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Abstract

C-type lectin receptors (CLRs) and Toll-like receptors (TLRs) are proteins expressed on
antigen-presenting cells, involved in pathogen recognition by the host. CLRs and TLRs can act
in synergy by interacting with different microbial ligands thus inducing amplified immune
responses, which may result in the production of pro-inflammatory cytokines to a significantly
higher extent than that resulting from interaction with a single ligand. Given the importance
of the macrophage inducible C-type lectin receptor (Mincle) and the Toll-like receptor 2
(TLR2) in mycobacterial recognition, with Mincle shown to interact with cell-wall glycolipids
and TLR2 interacting with lipoproteins from Mycobacterium tuberculosis, the effects of
Mincle/TLR2 co-stimulation on murine and human dendritic cells was investigated. Dendritic
cells are key players in the induction of innate and adaptive immune responses, and their
activation can result in induction of both pro- and anti-inflammatory cytokines. In the present
study two synthetic compounds were selected, namely trehalose distearate (TDS, a Mincle
ligand) and UPam, a TLR2 ligand, and by using a matrix of concentrations for the two ligands,
identified TDS/UPam combinations which resulted in increased production of pro-
inflammatory, as well as anti-inflammatory cytokines by human monocyte-derived dendritic
cells (moDCs). On the basis of these results, it was investigated whether Mincle/TLR2 co-
stimulation would also affect (positively or negatively) adaptive immune responses by
studying antigen presentation to human monoclonal CD4+ Th1 T cells specific for peptide
epitopes from the mycobacterial Heat shock protein 65. These results showed that, upon
stimulation of moDCs in the presence of cognate antigen, the addition of combinations of TDS
and UPam did not affect (neither increased nor decreased) the level of T cell proliferative
responses compared to single pathogen recognition receptor stimuli.
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Introduction

The immune system is able to detect microbial pathogens through pathogen
recognition receptors (PRRs), proteins expressed by antigen presenting cells
(APCs) such as dendritic cells (DCs) and macrophages, amongst others. It is well
established that different PRRs can be simultaneously engaged by infecting
pathogens, and several groups have investigated synergistic interactions
between different PRRs.1-3

Toll-like receptors (TLRs) recognise a plethora of microbial structures and they are
arguably the most studied PRRs for their effects of co-stimulation on the
induction of inflammatory responses. For example, Napolitani et al. measured the
induction of several pro-inflammatory cytokines in human and murine DCs via
ELISA and RT-PCR, showing that TLR3 and TLR4 activating ligands can act in
synergy with ligands for three other receptors, namely TLR7, TLR8 and TLR9.# On
the other hand, much less is currently known about the interaction of TLRs with
C-type lectin receptors (CLRs), a class of PRRs specialized in detection of microbial
carbohydrates. The investigation of TLRs/CLRs interactivity is of interest, since it
can provideinsights into the interaction of two distinct signalling pathways.56

During mycobacterial infections, host immune cells are exposed to
mycobacterial lipoproteins as well as glycolipids. These pathogen-associated
molecular patterns (PAMPs) can engage the TLR2 and the macrophage inducible
C-type lectin receptor (Mincle), which are expressed on the cell surface of
human and murine antigen presenting cells. TLR2 engagement induces
pro-inflammatory cytokine production via the MyD-88/TIRAP signalling
pathway, while Mincle signals via ITAM/Syk/Card9, and both pathways converge
on NF-«kB activation.”® Interestingly it has been shown that expression of the
Mincle receptor is increased upon TLR2 stimulation. Schick et al. have shown
that glycolipid extracts of C. diphtheriae and of C. ulcerans, as well as the
commercially available TLR2 ligand lipopeptide Pam3CSKs upregulated Mincle
expression by murine bone marrow-derived macrophages (BMMs) in a
TLR2-dependent manner.l® Matsumura et al. proposed that TLR2-induced
production of IL-6 enhanced Mincle expression on IFN-y-producing immature
myeloid cells.!! More information on the cooperation between Mincle and TLR2
was provided by Lee et al. who stimulated murine BMMs with Pam3CSKs+ and
trehalose 6-6’-dimycolate. Using RNA sequencing they compared the changes in
mRNA transcriptional profiles by stimulating BMMs either with the single
ligands or the combination of the two, and concluded that Mincle signalling at the
initial stage of cell activation synergistically modulated the transcription of most
TLR2-regulated genes towards pro-inflammatory anti-mycobacterial responses
(e.g., iNOS, IL-12 and CCL2), at least in mice. They also showed that, at this stage,
type I interferon responses were selectivelyinhibited, while at a later stage,
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continuous Mincle/TLR2 stimulation inhibited the general translational
machinery, possibly leading to inflammation control.!? These results point to a
potential double role of trehalose 6-6’-dimycolate in admixture with TLR2 ligands
in initiation and control of host responses to infection.

Given the key role that DCs play in the induction of innate and adaptive
immune responses, the effect of co-stimulation of human dendritic cells with
well-defined, synthetic TLR2Z and Mincle ligands was here investigated.
Trehalose-6,6’-distearate (TDS) and 1-tetradecylcarbamyl-Cys((RS)-2,3-di-
(palimitoyloxy)propyl)-Ser-Lys-Lys-Lys-Lys-NHz (UPam) were used to investigate
whether this combination can result in synergistic activation of murine and
human dendritic cells (the chemical structures are shown in Figure 1). The ligands
used in the present study were selected because of their known ability to interact
with murine and human Mincle and TLR2, respectively.13-15 Moreover, these
compounds are readily produced via synthetic pathways and can be easily modified
for conjugation to antigens, making them versatile tools for the generation of subunit
vaccines.
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Figure 1 - Visual representation of a dendritic cell and its interaction with UPam and TDS via

TLR2/TLR1 and Mincle, respectively. Key proteins involved in signaling through the two receptors
are shown. Chemical structures of the synthetic adjuvants selected for this study are also presented.
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Three cellular systems were selected to investigate the effects of single vs.
double ligand activation: a D1 murine cell line system, which is a long-term
immature DC cell line from cultured mouse spleen cells;16 human monocyte-
derived dendritic cells (moDCs); and two cloned human T cell lines specific for
mycobacterial Heat shock protein 65.17 Flow cytometry was employed to assess
if double vs. single stimulation would result in increased expression of
activation markers and T cell co-stimulatory molecules on APCs. Analysis of the
level of pro- and anti-inflammatory cytokines released in the cell supernatants
upon stimulation with nine different mixtures of UPam and TDS, was performed
in order to identify potential synergistic combinations of the two ligands.
Antigen-presentation studies using the two T cell clones were also performed to
analyse the influence of selected single vs. double stimulations with UPam and/or
TDS on T cell proliferation.

Results

In vitro results using murine D1 cells system

First, the expression of Mincle on the D1 cell line was verified using a cross species
reactive anti-Mincle antibody (anti-CLEC4E Clone 16E3). As shown in supporting
Figure S1, Mincle is expressed on the cell surface of immature D1 cells. Subsequently,
D1 cells were assessed for their responsiveness to Mincle ligands, following
stimulation with either synthetic TDS or commercial trehalose 6-6’-dibehenate
(TDB). ODN1826, a TLR9 ligand was taken along as positive control. Upon treatment
with these ligands, the cells shifted from an immature DC-like phenotype to mature
DC-like phenotype which resulted in increased expression of CD40 and CD86
activation markers, as determined by flow cytometry (see supporting Figure S1).
Stimulation of D1 cells using TDS and TDB also resulted in production of IL-12p40,
as determined by ELISA (see supporting Figure S2).

In line with previous results,13 UPam stimulation resulted in an increased number of
CD40+CD86* cells and production of IL-12p40 as compared to the unstimulated
control (Figure 2A and 2B). Notably, TDS stimulation induced an even stronger
cellular activation with significantly higher levels of IL-12p40 production as
compared to UPam stimulation. Combinations of UPam/TDS were investigated using
a 3 by 3 concentration matrix, with concentrations ranging from 50 - 10 - 2 uM for
both ligands. As shown in Figure 2C, stimulation of the cells with 10 uM UPam in
combination with TDS (50 - 10 - 2 uM) resulted in increased numbers of CD40+CD86*
cells as compared to stimulation with UPam or TDS alone. However, no increase in
IL-12p40 production was observed (Figure 2D).
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Figure 2 - Effects of UPam/TDS stimulation on D1 DC cells. Bar plots depicting: (A) percentage of
CD40-CD86 double positive D1 cells as measured by flow cytometry; (B) amount of IL-12p40 cytokine
detected in the supernatant as measured by ELISA after 20 hours stimulation with UPam or TDS; (C)
percentage of CD40-CD86 double positive D1 cells as measured by flow cytometry and (D) amount of IL-
12p40 cytokine detected in the supernatant as measured by ELISA after 20 hours stimulation with UPam
and TDS or their combination. Error bars represent mean + SD of two independent experiments as
calculated using GraphPad Prism. Statistical significance with reference to cells exposed to medium +
DMSO was calculated through one-way ANOVA method (****p < 0.0001; ***p < 0.001; **p < 0.01; *p <
0.05). CpG ODN1826 (1 pg/ml) was used as positive control.
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In vitro results using a human moDCs cell system

Immature monocyte-derived dendritic cells (DC) were differentiated as previously
described and analysed for correct differentiation by expression of CD14, CD163,
CD11b, CD1a.1819
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Figure 3 - Box and whiskers plots depicting the expression of selected surface markers from 9
different donors, as measured by flow cytometry. Box plots indicate the median value of the dataset
(n = 9 donors) with error bars from min to max values as calculated using GraphPad Prism. Statistical
significance with reference to cells exposed to medium + DMSO was calculated through one-way ANOVA
method (***p < 0.001; **p < 0.01; *p < 0.05). LPS (100 ng/ml) was used as a positive control.

158



Chapter 5

In order to verify that this human cell model could be used to investigate the
response to the Mincle/TLR2 ligands, immature moDCs were further characterised
for expression of human Mincle and TLR2. As shown in supporting Figure S3, both
receptors were expressed in immature moDCs, and the expression of TLR2 but not
Mincle further increased upon stimulation by UPam and LPS.

Studies conducted with immature moDCs showed that stimulation with a
concentration range of UPam (5 - 1 - 0.2 uM) resulted in cell activation with an
increased expression of CD40 and CD80 T cell co-stimulatory markers and CD83
activation marker. By contrast, stimulation with a concentration range of TDS (20 -
4 - 0.8 uM) resulted only in an increase in CD83 but not CD40 or CD80 expression.

To determine the immunogenic profile of simultaneous Mincle/TLR2 receptor
stimulation, moDCs were stimulated using matrixed combinations of UPam (5 - 1 -
0.2 uM) and TDS (20 - 4 - 0.8 uM). When TDS was added to UPam, only minor changes
were observed for CD83 and CD40 (Figure 3C, 3B). Interestingly, TDS did not
promote CD40 expression, although co-stimulation using UPam and TDS, for the two
lowest concentrations (1 and 0.2 uM) of UPam selected in this study, led to
upregulation of this surface protein to somewhat higher levels than the
corresponding UPam stimulus. In the case of CD80 (Figure 3A), upregulation of this
marker could be observed when the cells were treated with UPam, in a dose
dependent manner. In contrast TDS stimulation, by itself, did not lead to an increase
in CD80 expression. The simultaneous stimulation using TDS and UPam resulted in
increased expression of CD80 as compared to single UPam stimulation only for the
suboptimal 0.2 and 0.8 uM concentrations of UPam and TDS, respectively.

Cell supernatants were analysed by ELISA for the quantification of IL-12p40, IL-10,
IL-6 cytokines and by Luminex for TNF-a, IL-8, IL-13 and GM-CSF. Neither UPam nor
TDS stimulation resulted in detectable IL-1f and GM-CSF production (data not
shown). Interestingly, when moDCs were stimulated using UPam, medium to high
levels of IL-12p40, IL-10, IL-8, IL-6 and TNF-a were released in the cell supernatant
after 20 hours (see Figure 4). Neither of these cytokines could be detected in the
supernatants of TDS-stimulated cells.

Stimulation of DCs using mixtures of TDS 0.8 uM with UPam (5 - 1 - 0.2 uM) resulted
in increased production of IL-6 and TNF-a as compared to stimulation by single
ligand, with statistically significant differences for one defined concentration of
ligands. In the selected concentration window, the release of IL-6 in the cell
supernatants tended to increase, with twice as much IL-6 produced when UPam 1
uM was combined with TDS 0.8 uM as compared to the amount of cytokine induced
by UPam 1 uM alone (see Figure 4). For the same concentrations of ligands, also the
amount of TNF-« increased significantly, doubling the amount released upon UPam
stimulation of DCs. The amount of IL-12p40 and IL-10 increased slightly upon double
ligand activation, although comparison to the single ligand activation did not result
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in a statistically significant change (Figure 4C and 4D). However, the amount of IL-8
slightly decreases upon TLR2/Mincle stimulation as opposed to single TLR2
stimulation in the studied concentration range (see supporting Figure S4).
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Figure 4 - Cytokine production profile of human moDCs stimulated for 20 hours using single
adjuvants or mixtures thereof, as measured by ELISA or milliplex. (A, C, D) Dots shown in the scatter
dot plots represent IL-6, IL-12p40 and IL-10 data from 6 different donors (each dot corresponds to the
mean of duplicate measurements), as measured by ELISA; (B) Dots shown in the scatter dot plots
represent TNF-a data from 8 different donors, as measured by milliplex. Bars indicate mean value + SD.
Statistical significance with reference to cells exposed to medium + DMSO was calculated through one-
way ANOVA method (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05). LPS (100 ng/ml) is used as a

positive control.
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Figure 5 - Estimation plots for cytokines produced by human moDCs using UPam 1 pM or UPam 1
UM in combination with TDS 0.8 pM. Comparison of change in cytokine concentration for depicted
cytokines is visually facilitated connecting with a line the cytokine concentration per each donor after
stimulation with single or double adjuvants. The difference in cytokine concentration of the two selected
conditions per each donor is visualized on the right side of each plot. (A) Dots shown in the scatter dot
plots represent IL-6 data from 6 different donors (each dot corresponds to the mean of duplicate
measurements), as measured by ELISA; (B) Dots shown in the scatter dot plots represent TNF-a data from
8 different donors, as measured by Luminex. Error bars indicate mean value of differences + 95%
confidence interval, as calculated by GraphPad Prism.

For comparison purposes, paired t-test for each relevant pair of conditions was
performed and the resulting estimation plots for the statistically significant
difference are shown in Figure 5. These plots clearly show that dendritic cells from 4
out of 6 donors produced a higher amount of IL-6 when stimulated with the mixture
of ligand as compared to UPam only. In contrast, UPam stimulation on cells from the
remaining 2 donors resulted in very low amounts of this cytokine, and addition of
TDS did not increase production. Additionally, TNF-a production increased for 4 out
of 8 donors for double ligand stimulation as opposed to UPam stimulation (Figure
5B).

In vitro results using human T cell clones

To study the effect of TDS/UPam co-stimulation on antigen-presentation by
monocyte-derived dendritic cells of peptide antigen to T cells, a T cell proliferation
assay was performed. Here several combinations of TDS (0.8 and 4 yM) and UPam
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(0.2, 1 and 5 uM) were selected in the presence of varying amounts of antigen. Two
T cell clones were selected, namely R2F10, a DR2-restricted T cell clone generated
against the peptide p418-427 from Mycobacterium leprae heat shock protein 65, and
Rp15 1-1, a DR3-restricted T cell clone generated against the peptide p3-13 from
Mycobacterium leprae/Mycobacterium tuberculosis heat shock protein 65 matching
the HLA DR type of the moDC donor.

R2F10 p418-427

*
*

=23
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o
*k
* %
* %
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ODN1826

TDS 0.8 uM

Upam 0.2 uM

Upam 4 pM

ODN1826

TDS 0.8 uM

Upam 0.2 upM

Upam 1 uM

Upam 4 pM

UPam 0.2 uM + TDS 0.8 uM

UPam 0.2 uM + TDS 0.8 uM
UPam 1 uM + TDS 0.8 uM

Upam 1 pM
L UPam 5 pyM + TDS 0.8 uM

no additional stim
no additional stim

UPam 1 uM + TDS 0.8 uM
Pam 5 uM + TDS 0.8 uM

+ peptide 0.01 pg/ml + peptide 0.1 pg/ml

Figure 6 - Antigen presentation experiment using moDCs and T cell clones. T cell proliferation for
the R2F10 p418-427 clone (subplot A) and for the Rp15 1-1 p3-13 clone (subplot B) was measured on a
Microbetaplate counter after 18 hours pulsation with [3H]thymidine and it is expressed as counts per
minute (cpm). Values represent mean + SD of triplicate measurements from one experiment as calculated
using GraphPad Prism. Statistical significance with reference to cells exposed to reference peptide was
calculated through one-way ANOVA method (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05). Peptide
(at described concentration) is used as positive control.
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Only UPam at a very narrow single concentration (1 uM) (seen for both T cell clones)
and ODN1826, a TLR9 ligand used as positive control, induced an increase in
proliferation of T cells from the R2F10 clone (see Figure 6). For clone Rp15 1-1 there
was a slight to moderate increase in T cell proliferation by addition of all ligands, but
no synergistic effect was observed, indicating the effect on the antigen presenting
capacity of the treated moDC not to be interfering nor beneficial for T cell antigen
presentation.

Discussion

There is increasing evidence that vaccine adjuvants containing PAMPs not only
function to amplify an immune signal,2 but can also influence and direct the type of
immune response.32! Single-molecule PRR ligands allow for the study of these
immune pathways and represent valuable tools to deepen our understanding of how
the immune system responds to single PAMP molecules. When a pathogen interacts
with cells from the host, several immunostimulatory molecules are present
simultaneously that activate different receptors expressed by antigen-presenting
cells.22 [t has been shown that distinct combinations of pathogenic molecules lead to
very specific responses.> PRRs can cooperate to produce amplified responses, a
phenomenon known as synergistic activation. Many combinations of ligands acting
synergistically have been identified within the TLR family.#23-30 Recently,
combinations of nucleotide-binding oligomerization domain-like receptors, retinoic
acid-inducible gene-I-like receptors, CLRs and TLRs have also been studied.31-3¢ Not
all combinations lead to synergy.3536 Here, the effect of simultaneous TLR2/Mincle
stimulation on murine and human DCs as key players in innate and adaptive immune
responses was studied, because the effect of co-stimulation by ligands for Mincle and
TLR2 on this type of antigen-presenting cells had not been investigated previously.
Synthetic small molecules, namely TDS, a synthetic analogue of mycobacterial cord
factor and an established Mincle ligand, and UPam, a synthetic ligand very similar in
structure to PamsCSKs which is able to activate the TLR1/TLR2 heterodimer?315
were selected for this study. One of the advantages of using small molecules is their
synthetic and commercial potential, in addition to the ease of chemical modification,
which allows for the generation of multiple epitope/adjuvant conjugates, the
insertion of molecular scaffolds to optimise the immune response and/or their facile
incorporation in nanoparticles. Two model cellular systems were used, the murine
D1 DC cell line and human monocyte-derived DCs for the study of potential
Mincle/TLR2 co-stimulation. It was first verified that both cell types expressed
Mincle in their immature state. The D1 DC cells expressed Mincle and they responded
to TDS stimulation by upregulating the expression of CD40 and CD86, and by
producing the pro-inflammatory cytokine IL-12p40. As expected,!3 also UPam
stimulation resulted in upregulation of selected activation markers and production
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of IL-12p40, although to a lower extent than when stimulating these cells with TDS.
No synergy, however, was detected when stimulating the D1 DC cells with the two
ligands. Human DCs, generated by culturing monocytes in the presence of IL-4 and
GM-CSF, were stimulated using a matrix of nine combinations of the two ligands and
the effects of co-stimulation were assessed using flow-cytometry to study the
expression of activation markers and T cell co-stimulatory molecules, and ELISA and
Luminex to detect cytokine-production. Notably, TDS stimulation induced only CD83
upregulation in moDCs and no production of IL-10, IL-6, IL-8, IL-12 nor TNF-a. When
Decout et al. treated human monocyte-derived DCs or peripheral blood monocytes
with TDB, a synthetic compound structurally very similar to TDS, they also observed
that no TNF-a nor IL-6 was detected in the cell supernatants.3” A different study by
Smith et al reported on Brartemicin derivatives, which are synthetic aryl-6,6'-
trehaloses, being able to induce the production of cytokines, including TNF-a and IL-
6, by human peripheral blood monocytes.38 It is possible that the physicochemical
properties of the different trehalose derivatives influence the interaction with Mincle
and the uptake by APCs. This has also been suggested by Kiyotake et al. for
cholesterol in the soluble or crystalline form.3° Additionally, Hunter et al. have
described how different supra-molecular structures of trehalose dimycolate are
responsible for very different activities on human or murine macrophages.*® Further
studies, including structure-activity relationship studies using human Mincle, are
required to fully explain the absence of cytokine production by human moDCs
stimulated with TDS, as observed in our experiments. It is possible that the
interaction to Mincle of the solubilized/suspended ligand differs from the interaction
of the same ligand in a plate-bound form. However, with the overarching goal of
including TDS or analogues in a single molecule vaccine modality containing two
adjuvants, the studies reported in this Chapter required evaluation of the immune-
stimulatory properties of the solubilized/suspended form of this compound.

On the contrary, UPam stimulation, performed as described in the materials and
methods section of this Chapter, induced upregulation of all selected markers and
production of both pro-inflammatory and anti-inflammatory cytokines. These
results are in agreement with published data, where it has been shown that
stimulation of moDCs by UPam induced upregulation of CD83, CD86 and HLA-DR in
addition to production of several chemokines and cytokines, including IL-12, IL-8
and IL-10.14 Interestingly, mixtures of the two ligands, in the assessed concentration
window, induced increased production of TNF-a and IL-6 (up to 2-fold), as compared
to the corresponding amounts released by only UPam stimulation. High inter-donor
variability in terms of extent of the cytokine response to stimuli, with some DCs
producing high amounts of cytokines and others responding with low production,
was observed and this may be related to TLR1 polymorphisms.#1-43 Future studies
should include DNA analysis to detect TLR1 polymorphisms with the aim of selecting
donors who may better respond to UPam treatment.
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Finally, to study the effect of TDS/UPam co-stimulation on antigen-presentation by
monocyte-derived dendritic cells in the presence of peptide antigen, and to exclude
inhibitory effects on T cell activation, a T cell proliferation assay was performed. No
decrease or increase in T cell proliferation was observed upon co-stimulation with
the two PRR ligands, suggesting that the combination of UPam and TDS, in the
selected concentration range, does not improve antigen presentation by dendritic
cells. However, antigen presentation of peptide p418-427 to the R2F10 clone was
strongly enhanced in the presence of single adjuvant UPam (1 uM) and CpG control
as compared to stimulation with peptide alone, and this was the case to a lesser
extent for the p3-13 specific T cell clone. TLR ligands, such as CpG oligonucleotides
and PamsCSKs4, have been shown to enhance T cell activation and proliferation when
combined with anti-CD3 stimulation but this work did not address physiological HLA
class Il dependent antigen-presentation.*4-46

In summary, the present study describes the immune-stimulatory effect of
TLR2/Mincle co-stimulation using synthetic PRR ligands on murine and human
dendritic cells, key players in the induction of T cell immune responses. Experiments
performed using the murine D1 DC cell line, indicated that admixture of TDS and
UPam induced a minor further increase in cell activation as compared to single ligand
stimulation. Detailed quantification of cytokine production by human moDCs,
however, allowed for the identification of only one synergistic/additive combination
of the two synthetic PRR ligands, although minimal or no upregulation was observed
for CD80, CD83 or CD40. Functional ELISA and Luminex assays identified
concentrations of TDS and UPam which induced increased production of TNF-a and
IL-6, as compared to the corresponding amount released following UPam stimulation
alone. Notably, TDS alone failed to induce detectable amounts of any of these
cytokines. Further studies are required to discover which cellular mechanisms may
be responsible for these observations. Taken together, these first results suggest the
potential of co-stimulation of the human TLRZ2 and Mincle receptor for the
enhancement of immune responses typically associated with TLR2 stimulation.
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Materials and methods

Synthesis of ligands

The two synthetic ligands employed in this study were synthesized according to published
procedures.1315 Synthetic compounds were tested using LAL assay to exclude the possibility
of LPS contamination.

Culturing and stimulation of murine D1 cells

The D1 cell linel6 was obtained from the department of Immunohematology and Blood
Transfusion of the Leiden University Medical Centre. The cells were cultured in IMDM medium
(Lonza, Belgium) containing 10% heat inactivated FBS (Sigma, St.Louis, MO, USA), 2 mM
GlutaMAX™ (Gibco, PAA, Linz, Austria), 50 uM B-mercaptoethanol (Sigma, St.Louis, MO, USA)
and 30% supernatant from R1 cells (mouse fibroblast NIH/3T3 cells transfected with mouse
GM-CSF gene), which was collected from confluent cultures and filtered. Cells were harvested
using PBS containing 2 mM EDTA (Sigma, St.Louis, MO, USA), counted and transferred to 96
well-plates (round bottom, Corning Costar TC-Treated Microplates, Corning, NY) at
approximately 50.000 cells/well. Immediately after plating, the cells were stimulated at
described concentrations (see results section) of UPam, trehalose 6-6’-distearate and
combination thereof. Synthetic compounds were dissolved in DMSO (Sigma, St.Louis, MO,
USA) at a concentration of 5 nmol/uL, further diluted and premixed in culture medium.
ODN1826 (1 ug/ml; 5'-TCCATGACGTTCCTGACGTT-3'; InvivoGen, San Diego, CA) and TDB (50
- 10 - 2 uM; Avanti Polar Lipids, Alabama) were used as positive control for cell stimulation.
Supernatants were harvested 20 hours after the addition of stimuli and cells were stained as
described below.

Generation and stimulation of immature human moDCs

Buffy coats of healthy human Blood Bank donors were purchased from Sanquin, Amsterdam,
the Netherlands. CD14+*monocytes were isolated from whole blood using Ficoll-Paque density
gradient followed by purification on autoMACS® Pro Separator instrument using CD14
MicroBeads (MACS, Miltenyi Biotec, Bergisch Gladsbach, Germany). The monocytes were
differentiated to monocyte-derived dendritic cells (moDCs) at a concentration of 106 cells/mL
in RPMI 1640 (Gibco, PAA, Linz, Austria) medium containing 10% FCS (HyClone, GE
Healthcare Life Sciences, Eindhoven, the Netherlands), 2 mM GlutaMAX™ (Gibco, PAA, Linz,
Austria), 100 U/ml penicillin, and 100 pg/ml streptomycin (Life Technologies-Invitrogen), 10
ng/mL GM-CSF (Life Technologies-Invitrogen, Bleiswijk, the Netherlands) and 10 ng/mL IL-4
(Peprotech, Rocky Hill, NJ). On day 3 of culturing, fresh medium (RPMI 1640 + 10% FCS, 2 mM
GlutaMAX™ + 100 U/ml penicillin + 100 pg/ml streptomycin) supplemented with 30 ng/mL
GM-CSF and 30 ng/mL IL-4 was added to the cell culture plates (0.5 mL fresh medium per 1
ml old medium). Cells were differentiated for a total of 5 days at 37°C and in a 5% CO2
atmosphere. Differentiated CD14+ monocytes were harvested, counted and transferred to 96
wells plates (round bottom, Corning Costar TC-Treated Microplates, Corning, NY) at
approximately 50.000 cells/well. The next day, cells were stimulated with described
concentrations (see results section) of UPam, trehalose 6-6’-distearate and combination
thereof. Synthetic compounds were dissolved in DMSO (Sigma, St.Louis, MO, USA) at a
concentration of 5 nmol/uL, further diluted and premixed in RPMI 1640 medium containing
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10% FCS, 2 mM GlutaMAX™, 100 U/ml penicillin, and 100 pg/ml streptomycin. LPS
(InvivoGen, San Diego, United States) (100 ng/ml) was used as positive control for stimulated
cells. Supernatants were harvested 20 hours after the addition of stimuli and cells were
stained as described below.

Cytokine detection

The concentration of cytokines in culture supernatants was measured by ELISA according to
the manufacturer’s instructions. Mouse IL-12/IL-23 (p40), human IL-12/IL-23 (p40) and
human IL-10 ELISA kits were purchased from Biolegend (ELISA MAX™ Standard Set; London,
UK). Human IL-6 ELISA kit was purchased from Invitrogen (Thermo Fisher scientific,
Merelbeke, Belgium). Microlon high binding 96 well plates (Greiner Bio-One International,
Alphen a/d Rijn, The Netherlands) were used for the assays. Sample absorbance was
measured using a Spectramax i3x (Molecular Devices, CA, USA) spectrometer. All samples
were tested in duplicate. The concentration of TNF-a was determined using a MILLIPLEX MAP
Human TH17 Magnetic Bead Panel (Merck, Darmstadt, Germany) according to manufacturer’s
protocol and also contained reagents for the quantification of IL-6, [FN-y and GM-CSF. Milliplex
data were measured using a Bio-Plex 200 system and analysed using Bio-Plex Manager
software v6.2 (Bio-rad, Belgium).

Flow cytometric analysis of D1 cells

After 20 h stimulation, murine D1 cells were incubated for 30 minutes at 4 °C with the
following dye-labelled antibodies: PE anti-mouse CD40 clone 3/23 (Biolegend, London, UK)
and FITC anti-mouse CD86 clone B7-2 (eBioscience, San Diego, CA). Alternatively, cells were
stained with Alexa-Fluor 647 anti-CLEC4E (clone 16E3; Novus Biologicals, Littleton, CO).
Samples containing the stained cells were characterized on a BD FACSLyric™ flow cytometer
and analysed using Flow]o v10 software (Treestar Inc).

Flow cytometric analysis of human moDCs

For quality check of the cells prior to stimulation, immature moDCs were stained for 30
minutes at 4°C with the following dye-labelled antibodies: Alexa Fluor 647 anti-human CD1a
clone HI149 (Biolegend, London, UK), BB515 Mouse Anti-Human CD11b clone ICRF44 (BD
Biosciences, San Diego, CA), PE anti-human CD163 Antibody clone GHI/61 (Biolegend,
London, UK), Brilliant Violet 510 anti-human CD14 Antibody clone 63D3 (Biolegend, London,
UK). Human moDCs were incubated for 10 minutes at room temperature with 5% human
serum (Sigma, St.Louis, MO, USA) in PBS to prevent nonspecific binding of dye-labelled
antibodies. Subsequently, cells were stained for 30 minutes at 4°C with the following dye-
labelled antibodies: CD40 - APC (clone 5C3), CD80 - APC-R700 (clone L307.4), CD83 - PE (clone
HB15¢e); all antibodies were purchased from BD Biosciences (San Diego, CA). Alternatively,
cells were stained with Alexa-Fluor 488 mouse anti-human CD282 (clone 11G7; BD
Pharmingen, San Diego, CA) and Alexa-Fluor 647 anti-CLEC4E (clone 16E3; Novus Biologicals,
Littleton, CO). All samples were characterized on a BD FACSLyric™ flow cytometer and
analysed using Flow]o v10 software (Treestar Inc).

T cell proliferation

Thawed T cell clones, R2F10 (DR2 restricted, specific for p418-427 of hsp65 Mlep) and Rp15
1-1 (DR3 restricted, specific for p3-13 of hsp65 Mlep/Mtb), were cultured in triplicate in 96-
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wells round-bottom plates (10.000 cells/well) together with HLA-DR-matched monocyte-
derived dendritic cells (2500 cells/well) and cognate peptide (0.0001, 0.001, 0.01, 0.1, 1 and
10 pug/ml) in combination with TDS (0.8 and 4 uM) and/or UPam (0.2, 1, 5 uM) at 37°C, 5%
COz in IMDM (Gibco, PAA, Linz, Austria) supplemented with GlutaMAX™ (Gibco, PAA, Linz,
Austria) and 10% pooled human serum. After 72 hours, cells were pulsed for an additional 18
hours with [3H]thymidine (0.5 uCi/well; Thermo Fisher scientific, Merelbeke, Belgium),
harvested with a TomTec cell harvester, and counted on a Microbetaplate counter (Wallac
Turku).
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Supporting figures:
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S1 Figure - Expression of surface proteins on D1 DC cells, as measured by flow cytometry. (A) Mincle
expression. From front to back: in red unstained cells; in blue unstimulated stained cells. (B) CD40
expression and (C) CD86 expression. From front to back: in red unstained cells; in blue unstimulated
stained cells; in green cells stimulated with TDS (50 uM); in purple cells stimulated with TDB (50 uM); in
grey cells stimulated with CpG ODN1826 (1 pg/ml).
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S2 Figure - Quantification of IL-12p40 produced by D1 DC cells, as measured by ELISA. Bar plot
showing the amount of IL-12p40 cytokine detected in the supernatant of D1 DC cells as measured by ELISA
after 20 hours stimulation with TDS and TDB. Error bars represent mean + SD of two independent
experiments as calculated using GraphPad Prism. Statistical significance with reference to cells exposed
to reference peptide was calculated through one-way ANOVA method (****p < 0.0001; ***p < 0.001; **p <
0.01; *p < 0.05). CpG ODN1826 (1 png/ml) is used as positive control.
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S$3 Figure - Human moDC expression of pattern recognition receptors, as measured by flow
cytometry. (A) Mincle expression; (B) TLR2 expression. Representative data from one human donor are
shown. LPS is used as positive control. From front to back: in red unstained cells; in blue unstimulated
stained cells; in orange cells stimulated with UPam (5 puM); in light green cells stimulated with TDS (20
uM); in dark green cells stimulated with LPS (100 ng/ml). (A) Median fluorescence intensity of Mincle
receptor; (B) Median fluorescence intensity of TLR2 receptor. Bar plots represent mean value + SD (n =2
donors) as calculated using GraphPad Prism. Statistical significance with reference to unstained cells
exposed to medium + DMSO was calculated through one-way ANOVA method (***p < 0.001; **p < 0.01; *p
< 0.05). LPS (100 ng/ml) was used as a positive control.
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S4 Figure - IL-8 production profile of human moDCs stimulated for 20 hours using single adjuvants
or mixtures thereof, as measured by milliplex. Dots shown in the scatter dot plots represent IL-8 data
from 6 different donors, as measured by milliplex. Bars indicate mean value + SD.
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