.4.1

Results

Optimisation of the Langmuir trough technique using a model
phospholipid

Experimental conditions to characterise lipid monolayers at air/water interfaces
were established using distearoylphosphatidylglycerol (DSPG) as a model
lipid. DSPG is a well‐studied phospholipid301,307 with structural similarities
(number and length (C18) of fatty acid residues, presence of a phosphatidyl
moiety and negatively charged polar head group) to the molecules investigated
as part of this study (Figure 3‐6).
O
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Figure 3‐6. Structure of distearoylphosphatidylglycerol (DSPG).

The aim was to prepare DSPG monolayers and to demonstrate the validity and
reliability of the Langmuir trough technique. In order to do this, the limiting
area per molecule A0 and collapse pressure πcoll of the DSPG film were
determined and compared to that previously published301,307.
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The effect of experimental parameters such as lipid concentration, choice of
solvent system and sub‐phase, compression rate and the reproducibility of
measurements

were

investigated

(Appendix

B).

The

optimal

lipid

concentration was found to be 0.5 mg mL‐1, as previously published301, with
25 μL of sample being applied to the sub‐phase (Appendix B, Figure B‐1).
While in previous reports DSPG stock solutions were prepared in chloroform,
due to the low solubility of PIM2 and PGM2 a mixture of chloroform and
methanol was used to prepare the stock DSPG solution. No differences in π‐A
isotherms were detected using chloroform or chloroform/methanol (4:1, v/v)
(Appendix B, Figure B‐2). In all experiments the lipid monolayers were
compressed at a constant barrier speed of 5 cm2 min‐1 although there were no
differences

between

the

isotherm

obtained

after

compression

at

5 or 10 cm2 min‐1 (Appendix B, Figure B‐3). Compression at both rates gave
similar limiting area per molecule (A0) and collapse pressures (πcoll).
Furthermore, the composition of the sub‐phase did not affect monolayer
formation and similar isotherms were found using Milli‐Q water and PBS
buffer (pH 7.5) (Appendix B, Figure B‐4). Repeated experiments under the
evaluated conditions gave limiting area per molecule (A0) and collapse
pressures (πcoll) values in good agreement with those reported in the
literature301,307 (Table 3‐1 and Appendix B, Figure B‐5).
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Table 3‐1. Limiting area per molecule A0 (Å2) and collapse pressure πcoll (mN m‐1) of
DSPG monolayers at the air/liquid interface at 25°C.

Experimental#

Literature

A0

41.4 ± 5.3

45 ± 0.3 *

πcoll

53.1 ± 1.2

50 **

Values are presented as mean ± SD of three independent experiments.
* A0 was determined from monolayer formed on water sub‐phase301.
** πcoll was obtained from a lipid film formed on aqueous sub‐phase containing 1.0 x
10‐2 M CaCl2, pH = 6 307.

#

3.4.2

Behaviour of PIM2 and PGM2 lipids at the air/water interface

3.4.2.1 Effect of acyl chain length on monolayer formation
The π‐A isotherms obtained for PIM2 and PGM2 compounds are shown in
Figure 3‐7 and Figure 3‐8, respectively along with the corresponding elastic
compressibility moduli (Cs‐1) as a function of molecular area (inset). The degree
of packing and stability of the monolayer films were quantified by the limiting
area per molecule A0 and the collapse pressure πcoll (Table 3‐2). The
compressibility of the monolayer can be assessed by Cs‐1 values which are
described by Equation 3‐5:

s

‐1

π

π

Equation 3‐5

where A is the molecular area at the corresponding surface pressure π308. A Cs‐1
value is a first derivative function multiplied by the molecular area and can be
directly calculated from the π‐A data recorded for each compound. This
parameter gives additional information on the physical state of the monolayer
during compression: the higher the value, the more condensed the
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monolayer282,309. The maximum Cs‐1 values (Cs‐1max) for each monolayer and the
corresponding surface pressure πcomp are summarised in Table 3‐2.

Table 3‐2. Limiting area per molecule A0 (Å2), collapse pressure πcoll (mN m‐1) and
maximum elastic compressibility modulus Cs‐1max (mN m‐1) at the corresponding
surface pressure πcomp (mN m‐1) of pure monolayers of PIM2 and PGM2 at 24°C (mean ±
SD, n=3).

Lipid

Acyl chain

A0

πcoll

Cs‐1max*

πcomp

length

PIM2

16:16

81.0 ± 3.2

43.7 ± 1.0

73.1 ± 1.5

27.7 ± 0.4

PIM2

18:18

69.6 ± 3.0

55.3 ± 0.7

92.5 ± 7.0

43.3 ± 2.3

PGM2

0:0

‐

‐

‐

‐

PGM2

10:10

‐

‐

22.9 ± 1.1

6.0 ± 0.5

PGM2

16:16

79.5 ± 1.4

52.7 ± 1.0

61.1 ± 3.3

43.9 ± 2.3

PGM2

18:18

63.2 ± 2.2

60.7 ± 2.1

119.4 ± 17.2

46.4 ± 7.5

*calculation from π‐A isotherm using Equation 3‐5

PIM2 (16:16) and PIM2 (18:18) displayed typical π‐A isotherms, similar to
profiles of phospholipid monolayers280,301,310 (Figure 3‐7). At the start of the
compression stage PIM2 (16:16) was in a gaseous phase (G) as evidenced by the
decreasing molecular area (120 – 100 Å2), but stable surface pressure. Upon
further compression, the surface pressure increased and molecules orientated
in the liquid‐expanded state (LE). The Cs‐1 values (Figure 3‐7, inset) for PIM2
(16:16) rose steadily to a maximum of 73.1 ± 1.5 mN m‐1, a value that defines an
expanded state308. The collapse point of the film occurred at 43.7 ± 1.0 mN m‐1.
In contrast to PIM2 (16:16), the Cs‐1 values for PIM2 (18:18) increased initially
and exhibited a small decrease in elastic compressibility moduli, before
continuing to increase (Figure 3‐7, inset). This minimum in Cs‐1 values signifies
an additional ordering of the molecules, most likely occurring due to increased
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intermolecular Van der Waals attractive forces between the longer hydrocarbon
chains284,310,311. The steeper slope of the isotherm and the smaller limiting area
per molecule of 69.6 ± 3.0 Å2 suggested a closer packing of the PIM2 (18:18)
molecules compared to the PIM2 (16:16) molecules (p ≤ 0.01). The result of the
tighter monolayer organisation was increased stability of the PIM2 (18:18)
monolayer, evidenced by a significantly higher collapse pressure compared to
PIM2 (16:16) (55.3 ± 0.7 mN m‐1 compared to 43.7 ± 1.0 mN m‐1, p ≤ 0.001).
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Figure 3‐7. Monolayer compression of phosphatidylinositol dimannosides (PIM2) at
the air/water interface: surface pressure‐molecular area (π‐A)‐isotherms of PIM2
(16:16) (‐‐‐) and PIM2 (18:18) (‐‐‐), respectively. Arrows indicate: (a) collapse of PIM2
(16:16) monolayer, (b) collapse of PIM2 (18:18) monolayer. Inset: Compressibility
modulus plot versus molecular area as a function of molecular area. The curves are
each a representative of three independent experiments.

No increase in surface pressure was detected for the PGM2 (0:0) under the
applied experimental conditions and thus no isotherm could be recorded. The
lack of fatty acids attached to the phosphatidyl moiety increased the
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hydrophilicity of the compound allowing for solubilisation into the aqueous
sub‐phase. Upon compression of PGM2 (10:10), surface pressure increased
slowly up to 23.3 ± 0.2 mN m‐1 (Figure 3‐8). The isotherm showed no abrupt
change at the end of interface compression, which would indicate the collapse
of the film. Also, no phase transition could be detected upon compression
suggesting the monolayer remained in the LE state. The low Cs‐1max value (22.9 ±
1.1 mN m‐1) similarly indicated the presence of a LE layer308 (Table 3‐2). These
findings suggest that unstable monolayers were formed whereby PGM2 (10:10)
molecules were progressively released into the bulk phase upon compression.

PGM2 (16:16) and PGM2 (18:18) molecules were sufficiently water‐insoluble to
form stable monolayers (Figure 3‐8). The immediate increase in pressure
suggested that the molecules orientated in the expanded state. With
progressive compression the surface pressure rose to a maximum of 52.7 ± 1.0
mN m‐1, at which point the film collapsed. The limiting area for PGM2 (16:16)
monolayer was found to be 79.5 ± 1.4 Å2. The recorded isotherm and Cs‐1 plot
suggested an additional ordering PGM2 (16:16) monolayer at 60 Å2. However,
the Cs‐1max value of 61.1 ± 3.3 mN m‐1 implied a LE phase at point of collapse308.
The PGM2 (18:18) monolayer underwent a transition to a more condensed
phase at approximately 10 mN m‐1. The coexistence of an LE and LC phase is
demonstrated by the plateau region in the isotherm and the dramatic decline in
Cs‐1 values beginning at a molecular area of 90 Å2 (Figure 3‐8, inset)284,310,311.
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Figure 3‐8. Monolayer compression of phosphatidylglycerol dimannosides (PGM2) at
the air/water interface: surface pressure‐molecular area (π‐A)‐isotherms of PGM2
(10:10) (‐‐‐), PGM2 (16:16) (‐‐‐) and PGM2 (18:18) (‐‐‐), respectively. Arrows indicate: (a)
collapse of PGM2 (16:16) monolayer, (b) collapse of PGM2 (18:18) monolayer, (c) LE‐LC
phase transition of PGM2 (18:18) monolayer. Inset: Compressibility modulus plot
versus molecular area as a function of molecular area. The curves are each a
representative of three independent experiments.

Upon further compression, the PGM2 (18:18) isotherm slope showed a steep
increase and the molecules became even more densely packed. The isotherm
reached a maximum pressure of 60.7 ± 2.1 mN m‐1 before collapsing,
significantly higher than the collapse pressure detected for PGM2 (16:16) (p ≤
0.001). Moreover, the PGM2 (18:18) monolayer had a smaller A0 compared to
PGM2 (16:16) (63.2 ± 2.2 mN m‐1 compared to 79.5 ± 1.4 mN m‐1, p ≤ 0.001). These
measurements confirm the ability of the acylated PGM2 to form monolayers
with stabilities depending on the length of acyl chains.
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3.4.2.2 Effect of polar head group on monolayer formation
Polar head groups have a great impact on the orientation of the hydrocarbon
chains in the interface and affect the isotherm253. This study particularly
focused on how monolayer formation is influenced by the presence of the
inositol or glycerol head groups found in PIM2 and PGM2. For ease of
comparison the isotherms recorded for PIM2 (18:18) and PGM2 (18:18) are
plotted in Figure 3‐9. Although these two compounds have an identical
number of total carbons in their acyl chains, their film configuration revealed
significant differences.
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Figure 3‐9. Effect of head group on monolayer formation: π‐A isotherms of PIM2
(18:18) (‐‐‐) and PGM2 (18:18) (‐‐‐) at the air/water interface. The curves are each a
representative of three independent experiments.

While both monolayers underwent chain ordering, the PGM2 (18:18) isotherm
showed a transition from an expanded to a more condensed state (LE‐LC
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transition) at low surface pressures. The molecules became tightly packed in
the interface, causing a steep rise of the isotherm. The film collapsed at a
significantly higher surface pressure than that one recorded for PIM2 (18:18)
(60.7 ± 2.1 mN m‐1 compared to 55.3 ± 0.7 mN m‐1, p ≤ 0.01).

The formation of a condensed PGM2 (18:18) monolayer is further suggested by
a maximum compressibility modulus which exceeded 100 mN m‐1, indicating
an LC film. In contrast, the PIM2 (18:18) monolayer remained in the LE state.
The likely explanation for these results is that the steric hindrance of the
inositol group prevented a compact arrangement of the PIM2 (18:18) molecules
in the interface, leading to a larger area occupied by the molecules and a less
stable film. Similar results were found for monolayers of PIM2 (16:16) and
PGM2 (16:16) (Appendix B).

3.4.3

Self‐aggregation in aqueous solution

The aggregation behaviour of PIM2 and PGM2 compounds in the aqueous
phase was investigated by dynamic light scattering (DLS), zeta potential
measurement and transmission electron microscopy (TEM). Volume‐based size
distribution analysis for PIM2 (16:16) found three populations of particles, one
main population (89.4 ± 0.9%) with a diameter of approximately 13.21 ± 0.56 nm
and two minor populations with diameters of approximately 79.82 ± 4.98 nm
and 1476 ± 137.39 nm (Figure 3‐10 A).

Evidence supporting the formation of spherical aggregates was provided by
TEM. The micrographs show spherical objects with diameters mainly between
15 and 20 nm, which showed good agreement with the DLS data. The two
other populations are likely to be aggregates of small particles. Light scattering
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measurements of PIM2 (18:18) revealed a large population (98.5 ± 1.3% of the
sample) with an average size of 1410.33 ± 197.0 nm (Figure 3‐10 B). The
distribution width of the peak (386.3 ± 205.5 nm) suggested this was a
heterogeneous population. Particles were found to be spherical or oval in shape
under the transmission electron microscope. A particle population sized
between 200‐300 nm observed by TEM was detected by DLS with a low
abundance of 1.7 ± 0.4%.

Figure 3‐10. Transmission electron micrographs along with a representative histogram
of volume‐based particle size distribution of PIM2 compounds in PBS at 0.4 mg mL‐1.
TEM samples were prepared by negative staining with 1% PTA. (A) PIM2 (16:16) (scale
bar= 100 nm), (B) PIM2 (18:18) (scale bar= 500 nm).

For PGM2 (0:0), the deacylated analogue, no light scattering particles could be
recorded and no particles were visualised by TEM despite examination of
different grid preparations (Figure 3‐11 A). This suggested that self‐
aggregation is dependent on the presence of fatty acids bound to the
phosphatidyl moiety. Of particular interest was the behaviour of PGM2 (10:10)
since the monolayer study suggested that a soluble lipid film was formed at the
air/water interface.
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Figure 3‐11. Transmission electron micrographs along with a representative histogram
of volume‐based particle size distribution of PGM2 compounds in PBS at 0.4 mg mL‐1.
TEM samples were prepared by negative staining with 1% PTA. (A) PGM2 (0:0) (scale
bar= 500 nm) (B) PGM2 (10:10) (scale bar= 100 nm), (C) PGM2 (16:16) (scale bar= 500
nm), (D) PGM2 (18:18) (scale bar= 500 nm).

The likely explanation for this is that the molecules may organise in micellar
rather than bilayer structures253. DLS measurements of PGM2 (10:10) in solution
resulted in two peaks (Figure 3‐11 B), the first with a mean diameter of 40.0 ±
5.9 nm (62.8 ± 7.6%), which can also be seen in the TEM sample. Again large
aggregates were seen as a minor peak at 193.97 ± 12.57 nm (37.2 ± 7.6%). The
average size of PGM2 (16:16) particles in solution was 503.5 ± 85.5 nm and a
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distribution width of 77.1 ± 15.4 nm. TEM, shown in Figure 3‐11 C, confirmed
the formation of round shaped aggregates although from the image the particle
sizes are slightly smaller than those detected by DLS. Figure 3‐11 D shows the
aggregates formed by PGM2 (18:18) were regular spherical structures with
relatively large average diameters of 1874.0 ± 380.4 nm and a distribution width
of 383.1 ± 146.1 nm.

As anticipated, the charge of the phosphatidyl moiety resulted in a negative
zeta potential with values between ‐18 and ‐23 mV (Table 3‐3). The charge did
not appear to be affected by the changes in the head groups or lipids. This
study provided strong evidence that the acylated PIM2 and PGM2 are able to
self‐assemble in aqueous solution to form organised structures. Furthermore, it
appears that acyl chain length plays a significant role in determining the size of
the particles formed.

Table 3‐3. Zeta potential measurements (ZP in mV) of PIM2 and PGM2 compounds in
PBS at a concentration of 0.4 mg mL‐1. Measurements were carried out at 25°C (mean ±
SD, n=3).
Lipid

ZP

PIM2 (16:16)

‐18.9 ± 0.84

PIM2 (18:18)

‐22.9 ± 0.48

PGM2 (0:0)

‐

PGM2 (10:10)

‐24.3 ± 0.66

PGM2 (16:16)

‐20.8 ± 1.42

PGM2 (18:18)

‐22.7 ± 0.99
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3.4.4

Suppression of airway eosinophilia

In earlier studies phosphatidylinositol mannoside extracts from mycobacteria
and synthetic analogues have been shown to suppress allergic airway
inflammation in mice70,96,227,236,248. To help determine the effect of varied
lipophilicity and head group structure on biological activity, the different
compounds were tested in a mouse model of allergic asthma. Here a modified
protocol of an airway inflammation model248 was utilised, with the aim of
investigating the effect of the treatment on the cellular immune responses as
well as the lung inflammatory response. To assess the effect of synthetic PIM2
and PGM2 compounds on lung eosinophilia, groups of OVA‐sensitised
C57BL/6 mice were treated with the different compounds, PBS or
dexamethasone. Following a bronchoalveolar lavages (BALs), differential cell
counts were performed on stained cytospins. Figure 3‐12 shows representative
samples of microscope investigation of cytospin samples.
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Figure 3‐12. Cytospin samples for mice treated with (A) PGM2 (16:16), (B) PBS and (C)
dexamethasone. On day 11 of the study bronchoalveolar lavages (BALs) were
performed and BAL cells spun onto slides. Following staining, the percentages of
different cell types were determined microscopically. Arrows indicate different cell
types: (a) eosinophils, (b) macrophages, (c) lymphocytes and (d) neutrophils.

As expected, the PBS treated control group had an influx of eosinophils into the
BAL as well as high total cell numbers (Figure 3‐13). Both the frequency (6 ± 3,
p ≤ 0.001) and total number (9 ± 5, p ≤ 0.01) of eosinophils in the BAL were
reduced by treatment with dexamethasone. Treatment with the acylated PIM2
and PGM2 compounds appeared to suppress the airway eosinophila. However,
this reduction in eosinophil frequency (12 ± 3, p ≤ 0.05) and total eosinophils
(19 ± 4, p ≤ 0.05) was only significant in mice treated with PGM2 (16:16). All
remaining compounds had a subtle effect on the eosinophil percentage.
Consistent with early results from a purified extract236, the deacylated PGM2
(0:0) was possibly the least effective in suppressing the influx of eosinophils
concerning the total eosinophil numbers (Figure 3‐13 B).
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Figure 3‐13. Airway eosinophilia in OVA‐sensitised mice. (A) Percent (B) total number
of airway eosinophils in BAL fluid. C57BL/6 mice were immunised i.p. with
OVA/alum on day 0. On day 6 mice were treated i.n. with various PIM2 and PGM2 in
50 μL of PBS or PBS alone. Mice were challenged intranasally with OVA on day 7.
Four days post‐OVA challenge lungs were flushed and differential cell count
performed on stained cytospins. Bars depict mean + SE from n=3 mice per group from
four independent experiments. * denotes p ≤ 0.05, ** p ≤ 0.01, and *** describes p ≤ 0.001
relative to PBS group.
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3.4.5

Expansion of transgenic CD4+ and CD8+ T cells

Next, the ability of PIM2 and PGM2 to suppress cellular OVA‐specific immune
responses was analysed. To do this, OVA‐specific CD4+ and CD8+ transgenic
cells were adoptively transferred into the recipient mice prior to OVA
sensitisation on day 0. These cells provide a population of tracer cells that can
be specifically identified by flow cytometry, and can be used to measure
antigen‐specific cell frequencies. Expansion of antigen specific CD4+ and CD8+
V2V5 T cells in the mediastinal lymph nodes and spleens harvested from
treatment groups was investigated. As shown in Figure 3‐14, a decrease in the
percentage of OVA‐specific CD4+ T cells in lymph nodes was observed in mice
treated with the PIM2 and PGM2 compounds or dexamethasone. This decrease
was significant in the case of mice treated with PIM2 (16:16) (7.5 ± 0.8, p ≤ 0.05),
PIM2 (18:18) (7.3 ± 1.0, p ≤ 0.05), PGM2 (16:16) (7.7± 0.9, p ≤ 0.05) and PGM2 (0:0)
(6.7 ± 0.7, p ≤ 0.01), dexamethasone (5.7 ± 1.1, p ≤ 0.01). However, when the total
number of V2V5 CD4+ T cells was examined the decrease was significant
only in mice treated with dexamethasone (0.1 ± 0.05, p ≤ 0.01) (Figure 3‐14 B).
The frequency (5.5 ± 1.0, p ≤ 0.001) and total number (0.2 ± 0.06, p ≤ 0.001) of
V2V5 CD8+ T cells was only significantly reduced in the dexamethasone
control group.
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Figure 3‐14. OVA‐specific expansion of V2V5 T cells. (A) Percent and (B) total
number of CD4+ (striped bars) and CD8+ (black bars) V2V5 T cells in the mediastinal
lymph nodes. Graphs depict mean + SE from n=3 mice per group from four
independent experiments, * denotes p ≤ 0.05, ** p ≤ 0.01, and *** describes p ≤ 0.001
relative to PBS treatment group.

The expansions of antigen specific CD4+ and CD8+ V2V5 T cells in spleens
were comparable between treatment groups and PBS control (Figure 3‐15). A
significant reduction in percentage of T cells could only be detected in mice
treated with dexamethasone for both CD4+ (2.5 ± 0.2, p ≤ 0.01) and CD8+
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(3.4 ± 0.4, p ≤ 0.01). As it can be seen from Figure 3‐15 B, there was a similar
trend for decreased total numbers of CD4+ and CD8+ for dexamethasone,
however this trend was not significant (p > 0.05). All remaining treatment
groups showed similar total numbers to PBS control group.
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Figure 3‐15. OVA‐specific expansion of Vα2Vβ5 T cells. (A) Percent and (B) total
number of CD4+ (striped bar) and CD8+ (black bar) V2V5 T cells in spleens. Spleens
were pooled within each treatment group. Graphs depict mean + SE from n=3 mice per
group from four independent experiments, **denotes p ≤ 0.01 relative to PBS treatment
group.
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3.4.6

T cell proliferation after in vitro restimulation with OVA

The extent of mediastinal lymph node and spleen cell division, in response to
OVA, was determined utilising a standard thymidine incorporation assay. This
method is based on the strategy wherein the radiolabeled nucleoside, 3H‐
thymidine, is incorporated into cells during cell division. Quantification of the
radioactivity is then used to determine the extent of cell proliferation. The
results are presented as stimulation index (SI), the ratio between OVA‐
stimulated (foreground) and non‐stimulated cells (background) (Figure 3‐16).
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Figure 3‐16. Proliferation of T cells isolated from mediastinal lymph nodes (striped
bars) and spleens (black bars) of each study group after in vitro restimulation with
OVA and media. Results are expressed as stimulation indices (SI= OVA/media). Bars
depict mean + SE from n=3 mice per group from three independent experiments.

No significant differences in proliferative responses of the isolated lymphocytes
could be detected between the treatment groups and PBS control group. All
count rates measured for the spleen samples were found to be similar and no
significant differences in proliferation were observed between the treatment
groups (p > 0.05).
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3.4.7

OVA‐specific production of cytokines

To further investigate the underlying mechanism of airway eosinophilia
suppression, the capacity of mediastinal lymph node to produce INF‐γ, IL‐4,
IL‐5 and IL‐13 was assessed. The mediastinal lymph nodes were collected. If
sufficient cells were available, they were restimulated in vitro and OVA‐specific
cytokine responses analysed. No IL‐4 or IL‐5 were detected (data not shown)
and the levels of INF‐γ and IL‐13 in mediastinal lymph nodes were generally
reduced in mice treated with PIM2 and PGM2 (Figure 3‐17). However, this
reduction was significant only for INF‐γ in mice treated with PIM2 (16:16)
(442 ± 104, p ≤ 0.01) and PGM2 (18:18) (600 ± 122, p ≤ 0.05). It was not possible to
assess the effect of dexamethasone on cytokine production or proliferation due
to the low numbers of cells able to be harvested from the mediastinal lymph
nodes of these mice.
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Figure 3‐17. Production of (A) IFN‐γ and (B) IL‐13 by T‐cells isolated from mediastinal
lymph nodes of each study group. Titres of cytokine responses were determined after
in vitro restimulation with OVA (black bars) or medium (white bars, negative control).
Bars depict mean + SE from n=3 mice per group from four independent experiments.
* denotes p ≤ 0.02, while ** denotes p ≤ 0.002 relative to PBS treatment group.
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3.5

Discussion

To date, little research has focussed on the physical characterisation of PIM2
and PGM2 compounds at a molecular level, and how this impacts on biological
activity. To obtain information on the interfacial behaviour of these
phosphoglycolipids, their arrangement at the air/water interface was
investigated using the Langmuir trough technique301. This technique is
commonly used to obtain information about the structure and dynamics of
phospholipid and glycolipid monolayers253,282,312. Distinct phase transitions and
the profile of the π‐A isotherms indicate the physical state of monolayers and
the degree of ordering of molecules at the air/water interface.

Since these monolayers are considered to be model systems302, data gained
from these studies was used to provide insight into how the molecular
assembly of the PIM2 and PGM2 compounds in aqueous media was influenced
by acyl chain length and the dimension and flexibility of the head group193. The
π‐A isotherms of the compounds in pure monolayers differed significantly. The
long‐chain phosphoglycolipids formed insoluble monolayers with obvious
phase transitions (GLELC). Stronger hydrophobic attractive forces between
the longer fatty acid chains promoted molecular orientation in the interface,
resulting in closer packing of the molecules and a more stable monolayer253.
Those intermolecular interactions led to the formation of less expanded films
compared to short‐chain analogues, characterised by decreased limiting areas
per molecule A0. The reasoning that there were more Van der Waals
interactions between the long‐chain phosphoglycolipids is further supported
by larger Cs‐1max values, as it was seen for PGM2 (18:18), indicating dense
monolayers281,282,309. PIM2 compounds showed higher A0 when compared to
PGM2, which could be related to steric hindrance caused by the inositol head
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group. Replacement of the inositol core with the glycerol unit appeared to
increase the overall conformational flexibility of the hydrophilic group,
allowing a closer arrangement of the molecules. The glycerol head group
impacted positively on the packing behaviour and further stabilised the
monolayer. This was evident by higher collapse pressures which are linearly
correlated to stability284. In contrast to the interfacial behaviour of the long‐
chain PGM2 molecules, PGM2 (10:10) showed detergent‐like characteristics. The
π‐A isotherm indicated the formation of an unstable monolayer, in which
molecules were continuously exchanged between the interface and bulk‐phase,
due to weak hydrophobic interactions between the short acyl chains258,280.

These monolayer findings compare well with the reported interfacial
behaviours of other components of the cell wall of M. tuberculosis223,271.
Langmuir monolayers of various mycolic acids have been thoroughly analysed,
in order to clarify the role of mycolate layers in the mycobacterial cell
envelope267,268,271. As part of the cell wall, mycolic acids can be bound to
arabinogalactan via an ester‐linkage or be part of the glycolipid trehalose‐6,6‐
dimycolate (TDM). Their structure is specified by a hydrophilic head group
and long fatty acids (meromycolate chains) which varies greatly depending on
bacterial species and strains268. For instance, keto‐mycolic acid was reported to
form solid‐condensed monolayers with a high collapse pressure of 57 mN m‐1
and an A0 of around 80 Å2 where the hydrocarbon chains are thought to be
densely packed271. More recent work on a synthetic analogue (MMG‐1) of the
mycobacterial lipid monomycoloyl glycerol demonstrated how the two
saturated C14 and C15 alkyl chains arrange in the air/water interface to forma
condensed monolayer223. This was characterised by an A0 of 37.1 ± 0.7 Å2 and a
collapse pressure of 54.7 ± 0.5 mN m‐1.
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Investigations, such as the evaluation of anti‐inflammatory activities of purified
mycobacterial PIMs or synthetic analogues, are mainly conducted using
solutions of PIMs96,224,227,248. However, the chemical structures of PIM2 and PGM2
show features typical of amphiphilic molecules leading to the hypothesis that
these compounds may self‐assemble upon dispersion in aqueous solutions.
This theory has been supported by studies that report the self‐aggregation of
mannosylated LAM (ManLAM) in water69, and the formation of liposome
vesicles

from

total

polar

lipids

(comprising

phosphoglycolipids

and

phospholipids) extracted from M. bovis BCG225. Based on these findings, it has
been postulated that PIMs also organise into aggregates in an aqueous
environment313. Indeed, the work presented in this chapter provides strong
evidence that individual acylated PIM2 and PGM2 molecules show self‐
aggregation upon dispersion in an aqueous solution. The obtained data
confirmed the formation of aggregates in response to spontaneous orientation
of hydrophobic and hydrophilic groups. The deacylated PGM2 (0:0) showed no
particle formation as anticipated based on the monolayer behaviour, which is
in agreement with previously published work69. Fatty acids play a crucial role
in the aggregation process and hydrophobic interactions are most likely the
main driving force for self‐assembly. Unlike ManLAM molecules, which
associated into relatively small structures, the size of the phosphoglycolipid
structures examined here was dependent on the length of the fatty acid chains,
with the longer chain forming larger particles. Amphiphiles with a large head
and a small tail usually form micelles in aqueous environment292, as it was seen
with PGM2 (10:10), because the hydrophobic interactions are not strong enough
to allow self‐assembly into vesicles. This was in good agreement with findings
from the Langmuir monolayer study. Interestingly, the same concept may be
applicable to explain the aggregation behaviour of PIM2 (16:16), with the
molecules associating mainly into spherical structures of relatively small size
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(about 15 nm in diameter). Different size populations could be attributed to
aggregation of smaller particles.

The formation of aggregates is likely to impact dramatically on the biological
activity of these compounds. It is known from the literature that recognition
and uptake of biologically active agents by cells of the immune system, and
subsequent cell activation depends on the way such compounds are delivered
and presented. When active agents are delivered in soluble form, only a small
amount may actually reach the cells due to rapid degradation and excretion of
the molecules314. The ability of molecules to self‐aggregate can provide
advantages including protection from extracellular degradation and a
prolonged circulation time314. Also, interactions between crucial domains of
molecules and receptors can be enhanced leading to increased binding efficacy
and receptor valency. Nigou et al.65 found that the ability of native ManLAMs
to interact with the C‐type lectins depended on their ability to form clusters in
water, as this was thought to improve the presentation of mannosyl residues to
mannose receptors on dendritic cells. ManLAMs capable of forming aggregates
(total ManLAMs) induced inhibition of IL‐12 production, whereas deacylated
ManLAMs showed no activity. In a similar study, M. bovis BCG ManLAM
aggregates exerted stronger binding to human pulmonary surfactant protein A
(a C‐type lectin receptor) than did poorly aggregated monomers69. The removal
of the lipid moiety of PIM has been shown to abolish immunosuppressive
activity236. Loss of activity was similarly found for a deacylated natural PIM (M.
bovis BCG) and a related synthetic deacylated PIM2 mimetic did not inhibit
LPS‐induced cytokine release in vitro96. It is possible that this loss of activity is
at least in part related to an inability to form aggregates.
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The biological function examined in this chapter was the ability of the PIMs to
suppress airway inflammation. This assay was chosen due to the wealth of data
supporting a role for mycobacterial cell wall extracts, and related compounds,
in immunosuppression19,70,224,236,248. While the physical analyses carried out,
determined that the structure of the PIM2 and PGM2 compounds impacted on
how the compounds behaved at an air/water interface, little impact on
biological activity could be detected, with all compounds appearing to have a
slight immunosuppressive phenotype. Recruitment of airway eosinophils
occurs as a result of the differentiation of CD4+ T helper cells into CD4+ Th2
cells which secrete cytokines such as IL‐4, IL‐5 and IL‐13315. IL‐5 is the main
cytokine associated with influx of eosinophil into the lungs. In this particular
model many parameters may influence the activity of biologically active
compounds, for example dose, timing and route of delivery (local versus
systemic) of the immunomodulatory compound. The effect observed for PIM2
and PGM2 was subtle compared to dexamethasone; an effective glucocorticoid
with strong anti‐inflammatory properties, which involve the non‐specific
down‐regulation of the immune response. Interestingly, while the PIM2 and
PGM2 compounds appeared to modify the eosinophil and CD4 response, the
CD8 response did not appear to be effected.

This study confirmed that replacement of the inositol ring with the glycerol
unit maintained biological activity in PGM2 compounds96. This was in
agreement with previous work by Harper et al.248, in which PGM2 (18:18)
showed suppressive activity in a similar mouse model of OVA‐induced allergic
airway inflammation. In the work described here deacylated PGM2 was not
able to suppress airway eosinophilia but did decrease the proportion of antigen
specific CD4+ cells in the mediastinal lymph node. The previously discussed
importance of acylation and/or the ability to form aggregates may not apply to
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all biological responses as recognition of PIM2 by DC‐SIGN was independent of
the degree of acylation27. The exact mechanism by which PIMs and related
compounds cause immune modulation has yet to be elucidated. Until recently,
these mycobacterial molecules were believed to indirectly modulate the
function and response of adaptive T cells via interactions with APCs. However,
recent studies demonstrated that mycobacteria95 as well as infected
macrophages excrete vesicles containing immunomodulatory agents such as
TLR‐2 ligands (lipoprotein LprA and LprG)316 and mycobacterial lipids95. These
compounds directly affect CD4+ T cells and may induce cytokine secretion and
T cell proliferation. Direct interaction with CD4+ T cells independently of APCs
was reported for lipoproteins316,317 and PIMs97 mediated by TLR‐2 or integrin
binding on T cells.

In conclusion, the work presented in this chapter provided a detailed
physicochemical characterisation of PIM2 and PGM2 compounds varying in the
length of the fatty acid and type of polar head group. Particularly, the
interfacial behaviour of these phosphoglycolipids could be described at the
air/water interface in which the arrangement of molecules was significantly
affected by number of hydrocarbons in the acyl chains and the steric flexibility
of the polar head group. Aggregation behaviour reported here may help to
further elucidate receptor interactions of PIM2 and PGM2 compounds.

While this chapter addressed evaluating molecular properties of pure
compounds and the effect of these characteristics on immunosuppression, the
following chapter focusses on behaviour of PIM2 and PGM2 in binary Langmuir
monolayers with a common phospholipid. The aim was to formulate
particulate systems which could be further tested for their immunoactivating
abilities in vitro and in vivo.
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Physical characterisation of PIM 2 /PGM 2 and PC
in binary systems and immunostimulatory
investigations
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4.1

Physical characterisation of PIM2/PGM2 and PC in binary
systems and immunostimulatory investigations
Introduction

Particulate delivery systems have proven to be a powerful approach for vaccine
delivery,

as

discussed

in

detail

in

Chapter

One.

Co‐delivery

of

immunoadjuvant and antigen via a delivery system is an attractive strategy.
Incorporation into carrier vehicles prevents extracellular degradation and
ensures delivery of the antigen to APCs, while the immunostimulant activates
targeted immune cells314. A review of the current literature reveals a lack of
studies in which the adjuvant properties of individual PIMs are investigated
using suitable particulate formulations.

This chapter explores the possibility of constructing delivery systems
containing PIM2 and PGM2. Based on their ability to form lipid monolayers
(Chapter Three), the compounds were incorporated into liposome‐based
delivery systems prepared using phosphatidylcholine (PC). Prior to liposome
preparation, molecular interactions between PC and the phosphoglycolipids
were examined in mixed Langmuir monolayers. Interfacial behaviour in binary
mixtures provided information on mutual interactions and miscibility of the
different components. These findings allowed conclusions to be drawn
regarding the successful insertion of these lipids into PC bilayers.
Investigations of the immunostimulatory activities of the developed delivery
systems were conducted using both in vitro and in vivo models.

138

Chapter Four
4.1.1

Mixed monolayers

The method to investigate lipid monolayers using the Langmuir trough
technique has been detailed in Chapter Three. Briefly, this technique is used to
prepare monomolecular films of lipids at the air/water interface. From these
compressed monolayers, information can be obtained about structures,
dynamics and the packing characteristics of lipid molecules. They are widely
used as a model system to study molecular interactions or arrangements in an
organised system302. While Chapter Three investigated the interfacial
behaviour of individual monolayers, the work presented in this chapter
focussed on intermolecular interactions in monolayers containing binary lipid
mixtures.

Two‐component monolayers can be prepared by co‐spreading a lipid mixture
at the air/water interface255. Surface behaviour of the lipids depends on the
composition of the mixture. Interactions may be investigated by evaluating the
effect of composition on the area occupied by the binary system. According to
Gaines318, the relationship between composition and molecular area can be
described through the addition of molecular areas obtained from pure
monolayers:

ideal

1

1

1

1

2

Equation 4‐1

Whereby X1 refers to molar fraction of compound 1 in the mixture, and the
limiting molecular area A1 obtained from one‐component monolayer, while A2
is denoted to compound 2. The ideal area, Aideal, is a theoretical value which
describes the linear relation between composition and area. If experimental
areas are consistent with predicted Aideal values, compounds either show ideal
mixing behaviour with no interactions present319, or molecules are immiscible
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and phase separated320. Deviations from the theoretical values give insight into
the nature of any interactions occurring321. While attractive interactions cause
negative deviations from ideality, repulsive forces between the molecules result
in positive deviations255,321. Sterols such as cholesterol are well known for their
“condensing effects” on lipid monolayers322‐324. The π‐A isotherm of pure
cholesterol shows an almost linear increase in surface pressure which indicates
a solid film formation322,323. When mixed with phospholipids, cholesterol can be
accommodated in film cavities; it then improves the packing of phospholipid
chains by limiting their degree of movement and making the film more rigid284.
As major parts of bilayer membranes, cholesterol284,310,324,325 as well as
phosphoplipids310,326 are often studied in combination with other membrane
components, to understand interactions and distribution within membrane
structures or cellular processes.

Many studies have investigated the interfacial behaviour of PC in mixed
systems258,301,327. For instance, mixed films comprising PC and glyceryl mono‐
oleate showed non‐ideal behaviour when compressed at an interface.
Molecular areas of the binary mixture negatively deviated from ideality
throughout the composition range, and decreased gradually with an increasing
mole fraction of glyceryl mono‐oleate327.

Repulsive forces are mainly attributed to head group interactions. They
significantly affect interactions within monolayers and the stability of the
system. As shown in earlier studies on mixed PC films, repulsive interactions
between head groups led to expanded films. These were characterised by
increased mean molecular areas320 and reduced stability284. It should be noted
that this phenomenon greatly depends on the pH and ionic strength of the sub‐
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phase, as these factors determine the net charge of the monolayer and the
extent of electrostatic interactions328.

Other studies have analysed the miscibility of components in mixed
monolayers based on film collapse pressures. The incorporation of varied
molar ratios of PC into cholesterol monolayers led to increased collapse
pressures320, which according to Crisp et al.329 are indicative of mutual
interactions. The mixed cholesterol/PC films had a single collapse points which
was detected between those of the pure components320. In contrast to this,
Seoane et al.330 observed two collapse points for a mixed cholesterol/stearic acid
monolayer. No interactions existed within the binary system and each
component was forced out of the interface at its own collapse pressure329,330.

A variety of biologically relevant molecules from Mycobacterium have been
investigated in mixed monolayers. Trehalose‐6,6‐dimycolate (TDM, also known
as cord factor), a glycolipid found in the mycobacterial cell wall, has been
studied in mixtures with phospholipids in order to elucidate possible
interactions with the mitochondrial membrane of infected cells331. Other
researchers have studied the role of mycobacterial lipids in the development of
tuberculosis infections using model surfactant systems; in particular the
underlying mechanism of lung surfactant dysfunction as a result of interactions
between

mycolic

acid

and

host

lipids

has

been

investigated332,333.

Dipalmitoylphosphatidylcholine (DPPC) is the main component of the
pulmonary surfactant system and has been utilised in pure and binary
monolayers to model the pulmonary air/aqueous interface. Incorporation of
mycolic acid promoted destabilisation of lung surfactant‐like films, most
probably by altering the orientation of DPPC molecules in the interface and
preventing tight lipid packing332. In patients with pulmonary tuberculosis, this
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obstructive effect of mycolic acid on DPPC monolayers may have dramatic
effects, such as collapse of the alveoli and reduced gas exchange332. Similar
expanded DPPC/mycolic acid monolayers were reported by Pénzes et al.334,
when they studied the penetration ability of an antituberculotic drug conjugate.
The behaviours of PI (a component of biological membranes) and synthetic
derivatives, were assessed in mixture with various phospholipids including
DPPC263,265 and distearoylphosphatidylethanolamine (DSPE)266, in order to gain
information about membrane distribution and the role of PI in cellular
processes. Mixed monolayers of PI/DSPE showed non‐ideal behaviour, and
were found to be in the condensed phases at low PI concentrations, while
increased molar fractions of PI induced film expansion266. PI was immiscible
with distearoylphosphatidylcholine (DSPC) and both compounds were phase
separated in mixed monolayers264.

4.1.2

Mixed monolayers and their relationship to lipid bilayers

Due to their molecular organisation, lipid monomolecular films can be
considered as half a bilayer structure (Figure 4‐1). Consequently, data gained
from these studies can provide insight into lipid packing, and reveal
information on how molecular assembly is influenced by such parameters as
acyl chain length and the dimension of the head group193. As mentioned above,
several research groups have used mixed monolayers to model membrane
structures. These studies allowed detection of interactions between membrane
components and additives such as surface‐active agents335 or mycobacterial
derivatives331‐334.

Additionally, studying single layered structures can provide information on
the

physicochemical

behaviour

of

molecules

in

bilayered

liposomal

constructs193,310. Figure 4‐1 illustrates the relationship between monolayers,
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bilayers and liposome structures. It has been demonstrated that mixed
monolayer studies can be a useful approach to establish pharmaceutical
properties, such as lipid‐lipid interactions in mixed monolayers in order to
formulate liposome‐based delivery systems223. Lipid packing alongside stability
of liposomal bilayers can be assessed223,272 and drug‐lipid interactions336,337
investigated. Modelling membrane structures using monolayer studies is a
suitable approach to obtain insight into such characteristics as those mentioned
above. However, there are limitations which need to be considered. Because
monolayers represent half a membrane, their utility is limited to modelling
molecular interactions, occurring at the membrane surface256.

Figure 4‐1. Schematic illustration of the relationship between monolayers, bilayer
structures and bilayer vesicles (liposomes). Following spreading onto water, surface
active agents orientate at the air/water interface. Amphiphilic molecules such as
phospholipids spontaneously associate into bilayers upon dispersion in aqueous
media which bend round to form closed compartment vesicles termed liposomes. The
orientation of the phospholipid molecules allows for incorporation of hydrophilic and
lipophilic molecules in the aqueous core and lipid bilayer, respectively.

To investigate transmembrane processes such as ion transport, bilayer lipid
membranes models are recommended338. In monolayer approaches, the film
formation and molecular packing are controlled by physical barriers (for set‐up
of a Langmuir trough see Chapter Three, Figure 3‐3). This limits hydrogen
bonding between head groups and with the aqueous medium. While in
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liposomal structures, the area occupied by the each molecule is determined by
the extent of hydration259.

4.1.3

Liposomes as vaccine delivery systems

The various approaches for the preparation and use of liposomes were outlined
in Chapter One. It was highlighted that phospholipid molecules are commonly
used

to

produce

liposomes

possessing

diverse

characteristics.

Their

amphiphilic structures allow entrapment of hydrophilic and lipophilic
molecules187 (Figure 4‐1). For instance, soluble hydrophilic agents (such as the
model antigen OVA) can be encapsulated into the aqueous core or aqueous
regions of uni‐ or multilamellar vesicles195; whereas glycolipids or bacterial cell
wall components are incorporated into lipidic bilayer structures (Figure 4‐1).
Moreover, surface modifications enable control of physicochemical properties
such as aggregation195 and liposome fate in vivo190. Egg‐PC, also known as L‐α‐
lecithin, is commonly utilised for vesicle preparation339, and was used to
prepare liposomes in this work. PC is zwitterionic and generally comprises a
mixture of different fatty acid residues (R) such as palmitic, stearic, oleic and
linoleic acid339 (Figure 4‐2 A).

Liposomes present well‐studied vaccine delivery systems for effective
protection of soluble antigens and adjuvant compounds from degradation and
for enhancement of pharmacokinetic profiles190. A study by White et al.206
investigated the incorporation of the adjuvant Quil A into liposomes containing
lipid core peptides. It was shown that the elicited immune response in vivo was
significantly

increased

when

Quil

A

was

included

into

liposome

formulations206. Other studies have found that a C32 analogue of the
mycobacterial compound monomycoloyl glycerol (MMG, Figure 4‐2 B) was
able to improve immune responses when it was included into liposomes at
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very low concentrations221,222. Based on those findings, for the present study,
PIM2 and PGM2 molecules were incorporated into PC‐based liposomes at
concentrations of 2% w/w of total lipid.
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Figure 4‐2. Chemical structures of (A) PC whereby R can be a mixture of palmitic,
stearic, oleic and linoleic acid, (B) C32 monomycoloyl glycerol analogue (MMG), (C)
dimethyldioctadecylammonium bromide (DDA) and (D) trehalose‐6,6‐dibehenate
(TDB).

Several mycobacterial cell wall derivatives have been investigated in liposomal
delivery systems. A synthetic monomycoloyl glycerol (MMG‐1) was included
into dimethyldioctadecylammonium (DDA, Figure 4‐2 C) liposomes via a
conventional

preparation

method223.

The

cationic

liposomes

were

heterogeneous in size with diameters of approximately 400 nm. MMG‐1 was
found to stabilise DDA liposomes when more than 18 mol% was incorporated
into the bilayer. Nordly et al.223 explained the MMG‐1 stabilising effect as
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improved hydrogen bonding with aqueous media and enhanced hydration of
DDA head groups in the bilayer. Also, the combination of MMG‐1 and DDA
molecules weakened repulsive interactions between the positively charged
DDA head groups, and allowed for increased packing of the molecules223. In
this particular study the negatively charged antigen was adsorbed to liposome
surfaces via electrostatic interactions. Although a thorough characterisation of
the delivery system was provided, the adsorption efficacy was not discussed.
Other studies investigated liposomes constructed from total lipid extracts from
M. bovis BCG alone225,340 or in combination with other lipids such as
cholesterol293 and DDA340. The total lipid extract was identified to include PIMs
as major components225. More recently, novel liposomes were developed in
which glycolipid trehalose‐6,6‐dibehenate (TDB, Figure 4‐2 D), a synthetic
analogue of trehalose‐6,6‐dimycolate, was incorporated into DDA liposome
bilayers149,211.

4.1.4
Lipid

Thermotropic behaviour of lipid bilayer
bilayers

and

liposomes

undergo

characteristic

order‐disorder

thermotropic transitions. At the main phase transition temperature, the lipids
change from the tightly ordered crystalline gel structure to the liquid‐
crystalline phase. Above the transition temperature, the lipid chains are
‘melted’ and the overall movement of the molecules is increased. The phase
behaviour (gel or liquid‐crystalline) of lipids determines characteristics such as
permeability of the membrane, fluidity, packing and stability of the
liposomes185,195. The phase transition temperature is mainly influenced by the
length of the hydrocarbon chain195. Nevertheless, many other parameters,
including the degree of chain saturation, the extent of attractive Van der Waals
interactions between the lipid chains and the type of the polar head group, can
affect the transition temperature189. Determining the phase transition
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temperature of lipids is important for liposome preparation. Due to the
increased movement of lipid chains in the fluid phase, preparation above the
phase transitions of the lipid ensures fusion of lipids and uniform distribution
within the bilayers. However, phospholipids with Tm below ambient
temperature exhibit a considerable amount of bilayer flexibility due to their
liquid‐crystalline phase, potentially causing membrane instability. Therefore,
lipids with higher Tm are preferred as these would exist in the gel phase at
ambient temperature and have an increased rigidity of liposomal bilayers. For
the purpose of controlled drug release or targeted release into certain tissues,
the desired phase transition temperatures can be achieved by using
combinations of lipids195.

4.1.5

PIMs as immunostimulatory agents

Mycobacteria are known to modulate host immune responses. Particularly
their abilities to induce immune responses have been employed in the well‐
known adjuvant CFA which contains inactivated mycobacteria. However, due
to severe side effects, it has not been approved for use in humans153. Many of
the immunological activities have been attributed to the lipids embedded in the
mycobacterial cell envelope, including LAMs, LMs and PIMs19,55,295,296. Due to
the need for co‐administration of adjuvants with subunit vaccines, much
research has been focussed on establishing their mode of action. Amongst the
promising adjuvant candidates are native and synthetic PIMs. Beneficially, PIM
molecules can be prepared using synthetic strategies providing well‐defined
chemical structures. The purity of synthetic molecules ensures the absence of
contaminants, including other mycobacterial products, thereby decreasing the
side effects associated with these by‐products.
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In addition to their potential as immunosuppressive agents, as detailed in
Chapter

Three, PIMs have been identified to exert a number of

immunostimulatory activities. Various mechanisms of action have been
suggested for these. Mycobacterial PIM2 and PIM4 have been shown to activate
NK T cells mediated by CD1d receptor‐dependent mechanism90,107. NK T cells
enhance cellular immunity by producing INF‐γ and are known to contribute
greatly to the granuloma response typical in tuberculosis infections90,107. Other
researchers have suggested immune activation occurs via TLR signalling. PIM
extracts91 and also fractionated natural PIM2 and PIM621 activated TNF‐α
secretion by macrophages in a TLR‐2 dependent manner. The agonist activity
was found to be independent of PIM acylation state21. This indicates potential
adjuvant properties of this class of compounds.

In addition to these in vitro experiments, several studies have investigated the
adjuvant activity of native PIM341 (containing PIM2 and PIM6) from M. bovis and
synthetic PIMs (PIM2 and PIM4)224,341 using a mouse model. PIMs elicited Th1‐
type immune responses with increased secretion of INF‐γ rather than IL‐4341.
The immune activation of synthetic PIMs was comparable to native PIMs.
However, synthetic PIM4 was less effective in comparison to synthetic
PIM2224,341. An evaluation of various delivery routes revealed efficient
vaccination via the intranasal and oral routes, suggesting that PIMs may be
potent mucosal adjuvants, providing a possible alternative to invasive
vaccination methods341. The fact that synthetic molecules maintain activity was
further supported by a study in which a synthetic PIM2, similar in its acyl
residues to the PIM2 reported earlier341, was more potent than natural PIMs and
other derivatives226. When combined with the model antigen Ag85B‐ESAT‐6
(mycobacterial fusion protein), the synthetic PIM2 provoked high levels of Th1‐
phenotype cytokines, decreased lesions in lung tissue as well as reduced
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bacterial numbers in airways following M. bovis airway challenge. These
findings are in good concordance with other reports, in which the addition of
synthetic PIM2 to a vaccine formulation containing the BCG vaccine, M. bovis
culture filtrate (CFP) and DDA enhanced protection against M. bovis infection
in cattle342. Furthermore, a synthetic PIM analogue (PIM2ME), where the acyl
linkage at the sn‐2 glycerol position was replaced by an ether linkage, was
shown to be active in vitro343,344 and in vivo when used in combination with a
hepatitis C viral antigen344. Adjuvant activity of the modified compound was
evident by enhanced titres of INF‐γ and IL‐12 and reduced levels of IL‐10.
Despite these findings, a study by Parlane et al.226 could not confirm the
immune stimulation of PIM2ME characterised by high levels of INF‐γ in vivo,
however, the results were similar with respect to the low titres of IL‐10.

A number of groups have demonstrated the capacity of modified lipid vesicles
to target key immune cells such as macrophages. Liposomes prepared by
mixing mannosylated phospholipids extracted from M. bovis BCG and
cholesterol (2:1 w/w), were found to be taken up by murine inflammatory
macrophages in a manner, dependent on liposome size and lipid
concentration293. Larger particles were taken up faster (1.4 μm compared to
400 – 700 nm diameter) and the uptake rate was saturated at high liposome
concentrations (400 μg mL‐1)293. Following uptake of the mannosylated
phospholipids/cholesterol liposomes by thioglycolate‐activated macrophages,
nitric oxide (NO) synthase was upregulated294. Sprott et al.225 prepared
liposomes using a total polar lipid (TPL) extract from M. bovis BCG without
addition of further lipids. In contrast to findings by Tenu et al.294, TPL
liposomes and liposomes containing TPL and other lipids (1:1 w/w) activated
DCs to secrete IL‐12 without additional stimulators225.
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4.2

Chapter aims

Several research groups have investigated the immunostimulatory activities of
different compounds derived from the mycobacterial cell wall. However,
limited work has been carried out exploring the incorporation of individual
PIM lipids into particulate delivery systems such as liposomes.

The aim of this chapter was to characterise the effect of synthetic PIM2 and
PGM2 on the PC monolayer formed at the air/water interface. Characterisations
of these mixed systems at varied molar ratios were conducted to evaluate
potential lipid‐lipid interactions. Intermolecular interactions were verified by
deviations from the ideal molecular areas and collapse pressures of the binary
systems. For this purpose, ideal mixed molecular areas were calculated on the
basis

of molecular areas

obtained

from

one‐component

monolayers.

Furthermore, PC‐based liposomes were prepared using the thin lipid film
method183. PIMs were incorporated into liposomes at concentrations of 2% w/w
of total lipid. The model antigen FITC‐OVA was entrapped at a concentration
of 10 mg mL‐1. The particulate delivery systems were characterised in terms of
particle size, zeta potential, encapsulation capacity and membrane stability.
Following physical characterisation of the liposomes, the formulations were
investigated in an in vitro model for their ability to be taken up by and
consequently stimulate DCs. Finally, the immunostimulatory activities of the
modified liposomes were tested in vivo where their ability to elicit cell‐
mediated and humoral immune responses in comparison to unmodified PC
liposomes was determined.
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4.3
4.3.1

Experimental section
Materials

Fluorescein isothiocyanate (FITC, isomer 1, minimum purity of 90% by HPLC)
and ovalbumin (OVA, albumin from chicken egg, grade V, minimum purity of
98% by agarose electrophoresis) used for the preparation of fluorescently‐
labelled OVA, were purchased from Sigma Aldrich (St. Louis, MO, USA).

Chloroform (purity 99‐99.4%) and methanol (purity > 99.8%) used for lipid
stock solutions and vesicle formation, were obtained from Merck (Darmstadt,
Germany). Distilled water de‐ionised with a Milli‐Q Continental Water System
(Millipore Corporations, Bedford, MA, USA) and a resistivity of 18.2 MΩcm,
served as the sub‐phase for Langmuir trough experiments.

L‐α‐phosphatidylcholine (PC, lyophilized powder), concanavalin A (ConA,

from Jack Bean, Type VI, lyophilized powder) and Triton®‐X 100 were obtained
from Sigma Aldrich (St. Louis, MO, USA).

Phosphate buffered saline (PBS, DulbeccoA, Oxoid, UK) was prepared in
Milli‐Q water with a pH of 7.5.

Research grade alum was purchased from Serva (Alu‐gel‐S, suspension in
water, Serva electrophoresis GmbH, Heidelberg, Germany).

Antibodies (anti‐CD16/CD32, primary antibodies, secondary reagents) and
propidium iodide (PI) used or flow cytometry were all supplied by BD
Pharmingen (Franklin Lakes, NJ, USA).
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4.3.1.1 Preparation of fluorescently‐labelled ovalbumin
The fluorescent marker fluorescein isothiocyanate (FITC) was conjugated to
ovalbumin (OVA) according to a method previously described345. Briefly, 100
mg FITC and 500 mg OVA were dissolved in 50 mL carbonate buffer (220 mM,
pH 9.5) (Appendix A) and the mixture was stirred gently in the dark at 4°C.
After 18 h the unbound FITC was removed by ultrafiltration. To do this, the
solution was transferred into an ultrafiltration cell (Amicon, Beverly MA, USA)
containing a cellulose membrane (molecular weight cut‐off 10 000, Amicon
Bioseparations, Millipore Corporations, Bedford, MA, USA). The solution was
continuously flushed with Milli‐Q water and unbound FITC was removed by
filtration under (nitrogen atmosphere)

gas pressure. This procedure was

performed protected from light and repeated until the filtrate appeared
colourless. Subsequent lyophilisation (Freezone 6 freeze‐dryer, Labconco, MO,
USA) gave a fluffy orange powder which was stored at 4°C protected from
light.

4.3.2

Langmuir trough technique and mixed monolayer conditions

Lipid stock solutions of PIM2 (16:16), PIM2 (18:18), PGM2 (10:10), PGM2 (16:16),
PGM2 (18:18) and PC were prepared at a concentration of 0.5 mg mL‐1 in
chloroform/methanol (4:1, v/v). To prepare binary lipid mixtures, aliquots of
the phosphoglycolipid stock solutions were combined with PC to obtain the
desired ratios of 2, 25, 50 mol% of PIM2 or PGM2. The binary solutions had a
total lipid concentration of 0.5 mg mL‐1. Lipid films were produced at the
air/water interface from pure PC and PC in combination with each of the
phosphoglycolipids. Monolayer formation and compression experiments were
further conducted, as described in Chapter Three, using the same instrumental
set‐up.
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4.3.2.1 Analysis of π‐A isotherm for binary systems
As described in Chapter Three, the isotherm for one‐component films was
obtained by plotting surface pressure versus molecular area. However, for
mixed monolayers the occupied area at the air/water interface was expressed as
average area per molecule, whereby the total area was divided by the total
number of PC and phosphoglycolipid molecules. The total number of
molecules (N) per lipid in the applied volume was calculated by Equation 4‐2:

A

Equation 4‐2

Where NA is the Avogadro constant, C the concentration (g l‐1), V the volume
applied onto surface (l) and MW the molecular weight of the corresponding
lipid. Limiting area per molecule (Å2) or average area per molecule (Å2), both at
zero pressure, and collapse pressure (mN m‐1) of the appropriate film were
further determined according to the method used in Chapter Three.

4.3.2.2 Ideal areas of binary systems
To help understand interactions between the lipids in a mixture, a theoretical
ideal area occupied by the binary mixture at the interface can be predicted318.
The ideal average molecular area of the mixed monolayers was calculated
using Equation 4‐1:

ideal

1

1

1

1

2

Equation 4‐1

Where X1 is the molar fraction of PC and X2 (equals 1 ‐ X1) denotes PIM2 or
PGM2. A1 and A2 represent the limiting molecular areas of pure PC and the
corresponding phosphoglycolipid, respectively.
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4.3.3

Determination of phase transition temperature

Differential scanning calorimetry (DSC) is commonly used to characterise
thermal events such as the phase transition temperature of lipids. Briefly, the
sample and the reference pan are maintained at the same temperature
throughout the experiment, and the energy required (i.e. heat flow) to keep
both pans at equal temperature is measured. Thus, a thermogram obtained by
DSC shows the heat flow as a function of temperature. By measuring the
difference in heat flow between the sample and reference, the amount of heat
absorbed (endothermic) or released (exothermic) during a thermal event can be
studied346. The area under the curve is directly proportional to the heat flow
and integration of the peak area yields the enthalpy. In the current work,
experiments were performed using a TA‐DSC Q100 (V8.2 Build 268, TA‐
Instruments‐Waters

LLC,

New

Castle,

USA).

Thermograms

of

each

phosphoglycolipid were obtained under a nitrogen gas flow of 50 mL min‐1.
Calibration of the DSC was carried out using indium as a standard. Dry
samples (1 to 2 mg) were crimped in an aluminium pan and the thermal
behaviour of the samples was studied at a heating rate of 10 K min‐1 from 0˚C to
120°C. Phase transition temperatures were determined as the onset
temperatures using TA‐Universal Analysis 2000 software (version 4.7A).

4.3.4

Preparation of liposomes by the thin film method

The liposome formulations were prepared according to a method by Bangham
et al.183. A total lipid amount of 50 mg, composed of either pure PC or PC with
2% w/w of PIM2 (16:16), PIM2 (18:18), PGM2 (10:10), PGM2 (16:16) or PGM2
(18:18) was dissolved in chloroform/methanol (4:1, v/v). The solvent was
evaporated under vacuum at 45˚C (Rotavapor R110, Büchi Labortechnik AG,
Switzerland) and the resultant dry lipid film was purged with nitrogen gas to
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ensure complete removal of the organic solvents. To generate loaded vesicles,
the lipid film was rehydrated in 1 mL phosphate‐buffered saline (PBS, pH 7.5)
containing 10 mg mL‐1 FITC‐OVA at 60˚C (above lipid phase transition
temperatures). Glass beads were added to facilitate rehydration and the flask
vigorously shaken. PGM2 (0:0) was dissolved in PBS along with FITC‐OVA and
added during liposome rehydration. The preparations were incubated under
constant shaking for 2 h at 60˚C, followed by three freeze‐thaw cycles to
improve entrapment. The lipid dispersions were bath sonicated for 5 min at
60˚C and for size homogenisation extruded 10 times through stacked 800 ‐ 400
nm polycarbonate membranes (Nucleopore®, Whatman Ltd., USA), using a 10
mL extruder (Lipex Biomembranes Inc., Vancouver, Canada). Unentrapped
protein was separated by three washing cycles with PBS (5 mL) and
ultracentrifugation (L‐80 Ultracentrifuge, Optima, Beckman, USA) at 38 000
rpm for 30 min at 25˚C. The liposomes were redispersed in PBS and stored at
4˚C.

4.3.5

Physicochemical characterisation of liposomes

4.3.5.1 Vesicle size and zeta potential measurements
Particle size distribution and zeta potential were determined by dynamic light
scattering (DLS) and electrophoretic mobility, respectively. Both measurements
were carried out at 25°C using a Zetasizer NanoZS (Malvern Instruments).
Particle sizes were measured in triplicates (each run for 100 seconds) and are
presented as intensity based mean sizes (Z‐average size). The corresponding
polydispersity index (PDI) is a width parameter and indicates the homogeneity
of the sample. Zeta potential values (mV) were derived from the measured
electrophoretic mobility using the Smoluchowski equation303. Three replicate
measurements were performed for each sample with a number of sub‐runs
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which was automatically selected by the instrument. Prior to measurements,
aliquots which had been stored at 4°C were allowed to equilibrate at room
temperature.

For

consistency

between

the

different

experiments,

all

formulations were prepared at 300‐fold dilutions in PBS (pH 7.5).

4.3.5.2 Lectin binding assay
To examine incorporation of the phosphoglycolipids into the liposomes, the
availability of mannosyl residues on the liposome surface was investigated
using a Concanavalin A (ConA) agglutination assay. This assay was modified
from earlier reports206,347. A stock solution of ConA at a concentration of 10 mg
mL‐1 in 10 mM HEPES buffer (Appendix A) was prepared. ConA‐mediated
aggregation of the liposomes was assessed by adding 10 μL of the ConA
solution to 10 μL of liposome dispersion (50 mg mL‐1) in 3 mL of 10 mM HEPES
buffer containing 1 mM CaCl2 and MnCl2 (Appendix A). Size measurements
were performed every five minutes (Zetasizer NanoZS, Malvern Instruments).
Following the addition of ConA, the change in the size of the liposomes was
monitored for further 40 min.

4.3.5.3 Determination of FITC‐OVA entrapment efficiency
Aliquots (100 μL) of the liposome formulations were washed several times with
PBS (1 mL) followed by centrifugation at 14 000 rpm for 30 min at 25˚C (5417 C
Centrifuge, Eppendorf, Hamburg, Germany) to remove unentrapped protein.
PBS containing 5% (w/v) Triton‐X 100 (900 μL) (Appendix A) was then added
to lyse the liposomes and FITC‐OVA quantified by fluorimetry (excitation 485
nm, emission 520 nm; Polarstar Omega Microplate Reader, BMG Labtech,
Ortenberg, Germany) against appropriate standards.
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4.3.5.4 Liposome stability
The liposome dispersions were investigated with regards to membrane
stability by measuring size and FITC‐OVA entrapment upon storage in PBS
(pH 7.5) at 4˚C over a period of 21 days.

4.3.6

Experimental mice

Male C57BL/6, OT‐I and OT‐II mice were maintained as described in Chapter
Three, Section 3.3.3.1. All experiments were performed with the approval of
the University of Otago Animal Ethics Committee (AEC D46/11).

4.3.7

Testing of transgenic mice

OT‐I and OT‐II mice were tested for their transgenic status by a method
described in Chapter Three, Section 3.3.3.2.

4.3.8

In vitro immunological methods

4.3.8.1 Preparation of murine bone marrow‐derived dendritic cells
Male C57BL/6 mice were sacrificed by cervical dislocation and the hind limbs
removed and cleaned of tissue. Using sterile scissors, both ends of the femur
and tibias were cut off and the marrow flushed out with cIMDM using a 26
gauge needle. The extracted marrow was filtered through a cell strainer into a
50 mL Falcon tube. In order to prepare a single cell suspension, cells were
washed with cIMDM and spun down (1200 rpm, 8 min). The supernatant was
discarded and cell pellet resuspended by vortexing. Collected cells were treated
with sterile lysis buffer to lyse the red blood cells (incubation at room
temperature for 10 min). Cells were then subjected to repeated washing steps,
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and resuspended in cIMDM containing 20 ng mL‐1 granulocyte macrophage
colony stimulating factor (GM‐CSF, recombinant mouse GM‐CSF, carrier‐free,
BioLegend, San Diego, CA, USA). An aliquot was diluted with trypan blue dye
and total cell numbers were determined using phase‐contrast microscopy. Cells
were then resuspended at 1 x 106 cells mL‐1 in cIMDM + 20 ng mL‐1 GM‐CSF and
cultured at 5 mL per well in six well tissue culture plates. Culture plates were
incubated at 37°C with 5% CO2 for differentiation into murine bone marrow‐
derived dendritic cells (BMDCs).

After four days supernatants were carefully removed and replaced with 5 mL
of cIMDM + 10 ng mL‐1 GM‐CSF. The culture plates were placed back in the
incubator for further two days (37°C, 5% CO2). On day six, cells were harvested
by gentle pipetting media several times and washed with cIMDM by
centrifugation (1200 rpm, 8 min).

4.3.8.2 Dendritic cell activation
To investigate uptake of liposome formulations and subsequent activation of
BMDCs, harvested cells were resuspended at 1 x 106 cells mL‐1 in cIMDM + 10
ng mL‐1 GM‐CSF. BMDCs (aliquots of 500 μL) were seeded on 24 well plates
and incubated with 500 μL of the different liposome formulations described
above. Prior to this, liposome aliquots (100 μL) were washed several times with
PBS (1 mL), followed by centrifugation at 14 000 rpm for 30 min at 25˚C to
remove unentrapped FITC‐OVA. Pellets were resuspended in 100 μL sterile
PBS. Aliquots were further diluted with cIMDM and added to the wells to
obtain concentrations 10, 50 and 250 μg mL‐1 of total lipid. Culture plates were
incubated for 48 hours at 37°C with 5% CO2. For comparison MPL (10 ng mL‐1
and 1 μg mL‐1), cIMDM and FITC‐OVA in cIMDM (concentration according to
liposome entrapment) were added to additional wells.
158

Chapter Four
4.3.9

In vivo vaccine model

4.3.9.1 Preparation of
investigations

liposome

formulations

for

immunological

The various liposomes composed of either PC or PC with 2% w/w of a PIM2 or
PGM2 lipid were prepared according to the method described in Section 4.3.4.
As part of the immunological protocol outlined below, test animals would
receive standardised amounts of PIM2/PGM2 (50 μg) and FITC‐OVA (10 μg) per
dose (200 μL). In order to achieve this, the amount of FITC‐OVA loaded into
the liposomes was adjusted due to different entrapment efficiency.
Accordingly, PC and PC PGM2 (0:0) liposomes were rehydrated in 1 mL PBS
containing 2 mg mL‐1 FITC‐OVA, whereas all remaining formulations were
loaded with 4 mg mL‐1 FITC‐OVA. Formulations were characterised as
described in Section 4.3.5. Prior to administration, liposome aliquots were
washed several times with PBS (1 mL) by centrifugation (14 000 rpm, 30 min,
25°C, 5417 C Centrifuge, Eppendorf, Hamburg, Germany) to remove
unentrapped FITC‐OVA followed by resuspension in sterile PBS. Protein
entrapments were determined on day 0 and 14 of vaccine study. All
formulations were stored at 4°C until day 14.

Control mice received FITC‐OVA in alum. Therefore, a stock solution of FITC‐
OVA in sterile PBS was prepared (5 mg mL‐1). The solution was further diluted
at 1:100 in alum and thoroughly mixed by vortexing prior to administration.

4.3.9.2 Adoptive T cell transfer
Transgenic OT‐I and OT‐II T cells were adoptively transferred into the study
animals on day −1 according to protocol described in Chapter Three, Section
3.3.3.3.
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4.3.9.3 Immunisation protocol
On day 0 of the study, mice (male C57Bl/6) were immunised subcutaneously in
the dorsal skinfold with 200 μL PBS, containing 50 μL of each liposome
formulation (50 mg mL‐1), loaded with standardised amounts of FITC‐OVA
(10 μg). The different formulations used for vaccinations are described in
Table 4‐1. Control groups were given 200 μL of FITC‐OVA in alum
(50 μg mL‐1). All groups received booster immunisations (s.c.) on day 14 and
were sacrificed on day 17.

Table 4‐1. Various liposome formulations used for the vaccination of mice and the
amount of FITC‐OVA (μg) delivered in a total volume of 200 μL on day 0 and 14. Data
is shown as mean ± SD for three independent vaccine studies.
Immunisation day 0

Boost immunisation day 14

FITC‐OVA (μg)

FITC‐OVA (μg)

PC PIM2 (16:16)

14 ± 3

14 ± 3

PC PIM2 (18:18)

12 ± 2

12 ± 1

PC PGM2 (0:0)

9

11 ± 7

PC PGM2 (10:10)

22 ± 10

20 ± 6

PC PGM2 (16:16)

12 ± 3

11 ± 5

PC PGM2 (18:18)

13 ± 3

13 ± 2

PC

9±4

9±3

Formulation

4.3.9.4 Harvesting cells from vaccinated mice
Mice were euthanised on day 17 of the study with an intraperitoneal lethal
dose of anaesthetic (1 mL), consisting of ketamine (10 mg mL‐1) and xylazine
(300 μg mL‐1). Draining (axillary and brachial) lymph nodes and spleens were
harvested from each mouse and stored on ice in cIMDM. The combined lymph
nodes were analysed individually for each mouse whilst harvested spleens
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were pooled for each vaccination group. Preparation of single cell suspensions
was conducted as described in Chapter Three, Section 3.3.3.6.

4.3.9.5 In vitro T cell restimulation
Single cell suspensions were prepared from collected tissue (2 x 106 cells mL‐1)
and cells were restimulated with α‐CD3 (10 μg mL‐1, BD Biosciences), OVA
(200 μg mL‐1) or media alone, each in conjunction with IL‐2 (10 IU mL‐1, R&D
Systems) at 37°C and 5% CO2 for 72 hours. The extent of T cell proliferation was
determined following the method in Chapter Three, Section 3.3.3.7.

4.3.9.6 Cytokine production
After three days, culture supernatants were collected (see Section 4.3.9.5) and
IFN‐γ levels measured using BD CBA Mouse IFN‐γ Flex Set (BD Biosciences).
Samples were analysed on BD FACSCanto II (Becton Dickinson, Franklin
Lakes, USA). Cytokine concentrations were calculated against standards using
FCAP Array software (v1.0, Soft Flow) with the lowest detection level being
10.35 pg mL‐1.

4.3.9.7 OVA IgG enzyme‐linked immunosorbent assay
On day 17 of the vaccine study, blood samples were collected from each mouse.
Samples were centrifuged at 14 000 rpm for 10 min (5417 C Centrifuge,
Eppendorf, Hamburg, Germany) in order to enable separation of serum. All
serum samples were then stored at ‐20°C until further analysis.

Enzyme‐linked immunosorbent assay (ELISA) plates (Microtest® 96 well ELISA
plates, BD Biosciences, Bedford, MA, USA) were coated with 100 μL per well of
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10 μg mL‐1 OVA in coating buffer (Appendix A) and incubated overnight at
4°C. The plates were then washed four times with wash buffer (Appendix A)
and subsequently 150 μL of blocking buffer (Appendix A) was added to each
well. Following incubation for an hour at room temperature, the blocking
buffer was discarded. No further washing steps were required. Serum samples
were diluted in assay buffer (Appendix A), added to corresponding wells as
1:10 dilution and continuously diluted (1:2 in assay buffer) across the plate.
Plates were again incubated for two hours at room temperature and then
washed six times in wash buffer. A volume of 50 μL of the secondary antibody,
a goat‐anti‐mouse IgG conjugated to Horseradish Peroxidase (HRP, Zymax®,
Zymed, San Francisco, CA, USA), diluted in assay buffer (1:4000), was added to
each well and the plates were incubated at room temperature for two hours.
After washing the plates six times with washing buffer, 100 μL of the HRP
substrate ABTS (2,2ʹ‐azino‐bis(3‐ethylbenzthiazoline‐6‐sulphonic acid, Sigma‐
Aldrich, Steinheim, Germany), containing 1 μL mL‐1 of 30% hydrogen peroxide,
was added to each well. Plates were incubated in the dark for 10 min. To stop
the reaction, 50 μL of a 2 mM sodium azide solution was added to each well.
Finally, the absorbance of the samples was measured using a Polarstar Omega
Microplate Reader (BMG Labtech, Ortenberg, Germany) at a wavelength of 414
nm.

4.3.10 Cell staining and flow cytometry analysis
After 48 hours incubation time, BMDCs (see Section 4.3.7.2) were isolated for
the analysis of formulation uptake and surface cell marker expression by FACS.
Cell staining and FACS analysis were detailed previously in Chapter Three,
Section 3.3.3.9. Briefly, BMDCs pulsed with various formulations were
harvested from culture plates and washed twice with FACS buffer followed by
incubation with anti‐CD16/CD32 (2.4G2 Fc Block) in order to block non‐specific
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binding. Samples were stained with the antibodies CD11c‐APC (N418), CD86–
PE‐Cy7 (B7‐2), CD80‐biotin (16‐10A1), and major histocompatibility complex
(MHC) class II‐biotin (2G9). The secondary reagent streptavidin‐APC‐Cy7 was
added to visualise CD80‐biotin and MHC class II‐biotin. Cells were
resuspended in approximately 100 μL FACS buffer for FACS analysis.

Staining and FACS analysis of lymph node and spleen cell samples obtained
for the in vivo vaccine study (see Section 4.3.8.4) were conducted as described
in Chapter Three, Section 3.3.3.9.

4.3.11 Statistical analysis
Where applicable, results are expressed as mean ± standard deviation (SD)
unless otherwise stated. Statistical analyses were carried out using an unpaired
Student’s t‐test (two‐tailed) or one‐way analysis of variance (ANOVA)
followed by post hoc analysis using Tukey’s pairwise comparison, as
appropriate. In all instances, statistical analyses were conducted using IBM
SPSS Statistics 20 (SPSS Inc., Chicago, IL, USA).

4.4
4.4.1

Results
Interfacial behaviour in mixed monolayers

In the work presented in this chapter, the Langmuir trough technique was used
to investigate intermolecular interactions in mixed monolayers. π‐A isotherms
were analysed for pure PC monolayers and for mixed PC PIM2 or PC PGM2
monolayers. PC is a widely used lipid in Langmuir monolayer studies258,327,328,
while PIM2 or PGM2 are synthetic analogues of mycobacterial derivatives. The
isotherms of mixed systems containing increasing concentrations of PIM2 or
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PGM2

provide

an

opportunity

to

investigate

the

effect

of

these

phosphoglycolipids (with different head and acyl groups) on PC monolayer
behaviour.

Interactions

were

assessed

by

measuring

deviations

of

experimentally determined average molecular areas from ideality and changes
in collapse pressures.

Investigation of the interfacial behaviour of PC in pure monolayers, as shown
in Figure 4‐3, gave values of 73.7 ± 5.9 Å2 and 41.6 ± 0.2 mN m‐1 for the limiting
molecular area and collapse pressure, respectively (Table 4‐2). The measured
values for the PC isotherm were comparable to data (54 ‐ 61 Å2 and 40 ‐ 45 mN
m‐1) published by other groups with consideration of varied composition of
egg‐PC due to different sources327,328. To examine interactions between different
lipids, binary mixtures of PC and 2, 25 or 50 mol% of each of the
phosphoglycolipids were compressed at the air/water interface. Specific
characteristics of each of the mixed monolayers, such as the experimental
average molecular area, deviation from ideal molecular area and collapse
surface pressure were determined.

π‐A Isotherms for PC PIM2 (16:16) and PC PIM2 (18:18) at different ratios are
shown in Figure 4‐3. The corresponding monolayer characteristics are
summarised in Table 4‐2. The average molecular areas of the investigated
mixtures were found to differ negatively from the predicted values, but these
differences were not significant (p > 0.05). The collapse pressures of each two‐
component films were higher than the collapse of pure PC. However, this
increase was only significant for PC with 25% PIM2 (16:16) (42.4 ± 0.4 compared
to 41.6 ± 0.2 mN m‐1, p ≤ 0.05). Other mixed systems showed an correlation of
lipid ratio and isotherm characteristics such as collapse pressure193,223. While for
instance an increasing MMG‐1 content led to higher collapse pressures of a
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DDA lipid film223 this effect was not observed by adding the phosphoglycolipid
to PC films.; i.e. adding 2% or 50% of the PIM2 compounds had a similar effect
on the molecular area and collapse pressure.
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Figure 4‐3. Monolayer compression at the air/water interface: π‐A isotherms for
mixtures of PC (‐‐‐) with 2 (‐‐‐), 25 (‐‐‐), 50 (‐∙∙) and 100 mol% (A) PIM2 (16:16) (‐‐‐) and
(B) PIM2 (18:18) (‐‐‐).
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Table 4‐2. Monolayer characteristics of PC and PIM2 lipids mixed at various ratios
(mol%): Experimental average area per molecule (Aexp, Å2), ideal average area per
molecule (Aideal, Å2), deviation from ideality (Dev, %) and collapse pressure (πcoll, mN
m‐1). Results are displayed as mean ± SD of three independent measurements, *
denotes p ≤ 0.05 relative to PC.
Lipid and binary
mixtures

#

Aexp

Aideal#

Dev

πcoll

PC

73.7 ± 5.9

‐

‐

41.6 ± 0.2

PIM2 (16:16)

81.0 ± 3.2

‐

‐

43.7 ± 1.0

PC PIM2 (16:16) (98:2%)

70.7 ± 2.8

73.8

‐4.2

43.7 ± 1.6

PC PIM2 (16:16) (75:25%)

76.5 ± 4.7

75.5

1.3

42.4 ± 0.4*

PC PIM2 (16:16) (50:50%)

73.7 ± 2.6

77.4

‐4.8

43.4 ± 1.2

PIM2 (18:18)

69.9 ± 3.0

‐

‐

55.3 ± 0.7

PC PIM2 (18:18) (98:2%)

72.4 ± 2.1

73.6

‐1.6

43.1 ± 1.2

PC PIM2 (18:18) (75:25%)

76.6 ± 0.1

72.7

5.4

42.5 ± 2.6

PC PIM2 (18:18) (50:50%)

73.3 ± 4.2

71.7

2.2

43.0 ± 1.5

calculated using Equation 4‐1.

The deacylated PGM2 (0:0) was not included in this study as it possesses no
amphiphilic properties and molecules would not be able to orientate at the
air/water interface (Chapter Three). Incorporation of PGM2 (10:10) into the PC
monolayers dramatically affected the π‐A isotherms. As shown in Figure 4‐4 A,
the isotherms recorded for the mixed monolayers were found to be between
those of the pure compounds. No ideal molecular areas could be calculated for
the PC PGM2 (10:10) mixtures, as limiting area per molecule Å0 and the collapse
pressure πcoll could not be determined for pure PGM2 (10:10) monolayers
(Table 4‐3). The effect of the addition of PGM2 (10:10) to the PC monolayer
became more obvious with increased molar fractions, and caused a shift to
smaller molecular areas compared to that of pure PC (Table 4‐3). When the
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lipids were mixed in an equimolar ratio, the average molecular area was
significantly reduced to 56.6 ± 0.2 Å2 (p ≤ 0.01). Interestingly, the collapse
pressures decreased with increasing concentrations of PGM2 (10:10), with the
collapse pressure of the 1:1 molar ratio being significantly decreased (37.3 ± 1.4
mN m‐1 compared to 41.6 ± 0.2 mN m‐1, p ≤ 0.01). This indicated that this
mixture was the least stable.

Isotherms recorded for PC PGM2 (16:16) and PC PGM2 (18:18) monolayers are
shown in Figure 4‐4 B and C. The experimental areas for the mixed films
showed negative deviations from the additive rule (Table 4‐3). Tendencies to
smaller average molecular areas were observed with incorporation of an
increased molar fraction of PGM2 lipids into PC films. In particular, increasing
the concentrations of PGM2 (16:16) resulted in significantly decreased Aexp
(72.0 ± 0.4 Å2 and 70.0 ± 0.9 Å2 p ≤ 0.001 compared to 75.1 ± 0.3 Å2, and 72.0 ± 0.4
Å2 p ≤ 0.05 compared to 70.0 ± 0.9 Å2). All investigated mixtures showed single
collapse points, which were increased compared to that of the pure PC films.
Collapse pressures were significantly higher for PC with 25 mol% (p ≤ 0.001)
and 50 mol% PGM2 (16:16) (p ≤ 0.05). Similarly, the mixed monolayers of PC
PGM2 (18:18) with 2 mol% and 50 mol% of PGM2 (18:18) collapsed at
significantly higher surface pressures, when compared to PC (42.7 ± 0.3 mN m‐1
p ≤ 0.01 and 50.2 ± 1.8 mN m‐1 p ≤ 0.001 compared to 41.6 ± 0.2 mN m‐1).
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Figure 4‐4. Monolayer compression at the air/water interface: π‐A isotherms for
mixtures of PC (‐‐‐) with 2 (‐‐‐), 25 (‐‐‐), 50 (‐∙∙) and 100 mol% (A) PGM2 (10:10) (‐‐‐), (B)
PGM2 (16:16) (‐‐‐) and (C) PGM2 (18:18) (‐‐‐).
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Table 4‐3. Monolayer characteristics of PC and PGM2 lipids mixed at various ratios
(mol%): Experimental average area per molecule (Aexp, Å2), ideal average area per
molecule (Aideal, Å2), deviation from ideality (Dev, %) and collapse pressure (πcoll, mN
m‐1). Results are displayed as mean ± SD of three measurements, * denotes p ≤ 0.05, ** p
≤ 0.01 and *** describes p ≤ 0.001 relative to PC.
Lipid and binary
mixtures

Aexp

Aideal#

πcoll

Dev

PC

73.7 ± 5.9

‐

‐

41.6 ± 0.2

PGM2 (10:10)

‐

‐

‐

‐

PC PGM2 (10:10) (98:2%)

76.3 ± 5.6

NA

NA

39.7 ± 1.1

PC PGM2 (10:10) (75:25%)

66.6 ± 2.4

NA

NA

41.9 ± 0.9

PC PGM2 (10:10) (50:50%)

56.6 ± 0.2**

NA

NA

37.3 ± 1.4**

PGM2 (16:16)

79.5 ± 1.4

‐

‐

52.7 ± 1.0

PC PGM2 (16:16) (98:2%)

75.1 ± 0.3

73.8

1.8

42.4 ± 1.1

PC PGM2 (16:16) (75:25%)

72.0 ± 0.4

75.2

‐4.3

44.0 ± 0.0***

PC PGM2 (16:16) (50:50%)

70.0 ± 0.9

76.6

‐8.6

43.9 ± 1.1*

PGM2 (18:18)

63.2 ± 2.2

‐

‐

60.7 ± 2.1

PC PGM2 (18:18) (98:2%)

70.2 ± 1.7

73.5

‐1.6

42.7 ± 0.3**

PC PGM2 (18:18) (75:25%)

74.3 ± 3.3

71.1

5.5

43.2 ± 1.1

PC PGM2 (18:18) (50:50%)

66.8 ± 3.9

68.5

2.3

50.2 ± 1.8***

calculated using Equation 4‐1, NA denotes where no ideal molecular Aideal could be
calculated.

#

The influence of the phosphoglycolipid head group on mixed monolayer
formation was further evaluated. Incorporation of PGM2 (18:18) into PC films
resulted in greater shift to smaller experimental areas compared to PIM2 (18:18)
at all investigated ratios. These mixtures also showed significantly higher
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collapse pressures. Similar results were found for PC monolayers containing
PGM2 (16:16) or PIM2 (16:16).

4.4.2

Thermal phase behaviour of PIM2 and PGM2 lipids

The thermotropic phase behaviour of PIM2 and PGM2 was investigated using
differential scanning calorimetry (DSC). The transition from gel (crystalline) to
liquid‐crystalline phases for dry samples was monitored and the calorimetric
transition curves obtained are displayed in Figure 4‐5.

Endothermic heat flow 
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Figure 4‐5. DSC scans of PIM2 and PGM2 lipids. The measurements of the dry samples
were performed at a heating rate of 10 K min‐1.

The

corresponding

calculated

transition

temperatures

(Tms,

as

onset

temperatures) for each lipid are summarised in Table 4‐4. The acyl chain length
was found to have a major impact on the Tm of PIM2, whereby longer C18 fatty
acid residues resulted in significantly higher phase transition temperatures
compared to PIM2 (16:16) (p ≤ 0.05). These findings agreed with other studies
which reported increased phase transition temperatures for lipids with varied
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lengths of their hydrocarbon chains: dimyristoylphosphatidylcholine (DMPC,
24°C), DPPC (42°C) and DPSC (55°C)

189,348

. Thermograms recorded for PGM2s

showed the same tendency and the Tm increased with an increased number of
hydrocarbons. Significant differences in Tms were found between all PGM2
compounds (p ≤ 0.05). While literature suggests an impact of the polar head
group, particularly the degree of hydration, on transition temperature189,349, the
comparison of Tms of PIM2 and PGM2 compounds with the same acyl chain
length (C16 or C18), indicated a minor effect of the head group with non‐
significant differences between corresponding Tms.

Table 4‐4. Phase transition temperatures (Tms) of various lipids, Tms as onset
temperatures (mean ± SD, n=3).
Lipid

4.4.3

Tm (°C)

PIM2 (16:16)

42.1 ± 1.3

PIM2 (18:18)

55.9 ± 0.5

PGM2 (0:0)

‐

PGM2 (10:10)

23.2 ± 0.8

PGM2 (16:16)

40.1 ± 1.3

PGM2 (18:18)

54.9 ± 1.7

Characterisation of liposome formulations

4.4.3.1 Vesicle size and zeta potential
Physical characteristics of the investigated liposome formulations are
summarised in Table 4‐5. PC liposomes had an average diameter of 321 ± 45
nm after extrusion through stacked 800 ‐ 400 nm polycarbonate membranes. As
discussed earlier, 2% PGM2 (0:0) was incorporated into the aqueous liposomes
core due its hydrophilic character. The resultant liposomes had comparable
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particle sizes to PC liposomes of 336 ± 29 nm. Integration of 2% lipidated PIM2
and PGM2 into the PC liposomal bilayer led to a notable decrease in particle
size (Table 4‐5). The average diameters were found to be significantly smaller
for liposomes containing PIM2 (16:16) and PGM2 (10:10) (p ≤ 0.05) in
comparison to PC formulations. All dispersions showed a polydispersity index
(PDI) smaller than 0.3 on the day of preparation, indicating a moderately
homogeneous size distribution for all samples.

Table 4‐5. Physical characterisation of liposome formulations. Average particle size
shown as z‐average (d.nm), polydispersity index (PDI) and zeta potential (mV) of PC
liposomes ± 2% (w/w) of different incorporated phosphoglycolipids. Results are
displayed as mean ± SD of three independent formulations.
Formulation

Z‐average

PDI

Zeta potential

PC PIM2 (16:16)

234 ± 30

0.23 ± 0.06

‐3.0 ± 0.5

PC PIM2 (18:18)

257 ± 18

0.22 ± 0.01

‐3.5 ± 0.6

PC PGM2 (0:0)

336 ± 29

0.27 ± 0.00

‐0.8 ± 0.0

PC PGM2 (10:10)

235 ± 14

0.26 ± 0.04

‐1.8 ± 0.5

PC PGM2 (16:16)

252 ± 15

0.21 ± 0.03

‐3.5 ± 0.4

PC PGM2 (18:18)

258 ± 15

0.23 ± 0.06

‐2.9 ± 0.4

PC

321 ± 45

0.25 ± 0.06

‐0.7 ± 0.1

Zeta potential measurements of PC and PC PGM2 (0:0) liposomes gave particle
surface charges of ‐0.7 ± 0.1 mV and ‐0.8 mV, respectively. A zeta potential
close to 0 mV was expected due to the neutral head group charge of PC at the
investigated pH 7.5. Negative shifts of the zeta potential recorded for PC PIM2
or PC PGM2 liposomes were attributed to the negative charge of the ionised
phosphatidyl moiety. This shift was statistically significant for liposomes with
PIM2 (16:16), PIM2 (18:18), PGM2 (16:16) and PGM2 (18:18) (p ≤ 0.05) compared
to PC based liposomes.
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4.4.3.2 ConA agglutination assay
To confirm the successful incorporation of the glycolipids into the bilayer, the
availability of mannosyl residues on the liposome surface was investigated
using a ConA agglutination assay350,351. ConA is a lectin that binds to
carbohydrates such as mannose and glucose, resulting in aggregation of
vesicles containing glycolipids352. DLS measurements were performed to
monitor vesicle sizes before and after the addition of ConA. The data is
expressed as the relative increase in the particle diameter and was calculated by
dividing the measured diameter by the initial value. In Figure 4‐6 the arrow
illustrates the addition time of the ConA solution to the liposomes after 20 min.
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Figure 4‐6. ConA‐induced agglutination of liposome formulation PC PIM2 (16:16) (□),
PC PIM2 (18:18) (►), PC PGM2 (0:0) (○), PC PGM2 (10:10) (▲), PC PGM2 (16:16) (∆), PC
PGM2 (18:18) (◄) and PC (■). The aggregation was monitored by measuring the
particle size every 5 min. Addition of the ConA solution is indicated by the arrow.
Values are expressed as mean + SD (n=2).

An increase in average particle sizes for liposomes containing acylated
glycolipids in their bilayers was recorded instantly. Particle sizes increased
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gradually and after 60 min the extent of aggregation was comparable between
the different formulations. In contrast, the PC and PC PGM2 (0:0) liposomes,
both acting as controls, showed no increase in particle size.

4.4.3.3 Entrapment of FITC‐OVA and membrane stability
Following preparation, the amount of incorporated FITC‐OVA was determined
to obtain the initial entrapment on day 0 (Table 4‐6). Extruded PC liposomes
had a protein entrapment of 1.11 ± 0.20 mg mL‐1. PC PGM2 (0:0) liposomes had
a similar amount of protein incorporated (1.2 ± 0.36 mg mL‐1), while the
presence of acylated lipid in the PC bilayer was seen to result in decreased
protein amounts entrapped within the liposomes (Table 4‐6). A significantly
reduced entrapment was found for PC PGM2 (16:16) liposomes (p ≤ 0.05).

Stability studies revealed that the investigated formulations had different
abilities to retain the encapsulated protein. After 21 days, PC and PC PGM2 (0:0)
liposomes showed a similar loss of FITC‐OVA of around 0.23 mg mL‐1 and 0.29
mg mL‐1, respectively. PC PIM2 or PC PGM2 liposomes containing C16 acyl
chains, maintained the same amount of protein entrapped upon storage,
whereas small amounts of protein leaked from liposomes containing C18
analogues (Table 4‐6).
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Table 4‐6. Entrapment of fluorescently‐labelled OVA in liposome formulations.
Amount of protein incorporated (mg mL‐1) on day 0 and after 21 days following
storage at 4°C in PBS (pH 7.5). Results are shown for PC liposomes ± 2% of different
phosphoglycolipids incorporated. Values represent mean ± SD of three independent
formulations.
Formulation

Entrapment

Entrapment

Day 0

Day 21

PC PIM2 (16:16)

0.52 ± 0.30

0.52 ± 0.23

PC PIM2 (18:18)

0.74 ± 0.27

0.61 ± 0.19

PC PGM2 (0:0)

1.20 ± 0.36

0.91 ± 0.30

PC PGM2 (10:10)

0.70 ± 0.18

0.46 ± 0.18

PC PGM2 (16:16)

0.43 ± 0.09

0.43 ± 0.09

PC PGM2 (18:18)

0.65 ± 0.14

0.54 ± 0.06

PC

1.11 ± 0.20

0.89 ± 0.21

Interestingly, the membrane stability of PC PGM2 (10:10) liposomes was
comparable to PC and PC PGM2 (0:0) liposomes. PC and PC PGM2 (0:0)
liposomes lost more than twice as much entrapped protein during storage, in
comparison to formulations containing acylated phosphoglycolipids (C16 and
C18). This indicated that the membrane stability of the liposomes was affected
by the incorporation of these phosphoglycolipids into the bilayer. These
findings suggested that the length of the hydrocarbon chains played an
important role in membrane stability.

Stability studies suggested that the dispersions remained in the nanometer size
range over the investigated period of 21 days (Figure 4‐7), with the PDI being
consistently smaller than 0.3 over the time of storage. No increase in vesicle size
was detected, indicating that no particle aggregation occurred upon storage.
Zeta potential measurements showed no significant variations and maintained
their values over 21 days.
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Figure 4‐7. Effect of storage on average particle size (z‐average) of liposome
formulations PC PIM2 (16:16) (□), PC PIM2 (18:18) (►), PC PGM2 (0:0) (○), PC PGM2
(10:10) (▲), PC PGM2 (16:16) (∆), PC PGM2 (18:18) (◄) and PC (■). Liposomes were
stored at 4°C in PBS (pH 7.5). Results are shown as mean + SD of three independent
experiments.

4.4.4

In vitro liposome immunogenicity‐ Formulation uptake and DC
activation

This in vitro experiment evaluated the uptake of various liposome formulations
by BMDCs and their subsequent stimulation. For this purpose, BMDCs were
incubated at 37°C with liposomes containing FITC‐OVA or media as a negative
control. Following incubation for 48 hours, cells were washed to remove excess
formulation and stained with PI and antibodies against the BMDC marker
CD11c for FACS analysis, as outlined in Section 4.3.9. Following appropriate
gating on size (forward scatter), granularity (side scatter) and cell viability
(PIlow), cell‐associated FITC fluorescence of CD11c‐positive cells was
determined. The percentage of viable cells in response to treatment with
formulations was comparable to untreated cells (media), with no significant
differences found (Appendix C). The effect of varied total lipid concentrations
(10, 50 and 250 μg mL‐1) on liposome uptake was investigated. The results are
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presented as fold increase of FITC mean fluorescence intensity (MFI) of live,
CD11c‐positive cells over media (Figure 4‐8). While there were relatively large
within group variations for FITC MFI, there was a trend towards an increase in
uptake with increased total lipid concentrations of each formulation. However,
comparison of modified formulations to PC liposomes showed that the uptake
was not affected by incorporation of PIM2 and PGM2. No significant differences
to unmodified PC liposomes were detected at any concentration.
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Figure 4‐8. Uptake of FITC‐OVA containing liposome formulations by BMDC in vitro.
BMDC were pulsed at 37°C for 48 hours with different amounts of total lipid of PC
PIM2 (16:16) (□), PC PIM2 (18:18) (►), PC PGM2 (0:0) (○), PC PGM2 (10:10) (▲), PC
PGM2 (16:16) (∆), PC PGM2 (18:18) (◄) and PC (■). Results are expressed as fold
increase of CD11c‐positive cells incubated with liposomes over CD11c‐positive cells
pulsed with media (background). The data is shown for one experiment. The results of
two other replicates are shown in Appendix C.

Furthermore, activation of BMDCs was determined after incubation with
various formulations, with and without the adjuvant MPL (10 ng mL‐1), for 48
hours at 37°C. Cells were pulsed with a combination of MPL and liposome in
order to assess if any synergistic effects could be detected.
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Figure 4‐9. Expression of BMDC surface activation marker CD86 following in vitro
incubation with various formulations at 37°C for 48 hours. (A) BMDC were incubated
with FITC‐OVA containing liposome formulations (250 μg mL‐1 total lipid). (B) BMDC
were pulsed with FITC‐OVA containing liposome formulations (250 μg mL‐1 total
lipid) + MPL (10 ng mL‐1) and MPL (10 ng mL‐1). Results are expressed as fold increase
of CD11c‐positive cells incubated with various formulations over CD11c‐positive cells
pulsed with media (background). Data represent mean of three independent
experiments + SD.

The extent of DC activation was determined by assessing the expression of the
activation surface markers CD86, CD80 and MHC class II on CD11c‐positive
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DC. As shown in Figure 4‐9 A, treatment of BMDCs with various liposome
formulations (250 μg mL‐1 total lipid) resulted in similar levels of the activation
marker CD86. No increase in expression of CD80 and MHC class II surface
markers was detected (Appendix C). The extent of BMDC activation by
liposome formulations with MPL was comparable to MPL (10 ng mL‐1) alone
(Figure 4‐9 B). Expression of surface markers CD80 and MHC class II remained
unchanged (Appendix C).

4.4.5

In vivo vaccine model

4.4.5.1 Expansion of transgenic CD4+ and CD8+ T cells
In order to analyse the ability of various liposome formulations to induce an
OVA‐specific helper T cell response as well as a cellular immune response, the
expansion of both CD4+ and CD8+ antigen‐specific T cells was determined. With
the aim of providing a population of tracer cells that could be specifically
identified by flow cytometry, OVA‐specific CD4+ and CD8+ transgenic cells
were adoptively transferred into the recipient mice prior to immunisation on
day 0. Alum was included as a control, as this is the most commonly used
adjuvant in human vaccines. This adjuvant is known to be a potent inducer of
humoral immunity145.

Expansions of antigen specific CD4+ and CD8+ V2V5 T cells in the lymph
nodes and spleens harvested from vaccination groups were assessed on day 17,
following boosting of test animals on day 14. As shown in Figure 4‐10 A, an
increase in the percentage of OVA‐specific CD4+ T cells in lymph nodes was
observed in mice vaccinated with modified liposomes, compared to PC
liposomes. However, this increase was only significant in the case of mice
vaccinated with PC PGM2 (10:10) liposomes (1.7 ± 0.2, p ≤ 0.05).
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Figure 4‐10. OVA‐specific expansion of V2V5 T cells. (A) Percent and (B) total
number of CD4+ V2V5 T cells in lymph nodes of each vaccination group. Bars depict
mean + SE from n=3 mice per group from three independent experiments, * describes p
≤ 0.05 and *** p ≤ 0.001 relative to PC vaccination group.

The same trend was observed for total number of V2V5 CD4+ T cells,
although these were not found to be significantly different when compared to
unmodified liposomes (Figure 4‐10 B). Both frequency (3.3 ± 0.3, p ≤ 0.001) and
total number (0.09 ± 0.02, p ≤ 0.001) of CD4+ V2V5 T cells in the draining
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lymph nodes of alum‐vaccinated mice were significantly increased compared
to the PC vaccination group, suggesting a greater ability to induce T helper cell
immunity. V2V5 CD4+ T cells in spleen samples were comparable between
different liposome formulations and no significant differences were observed.
Mice immunised with alum showed a greater expansion in percentages of
splenic CD4+ T cells compared to PC (0.99 ± 0.02, p ≤ 0.001) (Appendix C).

The expansion of antigen specific CD8+ V2V5 T cells in lymph nodes showed
similar trends for percentages and total cell numbers, as it was previously
shown for CD4+ (Figure 4‐11). Again, a significant increase in percentage of
CD8+ V2V5 T cells could only be detected in mice vaccinated with PC PGM2
(10:10) liposomes (5.8 ± 0.7, p ≤ 0.05) and alum (6.3 ± 0.3, p ≤ 0.001), in
comparison to PC liposomes (Figure 4‐11 A). Splenic T cells harvested from
vaccination groups showed similar activation profiles in percentage and total
numbers of CD8+ V2V5 T cells, with no significant differences notable
(Appendix C). CD8+ T cell proliferation resulting from alum vaccination was
seen to be similar to that induced by different liposome formulations.
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Figure 4‐11. OVA‐specific expansion of V2V5 T cells. (A) Percent and (B) total
number of CD8+ V2V5 T cells in lymph nodes. Bars depict mean + SE from n=3 mice
per group from three independent experiments, * denotes p ≤ 0.05 and *** p ≤ 0.001
relative to PC vaccination group.

4.4.5.2 T cell proliferation after in vitro restimulation with OVA
Next, the extent of lymph node and spleen cell division in response to
restimulation in vitro with OVA was determined. This was done using a
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standard thymidine incorporation assay, as previously described in Chapter
Three. The amount of radiolabeled 3H‐thymidine which was incorporated into
cells during cell division was measured. The proliferation of T cells was
presented as stimulation index (SI = OVA‐stimulated/non‐stimulated cells) in
Figure 4‐12. Proliferative responses of the lymphocytes isolated from the
draining lymph nodes were higher for all vaccination groups, as compared to
the alum control group. However, this difference was only found to be
significant for PC PIM2 (18:18) liposomes (14.3 ± 1.8, p ≤ 0.05) and PC PGM2 (0:0)
liposomes (15.6 ± 1.6, p ≤ 0.01). PC PGM2 (0:0) liposomes also showed a higher
stimulation index in comparison to PC liposomes (p ≤ 0.05). Stimulation indices
of splenic T cells showed no significant differences in proliferation between the
vaccination groups.
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Figure 4‐12. Proliferation of T cells isolated from (A) lymph nodes and (B) spleens of
each study group after in vitro restimulation with OVA and media. Results are
expressed as stimulation indices (SI= OVA/media). Bars depict mean + SE from n=3
mice per group from three independent experiments, * denotes p ≤ 0.05 relative to PC
group, ‡ denotes p ≤ 0.05, ‡ ‡ p ≤ 0.01 relative to alum vaccination group.

4.4.5.3 OVA‐specific production of cytokines
Furthermore, the capacity of lymph node and splenic T cells to produce INF‐γ
following in vitro restimulation with OVA was investigated (Figure 4‐13).
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IFN‐γ levels were measured so as to probe the ability of liposome formulations
to induce an antigen‐specific Th1 immune response. The results revealed no
obvious trend in increased IFN‐γ titres in comparison to unmodified liposomes
and alum control. No statistically significant differences in these cytokine levels
were detected. Results for splenic T cells are presented in Appendix C.
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Figure 4‐13. Production of IFN‐γ by T‐cells isolated from lymph nodes of each study
group. Titres of cytokine responses were determined after in vitro restimulation with
OVA (black bars) or medium (white bars, negative control). Bars depict mean + SE
from n=3 mice per group from three independent experiments.

4.4.5.4 Production of OVA‐specific antibody
To further evaluate the ability to generate humoral immune responses, the
levels of OVA‐specific IgG antibody in the serum of vaccinate mice was
assessed (Figure 4‐14). Serum samples were collected from study mice on day
17 and antibody titres determined using ELISA. No Ova specific IgG could be
detected in mice immunised with liposomes.

185

Chapter Four

1000
100
10

Al
um

2

2

PI
M

2

PI
M

M

2

PG

M

2

PG

M
PG

PG

M

2

PC

:0
(1 )
0:
10
(1 )
6:
16
(1 )
8:
18
(1 )
6:
16
(1 )
8:
18
)

1

(0

Antibody Titre

10000

Figure 4‐14. Production of OVA‐specific IgG antibody as determined by ELISA. The
symbols depict results from individual mice, whereas bars represent the mean values
within a vaccination group. Data is presented for two independent experiments, with
each experiment consisting of n = 3 mice per group.

4.5

Discussion

The ability of PIM2 and PGM2 to suppress immune responses was
demonstrated in Chapter Three. To investigate the immunostimulatory activity
of these compounds, the PIM2 and PGM2 compounds were incorporated into
delivery systems to ensure co‐delivery of the model FITC‐OVA. Therefore, the
overall aim of the work in this chapter was to design modified liposomes
containing the PIM2 and PGM2 molecules as delivery systems, and to assess
their physical (particle size, entrapment of model antigen and membrane
stability) and immunological characteristics.

Mixed monolayer studies provided an insight into interactions that occurred
between PIM2/PGM2 and PC. Analysis of interactions was conducted according
to previously published methods that examined the collapse pressures of the
binary systems and deviations of experimentally determined molecular areas
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from theoretical ideal areas329. The mixed monolayers investigated in the
current study showed non‐ideal behaviour at all ratios of PC to
phosphoglycolipid examined. In case of PIM2 lipids, there was no obvious
trend in the effect of incorporating increasing amounts of PIM2 on experimental
molecular areas. While the molecular areas of PC PIM2 mixtures deviated from
ideality, these were not significantly different from Aexp for the pure PC
monolayer.

However, when PGM2 were incorporated into PC monolayer, experimental
molecular areas shifted towards smaller values with increased molar fractions
of PGM2 (16:16) and PGM2 (18:18). The results obtained for the PC PGM2 mixed
isotherms suggested that the strength of the lipid‐lipid interaction was
dependent on the length of the acyl chain, whereby the longer C18 chains
showed decreased Aexp when compared to PC PGM2 (16:16) at the same ratios
(70.2 ± 1.7 compared to 75.1 ± 0.3, p ≤ 0.01; 66.8 ± 3.9 compared to 70.0 ± 0.9, p >
0.05). It has been shown for mixtures of phosphatidylcholines and sterols that
the longer the acyl chains (C16 versus C18), the stronger the interactions
between lipids as mediated through increased Van der Waals forces310. This
was further shown to lead to smaller molecular areas. These findings are
comparable with those reported for different mixed monolayers, where PC was
mixed with several lipids in order to investigate membrane fusion327. The
behaviour of PC was evaluated in binary systems with glyceryl mono‐oleate327,
oleic acid353 and palmitoleic acid327. Deviations from predicted molecular areas
suggested miscibility of the components and the presence of interactions
between lipids327. Non‐ideal behaviour was also detected for mixed monolayers
comprising PC and di‐ and tri‐sialogangliosides354. Furthermore, PC has also
been reported to strongly interact with a natural derivative of mycobacterial
trehalose‐6,6‐dimycolate (cord factor)331. This study was conducted in order to
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understand the ability of these mycobacterial glycolipids to interact with
membrane phospholipids of infected cells. Interactions between glycolipid and
PC were already found with a low molar fraction of 0.1% of the glycolipid,
suggesting

that

interactions

with

mitochondrial

membranes

after

internalisation by immune cells is possible331. Similar evidence for interactions
were demonstrated for mixtures of trehalose‐6,6‐dimycolate and DPPC. DPPC
is known to be poorly hydrated due to its neutral charge. Thus, in addition to
chain‐chain interactions, condensing effects on the monolayer may be caused
by improved hydrogen‐bonding between the phosphate of the DPPC and
hydroxyl groups of the glycolipids331.

The PC monolayers investigated here displayed single collapse pressures in the
presence of PIM2/PGM2 molecules, which verified the miscibility of these two‐
component films329. Higher collapse pressures have further been suggested to
indicate existing stabilising interactions between PC and the incorporated
lipids355. In agreement with findings by other research groups was that the
collapse pressures of the PC‐ PIM2/PGM2 mixed monolayers were intermediate
to the ones of the corresponding pure components320.

The influence of PGM2 (10:10) was noteworthy, in that it significantly affected
the behaviour of the PC monolayer. PGM2 (10:10) molecules can be retained at
the air/water interface when mixed with PC up to an equimolar ratio. The
formation of insoluble monolayers was seen in all of the PGM2 (10:10) binary
mixtures, as evidenced by the presence of film collapse pressure. This is most
likely mediated by strong synergistic interactions between components255,356.
These findings are comparable to a mixed surfactant system in which a
surfactant mixture, with chain lengths of C16/C12, showed more condensed
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films, rather than the unstable monolayers formed by a C12/C12 system356. This
was due to enhanced attractive forces between molecules356.

When PC is co‐spread with PGM2 (10:10), its long‐chain fatty acids339 exert
strong hydrophobic interactions between molecules. Thus promoting the
orientation of the shorter chains of PGM2 (10:10) at the air/water interface.
Similar interfacial behaviours have been reported for mixed monolayers of
cationic and anionic surfactants. In this case, strong synergistic electrostatic
interactions between head groups of the water‐soluble surfactants, together
with hydrophobic interactions, enabled film formation357. It is likely that here
hydrophobic interactions enabled mixed film formation, since higher PGM2
(10:10) concentrations led to a decreased stability, as evidenced by significantly
decreased collapse pressure values. This may be explained by weaker
interactions between the short acyl chains of PGM2 (10:10) and PC, which at
higher PGM2 (10:10) concentrations, would destabilise mixed monolayers356.

The nature of the polar head group had significant effects on the interactions of
the phosphoglycolipids with PC in the mixed monolayers. Comparisons of
mixed monolayers containing PIM2 and PGM2 with the same acyl chain length,
provided insight into the effects of the head group on interactions with PC.
Decreased molecular areas were observed in the present study for the glycerol
based compounds. For instance, PGM2 (18:18) showed a decreased molecular
area compared to PIM2 (18:18) at equimolar ratios with PC, although this
difference was not significant. However, the collapse pressure of PC PGM2
(18:18) (50:50%) mixed monolayers was significantly increased in comparison
to PC PIM2 (18:18) (50:50%) monolayers (50.2 ± 1.8 versus 43.0 ± 1.5, p ≤ 0.01).
Overall, the effect of PIM2 lipids on PC monolayers were less pronounced as
compared to PGM2, which could be attributed to the bulkier head group. As
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previously shown in Chapter Three, the steric constraints of the inositol group
determined the lipid packing in pure monolayers. Likewise, this hindrance of
the head group had a significant impact on mixed monolayers with PC.
Another possible explanation arises from the consideration of the structural
differences between the head groups. The additional hydroxyl groups in the
inositol core may allow for increased hydrogen‐bonding with surrounding
water molecules but also intermolecular PIM2‐PIM2 hydrogen‐bonding in pure
monolayers. When PIM2 molecules are mixed with PC, these intermolecular
bonds are disrupted, which is not energetically favourable and may result in
less stable monolayers compared to PGM2 mixed systems310.

Varied concentrations of PIM2 and PGM2 combined with PC were investigated
in the monolayer study. Lipid interactions could be detected with as little as 2
mol% of any of the phosphoglycolipids. Based on findings from earlier studies,
PIM2 and PGM2 were incorporated into PC‐based lipid vesicles at 2 mol%. A
dose of 50 μg of the PIM2 and PGM2 compounds, respectively was
administered to mice to allow for comparison with other published
studies225,226. As highlighted in Chapter One, important structural features of
PIM molecules required for bioactivity, are fatty acids and mannose
residues96,227,236,248. PIMs are known to interact with a number of receptors
expressed on DCs such as MRs26,27. In light of this, following liposome
preparation, the presence of mannosyl residues on the particle surface, was
confirmed using a lectin (ConA) binding assay. Addition of ConA to liposome
formulations, where phosphoglycolipids had been incorporated into bilayers,
resulted in an increase in average particle diameter. No increase in size could
be detected when no mannose residues were present in the bilayer (PC and PC
PGM2 (0:0) liposomes). These findings indicated that mannosylated lipids were
positioned within the bilayer, such that the mannose residues oriented towards
190

Chapter Four
the vesicle surface, making them accessible for interaction with receptors such
as MRs. ConA‐induced aggregation is a convenient method to confirm the
presence of mannosyl residues, but it has not been reported by other groups for
mixed vesicles containing PIMs225,293.

Physical characterisation revealed reduced particle diameters for liposomes
containing PIM2 and PGM2 lipids in their bilayer. The smaller size of the
modified liposomes may be ascribed to a different packing morphology. The
bulkier carbohydrate head group present on both PIM2 and PGM2 would lead
to a more conical packing as opposed to the cylindrical packing found in PC
bilayers292. Observations from the mixed monolayers suggested that lipid
interactions occurred with very low concentrations of phosphoglycolipids. This
may be reflected in reduced sizes of PC liposomes when PIM2 or PGM2 were
incorporated into bilayers. Similar findings were reported by Nordly et al.223,
where the synthetic monomycoloyl glycerol (MMG‐1) was incorporated at
various ratios into DDA bilayers. According to molecular areas obtained from
mixed monolayer investigations, molecular areas decreased with increased
amount of MMG‐1 incorporated. Correlations between molecular areas of
mixed monolayers and liposomes size were also found when MPL was
incorporated into DDA/TDB liposomes358. Results presented here also compare
well with a study on mannosylated liposomes by White et al.206. They
incorporated

mono‐

or

tri‐mannosylated

dipalmitoylphosphatidyl‐

ethanolamine (M1‐DPPE and M3‐DPPE) at various concentrations into PC
bilayers. At concentration as low as 1 and 5% (w/w) of either M1‐DPPE or M3‐
DPPE, liposome diameters were decreased as compared to PC liposomes.

Even though slightly increased molecular areas were determined for some
combinations, in general the sizes of liposomes containing acylated PIM2 or
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PGM2 compounds, showed decreased diameters. The lack of correlation
between molecular area and size (as measured by DLS) for some combinations,
may be due to the fact that monolayer studies are performed under restricted
and controlled conditions, and the overall arrangement of molecules may be
different in a monolayer compared to bilayered liposomal constructs193,259.
While findings from monolayer studies can be extrapolated to bilayers and
may help to understand lipid interactions, there is no absolute concordance259.

In Chapter Three, surface charges of approximately ‐20 mV were observed for
particles formed by acylated PIM2 and PGM2 lipids, upon dispersion in
aqueous media. This surface charge was caused by the negatively charged
phosphatidyl moiety. However, even the low PIM2 and PGM2 content in the
liposomes (2%) had an effect on the overall charge, increasing it from ‐0.7 mV
measured for pure zwitterionic PC liposomes to around ‐3 mV for the modified
liposomes. As anticipated, liposomes containing PGM2 (0:0) had neutral zeta
potential with measurements similar to PC liposomes. Furthermore, consistent
zeta potential values over a period of 21 days suggested that no loss of PIM2 or
PGM2 from the bilayer occurred, in which case a shift towards zero would have
been recorded.

The amount of FITC‐OVA entrapped within the liposome formulations was
comparable to earlier studies206,359. White et al.206 prepared PC‐liposomes with
various percentages of mannosylated lipid incorporated into the bilayer. The
entrapments of these formulations ranged from 0.54 ‐ 0.68 mg mL‐1. PC‐based
formulations modified with M3‐DPPE, investigated by Copland et al.359
encapsulated an average amount of 1.37 ± 0.22 mg mL‐1 FITC‐OVA. It could be
demonstrated that liposome stability was affected by incorporation of acylated
PIM2 and PGM2. Leakage of FITC‐OVA over a period of 21 days was reduced
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in the presence of lipids containing C16 and C18 acyl chains. This correlates
well with the findings from the mixed monolayer study, where PC mixtures
containing 2 mol% long‐chain PIM2/PGM2 showed increased collapse points. In
comparison, integration of PGM2 (10:10) did not decrease vesicle stability, as it
was implied by the decreased collapse pressure found for PC PGM2 (10:10)
monolayer at a ratio of 98:2 mol%. Leakage of entrapped protein from these
liposomes occurred to the same extent as with unmodified PC liposomes.
Again, this shows that there is no absolute accordance between lipid packing in
monolayers and corresponding bilayers259. As suggested earlier, the increased
stability of the bilayer structure containing long‐chain phosphoglycolipids, is
most likely due to strong hydrophobic interactions occurring between the
components resulting in improved lipid packing193,255,310. In a study by
Yamauchi et al.360, the stability of various DPPC/steroid (7:3 mol%) liposomes
was described using the Langmuir method. Among the steroids investigated,
stigmasterol was found to form the least stable mixed monolayer with DPPC,
characterised by the lowest collapse pressure. Decreased interactions in binary
monolayer systems were reflected by reduced stability of liposome bilayers,
showing the highest leakage. Furthermore, the bilayer stability of DDA
liposomes could be improved by incorporation of TDB, characterised by less
leakage from these liposomes211. Christensen et al.361 demonstrated the
stabilising effect of TDB on the DDA bilayer in mixed monolayers. An increase
in collapse pressure was reported with an increased concentration of TDB.

Following

physicochemical

characterisation

of

the

different

liposome

formulations, their ability to be taken up by murine bone‐marrow derived DCs
(BMDCs) was investigated in vitro. In order to address the effect of lipid
concentration on cell uptake, BMDCs were incubated with varied quantities of
total lipid (10, 50, 250 μg mL‐1). At the investigated lipid concentrations, none of
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the liposome formulations affected cell viability. A general trend was found
that uptake was increased with an increased lipid concentration. This
concentration dependence of formulation uptake is in agreement with an
earlier study, examining liposomes prepared from mycobacterial extract (M.
bovis BCG) and cholesterol (2:1 w/w)293. The in vitro uptake by murine
inflammatory macrophages increased up to 400 μg of phospholipid and was
saturable at high lipid amounts.

However, in the study presented here there was no increase in uptake of
modified formulations as compared to unmodified liposomes. These findings
are similar to reports by White et al.206, where M1‐DPPE and M3‐DPPE
containing liposomes showed similar uptake rates compared to PC liposomes.
However, Barrat et al.293 demonstrated a 2‐fold increase in uptake by murine
macrophages of the BCG extract/cholesterol (2:1 w/w) liposomes, in
comparison with PC/phosphatidylserine liposomes, where no mycobacterial
lipids were included. Uptake of mycobacterial compounds including PIMs into
cells is mediated by C‐type lectins, mainly MRs but also by DC‐SIGN
receptors75,362. MRs are known to act as phagocytic receptors on APCs and
induce endocytosis of pathogenic components. In comparison, TLRs generally
stimulate immune cells following pathogen binding75. Important for binding to
MRs are properties of mannosylated ligands such as composition, carbohydrate
valency and density and conformation of mannose motifs67. ManLAMs from
various M. tuberculosis strains differed in their MR binding affinity, due to
differences in mannosylation and acylation27. MRs comprise eight carbohydrate
recognition domains (CRDs) which interact to bind multi‐valent ligands with
high affinity67. While more mannose residues (as are found in higher‐order
PIMs such as Ac1PIM6 and Ac1PIM5) promote higher affinity, a lower degree of
acylation improved receptor binding27. The fact that inclusion of mannosylated
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glycolipids into the liposomal bilayer did not enhance internalisation by BMDC
may reflect the complexity of mannose recognition. The results presented here
imply that the conformation of the mannose moieties, when presented in the
prepared liposomes, was not optimal for MR binding. In contrast, the BCG
extract/cholesterol (2:1 w/w) liposomes investigated by Barrat et al.293 were
prepared at a 2:1 (w/w) ratio with cholesterol. The higher content of BCG
phospholipids in the lipid bilayer provides a higher density of mannose
residues available to interact with MRs. Additionally, the BCG extract was
found to consist mainly of mannosylated phosphatidylinositols substituted
with 1 to 6 mannose residues. This may enhance binding to MRs, as they are
known to bind multi‐valent ligands with high affinity67. Furthermore, the
available data on the DC‐SIGN binding affinity of PIMs is conflicting27,101,228.
This may be due to different assays and emphasizes the issue of using cell lines
with unknown and/or differing receptor specificities. For instance, White et
al.206 showed differences when they compared uptake of M3‐DPPE/PC
liposomes by murine BMDCs and human monocyte derived dendritic cells
(Mo‐DC). Whilst no differences in uptake could be detected in BMDCs, there
was an obvious trend that with increasing M3‐DPPE content, uptake by Mo‐
DCs was increased.

Investigation of expression of the DC surface activation markers CD86, CD80
and MHC class II revealed no significant increase for modified formulations, in
comparison to PC liposomes. Although no difference was found, these results
are in accordance with the inability of M1‐DPPE‐ and M3‐DPPE‐containing
liposomes to activate DCs206. Incubation of BMDCs with liposomes containing
various amounts of M1‐DPPE and M3‐DPPE did not result in a significant
upregulation of co‐stimulatory molecules, compared to the PC liposome
control. A study by Sprott et al.225 investigated the upregulation of DC surface
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markers in vitro after incubation with liposomes prepared from mycobacterial
phosphoglycolipids TPL BCG (total polar lipids (TPL) extracted from M. bovis
BCG). A non‐significant increase in the expression of CD80 was found (1 – 2‐
fold over unstimulated cells) after incubation with TPL BCG liposomes, di‐
palmitoylated PIM liposomes and BCG‐PI liposomes (as the control). Similar
trends were reported for MHC class II and CD86. However, the upregulation
was even less pronounced.

BMDC were additionally co‐incubated with sub‐optimal amounts of MPL, as
well as the liposome formulations. However, again no activation was detected.
A study by Tenu et al.294 utilising liposomes composed of mannosylated
phospholipids extracted from M. bovis BCG, mixed with cholesterol (2:1, w/w)
or PE/cholesterol/oleic acid (1:7:5:3, w/w/w/w), found that stimulation of
primed macrophages only occurred in the presence of INF‐γ as an activation
signal. The extent of induction of NO synthase was comparable to the LPS
control for both liposome formulations. However, only BCG lipids mixed with
PE/cholesterol/oleic acid induced significantly higher levels of TNF‐α,
compared to the LPS control.

Various mechanisms have been proposed for the immunostimulatory effects of
mycobacterial PIMs in vitro21,90,91,107. Signalling through TLRs, resulting in
activation of transcription factor NF‐κB (nuclear factor‐kappaB), and
subsequent cytokine secretion has been partially resolved363. While the TLR‐
signalling pathway has been mostly understood, signalling through C‐type
lectins remains unclear. This is further complicated by the fact that these
receptors are known to interfere with TLR signalling75. Furthermore, synthetic
PIMs may be processed differently than native compounds. With the use of
natural purified PIMs, there remains a possibility of contamination with other
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compounds or that mixtures of PIMs are obtained with varied degrees of
mannosylation, which may affect bioactivity.

In the in vivo vaccine model, the ability of antigen‐loaded modified liposomes
to elicit humoral and cellular immune responses, was tested 17 days following
vaccination. As expected, a large expansion of CD4+ T cells was induced by
vaccination with OVA + alum. Alum is an established adjuvant and is known
to polarise immune responses towards a Th2 phenotype immune response145.
Modified liposomes appeared to promote slightly greater CD4+ T cell
responses, in comparison to PC liposomes, for both the percentage and total
numbers of antigen specific CD4+ T cells in lymph nodes. Similar trends were
noted for CD8+ T cell expansion, although the trends were less pronounced.
However, due to large interindividual variations, only percentages of CD4+ T
cells and CD8+ T cells for the PC PGM2 (10:10) vaccination group were
statistically different (p ≤ 0.05). Even though PC PGM2 (10:10) liposomes
induced significantly increased percentages of CD4+ and CD8+ T cells, these
findings are biologically insignificant, as these liposomes were unable to elicit
immune responses comparable to alum.

Furthermore, the effector response of isolated T cells was evaluated. T cells
harvested from the lymph nodes of animals vaccinated with modified
liposomes showed increased in vitro T cell proliferations compared to alum and
PC liposome control groups (statistically different for PC PIM2 (18:18) (p ≤ 0.05),
PC PGM2 (0:0) (p ≤ 0.01) versus alum and PC PGM2 (0:0) (p ≤ 0.05) versus PC).
Even though an increase in T cell proliferation was observed, INF‐γ levels
remained unchanged. Similarly, no OVA‐specific production of IgG was
detected, suggesting that no humoral immune responses were elicited.
However, the time point examined (only three days post boost), while
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appropriate for examining T cell responses, was not optimal for examining
antibody titres. Other studies also reported a lack of strong activation of
humoral responses. Sprott et al.225 investigated the adjuvant effect of
mannosylated liposomes in vivo. They demonstrated that incorporation of 10
mol% TLP BCG into PC/phosphatidylglycerol/cholesterol (1.8:0.2:1.5 mol%)
liposomes (equivalent to 50 μg per mouse) evoked significantly reduced
antibody responses, as compared to those induced by alum + OVA. Only when
the amount of TLP BCG was increased to 50 and 100 mol% (equivalent to 250
and 500 μg per mouse, respectively) did the antibody titres increase, and were
comparable to alum + OVA control group. Similarly, another study
investigated the adjuvant effect of PIMs (each vaccination contained 35 μg of
the PIM compound) in combination with model antigen Ag85B‐ESAT‐6 and
mixed with Emulsigen® (20% v/v)226. Emulsigen® is an oil and water adjuvant
which prolongs antigen stability and presentation to immune cells via a depot
effect364. None of the PIM‐containing formulations tested showed increased
antibody production as compared to antigen + Emulsigen®. Similar results were
reported for INF‐γ production, which was found to be significantly increased
compared to PBS treatment, but not to antigen + Emulsigen®226. Interestingly, a
study conducted in cattle showed potent humoral and cellular immune
responses following vaccination with a formulation containing the BCG
vaccine, tuberculosis culture filtrate proteins (CFP), DDA and the synthetic
PIM2 (250 μg PIM2 per dose)342. Furthermore, the extent of the activation by the
vaccine combination BCG‐CFP‐DDA‐PIM2 was comparable to a formulation
containing the adjuvant MPL (BCG‐CFP‐DDA‐MPL).

The data obtained from the in vivo vaccine study does not suggest an
immunostimulatory activity of the investigated formulations. Despite trends,
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there was no obvious consistency for any of the modified formulations to
stimulate a humoral or cellular immune response.

The available literature indicates an immunoactivating effect of PIM molecules.
However, there are inconsistencies in findings from these studies, likely due to
the different sources of PIMs used in the studies, differences in formulation and
delivery and the assay model used. More research needs to focus on
elucidating the effects of synthetic and native PIMs, when delivered in
particulate formulations, which are necessary for protection and co‐delivery
with antigens. For instance, results obtained by Sprott et al.225 suggested that
antigen inclusion into delivery system is a requirement to elicit immune
responses, as TLP liposomes admixed with OVA prior to vaccination were
found to be incapable of inducing humoral responses. Similarly, several groups
demonstrated that TDB was more potent when delivered in a particulate
system like an emulsion365, as compared to soluble TDB366.

In conclusion, the present study is novel in presenting a thorough
physicochemical characterisation of mixed PC phosphoglycolipid systems,
utilising phosphoglycolipids varying in the length of the fatty acid chains, and
in the nature of the polar head groups. Results gained from the mixed
monolayer studies provided valuable information on interactions between PC
and PIM2 or PGM2, and confirmed their miscibility in binary systems.
Furthermore, PC liposomes containing 2% (w/w) PIM2 or PGM2 were
successfully prepared and were shown to be stable upon storage, with regards
to particle aggregation and bilayer composition (21 days). The membrane
stability of the liposomes was found to be dependent on incorporation of
phosphoglycolipids. However, all formulations retained an adequate amount
of protein over 21 days, which could be available for delivery. Despite these
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findings, which indicated that PC liposomes carrying PIM2 and PGM2 could be
employed to deliver these phosphoglycolipids, only minor immunological
effects were determined in vitro and in vivo. The uptake of antigen by BMDC in
vitro could not be enhanced through the incorporation of PIM2 or PGM2 into
liposomes. In accordance with the unaffected uptake rate, was the inability of
PIM2/PGM2‐containing liposomes to stimulate BMDC activation to a greater
extent than BMDC incubated with PC liposomes. Vaccination of mice with
modified formulations did not cause significantly stronger immune responses
compared to PC liposomes. The lack of immunostimulatory activity may be
attributed to a combination of factors including, perhaps a less efficient
configuration of mannose groups resulting in decreased receptor affinities.
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General discussion and future directions

Mycobacteria

are

aerobic,

non‐motile

Gram‐positive

Actinobacteria367.

However, unlike most Gram positive bacteria, they have a thick, complex and
waxy cell wall368. A diverse array of proteins, polysaccharides, glycolipids and
unusual, long hydrocarbon chains (mycolic acids) give mycobacterial cell walls
their characteristic asymmetric structure368. A result of this complex
arrangement is low permeability, which is likely to contribute to the resistance
of

mycobacteria

to

drug

treatments

including

antibiotics

and

chemotherapeutics. Furthermore, mycobacteria are resistant to dehydration,
alkali, acids and extreme environmental conditions in soil, where most of the
non‐virulent species are found368. The properties are attributed to the unusual
cell wall structure making mycobacteria resilient pathogens.

In addition, many of the cell wall components have been shown to be key
factors in the virulence and the pathogenicity of mycobacteria. A crucial role in
the successful evasion of host immune responses has been ascribed to
glycolipids such as LAMs, LMs and PIMs. These glycolipids have
heterogeneous structures and vary in their composition between different
species. Their structural variations generate a complexity with regard to the
immunomodulatory activities of these compounds, and particular structural
requirements leading to suppressive or activatory effects, have yet to be
defined.

Various extraction methods have been utilised to provide specific cell wall
components for structure‐function‐analysis. However, purification processes
are complicated by the diversity of these glycolipids, and PIMs extracted from
natural sources are not homogeneous. Another major drawback arising from
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these techniques is the potential presence of impurities. Therefore, synthetic
strategies have been developed to provide PIMs with well‐defined structures.

The preparation of synthetic PIM compounds is challenging, particularly due
to the stereochemistry of the myo‐inositol core. Many of the reported
approaches for PIM syntheses are lengthy and may result in low yields of the
desired products230‐234. The presence of the stereochemical centres in the myo‐
inositol limits approaches to shorten the synthesis of these molecules.
However, several studies96,248 including the allergic asthma model presented in
this thesis, have shown that the phosphatidylglycerol mannosides (PGMs)
maintain bioactivity. Their preparation is facilitated by the lack of asymmetric
centres. Recently, additional research has been undertaken to further simplify
the synthetic scheme utilised in this thesis, by reducing the number of steps
required (personal communication, David Larsen). An alternative strategy to
the one presented in Chapter Two, is shown in Scheme 5‐1. The synthesis of
the PGM2 head group 32 can be accomplished from 2‐O‐allylglycerol 30.
Mannosylation of compound 30 can be achieved in multiple‐gram amounts in a
research laboratory. Access to large quantities of 32, would allow the
preparation of gram‐scale quantities of PGM2 compounds (5 ‐ 10 g).
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Reagents and conditions: (a) TMSOTf, toluene; (b) (i) NaOCH3, MeOH, (ii)
NaH, BnBr, (iii) iridium (I) catalyst.
Scheme 5‐1. Modified approach for the preparation of the PGM2 head group 32.

Physicochemical characterisation provided information on how the behaviour
of phosphoglycolipids in an aqueous environment was influenced by the acyl
chain length and the flexibility of the head group. Using the Langmuir trough
technique, it was shown that the lipid packing of the long‐chain
phosphoglycolipids was comparable to that of typical phospholipids. Strong
intermolecular interactions, such as hydrophobic forces and Van der Waals
interactions, promoted a tight packing of these molecules at the air/water
interface. A number of reports have shown a role for self‐aggregation of
ManLAM65,69. Here, this concept was further extended to demonstrate, that
individual acylated PIM2 and PGM2 molecules self‐assemble in an aqueous
solution. Aggregation behaviour was mainly driven by hydrophobic
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interactions and the size of the aggregates was affected by the length of the
hydrocarbon chains. The phosphoglycolipids were found either to self‐
aggregate into vesicles, or possibly micelles, depending on acyl chain length
and the overall geometry of the molecules.

Biological activity of PIMs96,236 and ManLAM65 is known to be dependent on the
presence

of

acyl

residues.

Furthermore,

the

investigation

of

the

physicochemical properties of the PIM2 and PGM2 molecules, presented in
Chapters Three and Four, revealed that acyl residues are crucial structural
features and influence these characteristics. The acyl chains determined their
behaviour at the interface between two dissimilar phases and their self‐
aggregation

in

aqueous

environment.

Similar

to

reports

concerning

ManLAM65,69, the ability of PIMs to form aggregates may at least in part
contribute to biological activity.

To further understand the contribution of the acylation state (number of acyl
residues), as opposed to the acyl chain length, on the observed physical
properties, the effect of additional acylation should be assessed. Doz et al.96
demonstrated a reduced immunosuppressive activity for a natural PIM with
only one fatty acid at the phosphatidyl moiety (lyso‐PIM6), or when this
compound was acylated with four fatty acids (Ac2PIM6). These observations
raise the possibility of extending the physicochemical characterisation
performed here, and to further investigate the effect of the acylation status of
PIMs. The work presented earlier suggested Ac1PIM6, containing three fatty
acids, as an effective inhibitor of TNF release in vitro96. With regards to this, the
impact of the position of these fatty acid residues should be evaluated, to see
whether there is a difference, if the third acyl residue is attached at the inositol
core (C‐3) or at the mannosyl residue attached to the C‐2 position of the inositol
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core (Chapter One, Figure 1‐4). Future work could potentially focus on the
influence of the nature of the fatty acids, particularly the effect of chain
unsaturation, or the incorporation of branched fatty acids such as the naturally
occurring tuberculostearic acid. Monolayer behaviour is known to be affected
by the presence of double or triple bonds, with less compact films being formed
due to restricted rotation of the acyl chains253,282.

Subtle modifications of the PIM structure can strikingly impact the type of
immune response generated226. For instance, PIM2 (16:16)224,226,341 and PIM2
(18:18)227, two related compounds which only differ in their acyl chain by two
carbons, were found to either stimulate or suppress immune responses,
respectively. However, in the OVA‐induced allergic asthma model utilised in
Chapter Three, both compounds exhibited some suppressive activity. The
adjuvant activity of PIM2 (16:16) could not be verified after incorporation into
liposomes (Chapter Four). This may possibly be attributed to the assay
protocol and the administration of PIMs in a particulate system, although as
shown by the aggregation studies it is likely that PIMs spontaneously form
particles when dispersed in an aqueous media. A study by Parlane et al.226
further modified the PIM2 (16:16) structure by exchanging one ester with an
ether linkage (PIM2ME), introducing an extra lipid chain (AcPIM2) or replacing
the inositol core by a three carbon glycerol unit (PGM2 (16:16)). In a vaccination
model, these modified compounds were shown to be less effective in inducing
immune responses, or even resulted in adverse immune responses226.

It is still not fully understood through which receptors specific biological
effects of PIMs are mediated. Two independent studies reported mycobacterial
PIM2 and PIM6 (M. bovis) as having inflammatory21 and anti‐inflammatory96
activities. In both studies, the PIMs were extracted utilising identical methods90.
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TLR‐2‐agonist activity was proposed as the mechanism for immune activation
by PIM2 and PIM6, which again was found to be independent of the acylation
state21. On the other hand, a study by Doz et al.96 found that PIM2 and PIM6
inhibited activation of primary bone marrow‐derived macrophages and
subsequent release of the cytokines TNF, IL‐12 and IL‐10 in a TLR‐2
independent manner96. This immunosuppressive ability was dependent on
acylation. Interestingly, activity of PIM2 and PIM6 was enhanced in the absence
of TLR‐2 signalling. This difference in activity was ascribed to the removal of
the simultaneous agonist activity. It is likely that PIMs interact with a number
of different receptors. The different signals received by ligation of these
receptors may together determine if immune activation or suppression occurs.
The results of Doz et al.96 suggested that the adjuvant activity of PIMs, may
potentially be weaker than their ability to suppress immune responses. This
presumption is further supported by reports where activation of TLRs,
resulting in production of IL‐12 which further stimulates INF‐γ and TNF‐α, can
be inhibited by C‐type lectin signalling28,66,74.

Inconsistency in the published literature may additionally come from the
source of the compounds being tested and whether they are purified from
extracts or synthetically prepared. The assay used to measure biological
activity must also be considered, including such variables as concentration
(dose of the active), cell line or type of test animal used, timing of treatments
and administration route. The interplay of all these variables makes it difficult
to fully clarify structure‐function relationships. This highlights the need for
further systematic studies such as the one presented here. In the airway model
used

in

this

thesis

(Chapter

Three),

one

i.n.

treatment

with

the

phosphoglycoplid was given 6 days post OVA‐sensitisation. Increasing the
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numbers of treatments, changing the dosages of PIM2 and PGM2 or changing
the timing of treatments might alter therapeutic efficacy.

PIMs were incorporated into liposomes to create a particulate delivery system
whereby the mannose residues would be available for receptor interaction (as
confirmed by the lectin agglutination assay). However, the results in Chapter
Four showed that modified liposomes, containing 2% phosphoglycolipid did
not enhance uptake by and activation of murine BMDC. Moreover, PIMs were
unable to stimulate significant immune responses in mice. Investigation of the
ability of PIMs and analogues in eliciting cell‐mediated immune responses,
measured as production of Th1‐type cytokines224,226,341,343,344, is conflicting. This
possibly correlates with the density and availability of mannose residues for
receptor interactions. With an increased amount of incorporated mannose, the
binding affinity to C‐type lectin receptors may be enhanced. Sprott et al.225
found that incorporation of low concentrations of TPL BCG into liposomes
(10% w/w) generated poor humoral immunity. Whereas increased amounts of
mannosylated lipids (BCG TPL) led to increased antibody production225.

In light of these findings, future studies could investigate the incorporation of
higher molar fractions of PIMs into liposome bilayer. This would potentially
increase density of mannose on the vesicle surface, and may enhance affinity to
C‐type lectin receptors. It has been suggested that the high avidity binding of
ManLAM65,69 and LM92 to MRs is mediated through their numerous mannose
residues (Chapter One, Figure 1‐3). Due to its eight carbohydrate recognition
domains (CRDs), MRs preferentially bind multi‐valent ligands with high
amounts of mannose67. The number of mannosyl residues was also found to
affect interactions of PIMs with TLRs92. The signalling of PIM2 through TLR‐2
was considerably reduced in comparison to LM92. Therefore an alternative
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method for improving the immunological activity of PIMs may be to lengthen
the oligosaccharide chain. The binding affinity to MRs may be enhanced by the
addition of more mannosyl units. Synthetic approaches are currently being
developed to provide modified PIMs, where five mannosyl residues are
attached to the C‐2 and C‐6 of the myo‐inositol core (personal communication,
David Larsen). Furthermore, the higher binding affinity of LM has been
attributed to its distinct mannose chain, typically linear oligosaccharides of 1,6‐
α‐D‐linked

mannopyranoside

bearing

1,2‐α‐D‐mannopyranosides92.

By

mimicking the composition of the mannose residues in LM, the binding affinity
of PIMs to TLRs may be improved. This could further be extended by
evaluating the effect of a branched mannose domain, similar to the arabinan
domain in LAMs. Investigation of these modified compounds could provide
more insight into the effect of the length and dimension of the carbohydrate
structures of PIMs on biological activity (Figure 5‐1).

In addition to TLRs and C‐type lectins, PIMs are known to interact with a
number of other different receptors. The particular requirements for each
receptor interaction and the biological consequences of these interactions still
need to be better elucidated. While the degree of mannosylation may affect the
binding to C‐type lectins and TLRs, the nature of the sugar moiety itself may
promote binding to different receptors. Mycobacterial PIMs are known to be
presented via CD1b and CD1d105‐107 to αβ NK T cells, leading to the production
of INF‐γ107. However, in a comparative study, the synthetic glycolipid α‐
galactosylceramide (α‐GalCer) was shown to be more effective in stimulation
of αβ NK T cells than a mycobacterial PIM4107. α‐GalCer, which was initially
purified from a sea sponge369, comprises an α‐anomeric galactose carbohydrate
and a ceramide lipid unit with a fatty acyl chain and a sphingosine chain of
different lengths370. The α‐anomeric conformation of the sugar moiety is
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essential for binding and the long fatty acids promote higher binding affinity to
the hydrophobic groove of CD1 receptors369,371. Interestingly, α‐mannosyl
ceramide (α‐ManCer) was found to be less effective in stimulating proliferation
of NK T cells369. This was attributed to the altered configuration of the C‐2
hydroxyl group at the sugar moiety, which is axially orientated in the mannose,
rather than equatorially, as it is found in galactosyl residue369.
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Figure 5‐1. General structure of phosphatidylinositol mannosides (PIMs). Possible
structural modifications are described in the left panels. PIMs can have two acyl
residues (R) at the phosphatidyl moiety and can be further acylated, indicated as R’.
Potential carbohydrates could be used to create a new PIM scaffold, e.g. α‐galactose or
α,α‐trehalose.

In consideration of these results, the replacement of mannosyl residues in the
current PIM structure with α‐D‐galactosides, should be evaluated in further
synthetic approaches (Figure 5‐1). The design of a new PIM scaffold, may lead
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to improvements in immunostimulatory activity through recognition by NK T
cells.

Further attention should be given to the carbohydrate α,α‐trehalose, contained
in trehalose‐6,6‐dimycolate (TDM). The mycobacterial glycolipid TDM and
synthetic analogues are strong Th1 adjuvants149,211,372. However, the pathways
by which these compounds induce inflammatory immune responses are not yet
fully understood. Signalling through Mincle, a C‐type lectin receptor, has been
proposed as a potential mode of action373, while other researchers suggested
immunoactivation in a Syk–Card9‐dependent fashion209,220. Binding to Mincle
has been described to be mediated by the symmetric structure of these
molecules (chemical structure of TDM, Chapter Four, Figure 4‐2). Each of the
carbohydrate/fatty acid units in TDM acts as receptor epitope, and upon
binding, every TDM molecule links two Mincle receptors373. This concept may
be of interest as part of future studies and PIM structures may be modified in a
way to mimic the acylated trehalose head groups in TDM (Figure 5‐1).

In addition to the carbohydrate moieties in PIMs, fatty acids are known to have
a crucial impact on receptor recognition and the type of the immune responses
induced. The purified lipopolysaccharide derivative MPL, is a widely known
adjuvant used in combinations with various human vaccines181,182. Its
inflammatory activity is mediated through TLR‐4148,180. A criterion for
immunstimulatory activity of MPL, is the presence of long‐chain fatty acids
attached to the two glucosamine units374 (chemical structure of MPL, Chapter
One, Figure 1‐7). Similarly, PIMs are known to be agonists at TLR‐2 and TLR‐
421,91,96,297. Future work could focus on the inclusion of additional fatty acids into
the PIM structures. Besides the common positions for acylation, indicated as R
and R’ in Figure 5‐1, further potential sides of acylation may be at the hydroxyl
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groups. These modifications could result in enhanced biological activity of PIM
compounds.

Due to the versatility of liposomes, there are various ways to enhance the
immunogenicity of PIMs. As discussed in Chapter One, combinations of
different adjuvants are commonly used to enhance immune responses to
particular antigens, and to ensure the stimulation of humoral and cell‐mediated
immunity. PIMs may be combined with established activatory ligands such as
TLR agonists (MPL, immunostimulatory nucleic acids) or non‐TLR dependent
adjuvants (Quil A), which could provide additional co‐stimulatory signals.
Synergistic effects between the adjuvants may direct the immune response in
order to generate protective immune responses.

However, liposomes may be prone to rapid degradation of the lipid bilayer by
plasma proteins and enzymes depending on their bilayer composition. This
results in the loss of the incorporated active agents196,198. Subsequent work could
also evaluate alternative approaches for the co‐delivery of PIM adjuvants and
antigens

to

targeted

cells.

Promising

results

were

obtained

when

immunostimulatory deoxynucleotides (ODNs) were chemically conjugated to
antigens375. These conjugate vaccine formulations elicited high levels of
antibodies, a cytokine profile typical for Th1‐type immune responses as well as
cytotoxic T cells. In a similar way, enhanced immunogenic efficacy may be
achieved when PIMs are covalently attached to the appropriate antigens.

In conclusion, the work conducted in this thesis has provided insight into how
physiochemical properties of various PIM2 molecules and analogues can be
affected by structural modifications. Their behaviour in pure, as well as binary
systems, was described in aqueous environments. However, only minor effects
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of these changes on immunomodulatory activities were determined, and no
correlations between these characteristics and bioactivity could be established.
Future work needs to be conducted to gain a better understanding of the role of
PIMs as immunomodulating agents, in particular focussing on the specific
mechanisms by which these immunological activities are mediated. Strategies
need to be established to improve the inflammatory and anti‐inflammatory
activities of PIM2 and PGM2 molecules, by structural modifications and/or
through the addition of further immunomodulatory signals.
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7.1

Appendices
Appendix A

Solutions used in this thesis

Formulation and physicochemical characterisation
10 mM Hydroxyethyl piperazineethanesulfonic acid (HEPES) buffer
Hydroxyethyl piperazineethanesulfonic acid

0.24 g

Milli‐Q water to

100 mL

Adjust pH to 7.5
10 mM HEPES buffer containing 1 mM CaCl2 and MnCl2
(A) Prepare stock solution in Milli‐Q water
Calcium chloride dihydrate

1.47 g

Manganese chloride tetrahydrate

1.98 g

Milli‐Q water to

100 mL

(B) Dilute stock solution 1:100 in 10 mM HEPES buffer
Phosphate Buffered Saline (PBS) containing 5% (w/v) Triton‐X 100
Triton‐X 100

5.0 g

PBS

100 mL

Adjust pH to 7.5
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Preparation of fluorescently‐labelled model antigen (FITC‐OVA)
220 mM Carbonate buffer
Sodium carbonate (Na2CO3)

2.65 g

Sodium hydrogen carbonate (NaHCO3)

2.1 g

Milli‐Q water to

100 mL

Adjust pH to 9.5

Cell culture work
Alseviers Solution
Dextrose (D‐Glucose)

20.5 g

Sodium chloride (NaCl)

4.2 g

Sodium citrate (Na3C6H5O7)

8.0 g

Milli‐Q water to

1000 mL

Lysis Buffer
(A) 0.16 M Ammonium chloride (NH4Cl) solution
Ammonium chloride

8.29 g

Milli‐Q water to

1000 mL

Adjust pH to 7.4
(B) 0.17 M Tris hydrochloride (Tris‐HCl) solution
Tris‐HCl

20.6 g

Milli‐Q water to

1000 mL

Adjust pH to 7.65
Mix 9 parts of solution A with 1 part of solution B, filter sterilise through a 0.22
μm filter prior to use.
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Fluorescence‐activated cell sorting (FACS) buffer
Sodium azide (NaN3)

0.1 g

Bovine serum albumin (BSA)

10.0 g

PBS (pH 7.5) to

1000 mL

Complete Iscoveʹs Modified Dulbeccoʹs Medium (cIMDM)
Penicillin/Streptomycin solution

10.0 mL

2‐mercaptoethanol

1.0 mL

Foetal calf serum (FCS)

50.0 mL

Glutamax

10.0 mL

IMDM to

1000 mL

Ovalbumin enzyme‐linked immunosorbent assays (OVA ELISAs)
0.1 M Carbonate‐bicarbonate buffer (coating buffer)
Sodium carbonate (Na2CO3)

0.318 g

Sodium hydrogen carbonate (NaHCO3)

0.586 g

Milli‐Q water to

200 mL

Adjust pH to 9.6
(This buffer was also for coating of plates for in vitro T cell restimulation)
Wash buffer
Tween 20

0.5 mL

PBS to

1000 mL

Adjust pH to 7.4
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Blocking buffer
Bovine serum albumin (BSA)

4.0 g

PBS to

200 mL

Adjust pH to 7.4
Assay buffer
Bovine serum albumin (BSA)

1.0 g

Wash buffer to

200 mL

Adjust pH to 7.4
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7.2

Appendix B

Optimisation of the Langmuir trough technique using a model phospholipid
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Figure B‐1. Effect of lipid concentration on DSPG monolayer formation at the
air/water interface: Lipid stock solutions were prepared at concentrations of 1.0 mg
mL‐1 (‐∙‐), 0.84 mg mL‐1 (1.0 mM) (∙∙∙) and 0.5 mg mL‐1 (‐‐‐). A volume of 50 μL was
spread on sub‐phase. To further investigate the effect of the applied volume, two
additional volumes of DSPG stock solution (0.5 mg mL‐1) were applied on sub‐phase:
40 μL (‐‐‐), 25 μL (‐∙∙). All lipid solutions were prepared in chloroform. Lipid
monolayers were compressed at constant barrier speed (5 cm2 min‐1).
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Figure B‐2. Monolayer compression of DSPG at the air/water interface: Lipid solutions
(0.5 mg mL‐1) were prepared in either chloroform (‐‐‐) or chloroform/methanol (4:1,
v/v) (‐‐‐). In all experiments 25 μL were deposited onto water surface and the
isotherms were recorded at constant compression rate (5 cm2 min‐1). The curves are
each a representative of three independent experiments.
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Figure B‐3. Effect of compression rate on DSPG monolayer formation: DSPG
molecules (0.5 mg mL‐1 in chloroform) were compressed at a barrier speed of 5 cm2
min‐1 (‐‐‐) or 10 cm2 min‐1 (‐‐‐). A volume of 25 μL was applied in all experiments. The
curves are each a representative of three independent measurements.
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Figure B‐4. Monolayer compression of DSPG at the air/liquid interface: A volume of 25
μL of DSPG in chloroform (5 mg mL‐1) was spread onto different sub‐phases. π‐A
isotherms compressed (barrier speed 5 cm2 min‐1) on Milli‐Q water (‐‐‐) or PBS buffer,
pH 7.4 (‐‐‐). The curves are each a representative of three independent measurements.
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Figure B‐5. Reproducibility of DSPG monolayer compression: Lipid films were
compressed at a rate of 5 cm2 min‐1. DSPG was dissolved at 0.5 mg mL‐1 in chloroform
and a volume of 25 μL was added on Milli‐Q water sub‐phase. Each π‐A isotherm is a
representative of a triplicate which was measured in independent experiments.
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Figure B‐6. Effect of head group on monolayer formation: π‐A isotherms of PIM2
(16:16) (‐‐‐) and PGM2 (16:16) (‐‐‐) at the air/water interface. The curves are each a
representative of three independent experiments.
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Appendix C

In vitro liposome immunogenicity ‐ Formulation uptake and DC activation
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Figure C‐1. Viability of BMDC after incubation (37°C for 48 hours) with different
amounts of total lipid of PC PIM2 (16:16) (□), PC PIM2 (18:18) (►), PC PGM2 (0:0) (○),
PC PGM2 (10:10) (▲), PC PGM2 (16:16) (∆), PC PGM2 (18:18) (◄) and PC (■). Cells
were stained with propidium iodide (PI) to exclude dead cell. Data represent mean of
three independent experiments + SD.
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Figure C‐2. Uptake of FITC‐OVA containing liposome formulations by BMDC in vitro.
BMDC were pulsed at 37°C for 48 hours with different amounts of total lipid of PC
PIM2 (16:16) (□), PC PIM2 (18:18) (►), PC PGM2 (0:0) (○), PC PGM2 (10:10) (▲), PC
PGM2 (16:16) (∆), PC PGM2 (18:18) (◄) and PC (■). Results are expressed as fold
increase of CD11c‐positive cells incubated with liposomes over CD11c‐positive cells
pulsed with media (background). The data shows representative results for (A)
experiment 2 and (B) experiment 3.
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Figure C‐3. Expression of BMDC surface activation marker CD80 following in vitro
incubation with various formulations at 37°C for 48 hours. (A) BMDC were incubated
with FITC‐OVA containing liposome formulations (250 μg mL‐1 total lipid). (B) BMDC
were pulsed with FITC‐OVA containing liposome formulations (250 μg mL‐1 total
lipid) + MPL (10 ng mL‐1) and MPL (10 ng mL‐1). Results are expressed as fold increase
of CD11c‐positive cells incubated with various formulations over CD11c‐positive cells
pulsed with media (background). Data represent mean of three independent
experiments + SD.
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Figure C‐4. Expression of BMDC surface activation marker MHC class II following in
vitro incubation with various formulations at 37°C for 48 hours. (A) BMDC were
incubated with FITC‐OVA containing liposome formulations (250 μg mL‐1 total lipid).
(B) BMDC were pulsed with FITC‐OVA containing liposome formulations (250 μg mL‐
1 total lipid) + MPL (10 ng mL‐1) and MPL (10 ng mL‐1). Results are expressed as fold
increase of CD11c‐positive cells incubated with various formulations over CD11c‐
positive cells pulsed with media (background). Data represent mean of three
independent experiments + SD.
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Figure C‐5. OVA‐specific expansion of Vα2Vβ5 T cells. (A) Percent and (B) total
number of CD4+ Vα2Vβ5 T cells in spleens. Spleens were pooled within each
vaccination group. Graphs depict mean + SE from n=3 mice per group from three
independent experiments.

253

A

6

% V2V5+

4

2

(1
0:
10
PG
)
M
2
(1
PC
6:
16
PG
)
M
2
(1
8:
18
)

PC

Al
um

PC

Al
um

PC

(0
:0
)

PG
M
2

PC

PG
M
2

(1
8:
18
)

PI
M
2

(1
0:
10
PG
)
M
2
(1
PC
6:
16
PG
)
M
2
(1
8:
18
)

B

PC

PC

PC

PI
M
2

(1
6:
16
)

0

2.5

Total V2V5+ (106)

2.0

1.5

1.0

0.5

PC

(0
:0
)

PG
M
2

PC

PG
M
2

(1
8:
18
)
PC

PI
M
2
PC

PC

PI
M
2

(1
6:
16
)

0.0

Figure C‐6. OVA‐specific expansion of Vα2Vβ5 T cells. (A) Percent and (B) total
number of CD8+ Vα2Vβ5 T cells in spleens. Spleens were pooled within each
vaccination group. Graphs depict mean + SE from n=3 mice per group from three
independent experiments.
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Figure C‐7. Production of IFN‐γ by T‐cells isolated from spleen samples of each study
group. Spleens were pooled within each vaccination group. Titres of cytokine
responses were determined after in vitro restimulation with OVA (black bars) or
medium (white bars, negative control). Bars depict mean + SE from n=3 mice per
group from three independent experiments.
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