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The supramolecular structure is decisive for the
immunostimulatory properties of synthetic analogues
of a mycobacterial lipid in vitro†

Birte Martin-Bertelsen,‡a Karen Smith Korsholm,‡b Fabrice Rose,a Pernille Nordly,ab

Henrik Franzyk,c Peter Andersen,b Else Marie Agger,b Dennis Christensen,b

Anan Yaghmura and Camilla Foged*a

Identification of new vaccine adjuvants with immunopotentiating properties commonly involves in vitro

evaluations of candidate compounds for their ability to stimulate cells of the immune system.

Subsequent elaborate experiments are then performed on only the positive candidates. Here we show

how this strategy may miss good candidates due to context-dependent supramolecular characteristics of

the candidate compounds, since both a specific molecular structure and the correct presentation of

specific parts of the compounds are required for successful stimulation of the cells. Nevertheless, the

supramolecular structure is rarely evaluated although changes in this structure may have a drastic

impact on the presentation of the compounds to the cells. Synthetic analogues of the mycobacterial cell

wall lipid monomycoloyl glycerol (MMG) possess immunopotentiating properties, but their biophysical

characteristics are largely unresolved and the structural features determining their immunoactivating

properties have been poorly explored. In the present study, we demonstrate that the

immunostimulatory activity in vitro correlates with the supramolecular characteristics of the self-

assembled MMG nanostructures. Thus, a series of MMG analogues displaying different stereochemistry

in the hydrophobic moiety and the polar headgroup were designed and synthesized with different alkyl

chain lengths. Stimulation of human monocyte-derived dendritic cells in vitro was clearly dependent on

the stereochemistry of the hydrophobic part and on the alkyl chain length but not on the

stereochemistry of the hydrophilic glycerol moiety. Small-angle X-ray scattering (SAXS) analysis showed

that the immunoactivating analogues self-assembled into lamellar phases whereas the biologically inert

analogues adopted inverse hexagonal phases. Langmuir monolayers confirmed that analogues with

opposite lipid acid configurations displayed different packing modes. These data demonstrate that the

biophysical properties and the lipid molecular structure are major determinants for the ability of the

MMG analogues to activate antigen-presenting cells. Our findings emphasize the importance of

investigating the biophysical and structural properties when assessing the effect of adjuvants in vitro.
1 Introduction

Vaccination has been successfully used as an effective means of
preventing infectious diseases and reducing disease burden,
but efficient vaccines are still not available for certain infectious
lth and Medical Sciences, University of
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Chemistry 2013
diseases such as AIDS, malaria and tuberculosis (TB). A prom-
ising strategy is the subunit vaccine technology, which is based
on well-dened and highly puried antigenic components of
the pathogen combined with immunopotentiating compounds
that enhance and control the nature of the immune response.
These immunopotentiating compounds, termed adjuvants,
oen resemble pathogen-associated molecular patterns
(PAMPs) and they can activate the immune system by interact-
ing with pattern-recognition receptors (PRRs) on antigen-pre-
senting cells (APCs). Adjuvants are thus oen initially evaluated
and characterized by their ability to stimulate APCs in vitro.
Examples of adjuvants are monophosphoryl lipid A (MPL),
which has been shown to stimulate the cells through binding to
Toll-like receptor 41 and trehalose dibehenate (TDB) and
trehalose dimycolate (TDM), which signal through the C-type
lectin receptor (CLR) Mincle.2,3
RSC Adv., 2013, 3, 20673–20683 | 20673
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Both a specic structure and the correct presentation of
specic parts of the immunopotentiating compounds are
required for the interaction with the PRRs and the subsequent
activation of the APCs. However, the biophysical behavior of the
self-assembled nanostructures formed by the surfactant-like
compounds under the fully hydrated in vitro conditions is rarely
evaluated, although changes in the structure may inuence the
presentation of the compounds to the APCs. The reason for this
is most likely that the use of advanced biophysical techniques is
required for the structural characterization, which in practice
necessitates interdisciplinary collaborations.

The lipid monomycoloyl glycerol (MMG) has been identied
in vitro as the most immunopotentiating compound among a
number of different lipids isolated from the mycobacterial cell
wall.4 The natural occurring form of MMG is too toxic for
human use but some well-tolerated synthetic analogues have
been shown to possess immunopotentiating properties similar
to the natural compound.4 The analogue MMG-1 described by
Nordly et al. is based on a simple C32 lipid acid with a stereo-
chemistry corresponding to an alternative (A) conguration of
the corynomycolic acid compared to the natural MMG
compound (Fig. 1). The synthetic isomeric analogue MMG-6,
which is shown in Fig. 1 as a comparison, is an example of an
analogue conguration with a stereochemistry corresponding
to the native (N) conguration of the corynomycolic acid. MMG-
1 consists of a glycerol headgroup linked via an ester bond to a
hydrophobic lipid acid displaying two saturated alkyl chains
(C14 and C15, respectively). Upon incorporation of this neutral,
double-tailed, surfactant-like lipid into liposomes based on the
quaternary ammonium salt dimethyldioctadecylammonium
(DDA) bromide, the otherwise unstable cationic DDA liposomes
are stabilized, most likely due to an improved hydration of the
MMG-1 headgroups protruding into the lipid–water interfacial
Fig. 1 Comparison of the two possible relative configurations of MMG
analogues, exemplified by MMG-1 (alternative configuration) andMMG-6 (native
configuration). The alternative compounds display (2R,3S) and (2S,3R) configu-
rations in a 1 : 1 ratio in the lipid acid moieties while the native compounds
contain lipid acid moieties displaying (2R,3R) and (2S,3S) configurations. The
depicted alkyl chain length is C14/C15.

20674 | RSC Adv., 2013, 3, 20673–20683
space.5 In addition, DDA/MMG-1 liposomes have been shown to
induce a strong cell-mediated immune response characterized
by antibody production andmixed T-helper responses with high
secretion levels of the effector cytokines interferon g (IFN-g) and
interleukin 17 (IL-17) in mice. Such characteristics are attractive
for the development of vaccines against e.g. TB. In vivo studies
with MMG derivatives also indicate that different structural
analogues may possess diverse immunopotentiating properties
upon incorporation into the bilayer of cationic liposomes.6

In the present study, the effect of systematically varying the
headgroup stereochemistry and the length of the hydrophobic
alkyl chains of MMG on the immunopotentiating properties
was examined by stimulating human monocyte-derived
dendritic cells (DCs) in vitro. Small-angle X-ray scattering (SAXS)
was subsequently used to identify the nanostructures formed
under similar fully hydrated conditions, and the biophysical
properties of the formed lipid monolayers were evaluated by
using the Langmuir technique. These biophysical characteris-
tics were nally correlated to the immunostimulatory activities
of the different structural MMG analogues.

2 Materials and methods
Materials

The used chemicals and reagents were obtained commercially
at analytical grade.

Synthesis of MMG analogues

Several different MMG analogues with varying stereochemistry
and lipid chain lengths were synthesized (Table 1). The
analogues were synthesized as described previously.5 The
identity of the resulting compounds was conrmed by NMR (see
ESI† data for details of NMR data).

Differentiation of human monocyte-derived DCs

Cryopreserved peripheral blood mononuclear cells (PBMCs)
puried from buffy coats from anonymous human blood
donors by Ficoll-Hypaque density gradient centrifugation were
thawed rapidly at 37 �C in a water bath and washed twice in
complete RPMI medium [RPMI 1640 supplemented with 2 mM
sodium pyruvate, 1% (v/v) non-essential amino acids, 10 mM
HEPES, 100 U mL�1 penicillin and 100 mg mL�1 streptomycin
Table 1 Overview of the designed MMG analoguesa

Name
Headgroup
stereochemistry

Stereochemistry
of lipid acid moieties

Chain
lengths

MMG-1 (A) 20R (2R,3S)/(2S,3R) C14/C15

MMG-2 (A) 20R (2R,3S)/(2S,3R) C16/C17

MMG-3 (A) 20R (2R,3S)/(2S,3R) C10/C11

MMG-4 (A) 20R (2R,3S)/(2S,3R) C6/C7

MMG-5 (A) 20S (2R,3S)/(2S,3R) C14/C15

MMG-6 (N) 20R (2R,3R)/(2S,3S) C14/C15

MMG-7 (N) 20S (2R,3R)/(2S,3S) C14/C15

a A: alternative racemic corynomycolic acid conguration. N: native
racemic corynomycolic acid conguration.

This journal is ª The Royal Society of Chemistry 2013
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(Invitrogen, Taastrup, Denmark) with 10% (v/v) heat-inactivated
fetal bovine serum (FBS superior, standardized, VWR, Leices-
tershire, England)]. Monocytes were subsequently enriched by
negative selection by using the EasySep Human Monocyte
Enrichment kit (Stemcell Technologies, Grenoble, France)
according to the manufacturer's instructions. Aer purication,
the cells were washed and seeded into tissue culture-treated
Nunclon 6-well plates (NUNC) at a density of 2 � 106 cells per
well in 4 mL complete RPMI with 10% FBS supplemented with
100 ng mL�1 recombinant human IL-4 and 200 ng mL�1

recombinant human GM-CSF (granulocyte macrophage-colony
stimulating factor) (Peprotech, Stockholm, Sweden). The cells
were incubated at 37 �C in a 5% CO2–95% atmospheric air
incubator. Aer 7 days, the cells had differentiated into
immature DCs.

In vitro stimulation of DCs with MMG analogues

For stimulation of DCs, the series of MMG analogues was coated
onto tissue culture plates in concentrations ranging from 0.3–219
mg mL�1 in 3-fold serial dilutions. The MMG analogues were
dissolved in and diluted to the desired concentrations with ultra-
pure isopropanol (Sigma-Aldrich). An amount of 20 mL per well of
the dissolved MMG analogues was transferred into at-bottomed
Nunclon 96-well culture plates (NUNC). The plates were le
without lids overnight in a laminar ow bench at room temper-
ature to allow for the complete evaporation of isopropanol. For
stimulation, 2 � 105 DCs in 200 mL complete RPMI/FBS were
transferred into each well of the lipid-coated plates. As a positive
control, 100 ngmL�1 LPS was added to the cells in the absence of
MMG, and as a negative control, the cells were added to empty or
isopropanol-treated wells. The cells were stimulated at 37 �C in a
5% CO2–95% atmospheric air incubator. The supernatants were
harvested aer 18–22 h and kept at �20 �C until cytokine anal-
ysis. The stimulated cells were immediately transferred into
V-bottomed 96-well plates for viability assessment.

Cytokine analysis and assessment of cell viability

The release of interleukin 6 (IL-6), interleukin 8 (IL-8), and
tumor necrosis factor a (TNF-a) by the stimulated DCs was
assessed by ELISA using the OptEIa human IL-6, IL-8 or TNF-a
sets according to the manufacturer's instructions (BD Phar-
mingen, San Diego, California). Due to the high donor-to-donor
variation, the data were normalized according to the maximal
response of each individual donor. The cytotoxicity was
assessed by staining the cells with the Green Viability dye
(GrVid) (Invitrogen/Molecular probes) for 30 min in the dark at
4 �C. The cells were washed and subsequently analyzed by using
a FACSCanto ow cytometer (BD Biosciences). The GrVid dye
penetrates dead and apoptotic cells and these can thus be
visualized in the FITC channel. The fraction of dead cells was
calculated as the ratio between FITC+ and FITC� cells.

Preparation of fully hydrated samples for SAXS analysis

The samples were prepared by using a thin-lmmethod. Briey,
weighed amounts of MMG analogues were dissolved in CHCl3–
MeOH (9 : 1, v/v). The solutions were dried under a gentle
This journal is ª The Royal Society of Chemistry 2013
stream of N2 for at least 1 h and subsequently evaporated under
vacuum resulting in the formation of a thin lipid lm. The dry
lipid lm was hydrated by adding Tris buffer (10 mM, pH 7.4)
and carrying out at least ve freeze–thaw cycles between liquid
nitrogen and room temperature and then homogenizing several
times during the thawing steps by vigorous vortexing and
heating at 60 �C. The nal lipid concentration was 100 mgmL�1

and the samples were incubated at room temperature for 7 to 10
days before performing the SAXS measurements.

Preparation of MMG samples hydrated in cell culture medium
for SAXS analysis

The samples were prepared by using the thin-lm method as
described above with the following modication: the dry lipid
lms were hydrated with complete RPMI medium containing
10% (v/v) FBS by gentle vortexing immediately before perform-
ing the SAXS experiments. The nal lipid concentration in the
samples was kept constant (100 mg mL�1).

SAXS measurements and data analysis

The X-ray measurements were performed at the beamline I911-4
(MAX II storage ring, MAX-lab synchrotron facility, Lund
University, Sweden) at an operating electron energy of 1.5 GeV
by using a 49-period, 3.5 T multipole wiggler producing a high-
ux photon beam with a wavelength of 0.91 Å. The scattering
patterns were recorded with a 2D image plate detector (165 mm
MarCCD, MarResearch, Norderstedt, Germany). The camera
was kept under vacuum during the data collection to minimize
the background scattering. The samples were measured in
custom-built sample holders and thermostated with a circu-
lating water bath (Julabo, Seelbach, Germany). The two-
dimensional scattering data were azimuthally averaged,
normalized by the incident radiation intensity and the sample
exposure time, and corrected for background and detector
inhomogeneities by using the soware BioXTAS RAW.7 The
radially averaged intensity I is given as a function of the scat-
tering vector q (q¼ 4 sin q/l, where l is the wavelength and 2q is
the scattering angle). The detector covered the q-range of
interest from about 0.01 to 0.65 Å�1. The synthetic analogue
MMG-7 was measured at the beamline I711 (MAX II storage
ring) at a wavelength of 1.201 Å and a slightly different q-range.
Silver behenate [H3C(CH2)20COOAg] with a d-spacing value of
58.38 Å was used as a standard to calibrate the angular scale.8

The reection laws for the La and the H2 phases were applied to
index the mesophases and calculate the corresponding unit
lattice parameters.9 The mean lattice parameters were deduced
from the structure parameters calculated from each single
reection and presented with a sample standard deviation (SD).

Langmuir monolayers

Surfactant monolayers were formed at room temperature by
spreading a total amount of 27.7 nmol MMG analogues dis-
solved in CHCl3 onto an aqueous subphase consisting of 10 mM
Tris buffer (pH ¼ 7.4) in a KSV Minitrough 1 (KSV Instruments
Ltd, Helsinki, Finland) with a surface area of 243 cm2 by using a
Hamilton microsyringe. The compression of the monolayers
RSC Adv., 2013, 3, 20673–20683 | 20675
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was initiated 10 min aer spreading the lipids to allow the
organic solvent to evaporate. The monolayers were compressed
with a barrier speed of 10 mm min�1, and the surface pressure
was measured by using a Wilhelmy platinum plate (KSV
Instruments Ltd). Each sample (n ¼ 3) was compressed once in
three independent experiments (n ¼ 3). The KSV soware (KSV
Instruments Ltd) was used for data analysis.
Statistics

Statistically signicant differences were assessed by an analysis
of variance (ANOVA) at a 0.05 signicance level, followed by the
Tukey's post-test. For the immunological data, differences were
tested by two-way ANOVA followed by the Bonferroni post-test.
Levels of statistical signicance are indicated in the relevant
gure legends.
3 Results and discussion
Synthesis of MMG analogues

A unique series of systematically varied novel MMG analogues
(MMG-1 to MMG-7, Table 1) were prepared by using a modi-
cation5 of a previously reported pathway.4,10 The MMG
analogues based on racemic synthetic corynomycolic acid
analogues displaying an alternative (A) conguration consist of
a 1 : 1 mixture of two diastereomers with (2R,3S,20R) and
(2S,3R,20R) congurations (i.e. MMG-1, MMG-2, MMG-3 and
MMG-4) or (2R,3S,20S) and (2S,3R,20S) congurations (MMG-5).
The diastereomers could be distinguished by NMR due tominor
differences in the chemical shis of the signals corresponding
to the atoms (both H and C) of the polar glycerol headgroups
and of the adjacent part of the hydrophobic lipid acid moiety.5

Similarly, the MMG analogues based on the native (N) racemic
corynomycolic acid are mixtures of diastereomers with
(2R,3R,20R) and (2S,3S,20R) congurations (MMG-6) or
(2R,3R,20S) and (2S,3S,20S) congurations (MMG-7). Thus, both
congurations of the headgroup (20R and 20S) were investigated.
In addition, the length of the two hydrophobic alkyl chains was
systematically varied and the series thus comprised MMG
analogues with C6/C7 (MMG-4), C10/C11 (MMG-3), C14/C15

(MMG-1) and C16/C17 alkyl chains (MMG-2).
Fig. 2 The configuration of the lipid acid moiety is the major determinant for the
degree of DC activation and influences cell viability in vitro. (A) Stimulation of
human monocyte-derived DCs showed that MMG analogues with the alternative
configuration of the lipid acid moiety [grey triangles (MMG-1): 20R; black triangles
(MMG-5): 20S] exhibit higher stimulatory activities as compared to those of the
corresponding MMG analogues with a native lipid acid moiety [grey circles
(MMG-6): 20R; black circles (MMG-7): 20S], independently of the glycerol config-
uration. Symbols denote the relative mean TNF-a levels and error bars denote
SEM (n¼ 3). The average background level of unstimulated cells is represented by
the horizontal grey dashed line. Statistically significant differences between
analogues differing in the lipid acid configuration, but not in the glycerol
configuration, are indicated: *p < 0.05, **p < 0.01, and ***p < 0.001. (B) DCs from
one representative donor were stimulated with MMG-1 and MMG-6 as above
and the cytotoxicity was determined after 22 h by flow cytometry. Cytotoxicity is
represented as the fold increase in the percentage of dead cells after MMG
stimulation relative to the unstimulated control (indicated by the horizontal grey
dashed line).
The conguration of the lipid acid moiety affects the ability of
the MMG analogues to activate human DCs in vitro

The degree of immunoactivation in vitro induced by the
analogues was compared in primary cultures of immature
monocyte-derived DCs generated from PBMCs from healthy
human blood donors. It is preferable to use this type of cells
because they are clinically more relevant than human or murine
immune cell lines, despite a high donor-to-donor variation in
their stimulatory sensitivity as a consequence of genetic poly-
morphisms in the human population. For cell stimulations, the
MMG analogues were dissolved in isopropanol and coated onto
tissue culture plates by gentle evaporation of the organic
solvent. The cells were seeded in the coated tissue culture
plates, and the production of the pro-inammatory cytokine
20676 | RSC Adv., 2013, 3, 20673–20683
TNF-a was measured by ELISA aer incubation at 37 �C for 22
hours to estimate the activation status of the cells.

The results show that the conguration of the lipid acid
moiety of the MMG analogues affected their ability to activate
human DCs (Fig. 2A). The TNF-a secretion was signicantly
increased from cells stimulated with the analogues having the
alternative relative conguration of the lipid acid moieties
(MMG-1 and MMG-5), as compared to the analogues with a
native relative lipid acid moiety conguration (MMG-6 and
MMG-7). By contrast, the glycerol headgroup conguration
appeared not to inuence the immunoactivating properties of
the analogues, since no signicant differences were observed
between the 20R and the 20S congurations (MMG-1 as
compared to MMG-5, and MMG-6 as compared to MMG-7). As
expected, a high variation in the absolute TNF-a levels was
observed between the donors (results not shown), and data were
therefore normalized according to the maximal response of
each individual donor.

The apparent inability of the analogues displaying a native
relative lipid acid moiety conguration to activate the DCs led
This journal is ª The Royal Society of Chemistry 2013
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us to investigate if this stereochemistry was associated with an
increase in cytotoxicity compared to the alternative congura-
tion. Thus, we compared the cytotoxic effect of one of the
analogues displaying a native relative conguration (MMG-6)
with that of the corresponding analogue with the alternative
relative conguration of the lipid acid moiety (MMG-1). The
cells were stained with a cell viability dye aer stimulation, and
the percentage of dead cells was determined by ow cytometry.
It was found that MMG-6 inuenced the viability of the DCs to a
much larger extent than MMG-1 at the highest concentrations
tested (Fig. 2B), but even at the concentrations where the
difference was minimal, MMG-6 was unable to activate the DCs
(Fig. 2A). Thus, the optimal combination of high immunosti-
mulatory potential and low cytotoxicity was achieved for the
analogues displaying the alternative conguration of the lipid
acid.
Fig. 3 The lipid chain length of MMG influences the immunostimulatory activity
in vitro. Only MMG analogues with a lipid chain length of C14/C15 (MMG-1, grey
triangles) and C16/C17 (MMG-2, black triangles) were able to induce the
production of the pro-inflammatory cytokines IL-6 (top), IL-8 (middle) and TNF-a
(bottom) in immature DCs derived from blood monocytes of healthy human
blood donors, whereas the shorter analogues with a lipid chain length of C10/C11

(MMG-3, black circles) and C6/C7 (MMG-4, grey circles) showed almost no activity.
The results are normalized to the maximal response of each donor, and symbols
denote the mean +/� SEM (n ¼ 4–6). The average background levels are repre-
sented by the horizontal grey dashed lines. Statistically significant differences are
indicated, where both MMG-1 and MMG-2 are statistically significant different
from both MMG-3 and MMG-4: *p < 0.05, **p < 0.01, and ***p < 0.001.
Human DC activation is highly dependent on the MMG alkyl
chain length

Based on the results above, analogues with an alternative lipid
acid conguration and displaying a 20R glycerol ester moiety
were chosen for further studies addressing the effect of the alkyl
chain length of the MMG analogues on their ability to activate
human DCs. For these studies, the proinammatory cytokine
panel measured was extended to include IL-6 and IL-8, and we
consistently found that human DC activation was highly
dependent on the lipid chain length: for the investigated
concentration range, the MMG analogues with longer alkyl
chains, i.e. C14/C15 (MMG-1) and C16/C17 (MMG-2), were able to
signicantly activate the cells, as evident by an enhanced
production of all the investigated proinammatory cytokines,
as compared to the MMG analogues with shorter lipid chains
(MMG-3 and MMG-4), which were less capable of stimulating
the cells (Fig. 3). The lipids with relatively short alkyl chain
lengths induced only cytokine production below the back-
ground level of unstimulated cells.

Since the low activity correlated with reduced viability for
MMG-6, we hypothesized that MMG-3 and MMG-4 could also
affect the viability of the cells in vitro. Therefore, the percentages
of dead cells aer stimulation with MMG-2, MMG-3 andMMG-4
were compared to the percentage of dead cells aer stimulation
with MMG-1. At the highest concentrations studied, the
analogues with relatively short chain lengths were indeed much
more toxic to the cells than analogues with longer chain length
(Fig. 4). This correlated with the observation that the cytokine
response was approaching that of unstimulated cells at the
lowest concentrations of MMG-3 and MMG-4 but was lower
than this background level at higher concentrations (Fig. 3).
Thus, the C14/C15 (MMG-1) and the C16/C17 (MMG-2) analogues
appear to be more immunoactivating, well-tolerated, and hence
better suited as vaccine adjuvants for human use.

Other lipids tested for their potential as vaccine adjuvants in
lipidic formulations also exhibit a clear chain length-dependent
activity. Thus, it has recently been shown that longer lipid alkyl
chains (C20, C22 and C26) of trehalose 6,60-diesters (e.g. the
dibehenate TDB, a synthetic analogue of mycobacterial cord
This journal is ª The Royal Society of Chemistry 2013
factor) are required for the in vitro activation of mouse bone
marrow-derived macrophages, whereas the shorter alkyl chain
analogues (C4, C7, C10 and C16) had no immunostimulatory
effect.11 In addition, optimal responses were obtained with the
C22 analogue, which suggests an upper limit for the length of
the lipid chain. However, the analogues were only tested at one
concentration level, which may not be optimal for all the
different analogues. Furthermore, the cytotoxic effect was not
assessed, and it can therefore not be excluded that the absence
of a response for the analogues with short lipid chains is an
indirect result of cytotoxicity. We found that the MMG
analogues that were least immunoactivating (MMG-3, MMG-4
and MMG-6) were also more toxic than the highly
RSC Adv., 2013, 3, 20673–20683 | 20677
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Fig. 4 MMG analogues with relatively short lipid chains (MMG-3 and MMG-4)
exhibit increased cytotoxicity in vitro. The cytotoxic effect of MMG analogues with
different lipid chain lengths was determined by stimulation of immature DCs
derived from blood monocytes from a representative blood donor for 22 h and
measuring the percentage of dead cells by flow cytometry. Cytotoxicity is repre-
sented as the fold increase in the percentage of dead cells after MMG stimulation
compared to unstimulated control cells.
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immunoactivating analogues (MMG-1 andMMG-2) which could
suggest a behavioral resemblance between these structures. For
another type of lipid adjuvant, LPS, the immunoactivating
property in vitro has been shown to be highly dependent on the
size and conformation of the apolar region and closely related
to their nanostructure in that system.12,13

The nature of the interaction between MMGs and the
components of the plasma membrane is currently unknown,
but the involvement of a receptor-specic recognition is implied
via the activation of downstream cellular signaling pathways
and proinammatory cellular responses. Although MMG is not
a glycolipid, it is relevant to note that certain glycolipids (e.g.
mycobacterial cord factor) exhibit immunoactivating charac-
teristics similar, but not identical, to MMG.10 These glycolipids
have been shown to bind to the CLR Mincle and signal through
the Syk-Card9 pathway leading to upregulation of granulocyte-
colony stimulating factor and IL-62 as well as secretion of TNF-a
and IL-6 by murine macrophages.3 In addition, lysophospholi-
pids have been reported to induce IL-8 and IL-6 secretion from
immature DCs apparently via a G-protein-coupled receptor
signaling through ERK2.14
Fig. 5 SAXS diffraction patterns for fully hydrated MMG analogues at 35 �C
(dashed line) and 40 �C (solid line). The q-ranges on the x-axes of all four graphs
are equal to facilitate comparisons of peak positions. (A) The fully hydrated MMG-
1 analogue. Four reflections corresponding to a neat lamellar (La) phase are
evident. (B) The fully hydrated MMG-6 analogue. The observed five peaks are
compatible with the first characteristic reflections of an inverse hexagonal (H2)
phase. (C) The fully hydrated MMG-7 analogue (a neat H2 phase). This analogue
was measured at a different beamline and q-range. (D) The fully hydratedMMG-3
analogue (a neat H2 phase).
DC-activating MMG analogues adopt La structures, whereas
MMG analogues that exhibit modest activity form H2

structures

Since the in vitro ndings suggested that the nanostructural
characteristics of the MMG analogues might inuence their
ability to activate DCs, SAXS experiments were performed to
improve the understanding of the nanostructural characteris-
tics of the self-assembled phases formed by the surfactant-like
MMG analogues upon exposure to excess buffer or to a biolog-
ically relevant medium. Although the lipid concentrations were
different in the two studies due to differing experimental
requirements, i.e. a low lipid concentration in the in vitro study
due to toxicity issues and a high lipid concentration in the SAXS
study due to a high signal-to-noise-ratio, the lipids studied were
under fully hydrated conditions in both studies. As the fully
hydrated self-assembled structure is independent of the lipid
20678 | RSC Adv., 2013, 3, 20673–20683
concentration, the structures revealed by the SAXS study can be
directly related to the structures presented to the cells in vitro.

The fully hydrated MMG analogues displayed a rich poly-
morphism (Fig. 5) including the formation of lyotropic lamellar
and non-lamellar liquid crystalline phases [i.e. lamellar (La) and
inverse hexagonal (H2) structure, respectively]. The present
study demonstrates that analogues differing in the lipid acid
stereochemistry may reveal pronounced differences in their
This journal is ª The Royal Society of Chemistry 2013
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behavior at the molecular level upon exposure to excess water. A
similar observation was made recently by Jacquemet et al., who
report that the stereochemistry of the central cyclopentane unit
of two synthetic archaeal bipolar lipid analogues has a
remarkable effect on their self-assembled nanostructures.15

To exemplify the drastic impact of the lipid acid stereo-
chemistry of MMG on the fully hydrated nanostructures, Fig. 5
(panels A and B) shows the SAXS diffraction patterns for the
fully hydrated MMG-1 and MMG-6 at biologically relevant
temperatures of 35 �C and 40 �C. The obtained SAXS data for the
fully hydrated MMG-1 analogue indicates the formation of a
neat lamellar (La) phase at the investigated temperatures. At
35 �C, the SAXS pattern shows four characteristic peaks of the La
phase, and the calculated lattice spacing for this phase is
approximately 48 Å (Table 2). A signicant structural change
was observed upon varying the conguration of the lipid acid
moiety, as it was found that the analogue with the native
conguration (MMG-6) displayed a neat inverse hexagonal (H2)
phase in excess buffer within the investigated temperature
range (Fig. 5B). The observed peaks were compatible with the
(1,0), (1,1), (2,0), (2,1) and (3,0) reections characteristic for an
H2 phase. The unit cell parameter of this phase, which corre-
sponds to the distance between adjacent hydrophilic cylindrical
nanochannels embedded in a two-dimensional hydrophobic
continuous matrix, was calculated to be approximately 39.6 Å at
35 �C.

The remarkable inuence of the lipid acid conguration on
the structural characteristics of the investigated fully hydrated
lipid systems is most likely linked to variations in the overall
lipid molecular geometry, which dictates the self-assembling
properties. MMG-1 has a mean molecular area (A) of approxi-
mately 35.3 Å2,5 which is close to the value of 40.0 Å2 derived
from pressure versus area isotherms for closely packed double
alkyl chains.16 Thus MMG-1 presumably adopts a rod-like
molecular structure, and it is therefore characterized by its
tendency to form planar bilayers upon exposure to excess
buffer. The propensity of the fully hydrated MMG-6 to form a
non-lamellar H2 phase may be explained by the different spatial
orientation of the alkyl chains induced by the altered stereo-
chemistry in the lipid acid moiety that affects the overall
Table 2 Structure parameters for the lamellar (La) and the inverse hexagonal
(H2) phases derived from SAXS investigations of fully hydrated MMG analogue-
based systems

Analogue
Temperature
(�C) Phase

Mean
a � SD (Å)

MMG-1 35 La 47.7 � 0.6 (n ¼ 4)
40 La 47.4 � 0.5

MMG-3 35 H2 34.95 � 0.09 (n ¼ 4)
40 H2 34.76 � 0.01

MMG-5 35 La 47.6 � 0.7 (n ¼ 3)
40 La 47.5 � 0.5

MMG-6 35 H2 39.62 � 0.02 (n ¼ 5)
40 H2 39.35 � 0.02

MMG-7 35 H2 39.68 � 0.02 (n ¼ 3)
40 H2 39.40 � 0.01

This journal is ª The Royal Society of Chemistry 2013
molecular shape. It is plausible that the hydrophobic alkyl tails
of this double-chained lipid are not closely packed in the liquid
crystalline phase but rather adopt a wedge-shaped molecular
structure that results in the formation of a non-lamellar phase.
The drastic impact of the amphiphilic molecular shape of
natural and synthetic surfactant-like lipids on the self-assem-
bling properties upon exposure to water is well-known and has
been demonstrated in various studies.17–19

The study of MMG analogues differing in the stereochem-
istry of the glycerol moiety but with similar length of the
hydrophobic tails revealed no signicant difference in the self-
assembled structures. As an example, Fig. 5B and C show the
SAXS scattering patterns obtained for the fully hydrated MMG-6
and MMG-7. Clearly for both fully hydrated analogues, the
observed peaks in their SAXS scattering patterns are virtually
identical and indicate the formation of a neat H2 nanostructure.
Similar SAXS investigations were performed on other analogues
including MMG-5, and the obtained data showed no signicant
effect of changing the glycerol stereochemistry (the structural
parameters for MMG-5 are presented in Table 2). These results
suggest that variation in the polar headgroup conguration
does not signicantly affect the water-headgroup (the hydration
level) or the headgroup–headgroup interactions in excess water,
and therefore very similar structures are obtained. These results
are different from previous investigations on the inuence of
headgroup conguration on synthetic glycolipid–water binary
systems.16 In these cases it was found that the stereochemistry
of the oligosaccharide headgroups affects the structural prop-
erties of the fully hydrated glycolipids. In addition, the prop-
erties of different glycolipids are inuenced by the nature of the
anomeric linkage (i.e. a- versus b-anomers) as well as by the
chirality of the asymmetrical glycerol moieties.20–22

Various reports show that the hydration-induced nano-
structures of self-assembled systems upon exposure to excess
water are modulated by the contribution of both the polar
headgroup and the hydrophobic tails (the lipid molecular
structure).17,19–21,23–26 We therefore investigated whether the
observed link between DC activation and lamellar phase
formation would also apply to the MMG analogues with shorter
alkyl chains, which were poor activators of DCs, and in addition
were more toxic to the cells. Hence, SAXS experiments were
performed to characterize the nanostructure of the fully
hydrated MMG-3 system displaying shorter alkyl chains of C10/
C11. The obtained SAXS data at 35 �C indicate that the fully
hydrated structure is a neat inverse hexagonal (H2) phase
(Fig. 5D). The lattice parameter of the hexagonal phase was
calculated to be approximately 35 Å (Table 2). As discussed
above, double-chained surfactant-like lipids, displaying rela-
tively long alkyl chains, may adopt a rod-like molecular shape
due to the tightly packed tails favored by strong hydrophobic
interactions. Therefore, they tend to form lamellar phases in
excess buffer, whereas lipids with shorter alkyl chains such as
MMG-3, most likely adopt a wedge-shaped amphiphilic molec-
ular structure (resulting in less densely packed alkyl chains),
although their mean molecular area is close to 40 Å. This
explains the tendency of the fully hydrated MMG-3 system to
form the non-lamellar phase H2. The SAXS characterization of
RSC Adv., 2013, 3, 20673–20683 | 20679
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the fully hydrated MMG-4 analogue was excluded from the
present investigation due to the low-viscous oily nature of this
system at room temperature, but it is most likely prone to form
a micellar solution coexisting with excess buffer. The fully
hydrated MMG-2 exhibited a temperature-dependent complex
behavior (results not shown), and further studies are therefore
essential for ensuring a complete characterization of its self-
assembled nanostructure.

To enable a direct comparison of the SAXS study to the in
vitro studies, a SAXS study was also performed on the MMG
analogues hydrated in cell culture medium containing 10% (v/v)
serum. The obtained data showed no detectable effect of
changing the aqueous buffer to serum-containing medium
(results not shown). This implies that the presence of other
solutes and serum proteins in the cell culture medium under
the applied experimental conditions has no signicant impact
on the self-assembled nanostructures. Thus the nanostructures
characterized by SAXS are most likely directly comparable to the
nanostructures present in the in vitro immunological studies.
Fig. 6 Pressure/area isotherms of Langmuir monolayers of MMG analogues on
Tris buffer subphases. The total lipid concentrations of the different monolayers
are identical in all experiments. The curves represent averages of three experi-
ments. (A): Effect of stereochemistry of the lipid acid moiety and the glycerol
headgroup. MMG-1 (solid), MMG-5 (dash), MMG-6 (dot), MMG-7 (dash-dot). (B):
Effect of chain length. MMG-1 (solid), MMG-2 (dash), MMG-3 (dot), MMG-4
(dash-dot).
The lipid chain length and stereochemistry affect the packing
of MMG monolayers at the air–water interface

The Langmuir technique was employed to understand the effect
of the stereochemistry of the polar headgroup and the lipid acid
moiety, as well as the inuence of alkyl chain length on the
spatial orientation of the alkyl chains, the overall molecular
shape, and the packing ability of the MMG analogues. Although
the lipid monolayer is not directly comparable to the three-
dimensional structures present in the in vitro and the SAXS
studies, the Langmuir technique can be utilized to acquire a
more in-depth understanding of the interactions at the molec-
ular level. Furthermore, SAXS measurements at 25 �C on the
analogues MMG-1, MMG-3, MMG-5, MMG-6 and MMG-7
revealed that the structure of these analogues is unchanged
between 25 �C and 40 �C and can thus be directly related to the
Langmuir observations.

Langmuir monolayers of MMG analogues at the air–water
interface were compressed while monitoring the surface pres-
sure by using a Wilhelmy plate (Fig. 6). The values for the
surface pressure (P) and the mean molecular area (A) at the
monolayer collapse and at the phase transition from the liquid-
expanded to the liquid-condensed phase are listed in Table 3.
The phase transitions and the collapse points were estimated
from the compression modulus (CS

�1) versus P dependency,
where CS

�1 is dened as:27

CS
�1 ¼ �A

dP

dA
:

A characteristic minimum for the CS
�1 versus P dependency

for the monolayer reects the phase transition from the liquid-
expanded to the liquid-condensed states of the monolayer,
whereas the surface pressure at (dP/dA) ¼ 0 identies the
monolayer collapse.

Monolayers of MMG-1 showed a phase transition from the
liquid-expanded state to the liquid-condensed state at a surface
20680 | RSC Adv., 2013, 3, 20673–20683
pressure of 14.7 mNm�1 with a mean molecular area of 61.4 Å2,
and they collapsed at a surface pressure of 53.4 mN m�1 with a
mean molecular area of 35.3 Å2 (Fig. 6 and Table 3) as reported
previously.5

Lipid monolayers consisting of MMG analogues differing in
the stereochemistry of the lipid acid moiety as well as in the
glycerol headgroup were compared (Fig. 6A). The stereochem-
istry around the hydrocarbon chains (native versus alternative
conguration) accounted for the pronounced differences seen
between the P–A isotherms of the monolayers of MMG-1 and
MMG-5 (alternative conguration) and theP–A isotherms of the
analogues with a native conguration (MMG-6 and MMG-7,
Fig. 6A). In particular, the mean molecular area of the MMG
analogues at the liquid-expanded to liquid-condensed phase
transition was affected by the lipid acid stereochemistry
(Table 3): a statistically signicant decrease in the mean
molecular area was observed at the liquid-expanded to liquid-
condensed phase transition from about 61–64 Å2 for analogues
with the alternative conguration (MMG-1 and MMG-5) to
about 50–52 Å2 for analogues with the native conguration
(MMG-6 and MMG-7). In addition, the surface pressure
was signicantly increased at the phase transition from about
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Surface pressures (P) and mean molecular areas (A) at the phase transition and at the collapse point for Langmuir monolayers of MMG analoguesa

MMG analogue
Collapse point
P (mN m�1) A (Å2)

Phase transition
P (mN m�1) A (Å2)

MMG-1 53.4 � 0.5 35.3 � 1.3 14.7 � 0.4 61.4 � 1.7
MMG-2 57.7 � 0.2*** 31.4 � 0.5* b b

MMG-3 45.5 � 0.2*** 39.2 � 1.9* b b

MMG-4 b b b b

MMG-5 54.5 � 1.4 33.5 � 1.3 12.3 � 0.3*** 64.2 � 2.1
MMG-6 52.7 � 0.4 31.6 � 0.4* 26.8 � 0.2*** 51.9 � 0.1***
MMG-7 53.1 � 0.5 30.2 � 0.3** 27.0 � 0.2*** 50.3 � 0.9***

a Results denote mean� SD (n¼ 3). Results signicantly different fromMMG-1 are indicated: *p < 0.05, **p < 0.01 and ***p < 0.001. b No detectable
phase transition or collapse point.
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12–15 mN m�1 for the analogues with the alternative congu-
ration (MMG-1 and MMG-5) to about 27 mN m�1 for the
analogues with the native conguration (MMG-6 and MMG-7).
These ndings are in accordance with other studies indicating
that the stereochemistry of glycolipids affects both the surface
pressure and the packing of lipid monolayers, especially around
the phase transition.28,29 Most likely, this difference in the
monolayer behavior is due to altered interactions between the
lipid alkyl chains resulting in differences in the molecular
packing of the lms. Thus, there seems to be a contracting
effect around the phase transition in monolayers of MMG
analogues with an alternative conguration as compared to
monolayers of analogues with a native conguration. This may
be explained by more favorable hydrophobic interactions
between the hydrocarbon chains of analogues with an alterna-
tive conguration resulting in an overall rod-like molecular
structure, as opposed to the putatively wedge-shaped molecular
structure of the analogues with a native conguration, for which
a higher surface pressure is needed to compress the monolayer
from a liquid-expanded to a liquid-condensed phase. This result
correlates well with the observations that the native analogues
form non-lamellar H2 phases in excess buffer, whereas
analogues with the alternative conguration self-assemble into
lamellar structures, which may more effectively interact with
the APCs.

The stereochemistry did not signicantly affect the surface
pressure at the collapse point, which suggests that the inter-
action between the glycerol headgroups and the water subphase
does not depend on the stereochemistry of the glycerol moiety.
However, it is important to mention that the mean molecular
area was slightly, albeit statistically signicant, decreased for
analogues with a native lipid acid conguration (MMG-6 and
MMG-7) as compared to those with an alternative conguration
(MMG-1 andMMG-5), as discussed in the previous section. This
shows that the spatial orientation of the lipid tails inuences
the mean molecular area and the packing parameter, as also
demonstrated by the signicant effect of the lipid acid stereo-
chemistry on the structural characteristics of these surfactant-
like lipids under fully hydrated conditions (i.e. the SAXS inves-
tigations). In contrast, the stereochemistry of the glycerol
headgroup did not affect the mechanical properties of the MMG
This journal is ª The Royal Society of Chemistry 2013
monolayers at the air–water interface since the isotherms were
similar for MMG-1 andMMG-5, as well as for MMG-6 andMMG-
7 (Fig. 6A and Table 3).

A clear correlation was furthermore observed between the
lipid chain length and the appearance of the resulting
isotherms: for the longer chain length analogue MMG-2 and the
shorter analogues MMG-3 and MMG-4, no phase changes were
observed (Fig. 6B). The presence of a phase transition has also
previously been demonstrated to be dependent on the length of
the lipid alkyl chains.29 In addition, the surface pressure as well
as the mean molecular area at the collapse point in the present
study was affected by the chain length. Increasing the chain
length resulted in a signicantly decreased mean molecular
area as well as a signicantly increased surface pressure at the
collapse point (cf. the comparison of the behavior of MMG-2
andMMG-3, Fig. 6B and Table 3). This suggests that monolayers
of lipids with longer alkyl chains are able to pack more densely
than monolayers of lipids with shorter alkyl chains, which most
likely is the result of stronger van der Waals attractive forces
between longer alkyl chains. A comparison of two phospho-
lipids with chain lengths of 18 or 16 carbon atoms, respectively,
also suggested amore dense packing of the lipid molecules with
the longest alkyl chains.30 For the shortest analogue (MMG-4),
in addition to the lack of a phase transition, no monolayer
collapse was observed (Fig. 6B), which suggests that this
analogue is not able to form a stable monolayer at the air–water
interface due to its short alkyl chains, but rather exists in the
buffer subphase as most likely an inverted type micellar (L2)
phase. Again there is a neat correlation with the observations
from the SAXS studies suggesting that longer alkyl chain
lengths form lamellar lipid structures, whereas analogues of
shorter alkyl chain lengths self-assemble into non-lamellar H2

structures, resulting in reduced immunostimulation.
Our ndings demonstrate that the interpretation of the

in vitro evaluations of lipid or amphiphilic adjuvant compounds
may be drastically inuenced by variations in their biophysical
properties, which can lead to the formation of nanostructures
that do not present the receptor-interacting part to the APCs or
which increases the cytotoxicity. Thus, our data indicate that
there is a risk of getting false-negative results in these types of
assays because the effect of the immunopotentiator is not only
RSC Adv., 2013, 3, 20673–20683 | 20681
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dependent on the structure of the molecular compound, which
is decisive for the receptor binding, but also on its colligative
properties, which are reected by the supramolecular structure.

4 Conclusions

Our experimental ndings suggest that the stereochemistry of
the lipid acid moiety as well as the length of the hydrophobic
alkyl chains determine the immunostimulating properties of the
MMG analogues in vitro. The highest activation level was
observed for the MMG analogues with an alternative congura-
tion of the lipid acid moiety (corynomycolic acid) displaying
relatively long hydrophobic alkyl chains (C14/C15 and C16/C17). A
favorable balance between immune response and cytotoxicity
was obtained upon exposure to MMG analogues forming self-
assembled nanostructures adopting the lamellar phase, whereas
MMG analogues forming the inverted hexagonal phase activated
DCs to a lower extend and were also more cytotoxic. Although
further studies are required to elucidate whether the observed
differences in the immunostimulating properties of the MMG
analogues are related to differences in the affinity to a putative
cell-associated receptor, it is clear that they correlate with
differences in the supramolecular characteristics of the self-
assembled nanostructures. We have thus demonstrated, that an
interdisciplinary approach of combining structural analysis with
immunological characterisation is important. Our ndings
suggest that the biophysical properties should be considered
when evaluating novel lipid adjuvants in vitro in order to avoid
drawing conclusions based on false-negative results.
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