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Dendritic cells (DCs) are highly specialized antigen-presenting cells that play cru-
cial roles in innate and adaptive immunity. Previous studies suggested that Toll-like
receptor (TLR) agonists could be used as potential adjuvants, as activation of TLRs can
boost DC-induced immune responses. TLR2 agonists have been shown to enhance
DC-mediated immune responses. However, classical TLR2 agonists such as Pam3CSK4
are not stable enough in vivo, which limits their clinical applications. In this study, a novel
structurally stable TLR2 agonist named SUP3 was designed. Functional analysis showed
that SUP3 induced much stronger antitumor response than Pam3CSK4 by promoting
cytotoxic T lymphocytes activation in vivo. This effect was achieved through the following
mechanisms: SUP3 strongly enhanced the ability of antigen cross-presentation by DCs
and subsequent T cell activation. SUP3 upregulated the expression of costimulatory
molecules on DCs and increased antigen deposition in draining lymph nodes. More
interestingly, SUP3 induced less amount of pro-inflammatory cytokine production in vivo
compared to other TLR agonists such as lipopolysaccharide. Taken together, SUP3
could serve as a novel promising immune adjuvant in vaccine development and immune
modulations.

Keywords: TLR2 agonist, adjuvant, dendritic cell, antigen presentation, cytotoxic T lymphocyte

INTRODUCTION

The agonists of Toll-like receptors (TLRs) especially recognized by dendritic cells (DCs) promote
activation of innate immunity and help initiate adaptive immune responses. These TLR agonists
thus can be applied as immune adjuvants to enhance DC-mediated vaccination and cancer immu-
notherapy (1, 2). Currently, some TLR agonists, such as TLR4 agonist monophosphoryl lipid A
(MPL), have been licensed to be used as adjuvants in vaccination and approved (at least in some

Abbreviations: CFSE, carboxyfluorescein diacetate, succinimidyl ester; CTL, cytotoxic T lymphocyte; DC, dendritic cell;
GM-CSE, granulocyte-macrophage colony-stimulating factor; LPS, lipopolysaccharide; MAPK, mitogen-activated protein
kinase; MHC, major histocompatibility complex; NP-KLH, nitrophenyl-keyhole limpet hemocyanin; OCS, OVA-coated
splenocytes; OVA, ovalbumin; PBS, phosphate buffered saline; TD antigen, thymus-dependent antigen.
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countries) in oncological conditions (3-7). TLR2 is a conserved
molecule expressed by both murine and human conventional
DCs (cDCs), and TLR2 agonists have been shown to have great
potential to be utilized as adjuvants to enhance cDC-mediated
immune responses (8). However, until now TLR2 agonists have
notbeen approved as clinical adjuvants, possibly due to their poor
stabilities and thus weak potency in vivo (1, 2, 9). It is therefore
desirable to design new TLR2 agonist, if it would be used as an
adjuvant in immunotherapy.

Innate immunity represents the first line of defense against
invading pathogens. Innate immune cells like DCs sense dan-
ger signals and initiate responses against them. As the most
efficient antigen-presenting cells (APCs), cDCs are in charge
of recognizing antigens and promoting adaptive immunity
through activation of naive T cells (10, 11). Stimulation of DC
upon recognition of antigens via multiple pattern recognition
receptors (PRRs) upregulates the expression of costimulatory
molecules and induces the production of various cytokines and
chemokines, contributing to T cell activation and inflammatory
responses. Therefore, DCs bridge innate and adaptive immunity
and play pivotal roles in orchestrating immune responses (12).
Murine splenic DCs are heterogeneous populations consisting
of CD8* ¢DCs, CD11b* ¢DCs, and plasmacytoid DCs (pDCs)
(13, 14). CD8* cDCs are specialized in antigen cross-presentation
via major histocompatibility complex (MHC)-I to activate CD8*
T cells and ultimately differentiate them into cytotoxic T lym-
phocytes (CTLs), suggesting CD8* cDCs as essential initiators of
cellular immunity. Moreover, CD8* ¢cDCs can polarize CD4* T
cells into Th1 phenotype by direct antigen presentation through
MHC-II pathway and by producing IL-12p70. The CD11b* ¢cDCs
mainly uptake exogenous antigens and directly present them to
CD4*+ T cells via MHC-II to induce differentiation of multiple
subsets of helper T cells, including Th2 and Th17, which are cru-
cial in defense against extracellular pathogens like parasites and
bacteria (15). In contrast, pDCs are characterized by secreting
large amount of type I interferons (IFNs) upon viral infection,
but have limited antigen presentation ability. The heterogene-
ity of DCs highlights the concept of division of labor through
functional specialization of DC subsets (15).

Pathogen-associated molecular patterns induce functional
maturation of immune cells through binding on specific PRRs
and enhancing the cellular functions. For instance, ligation of
TLR on DCs effectively program DCs into an active status and
dramatically enhance DC functions. Therefore, TLR agonists are
widely used as stimulators of DCs and enhancers of DC-mediated
immune responses (2, 16, 17). TLR2 is a special member among
TLR families that needs to form heterodimers with TLR1 or
TLR6 to recognize triacyl (Pam3CSK4) or diacyl (Pam2CSK4)
lipopeptides, respectively (18, 19). Cell surface receptor TLR2
recognizeslipopeptides mainly derived from cell wall components
of bacteria to elicit innate signaling events. TLR2 represents one
of important sensors to pathogens and TLR2 deficiency impairs
host defense against bacterial infection (20, 21). As TLR2 is con-
served in mouse cDCs and their human counterparts, especially
between murine CD8* ¢cDCs and the human equivalent CD141*
cDCs (22), agonists targeting TLR2 could be promising adju-
vants in designing vaccines through activating DCs for cancer

immunotherapy. Previous studies showed that conjugation of
antigens and TLR agonists targeting APCs achieved dramatically
more potent responses than combination of antigens and TLR
agonists (23-26). Unlike other TLR ligands, the intrinsic peptide
component of TLR2 ligands provides the possibility to directly
conjugate antigenic peptides within TLR2 agonists. Notably, the
expression of TLR2 by DCs, providing the potential for using
TLR2 agonists as adjuvants in DC-mediated immune responses,
and so far increasing number of TLR2 agonists have been devel-
oped (24, 27-30).

Recently, it has been reported that TLR2 agonists could be
used directly (31-34) or as structurally modified forms (26) in
cancer treatment, suggesting that TLR2 agonists can be potential
effective enhancers for cancer immunotherapies. Administration
of TLR2 agonists could enhance effector and memory T cell
responses, leading to elevated efficacy of vaccination and tumor
rejection (24, 30, 31, 33, 35). Moreover, TLR2 agonists could sen-
sitize B cell lymphoma to chemotherapeutic agents via upregulat-
ing costimulatory molecules to increase their sensitivity to NK
cell and CTL cytotoxicity (32), or inducing caspase 8-dependent
apoptosis (34). These facts have made TLR2 agonists to be attrac-
tive adjuvants in the therapy of cancers (28, 30, 35). However,
current available TLR2 agonists have limited applications due
to their rapid degradation in plasma where abundant esterase
exists, which breaking ester bonds connecting glycerol backbone
and palmitic acid chains, resulting in diminished stimulation of
TLR2. Hence, it is necessary to develop new TLR2 agonists with
higher stability in vivo and can be further utilized as immune
adjuvants.

In this study, we designed a new TLR2 agonist termed SUP3
based on the structure of Pam3CSK4 (Pam3 hereafter), which is
a chemically more stable ligand for TLR2/TLR1 heterodimers.
Functional analysis revealed that SUP3 had stronger capabilities
than Pam3 in DC-mediated activation of CTL and T-dependent
antibody production. Further studies of its activity and effects
on immune responses showed that SUP3 enhanced antigen
presentation ability of ¢cDCs and subsequent T cell activation
without leading to excessive inflammatory responses. Our studies
demonstrated that SUP3 could function as a potential immune
adjuvant in vaccination and immunotherapy.

MATERIALS AND METHODS

Mice

C57BL/6 mice were maintained in a specific pathogen-free
facility at Tsinghua University. OT-I and OT-II transgenic mice
were purchased from Jackson Laboratory. Mice were sacrificed
at the age of 6~8 weeks for experiments. The experiments using
mice were approved by the Institutional Animal Care and Use
Committees at Tsinghua University.

Generation of TIr2-- RAW 264.7 Cells

TIr27~ RAW 264.7 cells were generated by lentiviral CRISPR-
Cas9 system as described previously (36). Briefly, target guide
sequences (5’"-CACCGCCTGGAGGTTCGCACACGCT-3',
3'-CGGACCTCCAAGCGTGTGCGACAAA-5') designed by
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Genome Engineering 3.0 were ligated into lentiviral vector
lentiCRISPR (Addgene 52961). Then lentiCRISPR as well as
packaging plasmids pMD2.G (Addgene 12259) and psPax2
(Addgene 12260) were co-transfected into 293FT cells by CaCl,
(12.5 mM) for virus packaging. Fresh cell culture medium was
changed 12 h post-transfection. After another 72 h, 293FT cell
culture supernatant containing virus was harvested, filtered, and
concentrated. Then, RAW 264.7 cells were infected by the virus
(~5x%10° TU/mL) with the presence of 8 ug/mL polybrene (Sigma
H9268). After that, puromycin (4 pg/mL; Sigma P7255) was
added to select positive cells for 48 h post-viral infection. TLR2
depletion efficiency of TIr27~ RAW 264.7 cells was examined
by flow cytometry using a PE conjugated anti-TLR2 antibody
(eBioscience, clone 6C2).

Flow Cytometry

Single cell suspensions were prepared, and cells were stained
by fluorescence-conjugated antibodies and viability dye 7-AAD
(eBioscience 00-6993) at 4°C for 30 min in the dark. Cells were
washed, resuspended, and analyzed on LSR Fortessa (Becton
Dickinson). FACS data were analyzed and displayed by FlowJo
software (Tree Star).

Isolation of Splenic DCs and B Cells

Splenic DCs were purified as described previously (37). CD8*
c¢DCs expanded by B16-FIt3L inoculation were enriched, and
then CD8* cDCs were positively sorted by MACS technol-
ogy (Miltenyi Biotec). Splenic B cells were purified through
negative selection by Streptavidin-MicroBeads (Miltenyi Biotec
130-048-102) combined with different antibodies cocktail to
exclude non-B cells. The antibodies cocktail was composed of
biotinylated antibodies against CD4 (T cells and DCs) (eBiosci-
ence, clone GK1.5), CD8 (T cells and DCs) (eBioscience, clone
53-6.7), CD43 (T cells, monocytes, granulocytes) (eBioscience,
clone eBioR2/60), and Ter119 (erythrocytes) (eBioscience, clone
TER119). B cells were further purified through MACS LS column
(Miltenyi Biotec 130-042-401).

Antigen Presentation and Antigen Uptake

Assays

Antigen presentation assays were performed as previously
described (38). Briefly, ovalbumin (OVA) (10 pg/mL; Sigma
A7641) pulsed cDCs were stimulated with or without TLR agonists
for 4 h. OT-1 CD8* T cells and OT-II CD4" T cells were purified
and then labeled by carboxyfluorescein diacetate succinimidyl
ester (CFSE) (1 uM; Molecular Probes C34554). CD8* ¢cDCs were
cocultured with OT-I CD8* T cells for 60 h, whereas CD11b*
¢DCs were cocultured with OT-II CD4* T cells for 96 h, both
in the presence of granulocyte-macrophage colony-stimulating
factor (GM-CSF) (20 ng/mL; Peprotech 315-03). Proliferated
OT-I or OT-II T cells were defined as diluted CFSE signal ana-
lyzed by flow cytometry. The numbers of T cells were counted by
AccuCheck counting beads (Molecular Probes PCB100). Antigen
uptake ability of DCs was examined by endocytosis analysis
of Alexa Fluor 488 (AF488)-conjugated OVA protein (5 pg/
mL; Molecular Probes O-34781) as described previously (39).

DCs were incubated with OVA-AF488 (5 ug/mL) at 37°C or on
ice (negative control) for 30 min. Cells were washed twice with
cold medium and analyzed by flow cytometry.

TLR Activation and Cytokine Detection
Splenic DCs (5 X 10° cells/mL) were stimulated by Pam3
(200 nM), SUP3 (200 nM), or CpG ODN 1668 (20 nM; Adipogen
IAX-200-001) in the GM-CSF (20 ng/mL) supplemented
medium for indicated periods. Cell culture supernatants were
harvested at indicated time points and stored at —40°C. RAW
264.7 cells and GMDCs were stimulated by lipopolysaccharide
(LPS) (20 ng/mL; Adipogen IAX-100-013), Pam3, or SUP3 (both
at 200 nM) for 24 h. For in vivo administration, Pam3 (2 nmol per
mouse), SUP3 (2 nmol per mouse), or LPS (1 ug per mouse) were
intravenously (i.v.) injected via tail veins. Serum was obtained
through tail vein bleeding and centrifuged after coagulation and
stored at —40°C. Cytokines (IL-6, eBioscience 88-7064; TNFa,
eBioscience 88-7324; IL-12p40, BioLegend 431604), chemokine
(MIP1la, R&D Systems DY450-05), and total IgM (eBioscience,
88-50470) were quantified by ELISA kits following the instruc-
tions of manufacturers.

Immunoblot Analysis

Immunoblot assay was performed as described elsewhere
(40, 41). Briefly, whole-cell lysates were prepared by direct lysis
in SDS loading buffer. Lysates were separated by 10% SDS-
PAGE and transferred to a polyvinylidene fluoride membrane
(Millipore IPVHO00010) for probing with antibody. Antibodies
against phosphorylated NF-kB p65 (p-p65) (Ser 536) (Clone
93H1), p-SAPK/JNK (Thr183/Tyr185) (Clone 81E11), SAPK/
JNK (Clone 56G8), p-p38 (Thr180/Tyr182) (Clone 3D7), and p38
(Clone D13E1) were purchased from Cell Signaling Technology.
Antibodies against IkBa (Clone 93H1), p-ERK (Clone E-4), and
ERK (Clone K-23) were purchased from Santa Cruz Biotech. The
chemiluminescence signals were captured by Amersham Image
600 system (GE Healthcare).

OVA-Coated Splenocytes (OCS)

Immunization

Splenocytes were X-ray irradiated (1500 Rad) and then coated
with OVA (1 mg per spleen) in RPMI 1640 medium (Gibco
11875-119) for 30 min at 37°C. Cells were washed twice with
RPMI 1640 medium. Then OCS (2 X 107 cells per mouse) were
i.v. injected through tail vein, together with or without Pam3
(2 nmol per mouse) or SUP3 (2 nmol per mouse). Seven days
post-immunization, OVA-specific CD8* T cells in spleen were
analyzed by flow cytometry by staining with fluorescence-con-
jugated antibodies against CD19 (eBioscinece, clone 1D3), CD3
(eBioscinece, clone 145-2C11), CD8 (eBioscinece, clone 53-6.7),
and SIINFEKL/H-2Kb-Pentamer (Prolmmune F093-4A).

Tumor Model

Tumor model was applied as previously described with some
modifications (42). Briefly, mice were immunized by OCS
alone, OCS with Pam3 (2 nmol per mouse), or OCS with SUP3
(2 nmol per mouse) for 30 days. Then mice were i.v. injected with
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OVA-expressing B16 melanoma cells (B16-OVA) (5 X 10° cells
per mouse). After 16 days, the numbers of metastatic tumors in
lung were counted.

OT-ll Activation In Vivo

Carboxyfluorescein diacetate succinimidyl ester-stained OT-II
CD4*+ T cells (2 X 10° cells per mouse) were transferred into mice
1 day prior immunization. Then the recipients were subcutane-
ously (s.c.) injected with OVA alone (100 ug per mouse), or OVA
mixed with SUP3 (2 nmol per mouse) or Pam3 (2 nmol per
mouse) at groin. Three days after immunization, OT-II CD4* T
cells from inguinal lymph nodes were analyzed by flow cytometry.

Thymus-Dependent (TD) Antigen

Immunization and Antibody Titer Analysis
Thymus-dependent antigen immunization and antibody titer
analysis were performed as previously described (43). Briefly,
wild-type (WT) mice were immunized by i.p. injection of TD
antigen nitrophenyl-keyhole limpet hemocyanin (NP-KLH, 5 ug
per mouse; Biosearch Technologies N-5060) alone, or mixed with
SUP3 (2 nmol per mouse), Pam3 (2 nmol per mouse), or alum
(3 ug per mouse; Thermo 77161). Serum was harvested every
week, and nitrophenyl-specific IgM and IgG were determined by
ELISA. IgM and total IgG were captured by nitrophenyl 30mer
(Biosearch Technologies N-5050H), and high affinity IgG was
captured by nitrophenyl 8mer (Biosearch Technologies N-5050L)
pre-coated ELISA plates (Corning 9018).

Antigen Deposition

Wild-type mice were s.c. injected with OVA-AF647 alone
(25 pg per mouse; Molecular Probes O-34784), or mixtures of
OVA-AF647 with SUP3 (2 nmol per mouse) or Pam3 (2 nmol
per mouse) at groin. Inguinal lymph nodes were isolated 24 h
post-injection, and then immune cells were analyzed by flow
cytometry.

Statistical Analysis

Data were analyzed by ANOVA followed by Bonferroni multiple
comparison test or by unpaired, two-tailed Student’s ¢ test with
GraphPad Prism 5. Data were presented as mean = SD or + SEM,
and p < 0.05 (*) was considered statistically significant.

RESULTS

Design of TLR2 Agonist SUP3

Pam3 is a lipopeptide and serves as a TLR2 agonist through bind-
ing to TLR2/TLR1 heterodimer. Although Pam3 is widely used
as a TLR2 agonist, some intrinsic problems remain in detailed
mechanism studies and drug development. The two ester groups
of Pam3 can be easily hydrolyzed in plasma, and the hydroxyl
group in serine could be readily oxidized in physiological con-
ditions (Figure SIA in Supplementary Material). All of these
facts made Pam3 less stable in vivo. In order to overcome the
disadvantages of the current existing TLR2 ligands, we designed
a new TLR2 agonist that should be chemically and metabolically

more stable. Based on the structural features of Pam3 and
TLR1/2 receptors co-crystal, we replaced the two ester-linked
palmitoyl groups with chemically more stable bioisostere,
carbamate-linked C14 groups (Figures S1A,B in Supplementary
Material). In addition, we displaced serine residue in Pam3 with
glycine residue to eliminate this chiral center (Figures SIA,B
in Supplementary Material). Since the third lysine residue in
Pam3 is crucial for H bonding, we kept three lysine residues
in the new molecule and removed the forth lysine residue to
further reduce the molecular weight of the new TLR2 agonist,
(28,5S8,8S,14R,18R)-2,5,8-tris(4-aminobutyl)-4,7,10,13,21-
pentaoxo-14-palmitamido-18-((tetradecylcarbamoyl)oxy)-
20-oxa-16-thia-3,6,9,12,22-pentaazahexatriacontan-1-oic  acid.
It is termed SUP3 (Figure 1A; Figures S1A,B in Supplementary
Material). Chemical characterization of SUP3 by 'H nuclear
magnetic resonance and electrospray ionization mass spec-
trum analysis further confirm the structure (Figures S2A,B in
Supplementary Material). The affinity of SUP3 is comparable
with Pam3 (Figure S3A in Supplementary Material), whereas the
plasma stability of SUP3 is much higher than Pam3 (Figure S3B
in Supplementary Material).

To validate the specificity of SUP3 for TLR2, we gener-
ated TIr27~ RAW 264.7 cells with CRISPR-Cas9 system
(Figure 1B). Both Pam3 and SUP3 stimulation induced large
amount of TNFa production by WT RAW cells, indicating
that SUP3 could function similarly as Pam3 in triggering TLR2
response (Figure 1C). TLR2 deficiency abolished the effect
of Pam3 and SUP3 on RAW cells, evidenced by no secretion
of TNFa by TIr27/~ RAW cells upon challenge by Pam3 and
SUP3 (Figure 1C). It demonstrated that TLR2 was the recep-
tor for SUP3. To further determine the bioactivity of SUP3 as
a TLR2 agonist, we determined the cytokine production by
GMDCs upon TLR2 stimulation. GMDCs were generated from
bone marrow cells cultured in the presence of GM-CSF and
interleukin-4 (44, 45). It has been demonstrated that GMDCs
are potent pro-inflammatory cytokine producers upon TLR
stimulation and GMDCs express TLR2 and respond to TLR2
ligands. We found that SUP3 exhibit equal ability as Pam3 in
activating GMDCs, as the production of IL-6 and TNFa were
comparable by GMDCs upon stimulation by SUP3 and Pam3
(Figure 1D). Taken together, these data suggested that SUP3,
the newly designed TLR agonist, engaged TLR2 specifically as
well as Pam3.

SUP3 Induced More Vigorous CTL
Responses Than Pam3 without Excessive
Production of Inflammatory Cytokines

In Vivo

The consequence of immunization or vaccination is the acquire-
ment of preventive or therapeutic effects on infections or tumors,
via generating antigen-specific adaptive immune responses and
memory. Elimination of tumors or intracellular infection requires
antigen-specific CD8* CTLs, the major executors in cellular
immunity (46, 47). In mice, the differentiation and activation
of CD8* CTL is launched through antigen cross-presentation
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FIGURE 1 | Specificity and activity of novel TLR2 agonist SUP3. (A) Schematic chemical structure of SUP3. (B) Surface expression of TLR2 in wild-type (WT)
and TIr2~- RAW 264.7 cell lines. Gray shadows represented isotype control and black lines represented TLR2. (C) TNFa production by RAW 264.7 cells upon
stimulation with lipopolysaccharide (LPS) (1 pg/mL), Pam3CSK4 (Pam3 hereafter) (500 nM), or SUP3 (500 nM) for 8 h. (D) GMDCs were generated by culturing
bone marrow cells with granulocyte-macrophage colony-stimulating factor and interleukin-4 for 7 days, then activated by LPS (20 ng/mL), Pam3 (200 nM), or SUP3
(200 nM) for 24 h. The production of cytokines IL-6 and TNFa in culture supernatant was determined by ELISA. *p < 0.05, **p < 0.0001, “n.s.” indicates

by CD8* ¢cDC (46, 47). Some TLR agonists have been shown to
enhance antigen cross-presentation by cDCs and the subsequent
CD8* T cell activation (30, 35, 48-51). To investigate whether
SUP3 has an effect on CTL responses, we determined the activity
of SUP3 in antigen-specific cellular immunity. Mice were immu-
nized by intravenous injection of OVA coated splenocytes (OCS),
as these cell-associated OVA antigens can be cross-presented
efficiently by CD8" cDC to CD8* T cells (52). Seven days post-
immunization, the percentages of OVA antigen-specific CD8*
T cells in spleens were determined by pentamer (SIINFEKL/
H-2Kb) staining. The effects of various doses of SUP3 and Pam3
on the induction of CTL were determined and 2 nmol was selected
as the optimal dose in the following assays (Figures S4A,B in
Supplementary Material). Administration of SUP3 at a high dose
of 10 nmol resulted in decreased CTL induction and enlarged
spleens, whereas treatment with Pam3 at the same dose did not
have the same effect (data now shown), indicating that SUP3 was
much more potent than Pam3 and the mice could not tolerate

such a high dose of agonists. We found that OCS formulated with
SUP3 induced significantly more antigen-specific CD8" T cells
than that with Pam3 in vivo (Figures 2A,B). To further determine
whether the enhanced CTL activation by SUP3 can lead to more
vigorous antitumor activity, we immunized mice as described
above and then challenged by intravenous inoculation of OVA-
expressing B16 melanoma cells (B16-OVA) (53). We found that
mice immunized with OCS and SUP3 showed markedly reduced
number of tumors in the lungs compared to those with OCS alone
or OCS with Pam3 16 days after the challenge (Figures 2C,D). It
indicated that immunization with SUP3 conferred more efficient
CTL responses, thus more effective protection against tumor
formation. Taken together, these results demonstrated that SUP3
was far more effective than Pam3 in inducing CTL responses
in vivo.

Sustainable stimulation by TLR agonists such as LPS, often
lead to elevated inflammatory cytokines in vivo, which may result
in severe adverse reactions. To test whether this is also the case for
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FIGURE 2 | SUP3 induced more vigorous cytotoxic T lymphocytes (CTLs) responses than Pam3CSK4 without excessive production of inflammatory
cytokines in vivo. (A,B) Mice were immunized by i.v. injection of ovalbumin (OVA)-coated splenocytes (OCS) (2 x 107 cells per mouse) alone, OCS with SUP3

(2 nmol per mouse) or Pam3 (2 nmol per mouse) for 7 days. The percentages of pentamer positive cells (CD19- CD3* CD8* SIINFEKL/H-2Kb-Pentamer+) in
spleens, i.e., the OVA-specific CD8* T cells, were determined by flow cytometry (A) and the statistic calculation is presented in (B). Representative data from three
independent experiments with three mice in each group were presented. (C,D) Mice were immunized as in (A) for 30 days, then inoculated with OVA-expressing
B16 melanoma cells (B16-OVA) (5 x 10° cells per mouse) by i.v. injection and analyzed for metastatic tumor formation in the lung 16 days after inoculation. Data
from two independent experiments with three mice in each group were shown. Representative tumor formations in the lung from each group were displayed in (C),
and the number of metastatic tumors was calculated in (D). (E) Mice were i.v. injected with SUP3 (2 nmol per mouse), Pam3 (2 nmol per mouse), or
lipopolysaccharide (LPS) (1 pg per mouse) for 1 h, the serum was collected, and the levels of different cytokines were determined by ELISA. “n.d.” indicates “not
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SUP3 and Pam3, we determined the level of serum inflammatory
cytokines upon SUP3 or Pam3 administration. The inflammatory
cytokines including IL-6, TNFa, and IL-12p40 and chemokine
MIP1a were all maintained at low levels even after SUP3 or Pam3
stimulation (Figure 2E), suggesting that both SUP3 and Pam3
acted as mild TLR agonists for inflammatory responses. Overall,
SUP3 promoted stronger CTL response without inducing exces-
sive inflammatory cytokine production, suggesting that SUP3
could function as a better adjuvant than Pam3 with potential for
clinical applications.

SUP3 Enhanced Cross-Presentation of

OVA Antigen by CD8* ¢cDCs In Vitro

Cytotoxic T lymphocyte is one of the major effector cell types
in cellular immunity, which can be induced by CD8* cDCs via

antigen cross-presentation to naive CD8* T cells (11, 13, 14, 47).
It is well known that TLR activation can enhance the function of
DCs (54). It is likely that SUP3 promoted stronger CTL responses
through enhancing the function of CD8" cDCs. To investigate
whether SUP3 played any roles in antigen cross-presentation
by splenic CD8* ¢DCs and the subsequent activation of naive
CD8* T cells, we examined the antigen cross-presentation capac-
ity of CD8* cDCs with or without SUP3 by using OVA protein
antigen and the OVA-specific T cell receptor (TCR) transgenic
OT-I CD8* T cells. The CD8" cDCs pulsed with OVA peptide
SIINFEKL specifically recognized by OT-I T cells were used as
positive control. SIINFEKL peptide pulsed CD8* cDCs presented
antigen peptide directly without antigen processing and induced
strong OT-1T cell proliferation (Figure 3A). Upon stimulation of
OVA protein pulsed CD8* ¢cDCs by TLR2 agonists, the prolifera-
tion of cocultured OT-I cells increased significantly, evidenced
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FIGURE 3 | SUP3 facilitated cross-presentation of ovalbumin (OVA) antigen by CD8* conventional dendritic cells (cDCs) in vitro. (A-C) Purified splenic
CD8* cDCs were stimulated with or without Pam3 (200 nM) or SUP3 (200 nM) for 4 h, then pulsed by OVA protein (20 ug/mL) for another 4 h. Cells were washed
and cocultured with carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled OT-1 CD8* T cells for 60 h and analyzed by flow cytometry. (A) The dividing OT-
cells were measured by reduced level of CFSE-labeling. Representative data from three independent experiments with triplicated samples for each group was
shown. “No OVA” (gray shadow) represented negative control that untreated DCs cocultured with OT-I. “Indicated” (solid line) represented DCs pulsed by peptide
SIINFEKL (the first), or OVA proteins (the rest) which were also pretreated by PBS, Pam3, or SUP3, respectively. (B) Absolute numbers of proliferated OT-I T cells
were calculated. (C) Interferon-y from the supernatant of coculture was determined by ELISA 24 h later. Pooled data of three independent experiments with
triplicated samples for each group are shown. (D,E) Purified splenic CD8* cDCs were pretreated by Pam3 (200 nM), SUP3 (200 nM), or PBS for 4 h, then incubated
with OVA-Alexa Fluor (AF) 488 (5 pg/mL) at 37°C or on ice (negative control) for 30 min. The cells were then washed with cold PBS and analyzed by flow cytometry
(D). The mean fluorescence intensities (MFI) of AF488 were shown in (E).

by increased numbers of divided OT-I T cells (Figures 3A,B)
and enhanced production of IFN-y (Figure 3C) compared
to that without stimulation by TLR2 agonists. These results
indicated that SUP3 and Pam3 were comparable in enhancing
cross-presentation by CD8* ¢DCs in vitro, thus leading to
enhanced antigen-specific CD8" T cell activation. It is interesting
to note that unlike the results described above, in which SUP3
induced much stronger antigen-specific CD8* T cell proliferation
and antitumor CTL responses in vivo, SUP3 and Pam3 induced
similar levels of OVA-specific CD8* T cell activation in vitro.

This difference is likely due to the improved stability of SUP3
compared to Pam3 in vivo.

Exogenous antigens are internalized, degraded into short
peptides, uploaded onto MHC-I and finally transported to cell
surface for recognition by cognate T cells (55-57). The first step of
antigen presentation is internalization of extracellular materials.
To clarify whether antigen uptake process is affected by TLR2
engagement, we determined the endocytosis of fluorescence-
conjugated soluble OVA (OVA-Alexa Fluor 488, OVA-AF488) by
CD8* cDCs. The results showed that the uptake of OVA by CD8*

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 158


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Guo et al.

Function of Novel TLR2 Agonist

¢DCs was not influenced by TLR2 activation (Figures 3D,E),
indicating that enhanced antigen presentation by CD8* cDCs was
not due to facilitated antigen uptake process.

SUP3 Upregulated Expression of
Costimulatory Molecules on CD8+ cDCs
and Induced Low Level Production of
Inflammatory Cytokines

Costimulatory molecules, which serve as the second signal
for T cell activation, can be efficiently upregulated upon TLR
activation. To investigate whether SUP3 affected the expression
of costimulatory molecules on CD8* cDCs, we stimulated puri-
fied DCs by SUP3 or Pam3 in vitro and stained with antibodies
to costimulatory molecules as well as MHC molecules. We
found that both SUP3 and Pam3 induced substantial upregula-
tion of CD40, CD80, CD86, and MHC-II on CD8* cDCs, but
not MHC-I (Figure 4A), demonstrating that SUP3 induced
effective costimulation as well as Pam3 in vitro. We then tested
whether SUP3 had similar effects on splenic CD8* cDCs in vivo.
Upon in vivo administration of SUP3 or Pam3 via intravenous
(i.v.) route, the expressions of CD40 and CD86 increased on
splenic CD8* ¢DCs from both SUP3- or Pam3-treated mice,
indicating the ability of SUP3 to promote DC activation in vivo
(Figure 4B).

Toll-like receptor stimulation is required for functional
maturation of DCs, which is essential for T cell activation and
initiation of adaptive immunity. Antigen recognition without
danger signals like TLR ligands leads to tolerance but not
antigen processing for subsequent presentation (17, 58). It is
well established that TLR-induced activation of nuclear factor-
kappa B (NF-kB) and mitogen-activated protein kinase (MAPK)
signaling events contribute to activation of responding cells. To
determine whether SUP3 could activate classical Toll-dependent
signaling pathways in CD8* cDCs, we treated purified CD8*
DCs by TLR2 agonists at various time points (0-120 min) and
detected the expression of the relevant signaling molecules and
their phosphorylated forms by immunoblotting. We found SUP3
stimulation induced phosphorylation of p65 and degradation of
IxkBa and enhanced phosphorylation of ERK, JNK, and p38 in
CD8* ¢DCs (Figure 4C), indicating that similar to Pam3, SUP3
was able to induce activation of NF-kB and MAPK pathways.
Taken together, SUP3 could induce activation of canonical TLR
signaling events in CD8* ¢cDCs.

In addition to costimulation, secretion of cytokines by DCs is
another major feature of DC activation upon TLR engagement.
Cytokines like bioactive IL-12p70 predominately produced by
CD8" ¢DCs drive functional differentiation of activated T cells
and provide the third signal for DC-induced T cell activation (59).
As SUP3 could facilitate CD8* T cell activation (Figures 3A-C),
we therefore examined whether SUP3 could induce inflamma-
tory cytokines production by CD8* cDCs. We activated purified
CD8* ¢DCs by SUP3, Pam3, or CpG in vitro and quantified the
amounts of cytokines in the supernatant by ELISA. Interestingly,
in contrast to CpG stimulation which induced large amount of
IL-12p70, IL-6, and TNFa production by CD8* ¢DCs, SUP3

and Pam3 induced no IL-12p70 and only low levels of IL-6 and
TNFa (Figure 4D). These results demonstrated that SUP3 acted
as a mild agonist in inflammatory responses. Collectively, our
results demonstrated that SUP3 acted as an efficient enhancer of
antigen cross-presentation by CD8* cDCs through upregulating
surface costimulatory molecules and promoting activation of
NF-kB and MAPK signaling pathways, without inducing large
amount of inflammatory cytokines. Thus, SUP3 fulfilled the
properties of a good adjuvant with strong immunostimulatory
capacity for T cell activation and minimal induction of inflam-
matory response.

SUP3 Enhanced CD4+ T Cell Activation
and Production of Antibodies against TD
Antigens

In addition to cellular immunity, the other arm of adaptive
immunity is humoral immunity mediated by antibodies.
Production of TD antigen-specific antibodies requires the assis-
tance of Th2 subtypes, which is mainly induced by CD11b* cDCs
(15, 60, 61). Exogenous antigens are routinely presented via
MHC-II pathway by CD11b* ¢DCs and ultimately recognized
by CD4* T cells for helper T cell differentiation (11). CD11b*
cDCs expressed comparable levels of TLR2 to that of CD8* ¢cDCs
(Figure S5A in Supplementary Material). We predicted that
SUP3 might enhance the functions of CD11b* ¢DCs thus Th2-
mediated production of TD antigen-specific antibodies. To test
this hypothesis, we immunized mice via intraperitoneal (i.p.)
injection of TD antigen NP-KLH with or without TLR agonists.
Formulation with alum was regarded as positive control in this
setting, as alum is always used as an efficient adjuvant in anti-
body induction. Serum antibody titers were determined every
week post-immunization. As expected, SUP3 induced higher
titers of TD antigen-specific antibodies including IgM, total IgG
and high affinity IgG than Pam3 did (Figure 5A). This result
suggested that SUP3 remained functioning for a longer time
than Pam3 in vivo, thus resulting in higher levels of antibody
production.

As mentioned above, CD4* Th2 cells polarized by CD11b*
cDCs are critical in TD antigen-specific antibodies production.
Thus, SUP3 might enhance TD antibody production via facilitat-
ing CD4* T cell activation in vivo. To test this hypothesis, purified
CD4* OT-II T cells from spleens of OVA-specific TCR transgenic
mice were labeled by CFSE and transferred into WT mice for
1 day, followed by subcutaneous (s.c.) immunization with soluble
OVA proteins with TLR agonists for another 3 days. Treatment
with SUP3 induced more proliferation of OT-II CD4* T cells
than that with Pam3 in draining lymph nodes (Figures 5B,C),
demonstrating the ability of SUP3 to induce stronger CD4* T
cell activation in vivo, thus leading to enhanced TD antibodies
production.

SUP3 Facilitated Antigen Presentation by
CD11b* ¢DCs In Vitro

As CD4" T cell activation is enhanced upon SUP3 treatment, we
speculated that SUP3 functioned through improving functions
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FIGURE 4 | SUP3 stimulated maturation of CD8* conventional dendritic cells (cDCs). (A) Purified CD8* cDCs were treated with SUP3 (200 nM) or Pam3
(200 nM) in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) (20 ng/mL) for 24 h. The surface expression of costimulatory and major
histocompatibility complex (MHC) molecules were then analyzed by flow cytometry. Representative data from three independent experiments were shown. “Isotype”
represented relative isotype antibody staining of Pam3 or SUP3 stimulated cells. (B) SUP3 (2 nmol per mouse), Pam3 (2 nmol per mouse), or PBS were i.v. injected
into mice for 1 h. Splenic CD8* cDCs were enriched, and surface expression of CD40 and CD86 was analyzed by flow cytometry. Representative data from two
independent experiments with three mice for each group were shown. (C) Purified CD8* cDCs were treated with SUP3 (200 nM) or Pam3 (200 nM) for indicated
periods (0~120 min), and western blot analysis was performed with the cell lysate for phosphorylated p65 (p-p65), IkBa, p-ERK, ERK, p-JNK, JNK, p-p38, and p38.
Blot of p38 was also regarded as loading control. (D) Purified CD8* cDCs were treated with CpG 1668 (20 nM), SUP3 (200 nM), or Pam3 (200 nM) in the presence
of GM-CSF (20 ng/mL). Supernatants were harvested 24 and 48 h post-stimulation, and cytokines were measured by ELISA. Representative data from two
independent experiments with triplicated samples for each group were shown.
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FIGURE 5 | SUP3 enhanced antigen presentation ability of CD11b* conventional dendritic cells (cDCs) and production of antibodies against
thymus-dependent (TD) antigens. (A) Mice were immunized by TD antigen nitrophenyl-keyhole limpet hemocyanin (NP-KLH) (5 pg per mouse) with or without
SUP3 (2 nmol per mouse), Pam3 (2 nmol per mouse), or alum (3 pg per mouse) as adjuvants, respectively. Serum IgM (nitrophenyl 30mer-captured, NP30-
captured), total IgG (NP30-captured), and high affinity IgG (nitrophenyl 8mer-captured, NP8-captured) specific to NP at indicated time points were examined by
ELISA. (B,C) Carboxyfluorescein diacetate succinimidyl ester-labeled OT-Il CD4* T cells (2 x 10° cells per mouse) were transferred into mice 1 day prior
immunization. Then the recipients were subcutaneously (s.c.) injected with ovalbumin (OVA) alone (100 pg per mouse), or OVA (100 pg per mouse) mixed with SUP3
(2 nmol per mouse) or Pam3 (2 nmol per mouse) at groin. Three days after immunization, division of OT-Il CD4+ T cells from inguinal lymph nodes were analyzed by
flow cytometry (B). Absolute numbers of proliferated OT-Il CD4* T cells were calculated in (C). Pooled data were from two independent experiments with three mice
in each group. “No OVA” (gray shadow) represented negative control that untreated DCs cocultured with CSFE-labeled OT-II. “Indicated” (solid line) represented DCs
pulsed by peptide OVA323 (the first), or OVA proteins (the rest) which were also pretreated by PBS, Pam3, or SUP3, respectively. (D,E) Purified splenic CD11b*
cDCs were stimulated by Pam3 (200 nM) or SUPS3 (200 nM) for 4 h then pulsed by OVA (20 pg/mL) for another 4 h. Cells were then thoroughly washed and
cocultured with CFSE-stained OT-Il CD4* T cells for 4 days and analyzed by flow cytometry. (D) The division of OT-II cells was measured by reduced level of
CFSE-labeling. (E) Absolute numbers of proliferated T cells from (D) were calculated. (F) SUP3 (2 nmol per mouse), Pam3 (2 nmol per mouse), or PBS were i.v.
injected into mice for 1 h, and splenic CD11b* cDCs were enriched and analyzed for CD86 expression by flow cytometry. “Isotype” represented relative isotype
antibody staining of Pam3 or SUP3 stimulated cells. (G) Purified CD11b* cDCs were activated by SUP3 (200 nM), Pam3 (200 nM), or CpG (20 nM) in granulocyte-
macrophage colony-stimulating factor (20 ng/mL) containing medium for 24 h. The cytokines from supernatant were determined by ELISA (*p < 0.05, *p < 0.01).
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of CD11b* ¢DCs. To test this speculation, we evaluated OVA
antigen presentation by SUP3 pretreated CD11b* ¢DCs to OT-II
CD4* T cells. An enhanced OT-II CD4* T cell proliferation was
observed upon stimulation of CD11b* ¢DCs by SUP3 in vitro
(Figures 5D,E), indicating that SUP3 strengthened antigen
presentation ability of CD11b* cDCs. The maturation of CD11b*
cDC is marked by upregulation of costimulatory molecules.
Intravenous administration of SUP3 and Pam3, both induced
maturation of splenic CD11b* ¢DC indicated by CD86 upregula-
tion (Figure 5F). Furthermore, similar to CD8* ¢cDCs, CD11b*
¢DCs produced lower level of IL-6, TNFa, and MIPla upon
stimulation by SUP3 and Pam3, implying a weak ability of SUP3
in inducing inflammatory responses (Figure 5G).

Collectively, these results demonstrated that SUP3 facilitated
antigen presentation by CD11b* cDCs and subsequent activation
of OT-II CD4* T cells, which led to higher levels of TD antibody
production in vivo. These observations again demonstrated the
physiological advantages of SUP3 over Pam3 as an immune
adjuvant.

SUP3 Enhanced Antigen Deposition
in APCs in Draining Lymph Nodes

As immune adjuvants enhance immunogenicity of simultane-
ously administrated antigens via increasing antigen deposition
in lymph nodes, and prolonging antigen presentation (62, 63), we
proposed that SUP3 might prolong the duration of antigen depo-
sition in draining lymph nodes. To test this, we s.c. immunized
mice with OVA-AF647 at groin, or co-administrated with either
SUP3 or Pam3 for 24 h. Antigen deposition in various immune
cell populations from inguinal lymph nodes was then assessed.
After immunization of OVA with SUP3, increased numbers of
antigen-containing CD8* ¢DCs, CD11b* cDCs, macrophages,
and monocytes were observed compared to those with OVA alone
or OVA with Pam3 (Figures 6A,B). Moreover, the total number
of cells containing antigens increased more upon administration
of SUP3 over Pam3 (Figure 6B). This finding indicated that SUP3
facilitated antigen deposition in ¢cDCs, macrophages and mono-
cytes in draining lymph nodes, thus contributed to enhanced
T cell activation.

SUP3 Directly Promoted Stronger B Cell

Activation In Vitro

B lymphocytes can function as APCs that directly respond to
invading pathogens through recognition via innate sensors.
In addition to myeloid cells including DCs, macrophages, and
monocytes, B cells are only lymphocytes positive for TLR2
(Figure S5A in Supplementary Material). TLR ligation on B
cells drives fast IgM production to eliminate pathogens before
the formation of effective antibody-mediated adaptive immu-
nity, which requires 5-7 days to develop (64). The direct TLR
triggered IgM production by B cells, as a thymus independent
(TI) pathway, compensates the delayed formation of humoral
immunity to control pathogens. To evaluate B cell response to
SUP3, we analyzed the expression of activation markers and
production of IgM upon treatment by SUP3 in vitro. Engagement

of TLR2 by SUP3 and Pam3 induced marked upregulation of
CD25, CD40, and CD86 on B lymphocytes (Figure 7A), imply-
ing a direct effect of SUP3 on B cell activation. In addition, more
antigen-independent production of IgM was induced by SUP3
than that induced by Pam3 (Figure 7B), indicating that SUP3
could induce a stronger and longer lasting B cell response than
Pam3. This finding is in line with the better stability of SUP3
compared to Pam3. Our results demonstrated that TLR2 agonists
could enhance B cell function not only in T cell-dependent but
also in T-independent manners.

DISCUSSION

Our newly designed TLR2 agonist SUP3 is structurally similar
to classical TLR2 ligand Pam3. The chemical modification by
replacing oxygen with nitrogen in Pam3 stabilizes the covalent
bonds between glycerol backbone and palmitic acid chains. In
addition, glycine instead of lysine reduces the chiral center and
further simplifies the structure. These improvements overcome
current disadvantages of Pam3, such as weak stability and
structural complexity. Meanwhile, the specificity and affinity to
TLR2 and bioactivity to promote TLR2-dependent cytokines are
retained. Moreover, the peptide components of SUP3 make it
easy and convenient to be conjugated with antigenic peptides.
This type of conjugation could easily confer adjuvant activity
to the conjugated antigens and induce markedly enhanced
immune responses toward antigens without additional adjuvant
formulations (6, 25, 65, 66). Intriguingly, this special feature is
not shared with any other TLR agonists except those of TLR2.
Adjuvants of vaccines are defined as components capable of
enhancing and shaping antigen-specific immune responses (1).
Ideal adjuvants should possess properties including safety and
effectiveness with defined and well-controlled functions (1).
An effective adjuvant should help to reduce required dose of
antigens or the number of immunizations and have significant
improvement in antibody- as well as cell-mediated immune
responses (1). Although both SUP3 and Pam3 possess these
features of an ideal adjuvant, SUP3 is chemically more stable
and structurally simpler than Pam3. SUP3 also exhibited clear
advantages compared to Pam3 in biological activities, suggesting
that SUP3 could be a good substitution of Pam3 in vaccinations
and cancer treatment.

Recognition of microbial or viral components by PRRs on
DCs elicits immediate host response and ultimately long-lasting
adaptive immunity (17). DCs are one of the first encounters for
non-self components, such as pathogens and tumor antigens.
The initial responses of DCs to these pathogens determine the
shape of adaptive immunity. Thus DCs occupy an indispensable
position in orchestrating immune responses to eliminate patho-
gens and tumors. Consequently, immune modulations targeting
DCs could be an effective strategy to harness immune system to
endow protective immunity. Cancer immunotherapy with DCs is
favorable due to fewer side effects, although with limited benefit
observed from recent studies (67).

Enhancement of adaptive immunity is a key parameter of
adjuvants in the context of vaccines. Shaping adaptive immunity

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 158


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Guo et al.

Function of Novel TLR2 Agonist

CcD8* cDC CD11b* cDC

OVA-AF647
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(AF647) (25 pg per mouse) with or without SUP3 (2 nmol per mouse) or Pam3 (2 nmol per mouse) for 24 h. Inguinal lymph nodes were isolated, and immune cells
were analyzed for levels of AF647 fluorescence by flow cytometry (A). The number of OVA-AF647 positive cells was calculated in (B). Representative data were from
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always requires several days of time. In this study, we observed
that more antigen-specific CTLs were generated in the presence of
SUP3 than that with Pam3 during the induction of effector T cell
differentiation by OCS in vivo. Consistent with this observation,
the presence of SUP3 induced much stronger protective response
against tumor challenge, as revealed by significantly reduced
tumor formation in the lungs. Those effects of SUP3 could be
achieved through enhancing antigen cross-presentation by CD8*
cDCs, which are responsible for CTL induction and subsequent
clearance of tumor cells. SUP3 significantly enhanced the surface

expression of costimulatory molecules on ¢DCs, providing one
of the essential signals for T cell activation. Intriguingly, SUP3
enhanced antigen cross-presentation by CD8* cDCs was accom-
panied by a low to moderate levels of inflammatory cytokines,
which is different from effects of many other TLR agonists used as
adjuvant such as LPS. This functional feature of SUP3 can be con-
sidered as an advantage for a good adjuvant, as over production of
inflammatory cytokines could be detrimental. Altogether, SUP3
can serve as a potential adjuvant in therapeutic or prophylactic
vaccines.
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Antigen-specific antibody-mediated humoral immunity is
the other arm of adaptive immunity. Indeed, SUP3 not only
enhances CTL-mediated cellular immunity but also facilitates
the production of various types of specific antibodies to TD
antigens. As mentioned previously, TD antibody production
requires effector CD4* T cells activated through MHC-II
antigen presentation pathway mainly promoted by CD11b*
cDCs. Addition of SUP3 enhanced antigen presentation
ability of CD11b* cDCs in in vitro assays and administration
of SUP3 enhanced CD4* T cell activation in vivo. Thus, SUP3
induced more antibody production than Pam3 in T-dependent
manner through enhancing antigen presentation by CD11b*
c¢DCs. Moreover, an enhanced TI antibody production by B
cells was also observed after SUP3 administration. B cells are
capable of recognizing and responding to pathogens directly
via innate immune receptors like TLR. TLR activation of B
cells could ultimately result in IgM secretion, which rapidly
neutralizes pathogens, namely the TI antibody response
(68). In this study, SUP3 directly promoted IgM production
by B cells, suggesting its effects on both innate and adaptive
immunity. Overall, SUP3 enhanced cellular immunity as well
as TD and TI antibody production. This functional property of
SUP3 made it a promising ideal adjuvant in immunotherapy
and vaccination.

The more vigorous immune stimulatory activities of SUP3
compared to Pam3 in CTL induction, rejection of B16-OVA
tumors, CD4* T cell activation, and the production of TD anti-
bodies could all attribute to its better stability and sustainable
activity over Pam3 in vivo. Thus, SUP3 could act as an effective
adjuvant in immunization.

An ideal adjuvant should have minimum or even none
adverse effects. Generally, TLR agonists are potent immune
stimuli capable of inducing large amount of inflammatory
cytokines, which may lead to cytokine storm to damage the
hosts before inducing protective immune responses. Our study
and previous studies showed that engagement of TLR2 by triacyl
lipopeptides did not promote severe inflammatory responses,
which would be beneficial for its clinical applications (65, 69,
70). Ligation of TLR2 also activated PI3K-Akt-f-catenin axis
to induce IL-10 expression, which is a regulatory cytokine to
suppress inflammation (70). TLR2 agonists cloud also induce
rapid degradation of IRAK1, which is an essential component
of inflammatory response (71). These effects might contribute to
the weaker inflammatory properties of TLR2 agonists. In addi-
tion, TLR2 ligation signal via adaptor MyD88 to promote down-
stream events, whereas LPS recognition by TLR4 can activate
both MyD88 and TRIF adaptors mediated pathways (72, 73).
Thus, LPS could induce stronger inflammatory responses via
two pathways than that induced by TLR2 agonists. Meanwhile,
this immune regulatory effect did not attenuate T cell activation
by DCs (74). Again, SUP3 could be considered as a novel effec-
tive immune adjuvant.

Adjuvants are not only applied in vaccination but also in
cancer immunotherapy. CTLs induced by DCs are major knights
to combat tumors. Enhanced DC activation will lead to vigorous

antitumor cytotoxicity by CTLs. Our studies proved that SUP3
conferred more protective immunity from tumor metastasis to
the lungs. Tumors escape from immune attack by diminishing
CTL responses. PD-1/PD-L1 is important check-point molecules
during immune responses, which suppress antitumor immune
responses. Blocking and eliminating their inhibitory effects
by neutralizing antibodies significantly enhanced antitumor
immune responses and had been used in clinical trials for cancer
therapies (75-77). However, this treatment is not always effective
for some patients due to various reasons. A combination of an
effective immune adjuvant together with anti-PD-1/PD-L1 anti-
bodies may improve the efficacy of the treatment. Our synthetic
TLR2 agonist SUP3 could be an outstanding candidate for this
purpose. Further tests are needed to determine the effectiveness
of this strategy.

Overall, in this study, we developed a novel TLR2 agonist
SUP3, which is more stable than Pam3 and could enhance DC
functions without inducing excessive inflammation, the most
favorable property of an ideal adjuvant. As DCs are essential
initiators of antigen-specific immune responses, the enhanced
activation and function of DCs by TLR2 agonists should improve
immune responses to pathogens or tumors. Our study suggested
that the new TLR2 agonist SUP3 could be a promising adjuvant
in vaccination and immune modulations.

AUTHOR CONTRIBUTIONS

The study was designed by XG, NW, YS, JH, XBL, and LW. XG, XL
(4th author), TW, YZ, XL (7th author) and JH preformed experi-
ments and acquired the data. XG, NW, YS, XL (7th author), JH,
XBL, and LW analyzed and interpreted the data. Manuscript was
written by XG, NW, YS, XBL, and LW. This study was supervised
by LW and XBL.

ACKNOWLEDGMENTS

We thank Dr. Wanli Liu and Ms. Xuejiao Dong (Tsinghua
University) for assistance in investigation of antibody responses,
Dr. Yun-Cai Liu (Tsinghua University) for providing B16-OVA
cells, and Dr. Gang Liu (Tsinghua University) for analysis of
HEK-Blue hTLR?2 assay.

FUNDING

This work was supported by a National Major Scientific Research
Program by Ministry of Science and Technology of People’s
Republic of China (No.2015CB943200), a Key Project Grant from
National Natural Science Foundation of China (No. 31330027),
and Tsinghua-Peking Center for Life Sciences.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at http://journal.frontiersin.org/article/10.3389/fimmu.
2017.00158/full#supplementary-material.

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 158


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00158/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00158/full#supplementary-material

Guo et al.

Function of Novel TLR2 Agonist

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat Med
(2013) 19(12):1597-608. doi:10.1038/nm.3409

Maisonneuve C, Bertholet S, Philpott DJ, De Gregorio E. Unleashing the
potential of NOD- and toll-like agonists as vaccine adjuvants. Proc Natl Acad
Sci US A (2014) 111(34):12294-9. doi:10.1073/pnas.1400478111

Paavonen J, Naud P, Salmeron J, Wheeler CM, Chow SN, Apter D, et al. Efficacy
of human papillomavirus (HPV)-16/18 AS04-adjuvanted vaccine against cer-
vical infection and precancer caused by oncogenic HPV types (PATRICIA):
final analysis of a double-blind, randomised study in young women. Lancet
(2009) 374(9686):301-14. doi:10.1016/S0140-6736(09)61248-4

Lehtinen M, Paavonen J. Sound efficacy of prophylactic HPV vaccination:
basics and implications. Oncoimmunology (2012) 1(6):995-6. doi:10.4161/
onci.20011

Olive C. Pattern recognition receptors: sentinels in innate immunity and
targets of new vaccine adjuvants. Expert Rev Vaccines (2012) 11(2):237-56.
doi:10.1586/erv.11.189

Zaman M, Toth I. Inmunostimulation by synthetic lipopeptide-based vaccine
candidates: structure-activity relationships. Front Immunol (2013) 4:318.
doi:10.3389/fimmu.2013.00318

Iribarren K, Bloy N, Buque A, Cremer I, Eggermont A, Fridman WH,
et al. Trial watch: immunostimulation with toll-like receptor agonists in
cancer therapy. Oncoimmunology (2016) 5(3):e1088631. doi:10.1080/21624
02X.2015.1088631

Cohn L, Delamarre L. Dendritic cell-targeted vaccines. Front Immunol (2014)
5:255. d0i:10.3389/fimmu.2014.00255

Seya T, Shime H, Takeda Y, Tatematsu M, Takashima K, Matsumoto M.
Adjuvant for vaccine immunotherapy of cancer - focusing on toll-like
receptor 2 and 3 agonists for safely enhancing antitumor immunity. Cancer
Sci (2015) 106(12):1659-68. doi:10.1111/cas.12824

Steinman RM. Decisions about dendritic cells: past, present, and future. Annu
Rev Immunol (2012) 30:1-22. doi:10.1146/annurev-immunol-100311-102839
Merad M, Sathe P, Helft J, Miller ], Mortha A. The dendritic cell lineage:
ontogeny and function of dendritic cells and their subsets in the steady state
and the inflamed setting. Annu Rev Immunol (2013) 31:563-604. doi:10.1146/
annurev-immunol-020711-074950

Belz GT, Nutt SL. Transcriptional programming of the dendritic cell network.
Nat Rev Immunol (2012) 12(2):101-13. doi:10.1038/nri3149

Wu L, Liu YJ. Development of dendritic-cell lineages. Immunity (2007)
26(6):741-50. doi:10.1016/j.immuni.2007.06.006

Chopin M, Allan RS, Belz GT. Transcriptional regulation of dendritic cell
diversity. Front Immunol (2012) 3:26. doi:10.3389/fimmu.2012.00026
Ginhoux F, Schlitzer A. CD11b+ DCs rediscovered: implications for vacci-
nation. Expert Rev Vaccines (2014) 13(4):445-7. doi:10.1586/14760584.2014.
893196

Iwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune
responses. Nat Immunol (2004) 5(10):987-95. doi:10.1038/ni1112

Iwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune
system. Nat Immunol (2015) 16(4):343-53. doi:10.1038/ni.3123

Kang JY, Lee JO. Structural biology of the toll-like receptor family. Annu Rev
Biochem (2011) 80:917-41. doi:10.1146/annurev-biochem-052909-141507
van Bergenhenegouwen J, Plantinga TS, Joosten LA, Netea MG, Folkerts G,
Kraneveld AD, et al. TLR2 & Co: a critical analysis of the complex interac-
tions between TLR2 and coreceptors. J Leukoc Biol (2013) 94(5):885-902.
doi:10.1189/j1b.0113003

Takeuchi O, Hoshino K, Akira S. Cutting edge: TLR2-deficient and MyD88-
deficient mice are highly susceptible to Staphylococcus aureus infection.
J Immunol (2000) 165(10):5392-6. doi:10.4049/jimmunol.165.10.5392
Wooten RM, Ma Y, Yoder RA, Brown JP, Weis JH, Zachary JF, et al. Toll-like
receptor 2 is required for innate, but not acquired, host defense to Borrelia burg-
dorferi. ] Immunol (2002) 168(1):348-55. doi:10.4049/jimmunol.168.1.348
Lim YT. Vaccine adjuvant materials for cancer immunotherapy and control
of infectious disease. Clin Exp Vaccine Res (2015) 4(1):54-8. doi:10.7774/
cevr.2015.4.1.54

Khan S, Bijker MS, Weterings JJ, Tanke HJ, Adema GJ, van Hall T, et al. Distinct
uptake mechanisms but similar intracellular processing of two different toll-
like receptor ligand-peptide conjugates in dendritic cells. ] Biol Chem (2007)
282(29):21145-59. doi:10.1074/jbc.M701705200

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Prajeeth CK, Jirmo AC, Krishnaswamy JK, Ebensen T, Guzman CA, Weiss
S, et al. The synthetic TLR2 agonist BPPcysMPEG leads to efficient cross-
priming against co-administered and linked antigens. Eur ] Immunol (2010)
40(5):1272-83. doi:10.1002/€ji.200939790

Shen KY, Song YC, Chen IH, Chong P, Liu SJ. Depletion of tumor-associated
macrophages enhances the anti-tumor immunity induced by a toll-like receptor
agonist-conjugated peptide. Hum Vaccin Immunother (2014) 10(11):3241-50.
doi:10.4161/hv.29275

Zom GG, Khan S, Britten CM, Sommandas V, Camps MG, Loof NM, et al.
Efficient induction of antitumor immunity by synthetic toll-like receptor
ligand-peptide conjugates. Cancer Immunol Res (2014) 2(8):756-64.
doi:10.1158/2326-6066.CIR-13-0223

Salunke DB, Connelly SW, Shukla NM, Hermanson AR, Fox LM, David SA.
Design and development of stable, water-soluble, human toll-like receptor 2
specific monoacyl lipopeptides as candidate vaccine adjuvants. ] Med Chem
(2013) 56(14):5885-900. d0i:10.1021/jm400620g

Shen KY, Song YC, Chen IH, Leng CH, Chen HW, Li HJ, et al. Molecular
mechanisms of TLR2-mediated antigen cross-presentation in dendritic cells.
J Immunol (2014) 192(9):4233-41. doi:10.4049/jimmunol.1302850

Willems MM, Zom GG, Khan S, Meeuwenoord N, Melief CJ, van der Stelt M,
etal. N-tetradecylcarbamyl lipopeptides as novel agonists for toll-like receptor
2. ] Med Chem (2014) 57(15):6873-8. d0i:10.1021/jm500722p

Santone M, Aprea S, Wu TY, Cooke MP, Mbow ML, Valiante NM, et al. A
new TLR2 agonist promotes cross-presentation by mouse and human antigen
presenting cells. Hum Vaccin Immunother (2015) 11(8):2038-50. doi:10.1080
/21645515.2015.1027467

Zhang Y, Luo E, Cai Y, Liu N, Wang L, Xu D, et al. TLR1/TLR2 agonist induces
tumor regression by reciprocal modulation of effector and regulatory T cells.
J Immunol (2011) 186(4):1963-9. doi:10.4049/jimmunol.1002320

Lee SK, Chwee JY, Ma CA, Le Bert N, Huang CW, Gasser S. Synergistic anti-
cancer effects of Pam3CSK4 and Ara-C on B-cell lymphoma cells. Clin Cancer
Res (2014) 20(13):3485-95. doi:10.1158/1078-0432.CCR-13-2522

Zhang Y, Luo E Li A, Qian ], Yao Z, Feng X, et al. Systemic injection of TLR1/2
agonist improves adoptive antigen-specific T cell therapy in glioma-bearing
mice. Clin Immunol (2014) 154(1):26-36. doi:10.1016/j.clim.2014.06.004
Rolf N, Kariminia A, Ivison S, Reid GS, Schultz KR. Heterodimer-specific
TLR2 stimulation results in divergent functional outcomes in B-cell pre-
cursor acute lymphoblastic leukemia. Eur J Immunol (2015) 45(7):1980-90.
doi:10.1002/eji.201444874

Chua BY, Olson MR, Bedoui S, Sekiya T, Wong CY, Turner SJ, et al. The
use of a TLR2 agonist-based adjuvant for enhancing effector and memory
CD8 T-cell responses. Immunol Cell Biol (2014) 92(4):377-83. doi:10.1038/
icb.2013.102

Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, et al.
Genome-scale CRISPR-Cas9 knockout screening in human cells. Science
(2014) 343(6166):84-7. doi:10.1126/science.1247005

Vremec D, Segura E. The purification of large numbers of antigen presenting
dendritic cells from mouse spleen. Methods Mol Biol (2013) 960:327-50.
do0i:10.1007/978-1-62703-218-6_24

Belz GT. Direct ex vivo activation of T cells for analysis of dendritic
cells antigen presentation. Methods Mol Biol (2010) 595:351-69.
doi:10.1007/978-1-60761-421-0_23

Sathe P, Pooley J, Vremec D, Mintern J, Jin JO, Wu L, et al. The acquisition
of antigen cross-presentation function by newly formed dendritic cells.
J Immunol (2011) 186(9):5184-92. doi:10.4049/jimmunol. 1002683

Xu H, Zhu ], Smith S, Foldi J, Zhao B, Chung AY, et al. Notch-RBP-]J signaling
regulates the transcription factor IRF8 to promote inflammatory macrophage
polarization. Nat Immunol (2012) 13(7):642-50. doi:10.1038/ni.2304

Shang Y, Coppo M, He T, Ning F, Yu L, Kang L, et al. The transcriptional
repressor Hesl attenuates inflammation by regulating transcription elonga-
tion. Nat Immunol (2016) 17(8):930-7. d0i:10.1038/ni.3486

Rajagopal D, Paturel C, Morel Y, Uematsu S, Akira S, Diebold SS. Plasmacytoid
dendritic cell-derived type I interferon is crucial for the adjuvant activity of
toll-like receptor 7 agonists. Blood (2010) 115(10):1949-57. doi:10.1182/
blood-2009-08-238543

Zeng Y, YiJ, Wan Z, Liu K, Song P, Chau A, et al. Substrate stiffness regulates
B-cell activation, proliferation, class switch, and T-cell-independent anti-
body responses in vivo. Eur J Immunol (2015) 45(6):1621-34. doi:10.1002/
€ji.201444777

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 158


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nm.3409
https://doi.org/10.1073/pnas.1400478111
https://doi.org/10.1016/S0140-6736(09)61248-4
https://doi.org/10.4161/onci.20011
https://doi.org/10.4161/onci.20011
https://doi.org/10.1586/erv.11.189
https://doi.org/10.3389/fimmu.2013.00318
https://doi.org/10.1080/2162402X.2015.1088631
https://doi.org/10.1080/2162402X.2015.1088631
https://doi.org/10.3389/fimmu.2014.00255
https://doi.org/10.1111/cas.12824
https://doi.org/10.1146/annurev-immunol-100311-102839
https://doi.org/10.1146/annurev-immunol-020711-074950
https://doi.org/10.1146/annurev-immunol-020711-074950
https://doi.org/10.1038/nri3149
https://doi.org/10.1016/j.immuni.2007.06.006
https://doi.org/10.3389/fimmu.2012.00026
https://doi.org/10.1586/14760584.2014.893196
https://doi.org/10.1586/14760584.2014.893196
https://doi.org/10.1038/ni1112
https://doi.org/10.1038/ni.3123
https://doi.org/10.1146/annurev-biochem-052909-141507
https://doi.org/10.1189/jlb.0113003
https://doi.org/10.4049/jimmunol.165.10.5392
https://doi.org/10.4049/jimmunol.168.1.348
https://doi.org/10.7774/cevr.2015.4.1.54
https://doi.org/10.7774/cevr.2015.4.1.54
https://doi.org/10.1074/jbc.M701705200
https://doi.org/10.1002/eji.200939790
https://doi.org/10.4161/hv.29275
https://doi.org/10.1158/2326-6066.CIR-13-0223
https://doi.org/10.1021/jm400620g
https://doi.org/10.4049/jimmunol.1302850
https://doi.org/10.1021/jm500722p
https://doi.org/10.1080/21645515.2015.1027467
https://doi.org/10.1080/21645515.2015.1027467
https://doi.org/10.4049/jimmunol.1002320
https://doi.org/10.1158/1078-0432.CCR-13-2522
https://doi.org/10.1016/j.clim.2014.06.004
https://doi.org/10.1002/eji.201444874
https://doi.org/10.1038/icb.2013.102
https://doi.org/10.1038/icb.2013.102
https://doi.org/10.1126/science.1247005
https://doi.org/10.1007/978-1-62703-218-6_24
https://doi.org/10.1007/978-1-60761-421-0_23
https://doi.org/10.4049/jimmunol.1002683
https://doi.org/10.1038/ni.2304
https://doi.org/10.1038/ni.3486
https://doi.org/10.1182/blood-2009-08-238543
https://doi.org/10.1182/blood-2009-08-238543
https://doi.org/10.1002/eji.201444777
https://doi.org/10.1002/eji.201444777

Guo et al.

Function of Novel TLR2 Agonist

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Schreurs MW, Eggert AA, de Boer AJ, Figdor CG, Adema GJ. Generation
and functional characterization of mouse monocyte-derived dendritic
cells. Eur JImmunol (1999) 29(9):2835-41. doi:10.1002/(SICI)1521-
4141(199909)29:09<2835::AID-IMMU2835>3.0.CO;2-Q

Guo X, Zhou Y, Wu T, Zhu X, Lai W, Wu L. Generation of mouse and human
dendritic cells in vitro. J Immunol Methods (2016) 432:24-9. doi:10.1016/j.
jim.2016.02.011

Kurts C, Robinson BW, Knolle PA. Cross-priming in health and disease. Nat
Rev Immunol (2010) 10(6):403-14. doi:10.1038/nri2780

Joftre OP, Segura E, Savina A, Amigorena S. Cross-presentation by dendritic
cells. Nat Rev Immunol (2012) 12(8):557-69. d0i:10.1038/nri3254

DuJ, WuZ, Ren S, Wei Y, Gao M, Randolph GJ, et al. TLR8 agonists stimulate
newly recruited monocyte-derived cells into potent APCs that enhance
HBsAg immunogenicity. Vaccine (2010) 28(38):6273-81. doi:10.1016/j.
vaccine.2010.06.117

Lahiri A, Lahiri A, Das P, Vani J, Shaila MS, Chakravortty D. TLR 9 activation
in dendritic cells enhances salmonella killing and antigen presentation via
involvement of the reactive oxygen species. PLoS One (2010) 5(10):e13772.
doi:10.1371/journal.pone.0013772

Fehres CM, Bruijns SC, van Beelen AJ, Kalay H, Ambrosini M, Hooijberg E,
etal. Topical rather than intradermal application of the TLR7 ligand imiquimod
leads to human dermal dendritic cell maturation and CD8+ T-cell cross-prim-
ing. Eur ] Immunol (2014) 44(8):2415-24. doi:10.1002/¢ji.201344094

Zhong R, Li H, Messer K, Lane TA, Zhou J, Ball ED. Augmentation of autol-
ogous T cell reactivity with acute myeloid leukemia (AML) blasts by toll-like
receptor (TLR) agonists. Cancer Immunol Immunother (2015) 64(6):737-44.
do0i:10.1007/s00262-015-1680-x

Li M, Davey GM, Sutherland RM, Kurts C, Lew AM, Hirst C, et al.
Cell-associated ovalbumin is cross-presented much more efficiently than
soluble ovalbumin in vivo. J Immunol (2001) 166(10):6099-103. doi:10.4049/
jimmunol.166.10.6099

Sancho D, Mourao-Sa D, Joffre OP, Schulz O, Rogers NC, Pennington DJ, et al.
Tumor therapy in mice via antigen targeting to a novel, DC-restricted C-type
lectin. J Clin Invest (2008) 118(6):2098-110. doi:10.1172/JCI34584

Mills KH. TLR-dependent T cell activation in autoimmunity. Nat Rev Immunol
(2011) 11(12):807-22. d0i:10.1038/nri3095

Villadangos JA, Schnorrer P. Intrinsic and cooperative antigen-presenting
functions of dendritic-cell subsets in vivo. Nat Rev Immunol (2007) 7(7):543—
55. doi:10.1038/nri2103

Neefjes J, Jongsma ML, Paul P, Bakke O. Towards a systems understanding of
MHC class I and MHC class IT antigen presentation. Nat Rev Immunol (2011)
11(12):823-36. doi:10.1038/nri3084

Segura E, Villadangos JA. A modular and combinatorial view of the antigen
cross-presentation pathway in dendritic cells. Traffic (2011) 12(12):1677-85.
doi:10.1111/j.1600-0854.2011.01254.x

Blander JM, Medzhitov R. Toll-dependent selection of microbial antigens for
presentation by dendritic cells. Nature (2006) 440(7085):808-12. doi:10.1038/
nature04596

Gutcher I, Becher B. APC-derived cytokines and T cell polarization in
autoimmune inflammation. J Clin Invest (2007) 117(5):1119-27. doi:10.1172/
JCI31720

Zhu ], Yamane H, Paul WE. Differentiation of effector CD4 T cell
populations (*). Annu Rev Immunol (2010) 28:445-89. doi:10.1146/
annurev-immunol-030409-101212

Ivanova EA, Orekhov AN. T helper lymphocyte subsets and plasticity in
autoimmunity and cancer: an overview. Biomed Res Int (2015) 2015:327470.
doi:10.1155/2015/327470

van Montfoort N, Camps MG, Khan S, Filippov DV, Weterings JJ, Griffith
JM, et al. Antigen storage compartments in mature dendritic cells facilitate

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

prolonged cytotoxic T lymphocyte cross-priming capacity. Proc Natl Acad Sci
U S A (2009) 106(16):6730-5. doi:10.1073/pnas.0900969106

Calabro S, Tortoli M, Baudner BC, Pacitto A, Cortese M, O’'Hagan DT, et al.
Vaccine adjuvants alum and MF59 induce rapid recruitment of neutrophils
and monocytes that participate in antigen transport to draining lymph nodes.
Vaccine (2011) 29(9):1812-23. doi:10.1016/j.vaccine.2010.12.090

Cerutti A, Puga I, Cols M. Innate control of B cell responses. Trends Immunol
(2011) 32(5):202-11. doi:10.1016/;.it.2011.02.004

Moyle PM, Toth I. Self-adjuvanting lipopeptide vaccines. Curr Med Chem
(2008) 15(5):506-16. doi:10.2174/092986708783503249

Zeng W, Eriksson EM, Lew A, Jackson DC. Lipidation of intact proteins
produces highly immunogenic vaccine candidates. Mol Immunol (2011)
48(4):490-6. doi:10.1016/j.molimm.2010.10.003

Radford KJ, Tullett KM, Lahoud MH. Dendritic cells and cancer
immunotherapy. Curr Opin Immunol (2014) 27:26-32. doi:10.1016/j.
€0i.2014.01.005

Vinuesa CG, Chang PP. Innate B cell helpers reveal novel types of antibody
responses. Nat Immunol (2013) 14(2):119-26. doi:10.1038/ni.2511

Eriksson EM, Jackson DC. Recent advances with TLR2-targeting
lipopeptide-based vaccines. Curr Protein Pept Sci (2007) 8(4):412-7.
doi:10.2174/138920307781369436

Manoharan I, Hong Y, Suryawanshi A, Angus-Hill ML, Sun Z, Mellor AL,
et al. TLR2-dependent activation of beta-catenin pathway in dendritic cells
induces regulatory responses and attenuates autoimmune inflammation.
J Immunol (2014) 193(8):4203-13. doi:10.4049/jimmunol.1400614

Liu YC, Simmons DP, Li X, Abbott DW, Boom WH, Harding CV. TLR2
signaling depletes IRAK1 and inhibits induction of type I IFN by TLR7/9.
J Immunol (2012) 188(3):1019-26. doi:10.4049/jimmunol.1102181

Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on toll-like receptors. Nat Immunol (2010) 11(5):373-84.
doi:10.1038/ni.1863

Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate
receptors in infection and immunity. Immunity (2011) 34(5):637-50.
doi:10.1016/j.immuni.2011.05.006

Alves CH, Ober-Blobaum JL, Brouwers-Haspels I, Asmawidjaja PS, Mus AM,
Razawy W, et al. Dendritic cell-specific deletion of beta-catenin results in fewer
regulatory T-cells without exacerbating autoimmune collagen-induced arthri-
tis. PLoS One (2015) 10(11):e0142972. doi:10.1371/journal.pone.0142972
Brahmer JR, Tykodi SS, Chow LQ, Hwu W], Topalian SL, Hwu P, et al. Safety
and activity of anti-PD-L1 antibody in patients with advanced cancer. N Engl
J Med (2012) 366(26):2455-65. doi:10.1056/NE]Moa1200694

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer.
N Engl ] Med (2012) 366(26):2443-54. doi:10.1056/NEJMoa1200690

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature (2014) 515(7528):568-71. d0i:10.1038/nature13954

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Guo, Wu, Shang, Liu, Wu, Zhou, Liu, Huang, Liao and Wu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

15

February 2017 | Volume 8 | Article 158


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1002/(SICI)1521-
4141(199909)29:09﻿<﻿2835::AID-IMMU2835﻿>﻿3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1521-
4141(199909)29:09﻿<﻿2835::AID-IMMU2835﻿>﻿3.0.CO;2-Q
https://doi.org/10.1016/j.jim.2016.02.011
https://doi.org/10.1016/j.jim.2016.02.011
https://doi.org/10.1038/nri2780
https://doi.org/10.1038/nri3254
https://doi.org/10.1016/j.vaccine.2010.06.117
https://doi.org/10.1016/j.vaccine.2010.06.117
https://doi.org/10.1371/journal.pone.0013772
https://doi.org/10.1002/eji.201344094
https://doi.org/10.1007/s00262-015-1680-x
https://doi.org/10.4049/jimmunol.166.10.6099
https://doi.org/10.4049/jimmunol.166.10.6099
https://doi.org/10.1172/JCI34584
https://doi.org/10.1038/nri3095
https://doi.org/10.1038/nri2103
https://doi.org/10.1038/nri3084
https://doi.org/10.1111/j.1600-0854.2011.01254.x
https://doi.org/10.1038/nature04596
https://doi.org/10.1038/nature04596
https://doi.org/10.1172/JCI31720
https://doi.org/10.1172/JCI31720
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1155/2015/327470
https://doi.org/10.1073/pnas.0900969106
https://doi.org/10.1016/j.vaccine.2010.12.090
https://doi.org/10.1016/j.it.2011.02.004
https://doi.org/10.2174/092986708783503249
https://doi.org/10.1016/j.molimm.2010.10.003
https://doi.org/10.1016/j.coi.2014.01.005
https://doi.org/10.1016/j.coi.2014.01.005
https://doi.org/10.1038/ni.2511
https://doi.org/10.2174/138920307781369436
https://doi.org/10.4049/jimmunol.1400614
https://doi.org/10.4049/jimmunol.1102181
https://doi.org/10.1038/ni.1863
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1371/journal.pone.0142972
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1038/nature13954
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Novel Toll-Like Receptor 2 Agonist SUP3 Enhances Antigen Presentation and T Cell Activation by Dendritic Cells
	Introduction
	Materials and Methods
	Mice
	Generation of Tlr2−/− RAW 264.7 Cells
	Flow Cytometry
	Isolation of Splenic DCs and B Cells
	Antigen Presentation and Antigen Uptake Assays
	TLR Activation and Cytokine Detection
	Immunoblot Analysis
	OVA-Coated Splenocytes (OCS) Immunization
	Tumor Model
	OT-II Activation In Vivo
	Thymus-Dependent (TD) Antigen Immunization and Antibody Titer Analysis
	Antigen Deposition
	Statistical Analysis

	Results
	Design of TLR2 Agonist SUP3
	SUP3 Induced More Vigorous CTL Responses Than Pam3 without Excessive Production of Inflammatory Cytokines In Vivo
	SUP3 Enhanced Cross-Presentation of OVA Antigen by CD8+ cDCs In Vitro
	SUP3 Upregulated Expression of Costimulatory Molecules on CD8+ cDCs and Induced Low Level Production of Inflammatory Cytokines
	SUP3 Enhanced CD4+ T Cell Activation and Production of Antibodies against TD Antigens
	SUP3 Facilitated Antigen Presentation by CD11b+ cDCs In Vitro
	SUP3 Enhanced Antigen Deposition 
in APCs in Draining Lymph Nodes
	SUP3 Directly Promoted Stronger B Cell Activation In Vitro

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


