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Background: Emergent therapies in anticancer vaccination use Toll-like receptors (TLRs) agonists as dendritic
cell (DC) vaccine adjuvants. DCs from the patient are isolated, stimulated with TLR agonists and tumor antigens
ex vivo and then infused back into the patient. Although some TLR ligands have been tested in clinical trials,
novel TLR agonists with improved immunomodulatory properties are essential to optimize treatment success.
We report on the discovery of small-molecule TLR2 agonists, with favorable properties as synthetic adjuvants.
Methods: We performed a shape- and featured-based similarity virtual screening against a commercially available compound library. The selected virtual hits were experimentally tested in TLR2-reporter cells and their
activity in phagocytes and DCs was characterized. A binding model of the compounds to TLR2 (docking studies)
was proposed.
Results: Through a virtual screening approach against a library of three million compounds four virtual hits
(AG1, AG2, AG3, AG4) were found to synergistically augment the NF-kB activation induced by the lipopeptide
ligand Pam3CSK4 in luciferase reporter assays using HEK293-TLR2 cells. Biacore experiments indicated that
AG1–AG4 are ago-allosteric modulators of TLR2 and AG2 bound TLR2 with high aﬃnity (KD 0.8 μM). The
compounds induced TNF-α production in human peripheral blood mononuclear cells (PBMCs) and they activated DCs as indicated by IL-12 production and upregulation of CD83/CD86.
Conclusions: Following a combined in silico/in vitro approach we have discovered TLR2-agonists (AG1–AG4) that
activate human and mouse immune cells.
General signiﬁcance: We introduce four novel TLR2 ago-allosteric modulators that stimulate myeloid cell activity
and constitute promising candidates as synthetic adjuvants.

1. Introduction
The immune system shields the mammalian host both against the
invasion of foreign microorganisms as well as against aberrant cellular
growth, i.e. the development of malignancies. In the latter case, immune cells patrol the body to destroy malignant cells before they
multiply and form tumors. On the other hand, malignant cells develop
an immunosuppressive microenvironment and thereby evade the killing

activity of lymphocytes [1].
A promising strategy to treat cancer is the activation of the innate
immune system to mount a more potent anti-tumor T-cell response.
This eﬀect was ﬁrst observed by Deidier et al. in patients who suﬀered
prolonged bacterial infections which caused the regression of tumors
[2]. In addition, William Coley observed a remission by non-Hodgkinslymphoma patients who were injected with heat-killed bacteria.
Afterwards, it was postulated that the Coley´s toxin activity might be
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2. Materials and methods

due to the pathogen-associated molecular patterns (PAMPs) contained
in the mixture [3–5]. Lipopolysaccharide (LPS) from gram negative
bacteria [6] and lipoproteins from gram positive bacteria [7] are examples of PAMPs recognized by the immune system via Toll-like receptors (TLRs) and other pattern recognition receptors. These membrane proteins sense pathogens through the speciﬁc binding of PAMPs
and initiate an inﬂammatory cytokine response that activates the
adaptive immune system. Similarly, several host-derived molecules
released by dying cells (danger associated molecular patterns, DAMPs)
can interact with TLRs and instigate the immune activation (e.g. surfactant protein A and uric acid via TLR2 and TLR4 respectively) [8].
In full accordance with this model, local or systemic administration
of puriﬁed TLR ligands provokes potent anticancer activity in humans
and mice. For example, LPS and ﬂagellin, TLR4 and TLR5 ligands respectively, show eﬀects against colorectal and lung cancer [9–12].
Imiquimod, which activates TLR7, is used in the therapy of skin cancer
and chronic lymphocytic leukaemia [13]. However, the systemic
treatment with TLR agonists may lead to undesirable immunopathology. Accordingly, the ex vivo generation of dendritic cells
(DCs) from patient's monocytes, their treatment with diﬀerent activation cocktails and re-inoculation into the host is a putative safer immunotherapy in certain types of cancers [14,15]. However a clinical
challenge in the conditioning of DCs with TLR ligands is the purity
grade of some agonists. This is the case for the adjuvant cell-wall preparation of Mycobacterium bovis bacillus Calmette-Guérin (BCG-CWS)
[16] which contains agonist activity for TLR2 and TLR4 [17], yet it is of
limited clinical use as it cannot be chemically synthesized.
DCs express a broad repertoire of TLRs, through which they recognize pathogens (and in general antigens) which are then engulfed
and degraded. The peptide fragments are presented on the DCs surface
via major histocompatability complex class molecules (MHC I/II). The
concomitant DC maturation process leads to the expression of the CD83
surface marker [18] and costimulatory molecules (e.g. CD40, CD80 and
CD86) which stimulate naive T-cells to proliferate into eﬀector and
memory T-cells [19–21]. In addition, after activation, DCs produce the
cytokine IL-12p70 which is critical to prime a Th1-response by T-cells
[22].
Several protocols to obtain mature DCs have been established. The
procedure most commonly used in vaccination trials consists of a culture of DCs matured with a cocktail containing TNFα, IL-1β, and IL-6
and prostaglandin E2 (PGE2) [23–25]. Some maturation protocols have
used TLR2 ligands, yet the types of responses obtained after TLR2 stimulation were ambiguous. Weigt et al. described that DC stimulation
with MALP2 (macrophage activating lipopeptide-2) produced a mixed
Th1/Th2 response in lymphocytes [26]. In contrast, the TLR2 agonist
Rv0577 (protein derived from M. tuberculosis) largely promoted Th1
polarization [27]. Recently, a new synthetic lipopeptide (SMIP2.1)
agonist for TLR2 has been shown to induce cross-presentation by both
mouse and human antigen-presenting cells and a strong activation of
CD4+ T cells [28].
Unlike previous searches for TLR2 agonists and antagonists (e.g.
Guan et al. and Cheng et al. [29,30]) which were based on highthroughput screening of large chemical libraries, we discovered TLR2
antagonists [31] and the here reported agonists by virtual screening
combined with molecular modelling. The selected agonists broaden the
chemical space of known TLR2 small-molecule agonists. In addition,
they can be synthesized and chemically optimized leading ideally, to
more potent analogues. Accordingly, their eﬃcacy as DC adjuvants may
be enhanced in comparison to other established TLR ligands and chemically less deﬁned TLR agonists puriﬁed from complex biological
materials.

2.1. Screening libraries
The shape- and feature-based screening was performed against a
commercial compound collection comprising 2,831,238 molecules from
diﬀerent vendors (LifeChemicals, Niagara-on-the-Lake, Canada;
Maybridge, Waltham, MA, USA; Chembridge, San Diego, CA, USA;
Enamine HTS Collection, Kiev, Ukraine; Asinex, Moscow, Russia and
Specs, Delft, Netherlands).
In order to use the databases for screening, the compound protonation was calculated and salts and small molecular fragments were
removed using MOE2010.10. (Chemical Computing Group, Montreal,
Canada). The conformations for the compounds were calculated with
Openeye’s conformer model generator Omega (Openeye, Santa Fe, NM,
USA) and stored in the proprietary OEBinary v2-ﬁle format, which
serves as input for ROCS calculations.
2.2. Shape- and feature-based screening
The software ROCS provided by Openeye (Santa Fe, NM, USA) was
used to perform the shape- and feature-based screening using
Compounds A, B [29] and SsnB (Sparstolonin B) [32] as query structures (Fig. 1A). The algorithm aligns molecules by a volume maximization technique and compares their volume and chemical features
allowing the discovery of similar compounds without knowledge on the
binding mode [33,34]. The query structures were prepared using
Corina (Molecular Networks GmbH, Erlangen, Germany) [35] in order
to retrieve biologically relevant conformations. The search was performed using ROCS default parameters. Five hundred virtual hits per
query structure were retrieved. Out of them, candidates for biological
testing were selected based on their similarity to the query structure
and variability amongst each other.
2.3. Reagents and cells
Pam2CSK4, Pam3CSK4 and LPS were purchased from Invivogen,
resuspended according to the manufacturer instructions and used at the
concentrations described in each experiment. The compounds AG1,
AG2, AG3 (Chembridge) and AG4 (Enamine) were dissolved in DMSO
(Sigma Aldrich) at a concentration of 10 mM (AG2, and AG4) or 5 mM
(AG1 and AG3), aliquoted and stored at −20 °C. The aliquots were
sonicated at room temperature for 15 minutes before use. In all the
experiments where cells were stimulated with AG1–AG4, the same
percentage of DMSO was used in all of the stimulation controls in order
to normalize for any DMSO eﬀect.
HEK293 cells were obtained from the ATCC collection. HEK293TLR2Flag cells (which stably express human TLR2) and immortalized
bone-marrow derived TLR2 −/− macrophages were kindly provided
by D. T. Golenbock (Worcester, MA, USA) [36]. The diﬀerent cell-lines
were kept in DMEM with 10% FBS and 0.5% (v/v) ciproﬂoxacin (Sigma
Aldrich) at 37 °C and a 5% CO2 atmosphere. For phenotypical analyses
by ﬂow cytometry ﬂuorescein isothiocyanate (FITC)-mouse anti-human
CD86 (BD-Biosciences) and anti-CD83 (Beckman-Coulter) were used.
Isotype controls included the appropriate ﬂuorochrome-conjugated
mouse IgG1 (BD-Biosciences) and mouse IgG2b (DAKO) reagents. For
blocking experiments polyclonal anti-TLR2 (Invivogen) and isotype
control were used. The following plasmids were used in cell transfections: pGL3-Elam.luc (human), pCDNA-CD14 (human), pFlag-CMV1MD2 (human), pCDNA-TLR4-YFP (human) were obtained from D.T.
Golenbock via Addgene; pRL-TK-Renilla (Promega).
2.4. Reporter gene assay
4 × 104 HEK293 cells per well were seeded into 96-well tissue
culture plates (Sarstedt). On the next day, the cells were transiently
2
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Fig. 1. Selection of small-molecules with activity as TLR2 agonists. A) Query structures: Compounds A, B [29] and Sparstolonin (SsnB) [32]. B) In the initial compound-screening a high
concentration of compounds AG1, AG2, AG3 or AG4 (200 μM) was used to obtain a maximum response in HEK293-TLR2 cells transfected with the reporter gene plasmids Elam.luc and
Renilla. Then, the cells were incubated with Pam3CSK4 (P3; 200 ng/mL). After 5 h the level of NF-kB activity was quantiﬁed by measuring the chemiluminiscence produced by the ﬁreﬂy
luciferase in the cell lysates. These values were normalized to the chemiluminiscence values produced by Renilla (NF-kB independent reporter). Data are expressed as the mean and S.E.M.
of triplicates. Similar results were conﬁrmed in more than three independent screening experiments. C) Overview of the identiﬁed biologically active small-molecule TLR2 agonists AG1
[(E)-3-ethyl-5-(1-methylquinolin-4(1H)-ylidene)-2-thioxooxazolidin-4-one], AG2 [methyl 2-amino-1-methyl-1H-pyrrolo[2,3-b]quinoxaline-3-carboxylate], AG3 [8-amino-1,3-dimethylbenzo[g]pteridine-2,4(1H,3H)-dione] and AG4 [2-(3-(3,4-dichlorophenyl)ureido)-5H-cyclopental[b]thiophene-3-carboxamide]. D) HEK293-TLR2 cells were incubated with AG1–AG4 (5 μM) or vehicle and increasing concentrations of Pam3CSK4 (100% stimulation). Then the luciferase activity was measured and normalized to the Renilla chemiluminiscence
values. The values represent the mean and S.E.M of four independent experiments in triplicates. *p < 0.05, **p < 0.01, ***p < 0.001 (t-student test). E) HEK293-TLR2 cells transfected like in A) were incubated with the indicated compounds (5 μM) and/or Pam3CSK4 (P3; 200 ng/mL) or vehicle. Following 5 h of incubation, the cells were lysed and the luciferase
activity was calculated as the fold of ﬁreﬂy luciferase activity to Renilla levels. F) HEK293-TLR2 cells were transfected like in A) plus pCDNA-CD14 and they were incubated with
AG1–AG4 (5 μM), or the controls Pam3CSK4 (200 ng/ml), TNFα (0.5 μg/ml), or LPS (5 μg/ml). The luciferase activity was measured as indicated. *p < 0.05, **p < 0.01, ***p < 0.001
(t-student test). G) HEK293 cells were transfected and treated as in F). In E)–G) the graph-bars represent the mean and S.E.M of three independent experiments in triplicates. The vehicle
used to dissolve the compounds (DMSO) was added at the same concentration in all the reactions. (-) indicates only vehicle unless speciﬁed otherwise.

and mTNFα were 15 pg/ml and for IL-12(p70) were 15.6 pg/ml.

transfected with the vector pGL3-Elam.luc (luciferase production dependent on NF-kB and AP-1 transcription factors [37]; 25 ng per well)
and the Renilla luciferase plasmid pRL-TK-Renilla (constitutive expression; 25 ng per well) using Trans-IT LT1 transfection reagent (Mirus Bio
LLC) or Rotifect plus (Roth). The next day, the cells were stimulated as
indicated for 5 h. Afterwards the cells were lysed using Reporter lysis
buﬀer (Promega). The chemiluminiscence activity in triplicate wells
was measured ﬁrst for Renilla and then for the ﬁreﬂy luciferase with a
Victor2 plate reader (Perkin Elmer). The obtained luciferase light units
were divided by the Renilla light units (to normalize for transfection
eﬃciency). Each experiment was repeated at least three times.

2.6. PBMC extraction and monocyte derived DCs
Human PBMCs were isolated from whole blood of healthy donors
from the blood-Bank of the Medical University Innsbruck after volunteer's informed consent. The study was approved by the Ethic
commission of the Medical University Innsbruck. For the isolation of
PBMCs blood was layered on Histopaque 1077 (Sigma Aldrich) at a 1:1
ratio. The mix was centrifuged at 400 × g for 30 min. PBMCs were
collected and washed twice with PBS and resuspended in DMEM with
10% FBS and 0.5% ciproﬂoxacin. Then, the cells were seeded in 96 well
plates at a density of 80 × 104 cells per well for hTNFα measurements.
To generate immature DCs the PBMCs derived from 90 ml of blood
were seeded in three T75 ﬂasks with RPMI 1640 supplemented with
10% heat inactivated FBS and 0.5% ciproﬂoxacin (complete media).
After 6 h the non-adherent cells were removed and the adherent cells

2.5. Quantiﬁcation of cytokine production in culture supernatants
Cytokines (hTNFα, mTNFα, hIL-12(p70)) were measured by sandwich enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer's protocol (Biolegend). The detection limits for hTNFα
3
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(monocytes) were washed with RPMI 1640 two times and incubated in
RPMI 1640 complete media with 800 U/ml of GMCSF and 1000 U/ml
of IL-4 (Biolegend). In order to diﬀerentiate the adherent monocytes to
DCs, 1 ml of new media plus cytokines were replaced every 48 h. On
days 6–8 loosely adherent diﬀerentiated DCs were collected by centrifugation at 300 × g. They were resuspended in RPMI 1640 complete
media plus cytokines and plated at a density of 5 × 105 cells/ml in
order to measure IL-12(p70) production and to perform FACS staining.

small-molecule agonist binding site is known on the receptor. Docking
studies were performed using GOLD Suite v.5.1 (Cambridge Crystallographic Data Centre, Cambridge, UK) with default settings and the
GoldScore scoring function [39]. 3D structures of the ligands were
previously generated with Corina 3.4 (Molecular Networks GmbH, Erlangen, Germany) [35]. Docking poses were inspected in LigandScout
3.1 (Inte:Ligand, Vienna, Austria) [40,41].after MMFF94 energy minimization of the molecule in the binding site.

2.7. Phenotypic analysis by ﬂow cytometry

2.11. Statistical analysis

DCs were harvested at day 8, washed twice with PBS and counted.
Subsequently, the cells were labeled with FITC-conjugated antibodies
speciﬁc for CD86 and CD83 following the manufactures instructions.
FITC-conjugated isotype-matched antibodies were used as negative
controls. One additional wash step was performed and cell surface
antigen expression was evaluated by Flow Cytometry (BD FACS Calibur
using Cell Quest Pro Software, BD Biosciences). Viable cells were gated
on their forward and side scatter properties, whereas dead cells were
gated out on basis of their ﬂuorescence with 7AAD (7Aminoactinomycin) and their forward and side scatter properties.

Statistical analysis was performed with GraphPad Prism (San Diego,
CA, USA) using two tailed Student's t-test and one-way ANOVA followed by Dunnett´s multiple comparison tests. Diﬀerences were considered statistically signiﬁcant for values of p < 0.05.
3. Results
3.1. Ligand-based virtual screening for small-molecule TLR2 agonists and in
vitro selection
Few small-molecule modulators of TLR2 are known and detailed
information on their binding mode to the receptor is not available. In
order to identify analogous compounds with similar modulating activity on the receptor, we selected the three most promising published
TLR2 modulators as query structures and performed a shape- and feature-based similarity screening. This method was selected as it allows
analogizing small-molecules without further knowledge of their binding
mode. The selected algorithm was ROCS (Rapid Overlay of Chemical
Structures [33,34]), a program that compares the molecular volume of
the compounds based on Gaussian spheres. In addition, in order to integrate chemical information into the overlay it includes a basic pharmacophore-like similarity scheme. Like this, compound analogues with
a similar activity to the query molecule can be identiﬁed, without information on its binding mode or bioactive conformation [42].
The query structures utilized in this screening are shown in Fig. 1A.
Compounds A and B are TLR2 agonists identiﬁed through highthroughput screening by Guan et al. [29]. SsnB (Sparstolonin B) is a
compound extracted from a Chinese herb which was shown to inhibit
TLR2 signaling [32]. We used this molecule as a query structure even
though we were interested in identifying TLR2 agonists as we expected
that by analogizing compounds that would bind to TLR2 these would
potentially lead to compounds with opposite activity due to small
chemical changes. The shape- and feature-based virtual screening was
performed against a collection of 2,831,238 commercially available
compounds. Per query structure 500 virtual hits with the best overlay
results were retrieved. These were then visually inspected in order to
select candidate molecules for biological testing. Compounds were
prioritized by their structural diversity, drug-likeness and chemical similarity to the query structures. This process led to the selection of 26
virtual hits as potential TLR2 modulators.
The activity of the pre-selected compounds on TLR2 was studied by
activation of NF-kB dependent luciferase assays in epithelial cells expressing human TLR2 (HEK293-TLR2). The cells were transfected with
the reporter plasmids Elam.luc and Renilla and the cells were incubated
with high concentration of the compounds in order to detect any activity. The screening experiment was design to select either stimulants
or inhibitors of the TLR2 activity. For this reason, after compound incubation, TLR2 was activated with the lipopeptide Pam3CSK4 and the
luciferase activity was measured. Four compounds increased the NF-kB
transcriptional activity obtained with the lipopeptide ligand between
1.5 and 3 times (Fig. 1B). The compounds which showed agonistic
properties were named AG1, AG2, AG3 and AG4 (Fig. 1C).
In order to assess the eﬀect of the selected compounds at low concentration we stimulated HEK293-TLR2 cells transfected with the NFkB dependent reporter plasmid with AG1–AG4 (5 μM) in the presence

2.8. TLR2 pull-down and surface plasmon resonance analysis (SPR)
HEK293-TLR2Flag cells (two T75 ﬂasks at 80% cell conﬂuence)
were grown in DMEM plus 10% FBS, 0.5% ciproﬂoxacin and 20 μg/ml
puromycin (Roth) for 24 h. Next day, the TLR2-Flag protein was extracted using the “Minute plasma membrane protein isolation kit”
(Invent Biotechnologies, Inc.) according to the manufacturer instructions. TLR2-Flag was incubated with anti-Flag coated beads (Biotool)
for 4 h at 4 °C and eluted from the beads with 0.4 mg/ml of Flag-peptide (Biotool). The obtained fractions were run onto SDS-PAGE 10%
and visualized by silver staining (Fig. supplementary E). The identity of
the protein was conﬁrmed via immunoblot (Fig. Supplementary E) with
anti-TLR2 (Cell Signaling Technology) and horseradish peroxidase
conjugated anti-rabbit (Sigma Aldrich) antibodies.
SPR was done in a BiacoreX100 device (GE Healthcare) with CM5
sensor chips at 25 °C. The amine coupling method was used to immobilize 10 μg (immobilized units: 6000–7000) of the TLR2-Flag protein in ﬂow cell 2 (Fc2). The reference cell (Fc1) was left untreated.
Afterwards, injections of increasing amounts of AG1–AG4, Pam3CSK4 or
buﬀer (phosphate buﬀered saline pH 7.4 plus 0.025% Tween) were
performed at a ﬂow rate of 30 μl/min for 3 min. The Biasimulation
software (GE Healthcare) was used to analyze the sensorgrams after the
reference surface values were subtracted and the curves were aligned to
starting injection points and baseline.
2.9. Cell viability
PBMCs or RAW264.7 macrophages (1 × 105 cells per well) were
seeded and incubated with diﬀerent concentrations of AG1–AG4 or
vehicle control (DMSO). After incubation during 8 h, the tetrazolium
salt derivative CCK-8 (Sigma Aldrich) was added and the cells were
incubated during 1 h at 37 °C. During this period, the dehydrogenase
activity of viable cells led to the production of the colored derivative
formazan and the cell viability could be assessed as an increase in the
absorbance at 450 nm.
2.10. Docking studies
For the docking studies the crystal structure of TLR2 with TLR1 and
Pam3CSK4 (PDB code: 2Z7X) [38] was used. The heterodimer was
protonated using the “Protonate 3D” application included in the MOE
2014.09 suite (Chemical Computing Group, Montreal, Canada). All
water molecules were removed. Binding site analysis was performed
using the geometry-based cavity detection tool Site Finder in MOE as no
4
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of increasing concentrations of Pam3CSK4. The Emax obtained in the costimulations with the compounds and Pam3CSK4 was higher than only
with Pam3CSK4, reaching its maximum value with AG2
(170.6 ± 7.04%; Fig. 1D) while the half maximal eﬀective concentration (EC50) was almost unaltered. Conversely, the NF-kB activity
of HEK293-TLR2 cells incubated with the diﬀerent agonists alone at the
same concentration (5 μM) was not signiﬁcantly diﬀerent than vehicle
treatment (Fig. 1E). Similarly, the query structures A and B did not
activate NF-kB activity in HEK293-TLR2 cells, although they synergistically increased Pam3CSK4 stimulation as AG1–AG4 did. Previous
studies have demonstrated that HEK293 cells do not express CD14 [43]
and that this co-receptor is necessary for maximal TLR2 activity [44],
thus we transfected pCDNA-CD14 into HEK293-TLR2 cells and incubated the cells with AG1–AG4 (5 μM; Fig. 1F). Thereby, we obtained
a signiﬁcant increase in NF-kB activation. In order to discard an eﬀect
of AG1–AG4 via endogenous signaling systems other than TLR2, the
parental cell line HEK293 which lacks TLR2, was transfected with
pCDNA-CD14 and the NF-kB reporter plasmid. Under these conditions,
AG1–AG4 did not induce NF-kB activation (Fig. 1G). Furthermore, AG1–AG4 did not functionally engage TLR4, since they did not induce
NF-kB activation in HEK293 cells stably transfected with pCDNA-TLR4YFP and transiently transfected with plasmids encoding for the co-receptors CD14 and MD2 (Fig. supplementary A). These results indicated
that AG1–AG4 promote TLR2 activation by Pam3CSK4 and that AG1–AG4 agonist activity is facilitated by CD14 expression in HEK293TLR2 cells.

Fig. 2. Eﬀect of AG1–AG4 on human PBMCs. A) PBMCs prepared from the blood of
healthy donors (8 × 104 cells per well) were incubated overnight in 96 well plates in a
volume of 150 μl. The next day the cells were stimulated with the compounds (5 μM) or
controls. Following overnight incubation (16 h) the TNFα secreted into the supernatant
was measured by ELISA. Each sample was measured in triplicates. The error is the S.E.M
of values obtained in ﬁve independent experiments from ﬁve diﬀerent blood donors. P3:
Pam3CSK4; 200 ng/ml; (-): vehicle, media plus the same volume of DMSO as in the
AG1–AG4 reactions. ***Signiﬁcant diﬀerence with vehicle (p < 0.001) as calculated by
one-way ANOVA followed by Dunnett's post-test. B) PBMCs were incubated with antiTLR2 or isotype control for one hour. Then AG1–AG4 (5 μM) or Pam3CSK4 (200 ng/ml)
were added and incubated during 16 h. Each bar-graph represents the mean of TNFα
production from duplicates or triplicates in four independent experiments. *p < 0.05,
**p < 0.01, (t-student test). C) PBMCs were pre-incubated with AG1–AG4 (5 μM), DMSO
or SDS (0.2%). Then the reagent CCK-8 was added and the absorbance at 450 nm was
measured. The graph represent the mean and S.E.M of three independent experiments.
The vehicle used to dissolve the compounds (DMSO) was added at the same concentration
in all the reactions. (-) indicates only vehicle.

3.2. AG1–AG4 activate TLR2 in human PBMCs
Given the eﬀect of the new agonists in TLR2 overexpressing HEK293
cells, we tested the ability of the compounds to stimulate TLR2 activity
in primary human cells. PBMCs were selected as they are known to
express TLR2 and the co-receptors TLR1, TLR6 and CD14 [45]. As
shown in Fig. 2A, incubation of the cells with low concentration of the
compounds (5 μM) induced TNFα production. The levels were in the
order of magnitude of the ones produced after Pam3CSK4 stimulation
under these conditions and comparable to the ones obtained with the
query compounds A and B (A: 206 ± 39.28 pg/ml; B:
187 ± 30.78 pg/ml, in three independent experiments). When the
cells were pre-incubated with the small-molecules and then with the
lipopeptide Pam3CSK4, a 10 fold lower concentration of compound
(0.5 μM) was enough to yield a 1.5–2.0 fold increase in the TNFα
production obtained after stimulation with Pam3CSK4 (Fig. supplementary B). The pre-incubation of the cells with a TLR2-blocking antibody diminished the TNFα production induced by AG1–AG4 or
Pam3CSK4 although this eﬀect was not statistically signiﬁcant for AG4
(Fig. 2B). In the same conditions, incubation of human PBMCS with the
compounds (5 μM; 8 h) did not show apparent signs of toxicity as indicated by the CSK8 cell viability assay (Fig. 2C). The toxic eﬀect was
also tested in the mouse macrophage cell line RAW264.7. At concentrations ten times higher than the experiential eﬀective concentration, toxicity was not apparent (Fig. supplementary C).

ones induced by Pam3CSK4 (24.71 pg/ml; Fig. 3A).
To conﬁrm the degree of activation of the DCs treated with the
compounds, we quantiﬁed the expression of the surface markers CD86
and CD83 by ﬂow cytometry, after pre-treatment with AG1–AG4. The
expression of these markers (primarily CD86) was at its maximum after
48 h (Fig. 3B). Compound AG2 (5 μM) induced the expression of CD86
(Fig. 3B left panel) and CD83 (Fig. 3B right panel) at levels comparable
to LPS and Pam3CSK4. Yet, the CD86 expression was lower than the one
observed after treatment with the “gold standard” maturation cocktail
[25] used as control (i.e. TNF-α, IL-1β, IL-6 and Prostaglandin E2;
Fig. 3C).

3.4. AG1–AG4 stimulate mouse macrophages and synergize with
lipopeptides through TLR2
Human and murine TLR2, 1 and 6 slightly diﬀer from each other
with regard to their amino acid sequence (identical residues in both
species: TLR2 70%, TLR1 73% and TLR6 73%) [49]. As for further
development, the here described agonists might be used in preclinical
studies in mice, hence it was important to investigate whether AG1–AG4 also stimulated mouse TLR2. To this end, wild type bone
marrow-derived mouse macrophages (BMDM) from C57BI/6J mice
were incubated with a constant concentration of AG1–AG4 (20 μM;
Fig. 4A) or AG1–AG4 and then stimulated with increasing concentrations of Pam3CSK4 (12.5 and 50 ng/ml; Fig. 4B). After 18 h, the TNFα in
the supernatant was measured by ELISA. The compounds induced the
TNFα production in mouse macrophages and also potentiated the TNFα
production obtained with Pam3CSK4. In contrast, stimulation of
TLR2 −/− BMDM with a higher concentration of AG1–AG4 (75 μM;

3.3. Stimulation of TLR2 with AG1–AG4 induces dendritic cell activation
IL-12 secreted by monocyte-derived DCs is a critical Th1 polarizing
factor and is correlated with the degree of DC maturation [46].
Therefore, we diﬀerentiated monocytes obtained from healthy blood
donors to immature DCs with GMCSF and IL-4 for 8 days. Then, the
cells were exposed to AG1–AG4, Pam3CSK4 or vehicle and the IL12(p70) production was measured after 24 h by ELISA. Although it has
been reported that in DCs some TLR2 ligands (e.g. MALP-2 [47], peptidoglycan [48]) do not induce IL-12(p70) production at detectable
levels, we could detect low amounts of this cytokine following treatment with AG1–AG4 at 0.5 μM. The mean IL-12(p70) values (AG1:
25.73; AG2: 29.20; AG3: 35.95; AG4: 26.05 pg/ml) were similar to the
5
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Fig. 3. Eﬀect of AG1–AG4 on human dendritic cells. A) IL-12(p70) production by monocyte derived DCs. DCs were seeded in 96 well plates (5 × 105 cells/ml) and then incubated for 24 h
with AG1–AG4 (0.5 μM), Pam3CSK4 plus DMSO or DMSO (-). The supernatant was collected and the IL-12(p70) levels were measured by ELISA. The values correspond to the cytokine
measured from ﬁve independent blood donors, and represented is the mean and S.E.M. **Signiﬁcant diﬀerence with vehicle (p < 0.05) as calculated by one-way ANOVA followed by
Dunnett's post-test. B) Activation and maturation of monocyte-derived dendritic cells was determined by CD86 and CD83 expression. Fluorescence of monocyte-derived dendritic cells is
depicted in the histograms. Filled histograms represent staining of experimental antibodies, dotted histograms the corresponding isotype controls. After 48 h of incubation with AG2
activation and maturation of monocyte-derived dendritic cells is induced. LPS (50 ng/mL) and Pam3CSK4 (P3; 0.1 μg/mL) served as a positive control. Data represents one of four
independent experiments. C) After 48 h of incubation with AG2 (5 μM) the percentage of CD86-expressing dendritic cells was increased. A standard maturation-cocktail was the positive
control. Mean and S.D. of four experiments are shown. AG2 and DMSO are signiﬁcantly diﬀerent (*p = 0.0209, two-tailed t-test). The vehicle used to dissolve the compounds (DMSO)
was added at the same concentration in all the reactions. (-) indicates only vehicle.

(constant concentration of Pam3CSK4 - 40 nM - and increasing amounts
of AG2) was also performed (Fig. supplementary G). Likewise, the
sensorgram intensity increased when both compounds were simultaneously injected onto the TLR2-immobilised chip.

Fig. 4C) did not induce a signiﬁcant production of TNFα when compared with vehicle stimulation. Additionally, the compounds did not
potentiate the TNFα secretion induced by LPS in TLR2 −/− macrophages (Fig. supplementary D). Hence, the new TLR2 agonists are active in human and mouse immune cells.

3.6. Docking studies with TLR2 agonists
3.5. Surface plasmon resonance (SPR) studies point to an allosteric binding
site in TLR2

In order to generate a binding hypothesis for the identiﬁed smallmolecule TLR2 agonists (AG1–AG4), computational docking studies
were performed using the crystal structure of the human TLR1–TLR2
heterodimer in complex with co-crystallized ligand Pam3CSK4 [38].
The dimer was used for docking studies as this is the activated form of
the receptor. Based on the assumption that the selected agonists bind in
a non-competitive fashion to the heterodimer, we searched for an alternative binding site through the analysis of the crystal structure with
a cavity detection algorithm (Fig. 5C). In recent crystallization experiments of human TLR8 dimers with small molecular agonists, co-crystallized ligands were found to bind in the dimer interface interacting
with amino acids from both TLR monomers [51]. We identiﬁed a putative binding site adjacent to the Pam3CSK4 binding site, which is
formed through TLR1–TLR2 heterodimerization while interacting with
amino acid residues from both chains. This hypothesis forms the basis
of molecular docking studies for compounds AG1–AG4. The computational analysis of putative binding modes of compounds AG1 and AG3
indicate hydrogen bond formation with amino acids Asp362*, Lys385*,

The dose-response curves of AG1–AG4 with Pam3CSK4 in HEK293TLR2 cells indicated that the compounds may bind to TLR2 simultaneously to Pam3CSK4. Therefore, the interaction of AG1–AG4 and
Pam3CSK4 with TLR2 was investigated by means of SPR. Increasing
amounts of AG2 were injected onto CM5 chips with immobilized TLR2
(Fig. 5A) and from the steady state sensorgram curves the aﬃnity
constant was derived (KD = 0.8 μM). Injections of AG1, AG3 and AG4
(5 μM) showed also speciﬁc binding to the immobilized TLR2 in ﬂow
cell 2 (Fc2-Fc1): AG1, 32.63 RU; AG3, 89.83 RU; AG4, 98.02 RU (Fig.
supplementary F). Next, to assess whether the compound binding
pocket in TLR2 was shared by Pam3CSK4 we injected a saturating
concentration of AG2 (5 μM) and escalating amounts of Pam3CSK4
(Fig. 5B). When the mixture was injected, the sensorgram intensity
increased in a dose-dependent manner as it has been described for other
allosteric binders [50]. To conﬁrm that the binding of AG2 and
Pam3CSK4 to TLR2 occurs simultaneously the reverse experiment
6
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Fig. 4. Eﬀect of AG1–AG4 on mouse macrophages. A) BMDMs (105 cells per well) were incubated in 96 well plates with a constant concentration of AG1–sAG4 (20 μM), Pam3CSK4 (P3;
200 ng/ml) or vehicle. Next day the TNFα production was quantiﬁed by ELISA. Data are means ± S.E.M. of three independent experiments, **p < 0.05 (one way ANOVA with
Dunnett's post-test). B) BMDMs were incubated as in A with increasing concentrations of Pam3CSK4 (P3) or vehicle. Bar-graphs are means ± S.E.M of triplicates, depicted one experiment
of three with similar results. C) TLR2−/− macrophages were stimulated with high concentration of agonists AG1–AG4 (75 μM), Pam2CSK4 (P2; 50 ng/ml), Pam3CSK4 (P3; 300 ng/ml),
or LPS (100 ng/ml) during 18 h. The supernatant was collected and the TNFα production was measured by ELISA. Values are means ± S.E.M of triplicates, the experiment was
reproduced three times. The vehicle used to dissolve the compounds (DMSO) was added at the same concentration in all the reactions. (-) indicates only vehicle.

cells was almost not detectable at low compound concentration as it
happened with the query Compounds A and B (Fig. 1E). These cells
express very low levels of the co-receptors TLR1, TLR6 and CD14. Accordingly we observed, as it has been previously described for TLR2
ligands [44,52], that TLR2 responses to AG1–AG4 were propagated in
the presence of CD14 (Fig. 1F) and also by co-transfection of TLR1 and
TLR6 (not shown). The co-receptor CD14 facilitates the delivery of
Pam2CSK4 and Pam3CSK4 to the TLR2/6 and TLR2/1 heterodimers.
However, the mechanism by which CD14 facilitates the stimulatory
activity of the small-molecule agonists is not clear and it will be further
investigated.
Allosteric agonists are ligands which are able to activate the receptor on their own by binding to a recognition domain on the receptor
that is distinct from the primary orthosteric site [53]. As a result the
allosteric agonist increases the Emax of the agonist and shifts its doseresponse curve to the left. In accordance with being allosteric agonists
for Pam3CSK4, AG1–AG4 increased the Emax if co-stimulations with
Pam3CSK4 were performed, whereas no signiﬁcant decrease in the EC50
value was detected under these circumstances (Fig. 1D).
Antigen presenting cells like monocytes and DCs, which endogenously express higher TLR and CD14 levels than HEK293 cells,
produced cytokines in response to the agonists alone (Figs. 2A, 3A).
Moreover, the compounds AG1–AG4 showed activity not only in human
but also in mouse immune cells (Fig. 4A). In mouse macrophages AG1–AG4 synergized with Pam3CSK4 for TLR2 activation rendering a
TNFα production between two and three fold higher than Pam3CSK4
alone (Fig. 4B). A synergistic activation after dual stimulation of

and Lys347, and hydrophobic interactions with Thr361* and Thr363*
(Fig. 5D and F). The surmised binding poses of agonists AG2 and AG4
show interactions with amino acids Thr363*, His318, and Lys347, and
amino acids Thr361*, Glu386*, Asp286, His318, Lys347, and Leu371,
respectively (Fig. 5E and G).
4. Discussion
In this report we describe the selection and characterization of new
small-molecules with agonistic activity on TLR2. Although the search
for TLR ligands has recently become a ﬂourishing area, few groups have
reported the selection of novel small-molecule TLR2 modulators
[29–31]. In particular Guan et al. [29] described the selection of TLR2
agonists by high-throughput screening of 24,000 compounds. This
screening was based on a luciferase assay detecting activation of the IL8 promoter in SW620 cells transfected with TLR2/6 or TLR2/1. They
found 217 compounds of which the most active (Compounds A and B;
Fig. 1A) had as core structure either 3-carboxylbenzothiophene linked
via a carbonothioylamino bridge to an aniline group or N1-(benzyl)-N2(phenyl)-N2-(sulfonyl)glycinamid. In our study, 26 potential TLR2
agonists were selected through virtual screening from a library of
around 3 million compounds. Subsequently, they were analyzed with a
NF-kB reporter assay in HEK293-TLR2 cells for their activity and synergism with the synthetic lipopeptide Pam3CSK4. Four compounds
(AG1, AG2, AG3, AG4; Fig. 1C) showed synergistic NF-kB activation
when used in combination with the tri-acylated lipopeptide (Fig. 1B).
The induction of NF-kB activity by the agonists in HEK293-TLR2
7
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Fig. 5. Putative binding of AG1–AG4 to TLR2. A) TLR2 was coupled to the dextran surface of CM5 biosensor chips by the amine coupling method in ﬂow cell 2 (Fc2). Vehicle or increasing
amounts of AG2 (2.5, 5, 10, 15 μM) were injected over the surface. Background binding to a mock surface was subtracted (Fc1). The KD value was obtained from steady state binding
evaluation. B) AG2 at 5 μM was injected plus increasing amounts of Pam3CSK4 (20 nM–80 nM). For clarity, the vehicle sersorgram-curve was subtracted. Each experiment was repeated
two times with similar results. C) Depiction of human TLR1–TLR2 heterodimer with co-crystallised ligand Pam3CSK4. The yellow surface indicates a computationally detected alternative
binding site which was considered during docking simulations. D–G) Putative binding modes and 3D pharmacophores of agonists AG1, AG2, AG3, and AG4 in the alternative binding site,
respectively. Interaction features are indicated as follows: hydrogen bond donors: green arrows, hydrogen bond acceptors: red arrows, aromatic interactions: blue disks, and hydrophobic
regions: yellow spheres. The asterisk indicates a TLR1 monomer.

inspected the interaction between TLR2 and prospective ligands (e.g.
amyloid ß peptide or ß2-gpI [57,58]) we immobilized only TLR2 in our
Biacore experiments. TLR2 was solubilized from HEK293-TLR2Flag
cells and it was pull-downed with anti-Flag. However, since these cells
express also TLR1, we do not discard that a small amount of the TLR1
co-receptor could have been simultaneously pull-downed with TLR2.
Hence, to clarify this point, further Biacore experiments with both
overexpressed and puriﬁed proteins will be performed. In addition,
mutational analysis will be necessary to conﬁrm that the putative interacting residues identiﬁed by molecular modeling (Fig. 5D-G) are
implicated in the allosteric binding site.
There is a pronounced interest in the development of new synthetic
TLR ligands that may be used as adjuvants in DC maturation protocols
for therapeutic purposes. Although up to date, lipopeptide agonists (e.g.
Pam3CSK4, Pam2CSK4, FSL-1) are the superior (and standard) TLR2
stimulants in most kind of cells, the chemico-physical properties of
small-molecules (e.g. low molecular weight, higher stability than

macrophages and DCs with ligands for diﬀerent TLRs has previously
been reported [54–56], however to our knowledge, our study is unique
since it shows synergism between two ligands that appear to act onto
the same TLR.
Due to the sequence- and structural-homology between diﬀerent
TLRs it was important to test the selectivity of compounds AG1–AG4 for
TLR2. Compound pre-treatment did not induce TNFα secretion by
mouse TLR2 −/− macrophages (Fig. 4C) neither did the compounds
increase the NF-kB activity in HEK293-TLR4 cells which are known to
express TLR5 and TLR3 besides TLR4 (Fig. supplementary A).
Preliminary Biacore experiments indicate that AG1–AG4 bind directly to TLR2 (Fig. 5A, Fig. supplementary F). Additionally, these results indicate that they bind to TLR2 at a diﬀerent pocket than
Pam3CSK4. If the small-molecules would bind to the same patch, an
increase in the sensorgram intensity when augmenting the compound
concentration would have not been observed (competition assays: Fig
5B and Fig. supplementary G). Similarly to previous studies which
8
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lipopeptides, lower hydrophobicity) make them attractive candidates to
develop new drug-like compounds. The small-molecules presented
here, in particular AG2 and AG3, induce the production of IL-12(p70)
by DCs at levels comparable to Pam3CSK4 (Fig. 3A). This result, together with the increase in the DC activation markers CD83 and CD86
(Fig. 3B) makes them potential candidates for their use as TLR2mediated DC adjuvants. In prospect, the eﬀect of DCs activated with the
new TLR2 agonists in T-cell priming will be further investigated in
order to assess their Th1-polarizing ability in comparison to existing DC
maturation cocktails and TLR2 lipopeptide stimulants.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2017.07.011.
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