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Chapter 4

Abstract

Despite the availability of the Bacillus Calmette-Guérin vaccine for the prevention of
tuberculosis (TB), Mycobacterium tuberculosis (Mtb) remains one of the deadliest pathogens
in the world. Novel vaccination strategies are required, and synthetic chemistry provides
excellent tools to develop highly pure, homogenous and economical vaccines. Antigenic
peptide epitopes are the smallest fragments in protein antigens recognized by immune cells.
However, they are often poorly immunogenic by themselves. To overcome their poor
immunogenicity, peptides can be formulated with adjuvants, or covalently linked to
immunostimulatory molecules. Here, a panel of three synthetic peptide-conjugates was
generated, with each containing a TLR2 ligand covalently attached to one of three antigenic
peptides (p57 from the Mtb Rv1733c protein, p31 and p75 from the Mth Rv2034 protein).
These synthetic conjugates induced strong innate immune responses in vitro using human
antigen-presenting cells. Most importantly, it is reported that one conjugate was more
immunogenic in vivo when compared to the unconjugated admixture of peptide and TLR2
ligand. After subcutaneous vaccination in mice, the synthetic conjugate induced Th17 cellular
responses and co-expression of multiple antigen-specific IgG subclasses. Furthermore, the
conjugate was effective in reducing the bacterial load in the spleen of humanized, HLA-DR3
transgenic mice that had been intranasally infected with Mtb bacilli. These results suggest a
promising role for molecularly defined TLR2 ligand-peptide conjugates as novel TB vaccine
modalities, and provide additional support to the role of synthetic chemistry in aiding the
development of highly pure and versatile vaccines.
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Introduction

Tuberculosis (TB) is one of the top ten causes of death worldwide and is caused by
aerosol infection with Mycobacterium tuberculosis (Mtb).! Novel improved
vaccination strategies replacing or complementing current Bacillus Calmette-Guérin
(BCG) vaccinations, are required to reduce the TB burden.?z According to the latest
epidemiological studies reported by the World Health Organization, the most
affected populations are those in developing countries, with the majority of infection
cases in India (26%), Indonesia (8.5%), China (8.4%), the Philippines (6.0%),
Pakistan (5.7%) and Nigeria (4.4%).! The development of an efficacious and
inexpensive vaccine against Mtb would accelerate the global efforts to halt the spread
of this disease to vulnerable populations.

Fully synthetic compounds, with their economical, versatile and robust
manufacturing processes, represent a promising resource which can find application
in the field of vaccine development, as illustrated by the fast de novo design and
production of SARS-COV2 synthetic vaccines.>* The rational design of such modern
synthetic vaccines relies on the identification of suitable antigens to induce selective
immunity towards a specific pathogen.> Proteins and peptides are the most common
antigenic units that are recognized by antigen-presenting cells (APCs) and that are
subsequently presented to B and T cells, key players for the development of humoral
and cellular immunity.¢

Usually, such antigens by themselves are poorly immunogenic when injected, and
generally only induce weak immune responses if employed as a single entity. The
combination of antigenic proteins or peptides with immune-stimulatory molecules,
called adjuvants, is a proven successful strategy to circumvent the issue of poor
immunogenicity.”8 Synthetic long peptides (SLPs) have been successfully employed
to design therapeutic vaccines against the Human Papillomavirus.®

Recently, synthetic conjugates containing antigen(s) covalently attached to the
adjuvant(s) of choice in the form of a single molecular construct, have been studied
and shown to induce efficient antitumor immunity.101t This Chapter reports on the
application of a similar simple approach for the discovery of synthetic vaccines
against TB. The novel molecular constructs employed in these studies were designed
to include a toll-like receptor 2 (TLR2) ligand which would act as adjuvant, and one
of three different synthetic long peptides (SLPs) as Mtb antigens. These conjugates
were evaluated to determine the robustness of the conjugation strategy and the
effect of conjugation on the biological outcome (see Figure 1 for a schematic
overview of the study design).

TLR2 is a pattern recognition receptor (PRR) mainly expressed on the cell surface of
antigen-presenting cells, such as dendritic cells and macrophages, and it is known to
interact with bacterial lipoproteins. Upon agonist engagement with TLR2, a
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TIRAP/MyD88 activation pathway is initiated which results in transcription of
several inflammatory genes.1? This receptor is often expressed as a heterodimer in
combination with TLR1 or TLR6.13

Synthetic vaccines comprising TLR2 ligands have been shown to induce strong
immune responses. In 2014, PamsCysSKs, a TLR2/TLR1 ligand, was covalently
attached to melanoma or lymphoma tumor derived epitopes and shown to promote
CD4+and CD8*T cell responses, which correlated with in vivo anti-tumor activity.14
In 2016, the same research group employed UPam (also known as Amplivant), also
a TLR2/TLR1 ligand, in the form of a synthetic conjugate to stimulate human
monocyte-derived dendritic cells and specifically activate cancer patient-derived T
cells.t> Most importantly, pulmonary immunization of C57BL/6 mice using the
TLR2/TLR6 ligand Lipokel (a derivative of PamzCys linked to the Ni2*-chelating
entity 3NTA) conjugated to Mtb-derived proteins was shown to provide protection
after low dose Mtb challenge (100 CFU), while inducing IFN-y* T lymphocytes and
IgG antibodies.16

Given its enhanced immune-stimulatory ability as compared to the more popular
PamsCysSKs adjuvant, UPam was chosen for the construction of the conjugates
described in the present chapter.l” This compound can be easily conjugated to SLPs
using a synthetic strategy that involves exclusively the use of solid phase synthesis,
which is a common methodology employed for the generation of SLPs. Compared to
the more classical wet chemistry methods, solid phase synthesis offers several
advantages, including simplicity and speed (since all reactions are carried out in a
single reaction vessel), efficiency and cost-effectiveness (since it can easily be
automated and the large losses normally encountered during isolation and
purification of intermediates are reduced).!8

The chosen Mtb-derived SLPs used for conjugation to UPam are HLA-DR3 binding
peptide sequences, with HLA-DR3 being a major class Il allele that is present in about
20% of the human population.1® The selected peptides were shown to be presented
to HLA-DR3 restricted T cells in humans or in transgenic mice.20-23 They belong to
either the Rv1733c or Rv2034 proteins, expressed during latent and inflammatory
pulmonary infection, respectively. These two proteins were both shown to be
strongly recognized by T cells from mycobacteria-exposed individuals.2425 The in
vivo vaccine potential of Rv1733c- and Rv2034-derived synthetic long peptides,
administered subcutaneously to HLA-DR3/Ab® mice in admixture with a toll-like
receptor 9 (TLR9) agonist, has been previously shown.21.22

In the present study, three conjugates containing UPam covalently linked to the p57
peptide (Rv1733c a.a. 57-84), p31 peptide (Rv2034 a.a. 31-60) and the p75 peptide
(Rv2034 a.a. 75-105) were synthesized. It was demonstrated that these synthetic
compounds induced strong immune responses in vitro using human antigen-
presenting cells. Most importantly, the vaccine potential of the p57-UPam conjugate
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was revealed in a preliminary study following challenge of HLA-DR3 transgenic mice
with live Mtb, which resulted in a significant reduction of the bacterial load in the
spleen of vaccinated mice. This finding correlated with the induction of a Th17
cellular response and strong antibody titers in vivo.

Synthetic conjugates containing covalently attached to
adjuvant antigen
N HQOK 4 conjugate-induced in vivo responses
lrs; SKKKK .w
\/\/\/\/\/\/\/\"ﬁ Z
9

PPN NN NN N
in vivo

peptide p57 (Rv1733c - a.a. 57-84)

........ = peplide p31 (Rv2034 - a.a. 31-60)
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in vitro

ﬂf antigen-specific antibodies
IL-10, IL-12 1
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Figure 1 - Visual representation of synthetic conjugates generated and key immunological assays
performed. Three conjugates were synthesized using in-line solid phase peptide synthesis, containing a
TLR2 ligand (UPam) and one of three peptides contained in either Rv1733c or Rv2034 Mtb-derived
protein. The three conjugates were assayed for their ability to activate human antigen-presenting cells
(monocyte-derived dendritic cells and macrophages type 1 and 2) in vitro. One selected conjugate was
further studied for its ability to induce humoral and cellular responses in vivo, and was shown to
significantly reduce the bacterial load in the spleen of immunized mice that were live Mtb challenged.

Results

Synthesis of peptides and conjugates

The peptides were synthesized using standard Fmoc automated solid-phase
synthesis. The use of pseudoproline derivatives for the generation of the p57 and p75
peptides was chosen to minimize aggregation during the stepwise assembly of these
two hydrophobic peptides. The resulting yields after HPLC purification (12.1 and
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14.1% for the p57 and p75 peptides, respectively) were comparable to that
calculated for the water-soluble p31 peptide (12.0%). Synthesis of the peptide-UPam
conjugates was performed according to an inline solid-phase synthetic protocol. In
summary, the peptide was generated by Fmoc automated solid-phase synthesis and,
without cleavage from the resin, it was immediately elongated with a known cysteine
derivative (see materials and methods section) in the presence of oxyma pure and
DIC. Subsequent washing and Fmoc-removal steps were followed by treatment with
tetradecyl isocyanate to complete synthesis of UPam moiety. The conjugate was then
cleaved from the resin and simultaneously deprotected. The p57, p31 and p75 UPam
conjugates were obtained with overall yields of 3.3, 7.3 and 2.8%, respectively, after
HPLC purification.

Dynamic light scattering measurements

The peptides have different physicochemical properties, including a different net
charge at pH 7 and different water solubility. As determined using dynamic light
scattering (DLS), the p57 peptide forms nanoparticles with hydrodynamic diameter
of 170 nm and very low polydispersity index (PDI), peptide p31 forms nanoparticles
with hydrodynamic diameter of 238 nm and intermediate PDI, peptide p75 forms
bigger nanoparticles with hydrodynamic diameter of 986 nm and very high PDI.

Table 1 - Dynamic light scattering measurements for peptides in deionized water (20 uM):

net charge at pH 7* particle size (nm) PDI derived countrate
(kcps)
pept. p57 2.3 170 0.062 4658
pept. p31 3.1 238 0.200 52%*
pept. p75 -1 986 0.402 705

*calculated using Pepcalc.com prediction software

**The good water solubility of peptide p31, as predicted using Pepcalc.com, may be responsible for the
low derived count rate calculated using the zetasizer software v7.13 (Malvern Panalytical).

In vitro evaluation using TLRZ ligand-peptide conjugates

The commercially available HEK-293-hTLR2 and HEK-null cell lines were used to
probe binding of p57-UPam, p31-UPam and p75-UPam conjugates. The HEK-293-
hTLR2 cell line is a reporter cell line transfected to over-express human TLR2
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protein, while the HEK-null cell line is the not-transfected negative control cell line.*
HEK-293-hTLR2 cells were stimulated with ligands able to engage the TLR2 receptor
and responses determined by measuring the release of IL-8 in the cell supernatant
by ELISA. The free UPam adjuvant was used as a positive control, and a reference
dose-response curve using this compound was generated. After 20 hours of
stimulation of HEK-293-hTLR2 cells all three synthetic conjugated peptides induced
production of IL-8 in a concentration dependent manner, as shown in Figure 2. The
p31-UPam conjugate induced response that closely paralleled the physiological
response to free UPam adjuvant. The responses induced by the p57-UPam and p75-
UPam conjugates were lower than that of UPam, but significantly higher than the
background. The absence of any detectable amount of IL-8 in the cell supernatant of
HEK-null cells stimulated with UPam or conjugates (data not shown) confirmed that
the responses were strictly TLR2 dependent.

HEK-293 hTLR-2

8
—+— UPam --@- p57-UPam conj. —— medium —o— pept. p31
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Figure 2 - Amount of IL-8 released by HEK-293 hTLR2 cells as a measure of TLR2 activation. HEK-
293 cells expressing human TLR2 were stimulated with soluble UPam adjuvant, free peptides or UPam-
conjugated peptides for 20h. HEK-293 null cells, not transfected with human TLR2, were used as negative
control cell line and stimulated according to the same protocol as HEK-293 hTLR2 cells. NF-kB activation
was determined by measuring secreted IL-8 in the cell supernatants by ELISA. Dots represent mean + SEM
of duplicates from two independent experiments. Curves were interpolated using a non-linear regression
model with 4 parameters as calculated using GraphPad Prism software.

1 Both cell lines express TLR1, a receptor which can form heterodimers with TLR2.
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To further evaluate the TLR2 ligand-peptide conjugates, monocytes were isolated
from healthy human donors, differentiated into dendritic cells (GM-CSF/IL-4),
macrophages type 1 (GM-CSF) or macrophages type 2 (M-CSF). As quality control,
their archetypical cell surface marker phenotypes were characterized by CD1a,
CD14, CD11b and CD163 expression.2627 These antigen-presenting cells were then
stimulated for 24 hours using synthetic conjugates, free peptides or free UPam
adjuvant. Lipopolysaccharide (LPS) was used as positive control. Cells were assayed
for the expression of activation markers, T cell co-stimulatory molecules and MHC-II
molecules using flowcytometry. Furthermore, cell supernatants were analyzed via
ELISA to determine the level of IL-12p40 and IL-10 cytokines.

The three conjugates, the UPam adjuvant and the LPS control were able to activate
both dendritic cells and macrophages. The median fluorescence intensity (MFI), as
obtained from flow cytometry measurements, displayed in Figure 3 for one selected
cell surface marker per cell type, exemplifies the extent of cellular activation
(histograms for CD80, CD83, CD86 and MHC-II are shown in the supporting Figures
S1, S2 and S3). Free UPam and all conjugates induced upregulation of CD86 on the
cell surface of monocyte-derived dendritic cells (moDCs) and upregulation of CD80
on macrophages in a dose dependent manner, while corresponding free peptides
neither promoted activation nor enhanced the expression of these markers.

Cell activation induced by UPam and synthetic conjugates was confirmed by analysis
of cytokine levels in the supernatant of tested antigen-presenting cells (see Figure
4). In this analysis, it was observed that the p57-UPam and p75-UPam conjugate
stimulated dendritic cells to release higher amounts of IL-12p40 (with mean values
of 47 and 27 ng/ml respectively) and IL-10 (with mean values of approximately 1.1
ng/ml for both) at their highest experimental concentration (20 puM), when
compared to the p31-UPam conjugate (mean values of 1.5 ng/ml IL-12p40 and 0.1
ng/ml IL-10). Cell viability was measured by flow cytometry, and no difference was
observed between the p31-UPam conjugate and UPam. Nevertheless, a higher
amount of cytokines was detected in the case of cell stimulation using the
intermediate concentration of the p31-UPam conjugate as compared to the 20 uM
concentration. As expected, the unconjugated peptides did not induce cytokine
production.

Stimulation of macrophages type 1 with the UPam adjuvant or the conjugates
resulted in production of only IL-12p40, as expected, with mean values ranging from
0.3 to 2.1 ng/ml, while stimulation of macrophages type 2 as expected resulted in
production of only IL-10, with mean values ranging from 0.5 to 3.0 ng/ml.
Stimulation with unconjugated peptides did not induce any detectable amount of
tested cytokines.
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Figure 3 - Expression of selected activation markers by APCs stimulated with UPam conjugates and
controls. Human monocyte-derived DCs, M1 and M2 cells were stimulated with soluble UPam adjuvant,
free peptides or UPam-conjugated peptides for 24h. Expression levels of activation and T cell co-
stimulatory markers were measured by flow cytometry. Bar plots represent the mean value + SD (n = 3
donors) of the median fluorescence intensity (MFI) of selected surface markers, as calculated using
GraphPad Prism. LPS was used as a positive control. (A) MFI of the CD86 activation marker on human
dendritic cells; (B) MFI of the CD80 co-stimulatory marker on human macrophages type 1; (C) MFI of the
CD80 co-stimulatory marker on human macrophages type 2.
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Figure 4 - Cytokine production profile of human monocyte-derived APCs stimulated for 24 hours
with single adjuvant, free peptides or UPam-conjugated peptides thereof as measured by ELISA.
LPS (20 ng/ml) was used as a positive control. Bar graph indicate the amount of IL-10 and IL-12p40
detected in the supernatant of macrophages and dendritic cells. No IL-10 was detected in the cell
supernatant of macrophages type 1, and no IL-12p40 was detected in the cell supernatant of macrophages
type 2 (data not shown). Error bars represent mean + SD of duplicates from three donors as calculated
using GraphPad Prism.

To study unwarranted possible inhibitory effects of conjugation on antigen-
presentation by human antigen presenting cells, on PBMC’s or GM-CSF/IL-4
differentiated monocyte-derived dendritic cells, T cell assays were performed,
measuring activation through proliferation by [3H]-thymidine incorporation.
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Figure 5 - Antigen-presentation to T cells. The experiment was performed by co-culturing T cells with
HLA class Il matched moDCs or PBMCs in the presence of the Rv2034 peptide p75 or p75-UPam conjugate.
The T cell clone used in this study is specific for the Rv2034 p75 peptide, Rv2034 p31 peptide was used
as a negative control. T cell proliferation was measured after 96 hour peptide stimulation using
[3H]thymidine incorporation and is expressed as counts per minute (cpm). Values represent mean + SD of
triplicate measurements from a representative experiment, as calculated using GraphPad Prism.

The HLA-DR3 restricted CD4* T cell clone specific for the Mtbh antigen Rv2034
(peptide 81-100), was cocultured with antigen-presenting cells in the presence of
free p75 peptide or UPam-conjugated p75 peptide. Additionally, the p31 peptide
originating from the same Rv2034 protein and its UPam conjugate were included in
the assay as negative controls (Figure 5).

The p75-UPam conjugate induced a dose-dependent T cell proliferation when
presented to the CD4+ T cell clone by HLA-DR matched APCs, as shown in Figure 5.
Stimulation with p75-UPam conjugate showed comparable T cell proliferation levels
as from p75 peptide stimulation for both PBMCs and DCs as antigen-presenting cells.

In vivo evaluation using TLR2 ligand-peptide

An HLA-DR3 transgenic mouse model, genetically lacking expression of murine MHC
class II (I-A) molecules (HLA-DR3/Ab®) has been previously used for in vivo
induction of HLA-DR3 restricted Rv1733c derived p57 peptide specific T cell
responses using subcutaneous (s.c.) SLP vaccination.2228 Here, this model was used
to evaluate the in vivo immunogenicity of the p57-UPam conjugate compared to an
equimolar mixture of unconjugated p57 peptide and UPam adjuvant. Intracellular
[FN-y, TNF-a and IL-17 production by CD4+ CD44* T cells was measured by flow-
cytometry after in vitro stimulation of splenocytes with either the p57 peptide
antigen or with the original recombinant Mtb Rv1733c protein. The expression of
CD44 was used as a marker of T cell activation. After antigen encounter, T cells
rapidly up-regulate CD44 and its expression is also maintained in memory T cells.2?
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Figure 6 - Intracellular cytokine production by splenic T cells. Intracellular IL-17, TNF-a and IFN-y
production by CD4+CD44* T cells was measured via flow-cytometry after in vitro stimulation of
splenocytes with either peptide p57 (5 pg/ml) or Rv1733c recombinant protein (5 pg/ml). Mice (n=6)
were injected three times with either PBS as negative control, peptide p57 (40 nmol) in admixture with
ODN1826 (8 nmol) as positive control, peptide p57 (40 nmol) in admixture with UPam adjuvant (40 nmol)
or peptide p57-UPam conjugate (40 nmol). Splenocytes were obtained two weeks after the last
immunization. Statistical significance was calculated using a paired t-test as calculated with GraphPad
Prism software (****p < 0.0001, **p < 0.01, *p < 0.05).
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T cells from mice immunized with the p57-UPam conjugate were responsive to both
the reference peptide p57 and to the Rv1733c recombinant protein ex vivo, as
indicated by the significant increase in percentage of 1L-17+CD4+CD44+* and TNF-
a*CD4+CD44+ T cells (see Figure 6). Although a similar trend could be observed for
the group of mice immunized with a mixture of peptide p57 with UPam, the results
were not statistically significant. The group immunized with a mixture of peptide p57
with ODN1826 was used as positive control for the experiment, as it has been
previously shown this to induce strong Th1 responses. This was here confirmed by
the detection of significant numbers of IFN-y*CD4+CD44+ T cells by intracellular
cytokine staining analysis for spleen of mice immunized with positive control.
However, neither of the two UPam treatments induced expansion of IFN-y positive T
cells upon ex vivo antigen re-encounter, as shown in Figure 6.

Antigen specific total Ig antibodies were detected in the sera of mice immunized with
either p57/adjuvant mixture or p57-UPam conjugate. The results revealed
significantly higher antibody titers following vaccination with the conjugate (see
Figure 7) compared to the unconjugated mixture, suggesting superior
immunogenicity of the conjugated p57.

A B
Absorbance sera 1:10 dilution Total Ig antibodies
54 *kx 4
* o o °
I B
4+ 7.
= . .
L]
Q 31 —l— 2 I .
< < 2 [}
[m) o .
O 24 (e}
L]
14 == by v by
= == Y TY vy ey vy v v
0 T T T 0 T T T T 1
p57-UPam  pept. p57 naive 0 1 2 3 4 5
conjugate  + UPam log(10) serum dilution

e p57-UPam conj. pept. p57 + UPam v  naive

Figure 7 - Antibody production in the sera of immunized mice. Measurement of antigen-specific total
Ig antibodies from sera of mice (n=6) immunized with peptide p57-UPam conjugate (40 nmol), peptide
p57 (40 nmol) in admixture with UPam adjuvant (40 nmol) or treated with PBS only (naive group). Plate-
bound peptide p57 antigen was used for the Ig antibodies assay. (A) Box plots representing absorbance
(0D450) corresponding to amount of antigen-specific total Ig antibodies and measured for sera diluted
10 times (n = 5 for naive, n = 6 for the other groups). Statistical significance was calculated using unpaired
t-test as calculated with GraphPad Prism software (****p < 0.0001, *p < 0.05). (B) Dose-response dot plots
representing mean + SEM of absorbance measurements of the antigen-specific total Ig antibodies from 5
or 6 mice as calculated using GraphPad Prism.
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Figure 8 - Antibody subtypes in murine sera. Measurement of antigen-specific antibody isotypes from
serum of mice (n=6) immunized with peptide p57-UPam conjugate or peptide p57 plus UPam mixture.
Antigen-specific antibodies were measured using plate-bound peptide p57 or recombinant protein
(Rv1733c). Mean data from sera of all mice (n=6 for peptide p57-UPam conjugate immunization; n=4 for
peptide p57 plus UPam mixture) are shown. Curves were interpolated using a non-linear regression
model with 4 parameters as calculated using GraphPad Prism. Data from the sera of each mouse are shown
in the supplementary information.

Subsequent comparison of antibody titers between the two groups indicated a highly
diversifying response between vaccination with the p57-UPam conjugate and
unconjugated p57 with UPam. As shown in Figure 8, p57-UPam conjugate
immunization induced antigen-specific 1gG1, 1gG2a, 1gG2b, IgG2c, IgG3 and IgM
recognizing not only the synthetic peptide, but also the Rv1733c recombinant
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protein. This diversified antibody response was detected for all immunized mice. For
comparative purposes, antibody subtypes in mice immunized using the mixture of
peptide with adjuvant are also depicted in Figure 8. In this case, only four out of six
mice vaccinated with the mixture of peptide with UPam developed antigen-specific
Ig antibodies and the response was less diverse, with IgG1, [gG2b and IgM as main
subtypes present in sera of mixture immunized mice. Thus, conjugation of p57 to
UPam strikingly enhances its immunogenicity and also impacts the quality of the
antibody subclass responses.

The vaccine potential of the p57-UPam conjugate was further evaluated in a
prophylactic vaccination / Mtb challenge model using the same HLA-DR3 transgenic
mouse model. Following a vaccination with BCG as positive control, or three times
p57 with 2 weeks intervals, as described in the materials and methods section, mice
were intranasally infected with 105> Mtb H37Rv. Six weeks later the spleen and lungs
of infected mice were analyzed to determine the bacterial load by enumeration of the
colony forming unit (CFU). Immunization with peptide p57 or UPam alone did not
significantly reduce the CFU load in the spleen nor in the lungs (see Figure 9). As
additional positive control next to BCG, vaccination with peptide p57 and ODN1826
was studied.
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Figure 9 - Bacterial load in the spleen of immunized mice. Protective efficacy against Mtb in the spleen
of mice that were immunized s.c. for 3 times with 2 weeks interval. Mice (n=6) were immunized with a
mixture of peptide p57 (40 nmol) with ODN1826 (50 pg/ml) as adjuvant control, peptide p57-UPam
conjugate (40 nmol) or mice (n=3) were treated with UPam adjuvant (40 nmol) or peptide p57 (40 nmol).
Six weeks later, the mice were challenged intranasally with Mtb H37Rv (10> CFU). Alternatively, the mice
received 106 CFU BCG s.c. 12 weeks before challenge. Colonies in lungs (data not shown) and spleen were
counted after 3 weeks of incubation at 37°C. Statistical significance with reference to the naive group was
determined by ANOVA with Tukey’s multiple comparisons test (****p < 0.0001, ***p < 0.001). Box plots
were generated using GraphPad Prism.
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While BCG vaccination induced a significant reduction of the CFU in both the spleen
and the lungs, immunization with peptide and ODN1826 did not, despite its
impressive induction of T cell immunity (Figures 64, 6B). In contrast, immunization
with the p57-UPam conjugate resulted in a significant decrease in the number of CFU
in the spleen of vaccinated mice, indicative of a systemic immune response to this
construct that was conjugation dependent (since neither free p57 peptide nor free
adjuvant were effective), and involving both T cells as well as strong antibody
induction.

Discussion

Mycobacterium tuberculosis remains one of the deadliest pathogens worldwide. The
only currently available vaccine, BCG, presents several limitations including its
failure to induce robust and consistent protection.3031 Additionally, the burden of TB
is especially afflicting populations in countries with fragile or developing economies
The discovery of efficient synthetic vaccines against TB would hold promise of
inexpensive and accessible vaccine for everyone. Despite their ease of
manufacturing, versatility and improved safety profile as compared to inactivated or
attenuated live vaccines, it was not until 2020 that two synthetic vaccines received
their first historic emergency use authorization, with the liposomal mRNA vaccines
against SARS-CoV-2 by BioNtech/Pfizer and Moderna.3432-34 One of the reasons for
the delayed commercialization of fully synthetic vaccines is that their development
has started later than that of attenuated/inactivated vaccines; another being the
modest, yet growing, body of data available on the immune mechanisms of action
involved in protection.35-38 In general terms, rational design of fully synthetic
vaccines requires the selection of relevant targets, the definition of a strategy to
preserve/enhance immunogenicity of the synthetic molecule which acts on the
selected target, and the verification of its mode of action. The present study provides
evidence for the potential of rationally designed synthetic vaccines to induce
protective immunity within the context of Mtb infection.

The conjugates here presented are designed to target human antigen-presenting
cells in a TLR2-dependent manner. Previous studies have shown the beneficial effect
of using TLR2 agonists to the induction of strong cellular immune responses,
correlated to the reduction of tumor growth in vivo or protection against Mtb.1639 In
this context, the immune-stimulatory potential of conjugates containing the
TLR2/TLR1 ligand UPam covalently linked to one of the three following peptides was
assessed: the p57 peptide (Rv1733ca.a. 57-84) for in vivo mouse studies, p31 peptide
(Rv2034 a.a. 31-60) and the p75 peptide (Rv2034 a.a. 75-105) for in vitro human
studies. This strategy allowed for co-delivery of antigen and adjuvant, which has
been shown to improve immunogenicity as compared to delivering the two
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separately, with the possibility to modify the chemical structure by linking additional
moieties to increase immunogenicity or modulate solubility.*® Additionally, synthetic
conjugate vaccines can be generated with high purity and homogeneity. However,
this strategy presents the risk of loss of immune-stimulatory potential of the
adjuvant after conjugation to the peptide, or the impairment of antigen-presentation.

Despite the big differences in physicochemical properties of the three peptides
selected in this study?, it is shown that all generated conjugates retain the ability to
interact with the TLR2 receptor. Using a HEK-293 cell line over-expressing human
TLR2, the extent of binding of the novel conjugates to the receptor was assessed.
Differences in potency and efficacy of binding were observed, possibly reflecting the
different physicochemical properties of the three conjugates.

Typically, synthetic long peptides require processing through antigen-presenting
cells for presentation to cognate T cell. To verify that conjugation did not affect APC
processing, a human Rv2034-specific CD4* T cell clone that recognizes the epitope
within the p75-UPam conjugate was employed for T cell proliferation and activation
studies.

Comparable T cell proliferation levels were observed upon stimulation of monocytes,
or alternatively dendritic cells, loaded with the p57-UPam conjugate or with the
corresponding free SLP peptide. This observation was supported by flow cytometry
analysis of the demonstrating increased expression levels of CD154 and IFN-y by
CD4+ T cells. These studies indicated that the efficacy of antigen-presentation was
not impaired by conjugation of the p75 peptide to UPam. A similar finding was
reported by Zom et al. in 2016, where the HPV16-specific CD4+ T cell clones were
activated by peptide and UPam-conjugate to a comparable extent.1>

The immune-stimulatory potential of the three conjugates was assessed in vitro by
stimulating human monocyte-derived dendritic cells and macrophages (type 1 and
type 2), and analyzing activation and T cell costimulatory markers together with
production of the IL-12 and IL-10 cytokines.

Previous reports have indicated the presence of both IL-12 and IL-10 in the
supernatant from moDCs stimulated with various TLR2 ligands.15> While the role of
[L-12 has been unequivocally defined as pivotal in the induction of pro-inflammatory
responses and specific cellular immunity, that of IL-10 mostly confers
anti-inflammatory and regulatory activity.41-43

As expected, stimulation of moDCs resulted in production of IL-12p40 and IL-10
cytokines. A relatively higher production of IL-12p40 was detected upon stimulation
with two of the three conjugates (p57-UPam and p75-UPam) as compared to the
other (p31-UPam conjugate), with the highest cytokine levels induced by the

2 See their diverse predicted net charge, solubility and by the measurement of their hydrodynamic
diameter (Table 1).
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p57-UPam conjugate. A similar observation was indeed reported for conjugates
containing the same adjuvant but different peptides.!> This was not the case for the
level of IL-10, which was produced in similar amounts across conjugate groups. It is
additionally reported that IL-12 and IL-10 were released upon stimulation of
macrophages type 1 and type 2, respectively, providing further evidence for the
ability of these constructs to induce activation of these important cell types.

Interestingly, the p31-UPam conjugate induced an unconventional dose-response
effect as compared to the UPam and to the other conjugates. It is highly unlikely that
cell death caused the observed difference in response, as cell viability for moDCs
treated with this conjugate was not different than with UPam alone. These results
could be related, instead, to the different physicochemical properties of the peptides
that are included in such constructs.

Additionally, this chapter reports evidence that free UPam and conjugates induced
upregulation of CD86 on the cell surface of moDCs and upregulation of CD80 on
macrophages in a dose dependent manner, while corresponding free peptides
neither promoted activation nor enhanced the expression of these markers.

The in vivo immunogenicity of the p57-UPam conjugate was determined using an
HLA-DR3/Ab? transgenic mouse model. Subcutaneous immunization with the
conjugate was compared to immunization with an equimolar mixture of peptide and
UPam. Additionally, a mixture of peptide with the TLR9 ligand ODN1826 was used
as positive control, with previous work showing that this combination induced a
Th1l-polarized cellular response in vivo.21.22

Mice were immunized three times on a two weeks interval schedule, and, two weeks
after the last immunization, draining lymph nodes and splenocytes were examined
for CD4+ T cell responses both ex vivo and after antigen restimulation. Evidence of
the beneficial effect of CD4* T cell responses in containment of Mtb have been
extensively provided in the last years, with a strong focus on Th1/Th17 polarized
cellular responses.*44> More recently a renewed interest in the interplay between
cellular, humoral and innate immune responses has been leading the scientific
discussion in the field of vaccine development.#6-48 Therefore, in addition to the
determination of T cell responses, the murine sera from the immunization studies
were analyzed for the presence of antigen-specific antibodies.

As expected for the positive control, polyfunctional CD4+ IFN-y* TNF-a* T cell
responses were detected in mice vaccinated with the reference peptide plus
ODN1826 mixture. TNF-a* and IL-17+ CD4+ T cell responses were also identified in
mice immunized with either p57-UPam conjugate or mixture of p57 peptide plus
UPam, indicating the development of a Th17 polarized cellular immune response.
The significance of Th17 immunity for protection against Mtb is somewhat debated,
with studies supporting its beneficial effect during early phases of mycobacterial
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infection, and others indicating that it might lead to increased immunopathology and
tissue destruction.*9-51

Nevertheless, in addition to the CD4* T cell responses, the UPam conjugate induced
very strong antibody responses, with multiple antigen-specific IgG subtypes found in
sera of vaccinated mice. As opposed to mice vaccinated with the mixture of peptide
plus UPam, where only IgG1 and IgG2b antibodies were found, mice vaccinated with
the conjugate developed high titer IgG1, IgG2a, IgG2b, IgG2c and IgG3 antigen-
specific antibodies. Importantly, high antibody titers against the cell lysate from
heat-killed Mtb were detected in the case of IgG1 and IgG2b subtypes found in the
sera of mice vaccinated with the conjugate. Traditionally, murine IgG1 are associated
with a Th2 polarized immune response, while IgG2b antibodies are thought to be
derived from T cell independent responses.52-54 In 2016 Collins suggested a model of
murine IgG function, called the quartet model, to integrate the beneficial effect of co-
expression of different IgG subclasses. As formulated in Collins’ paper, IgG3 and
IgG2b antibody subclasses would play an important role in the early immune
response, when cellular immune responses are slowly building up. In the specific,
Collins underlined that IgG3 antibodies are associated with complement fixation, and
IgG2b antibodies with early FcyR-mediated effector functions. On the other hand,
IgG2a and IgGl antibodies, which are defined as two murine T cell-mediated
subclasses, would come into play in late immune responses. In fact, I[gG2a has been
shown to be involved both in complement fixation and late FcyR-mediated effector
functions. Although the role of IgG1 in immune protection is currently debated, due
to its inability to fix complement and its binding to the inhibitory FcyRIIb receptor,
Collins suggested that it could well be involved in limiting inflammation and
immunopathology. 55

Perhaps the most important evidence supporting vaccine efficacy of the UPam
conjugate was obtained in the murine in vivo Mtb challenge model, in which
immunized mice were exposed to a high dose (105 CFU) of Mtb intranasally. The
significant reduction in bacterial load in the spleen of conjugate-immunized mice
was indicative of a systemic immune response, with significantly better results
obtained for this treatment as compared to both the unconjugated peptide/UPam
mixture, as well as the unconjugated peptide mixed with ODN1826. In 2019,
Ashhurst et al published a study showing that intranasal immunization using a
Pam:Cys-peptide conjugate was superior to subcutaneous immunization, by
inducing stronger Th17 cellular responses and providing better protection against
mycobacterial infection.5¢ As opposed to the experiments reported in this chapter,
which employ a TLR2/TLR1 ligand, their experiments were performed using a
TLR2/TLR6 adjuvant, lower dose (102 CFU) nasal Mtb infection and a different
oligopeptide. Nevertheless, their promising results, where protection against Mtb is
evident also in the lung of vaccinated mice, further supports the potential of synthetic
conjugates containing toll-like receptor ligands for the development of novel
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vaccines against TB. Their research, published after the execution of the experiments
reported in this chapter, combined with the reported observations, provides useful
insights for possible next steps such as to assess the vaccine potential of the p57-
UPam conjugate as intranasal vaccine and the development of second-generation
synthetic conjugates including additional (synergistic) adjuvants and/or epitopes
that can be presented by multiple HLA class II cell molecules.

Conclusion

In search for an effective conjugate vaccine against tuberculosis, a panel of three
synthetic conjugates containing a TLR2 ligand covalently attached to one of three
antigenic peptides was designed (p57 from the Mtb Rv1733c protein, p31 and p75
from the Rv2034 protein). In the present study, it is reported that these conjugates
induced activation and maturation of human monocyte-derived dendritic cells in
vitro, with production of IL-12p40 and IL-10 cytokines. Moreover, they were able to
activate human monocyte-derived macrophages type 1 and type 2 yielding similar
activation profiles to those of the adjuvant alone, an indication that the adjuvanticity
of the TLR2 ligand was preserved even when the adjuvant was covalently linked to
the peptide. Importantly, peptide antigen processing by monocytes and dendritic
cells, and presentation to T lymphocytes were not impaired by conjugation, as
determined by in vitro T cell antigen presentation experiments with a Mtb Rv2034-
specific human CD4+* T cell clone. To further assess the vaccine potential of the new
conjugates, in vivo subcutaneous immunization experiments were performed in mice
using one of the three constructs as a proof of concept. Comparison of cellular and
humoral immunity elicited in response to this conjugate and in response to the
mixture of peptide with adjuvant indicated the superior efficacy of the synthetic
conjugate strategy when compared to the mixture. Vaccination with the conjugate
resulted in a strong Th17 cellular response and multifunctional T lymphocytes in the
spleen, in addition to the presence of several diverse subtypes of peptide-specific IgG
antibodies in sera. Finally, immunization with this construct induced a significant
reduction of the bacterial load in the spleen of intranasally Mtb challenged mice, not
seen in response to the unconjugated components. These data suggest a promising
role for TLR2 ligand-peptide synthetic conjugates as a novel TB vaccine approach.
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Materials and methods

Synthetic methods

Materials and methods for the synthesis of peptides and conjugates

Description of materials, analytical tools and general synthetic methods are provided in the
“Materials for the synthesis of peptides and conjugates” and “General methods for the
synthesis of peptides” sections of Chapter 3.

p57 peptide: Ile-Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-Ala-Val-GIn-Asp-Ser-Arg-Ser-His-Val-
Tyr-Ala-His-GIn-Ala-GIn-Thr-Arg- His-Pro-NHz

The p57 peptide was synthesized according to the general procedure for peptide synthesis
described above. Pseudoproline dipeptides Fmoc-Asp(OtBu)-Ser(yMe,Mepro)-OH and Fmoc-
Gly-Thr(yMe,Mepro)-OH were employed to enhance synthetic efficiency. Purification by RP-
HPLC (linear gradient 20—30% B in 10 min) followed by lyophilization yielded the p57
peptide as a white powder (90.4 mg, 30.26 umol, 12.1% yield based on theoretical resin
loading of 0.23 mmol/g). LC-MS analysis (C18 column, linear gradient 10-90% B, 11 min): Rt
= 3.571 min, ESI-MS [M+H]?* = 1494.3 found, 1493.8 calculated. MALDI-TOF [M+H]*:
2986.4517 found, 2986.5143 calculated.

p31 peptide: Leu-Ala-Val-Gly-Glu-Leu-Ala-Arg-Asp-Leu-Pro-Val-Ser-Arg-Pro-Ala-Val-Ser-
GIn-His-Leu-Lys-Val-Leu-Lys-Thr-Ala-Arg-Leu-Val

The p31 peptide was synthesized according to the general procedure for peptide synthesis
described above. TentaGel™ S PHB-Val-Fmoc resin was used in place of TentaGel® S RAM.
Purification by RP-HPLC (linear gradient 20—35% B in 10 min) followed by lyophilization
yielded the p31 peptide as a white powder (3.9 mg, 1.20 pumol, 12.0% yield based on
theoretical resin loading of 0.19 mmol/g). LC-MS analysis (C18 column, linear gradient 10 —
50% B, 11 min): Rt = 5.895 min, ESI-MS [M+H]2* = 1619.5 found, 1618.5 calculated. MALDI-
TOF [M+H]*: 3237.425 found, 3236.932 calculated.

p75 peptide: Thr-Gly-Leu-Ala-Ala-Leu-Arg-Thr-Asp-Leu-Asp-Arg-Phe-Trp-Thr-Arg-Ala-
Leu-Thr-Gly-Tyr-Ala-GIn-Leu-Ile-Asp-Ser-Glu-Gly-Asp-NHz

The p75 peptide was synthesized according to the general procedure for peptide synthesis
described above. Pseudoproline dipeptides Fmoc-Asp(OtBu)-Ser(yMe,Mepro)-OH and Fmoc-
Leu-Thr(yMe,Mepro)-OH were employed to enhance synthetic efficiency. Purification by RP-
HPLC (linear gradient 30—45% B in 10 min) followed by lyophilization yielded the p75
peptide as a white powder (11.7 mg, 3.53 umol, 14.1% yield based on theoretical resin loading
of 0.23 mmol/g). LC-MS analysis (C18 column, linear gradient 10-90% B, 11 min): Rt = 5.508
min, ESI-MS [M+H]2+ = 1663.4 found, 1662.9 calculated. MALDI-TOF [M+H]+*: 3325.092 found,
3324.693 calculated.

UPam (Amplivant) synthesis

Compound UPam was synthesized according to published protocol and analytical data were
in agreement with those published in the literature.l”
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General methods for UPam-conjugates synthesis

Peptide sequence was synthesized according to the general procedure for peptide synthesis
described in Chapter 3. After completion of all the synthetic cycles, the peptide was not cleaved
from the resin. Instead, the resin was treated with a 0.1 M stock solution of Fmoc-Cys((RS)-
2,3-di(palimitoyloxy)-propyl)-OH (2eq) and in the presence of oxyma pure (1 M, 1 eq) and DIC
(0.5M, 1 eq), with the reaction being performed overnight at RT. After NMP and DCM washes,
the resin was swelled in a mixture of DCM/NMP 2:1 and treated with 20% piperidine in NMP
(3 times, 5 minutes) to remove Fmoc protecting groups. After NMP wash the resin was
suspended in DCM/NMP 1:1 (1 ml per 10 umol resin) and treated with tetradecyl isocyanate
(25 ul per 25 pmol resin). The mixture was reacted for 6 hours at RT, washed with NMP and
DCM and air dried. The resin was then treated for 1 hour and 30 minutes with a TFA/TIS/H20
(38:1:1, v/v/v) cleavage cocktail (5 ml/100 umol scale reaction). The reaction mixture
containing the cleaved peptide was filtered into cold Et20/pentane (1/1, v/v) (50 mL/1 ml
cleavage cocktail) and the resin was washed with 1 mL TFA (2 times) into the cold
Et20/pentane solution. The solution was stored in a -20°C freezer for 2 hours, then centrifuged
(10 minutes, 4400 rpm, 3 x g); finally, the supernatant was discarded and the precipitate was
purified via RP-HPLC.

p57-UPam conjugate: UPam-Ser-Lys-Lys-Lys-Lys-Ile-Pro-Phe-Ala-Ala-Ala-Ala-Gly-Thr-
Ala-Val-GIn-Asp-Ser-Arg-Ser-His-Val-Tyr-Ala-His-GIn-Ala-GIn-Thr-Arg-His-Pro-NH:

Purification by RP-HPLC (C4 column, linear gradient 50-90% B in 10 min) followed by
lyophilization yielded p57-UPam conjugate as a white powder (15.1 mg, 3.35 umol, 3.3% yield
based on theoretical resin loading of 0.23 mmol/g). LC-MS analysis (C4 column, linear gradient
25-75% B, 21 min): Rt = 8.737 min, ESI-MS [M+H]3* = 1494.2 found, 1493.9 calculated.
MALDI-TOF [M+H]*: 4478.5690 found, 4478.6563 calculated.

p31-UPam conjugate: UPam-Ser-Lys-Lys-Lys-Lys-Leu-Ala-Val-Gly-Glu-Leu-Ala-Arg-Asp-
Leu-Pro-Val-Ser-Arg-Pro-Ala-Val-Ser-GIn-His-Leu-Lys-Val-Leu-Lys-Thr-Ala-Arg-Leu-Val

TentaGel™ S PHB-Val-Fmoc resin was used in place of TentaGel® S RAM. Purification by RP-
HPLC (C4 column, linear gradient 50-90% B in 10 min) followed by lyophilization yielded
p31-UPam conjugate as a white powder (34.5 mg,7.27 umol, 7.3% yield based on theoretical
resin loading of 0.19 mmol/g). LC-MS analysis (C4 column, linear gradient 50-90% B, 15
min): Rt = 8.910 min, ESI-MS [M+H]3+ = 1577.9 found, 1577.0 calculated. MALDI-TOF [M+H]*:
4729.1481 found, 4729.0744calculated.

p75-UPam conjugate: UPam-Ser-Lys-Lys-Lys-Lys-Thr-Gly-Leu-Ala-Ala-Leu-Arg-Thr-Asp-
Leu-Asp-Arg-Phe-Trp-Thr-Arg-Ala-Leu-Thr-Gly-Tyr-Ala-GIn-Leu-Ile-Asp-Ser-Glu-Gly-Asp-
NH:

Purification by RP-HPLC (C4 column, linear gradient 50-90% B in 10 min) followed by
lyophilization yielded SLP3-UPam as a white powder (7.0 mg, 1.4 pmol, 2.8% yield based on
theoretical resin loading of 0.23 mmol/g). LC-MS analysis (C4 column, linear gradient
10-90% B, 21 min): Rt = 12.688 min, ESI-MS [M+H]3* = 1607.0 found, 1606.3 calculated.
MALDI-TOF [M+H]*: 4816.6670 found, 4816.8392 calculated.
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Immunological methods

Culturing of HEK-293 cell line

The HEK-293-h-TLR2 and HEK-293-null cell lines were purchased from InvivoGen (San Diego,
United States) and cultured according to manufacturer’s instructions. DMEM (Gibco, PAA,
Linz, Austria) culture medium contained: 4.5 g/1 glucose, 10% (v/v) fetal calf serum (FCS)
(HyClone, GE Healthcare Life Sciences, Eindhoven, the Netherlands), 50 U/ml penicillin, 50
mg/ml streptomycin, 100 mg/ml Normocin and 2 mM L-glutamine (Life Technologies-
Invitrogen, Bleiswijk, the Netherlands).

Stimulation of HEK-293 cells

Approximately 20.000 cells/well were transferred to 96 well plates (flat bottom, Corning
Costar TC-Treated Microplates, Corning, NY, USA). All compounds used for stimulation were
pre-dissolved in DMSO (Sigma, St.Louis, MO, USA) at a concentration of 5 nmol/pL and
subsequently diluted in culture medium. Reference peptides were used as negative controls.
After overnight stimulation with UPam and UPam conjugates, supernatants were harvested
for IL-8 cytokine detection.

Generation and stimulation of immature human moDCs and macrophages

Human moDCs and GM-CSF/M-CSF macrophages were generated as described in “Generation
and stimulation of immature human moDCs and macrophages” section in Chapter 3. Cells were
stimulated using synthetic compounds (at concentrations ranging from 20-1-0.05 uM). The
synthetic compounds were dissolved in DMSO at a concentration of 5 nmol/pL, further diluted
and premixed in RPMI 1640 medium containing 10% FCS, 2 mM GlutaMAX™, 1% Pen-Strep.
LPS (100 ng/ml) was used as positive control for stimulated cells. Supernatants were
harvested 20 hours after the addition of stimuli for subsequent analysis of cytokines and cells
were stained as described in Flow cytometric analysis of human moDCs and macrophages
section in Chapter 3.

Human IL-8, IL-12(p40) and IL-10 ELISA

Human IL-8 Elisa kit was purchased from R&D Systems (Abingdon, UK). Human IL-12/IL-23
(p40) and human IL-10 ELISA kits were purchased from Biolegend (ELISA MAX™ Standard
Set; London, UK). All supernatants were tested in duplicates according to manufacturer’s
instructions. Sample absorbance was measured using a Spectramax i3x (Molecular Devices,
CA, USA) spectrometer.

T cell proliferation

T cell proliferation was assessed by coculturing 2500 HLA-DR3 matched monocyte derived
dendritic cells or 5x104irradiated (2000 rad), HLA-DR3 matched PBMC’s with 104 T cells from
an established T cell clone specific for peptide 75-105 of Rv2034 from M.tuberculosis, in a 96
well round bottom plate in the absence or presence of serial dilutions of UPam conjugated
peptides. Cells were cultured in IMDM supplemented with Glutamax, 100 U/ml penicillin, 100
pg/ml streptomycin (Gibco, Thermo Fisher Scientific, Bleiswijk, the Netherlands) and 10%
pooled human serum (Sigma, Merck, Darmstadt, Germany) for a total of 96 hours in a
humidified incubator at 37°C and 5% CO2. After 72 hours [3H]-Thymidine (Perkin Elmer,
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Groningen, the Netherlands) was added at 0.5uCi/well. Following an additional 18 hours of
incubation cells were harvested with a TomTec cell harvester and measured on a
MicroBetaPlate Scintillation counter 1450 (Wallac, Turku, Finland). Data is represented as
mean counts per minute from triplicate wells.

Flowcytometric antigen specificity analysis

HLA-DR3+* monocyte derived dendritic cells were cocultured with the different peptides and
peptide conjugates and 1x105 T cells from the Rv2034 specific T cell clone (recognizing
peptide 75-105) in a 5 ml Falcon tube in a total volume of 400 pl IMDM supplemented with
Glutamax, 100 U/ml penicillin, 100 pg/ml streptomycin (Gibco, Thermo Fisher Scientific,
Bleiswijk, the Netherlands) and 10% pooled human serum (Sigma, Merck, Darmstadt,
Germany). After 6 hours Brefeldin-A was added (3 pg/ml) (Sigma, Merck, Darmstadt,
Germany) and cells were incubated for an additional 16 hours. Subsequently cells were
harvested and stained for flowcytometric analysis with the violet live/dead stain (ViViD,
Invitrogen, Thermo Fisher Scientific, Bleiswijk, the Netherlands), surface markers CD3-
HorizonV500 (clone UCHT; BD Biosciences, San Diego, CA, USA), CD4-AlexaFluor 700 (clone
RPAT4; BD Biosciences), CD8-FITC (clone HIT8a; Biolegend) and after fixation and
permeabilization with fix/perm reagents (Nordic MUbio, Susteren, the Netherlands) for IFN-
Y-PerCP-Cy5.5 (clone B27; BD Biosciences) and CD154-PE (clone TRAP1; BD Biosciences).
Cells were acquired on a LSRFortessa with FACSDiva vxx and analyzed with Flowjo v9.7.6
(Treestar Inc, Ashland, OR, USA)

Mice

HLA-DRB1*0301/DRA transgenic, murine class II-deficient (HLA-DR3/Ab0) mice were bred
and PBMCs of each mouse were typed for expression and segregation of the transgene as
described in Mice section in Chapter 3.

Immunizations

Mice (3 to 6 animals per group; 6 weeks old) were injected subcutaneously in the right flank
with conjugate, or mixtures of p57-peptide and UPam adjuvant, in 200 pl phosphate-buffered
saline (PBS) at 2 weeks interval. Two weeks after the last immunization, splenocytes were
harvested.

In vitro culture, stimulation and intracellular cytokine staining of splenocytes

Splenocytes were isolated and incubated with medium, peptide, or relevant recombinant Mtb
protein as described in the “In vitro cultures of splenocytes” section in Chapter 3. Intracellular
cytokine staining was performed as described in the Intracellular cytokine staining section in
Chapter 3.

Antibody detection

Antibodies against the Rv1733c p57 peptide, Rv1733c protein and Mtb sonicate in serum from
immunized mice were determined by ELISA as described in “Antibody detection” section in
Chapter 3.
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BCG immunization and intranasal infection of mice with live Mth

See section “BCG immunization and intranasal infection of mice with live Mtb” in Chapter 3.

Supporting figures
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S1 Figure - Expression of activation or T cell costimulatory markers by DCs as measured by flow
cytometry. UPam (20 pM) and synthetic conjugates (20 uM) are used to stimulate human monocyte-
derived dendritic cells. LPS (100ng/ml) was used as positive control. Representative data from one of

three human donors are shown.
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Macrophages type 1

pept. p75-Upam conj.

| pept. p31-Upam conj.

pept. p57-Upam conj.

Upam

LPS 100 ng/ml

unstimulated

2 3 5 2 3 4 5
10 10 10 10 10 10 10 10
CD83 MHC-II
S2 Figure - Expression of activation or T cell costimulatory markers by GM-CSF/M1 macrophages
as measured by flow cytometry. UPam (20 uM) and synthetic conjugates (20 pM) are used to stimulate
human monocyte-derived macrophages type 1. LPS (100ng/ml) was used as positive control
Representative data from one of three human donors are shown.
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Macrophages type 2
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"
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10
CD83 MHC-II

S3 Figure - Expression of activation or T cell costimulatory markers by M-CSF/M2 macrophages as
measured by flow cytometry. UPam (20 pM) and synthetic conjugates (20 uM) are used to stimulate
human monocyte-derived macrophages type 2. LPS (100ng/ml) was used as positive control.
Representative data from one of three human donors are shown.
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