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Targeting of Mycobacterium tuberculosis (MTB) PE/PPE
antigens that induce type 1 helper T cell (Th1) and Th17
responses represents a crucial strategy for the development of
tuberculosis (TB) vaccines. However, only a few PE/PPE anti-
gens induce these responses. Here, we sought to determine how
the cell wall–associated antigen PPE60 (Rv3478) activates den-
dritic cell (DC) maturation and T-cell differentiation. We
observed that PPE60 induces DC maturation by augmenting the
protein expression of cluster of differentiation 80 (CD80) and
CD86 and major histocompatibility complex (MHC) class I and
MHC class II on the cell surface. PPE60 also stimulated the pro-
duction of tumor necrosis factor-� (TNF�), interleukin (IL)-1�,
IL-6, IL-12p70, and IL-23p19 but not IL-10. This induction was
mediated by Toll-like receptor 2 (TLR2) and followed by activa-
tion of p38, c-Jun N-terminal kinase (JNK), and NF-�B signal-
ing. PPE60 enhanced MHC-II expression and promoted antigen
processing by DCs in a TLR2-dependent manner. Moreover,
PPE60-stimulated DCs directed naïve CD4� T cells to produce
IFN-�, IL-2, and IL-17A, expanding the Th1 and Th17
responses, along with activation of T-bet and RAR-related
orphan receptor C (ROR�t) but not GATA-3. Moreover, PPE60
activated the NLRP3 inflammasome followed by caspase-1– de-
pendent IL-1� and IL-18 synthesis in DCs. Of note, pharmaco-
logical inhibition of NLRP3 activation specifically attenuated
IFN-� and IL-17A secretion into the supernatant from CD4� T
cells cocultured with PPE60-activated DCs. These findings indi-
cate that PPE60 induces Th1 and Th17 immune responses
by activating DCs in a TLR2-dependent manner, suggesting
PPE60’s potential for use in MTB vaccine development.

Mycobacterium tuberculosis (MTB),4 the causative agent of
human tuberculosis, has shown an outstanding ability to adapt
to its host (1). Indeed, greater than one-third of the world’s
population is latently infected with this organism, and millions
of people succumb to MTB infection each year (2). Due to the
current epidemic fueled by human immunodeficiency virus
(HIV) coinfection and increasing spread of drug-resistant MTB
strains, the resurgence of pulmonary tuberculosis is an ongoing
threat to global health (3). Currently, the only available Myco-
bacterium bovis bacillus Calmette-Guérin (BCG) vaccine is of
limited efficacy against pulmonary tuberculosis in young
adults, in reactivated populations, and in TB-endemic regions
(4, 5). The ineffectiveness of BCG, the noncompliance of TB
drugs, and the emergence of individuals coinfected with HIV
and MTB highlight the importance of the development of a new
and improved vaccine.

The PE/PPE family proteins from MTB are named after the
presence of their conserved N-terminal Pro-Glu (PE) or Pro-
Pro-Glu (PPE) motifs (6). 99 pe and 69 ppe genes represent
�10% of the genome and are characterized by their high GC
content and extensive repetitive homologous sequences (7).
Although the detailed function of this gene family remains to be
unraveled, PE/PPE genes are strongly suspected to be associ-
ated with several aspects of host–pathogen interactions, such as
bacterial virulence, mycobacterial growth, and antigenic varia-
tion (8). For example, two PPE proteins (PPE31/PPE68) and one
PE (PE35) were found to be required for mycobacterial growth
in vivo during infection of mice (9, 10). A PPE protein from
Mycobacterium avium (PPE25 ortholog) has been shown to be
involved in virulence by hampering vacuole acidification and
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phagosome-lysosome fusion in macrophages (11). In particu-
lar, a series of PE/PPE proteins (such as PPE18, PPE41, and
PE_PGRS33) have been linked to the rich source of B- and
T-cell epitopes and the presence of antigenic diversity, either in
the form of whole recombinant proteins or as individual pep-
tides (12–14). Many PE/PPE antigens are exported or secreted
via the type VII secretion systems that are actively involved in
pathogenesis and antigenic variability (15). In this context, the
cell surface–associated or extracellular localization of PE/PPE
proteins is likely linked to their remarkable immunogenicity
(12). Additionally, the duplication, homologous recombina-
tion, or random insertion of the pe/ppe genes throughout the
MTB genome may lead to substantial degrees of variability in
the expression profiles during different phases of infection, pos-
sibly hinting at their diverse functions (16). Moreover, the
highly immunogenic nature of PE/PPE immunogens is essen-
tially driven by a substantial degree of direct or cross-reactivi-
ties in the elicited T cells, which results from the sequence ho-
mologies among the PE/PPE family proteins (7). However, this
also begs the question of whether the conserved immunogenic-
ity of the PE/PPEs antigens benefits the pathogen. As reported
by others, PE/PPE proteins also may contribute to immune eva-
sion by overwhelming the adaptive immune response or induc-
ing robust anti-inflammatory responses (13, 17).

The establishment of a protective response against mycobac-
terial infections involves different Th1-related cytokines (18).
Deficiency of genes encoding Th1-related cytokines increases
the susceptibility to MTB challenge in mice and humans (19,
20). DCs play a key role in the initiation and instruction of
adaptive immunity. Naïve DC response is programmed toward
Th1 priming and controlling the magnitude of the Th1 immune
response toward mycobacterial antigens (21). The PE/PPE pro-
teins have been assumed to modulate the immune-effector
functions of antigen-presenting cells (6); however, there are few
reports deciphering the detailed mechanisms of interaction of
PPE antigens with DCs. Thus, functional characterization of
the effects of PE/PPE proteins on DC activation will provide
insights into mycobacterial immunity.

PPE60 was previously identified in the cell-envelope fraction
by MS and exhibited strong humoral reactivity with PPD� but
not PPD� individuals (22, 23). The expression of this protein
was observed in MTB H37Rv-infected guinea pig lungs at 90
days (24), indicating that PPE60 protein could be necessary for
long-term persistence of MTB during infection. Recently,
PPE60 antigen has been shown to consistently and significantly
induce the expansion of effector CD4� T-cells subsets, result-
ing in secretion of interferon (IFN)-� and reduction of bacterial
burdens in mice (25). Additionally, as a component of TB fusion
protein vaccine ID87, this antigen induced antituberculosis
protective responses (26). The surface localization of PE/PPE
proteins might enable the bacteria to interact with the mole-
cules of host innate immune pathways (17, 27). Here, we deter-
mined the effects of PPE60 on DC maturation and the mecha-
nism of regulation of host immunity in turn, offering detailed
insights into the immune mechanisms underlying the specific
potential of PE/PPE proteins as protective immunogens.

Results

PPE60 is associated with the cell wall and is exposed on the cell
surface

To investigate the role and localization of the PPE60 protein,
the PPE60 gene from MTB H37Rv was cloned into the expres-
sion vector pRSFDuet-1, and the vector was transformed into
Escherichia coli to express the target protein with a His6 tag as
described under “Materials and methods.” The cell lysate and
the purified recombinant protein were analyzed by SDS-PAGE
and Western blotting using anti-PPE60 antibody (Ab). As
shown in Fig. 1A, the Coomassie Blue staining showed the
expression of the target protein at the expected molecular mass
(�39 kDa), which was confirmed by Western blot analysis with
anti-PPE60 Ab (Fig. 1B). In addition, a recombinant BCG strain
expressing the PPE60 protein was developed as described under
“Materials and methods.” As expected, expression of the PPE60
protein was detected in the cell lysate of the recombinant BCG
strain by immunoblotting with anti-PPE60 Ab, whereas it was
not detected in the lysates of the wildtype (WT) BCG or rBCG-
pMV261 (Fig. 1C).

Next, cell fractionation experiments were performed in MTB
H37Rv and the recombinant BCG-PPE60 strain. PPE57 is
known to be exposed on the cell surface and therefore was used
as a positive control (28). The PPE60 protein was detected in
the cell wall fraction by immunoblot analysis, whereas Rv2145c
(a cytoplasmic protein) was only present in the cytoplasm, indi-
cating that, similarly to PPE57, PPE60 is associated with the cell
wall (Fig. 1D). To further query the cell-surface localization of
PPE60, proteinase K and trypsin degradation assays were car-
ried out on whole recombinant BCG-PPE60 cells followed by
Western blot analysis. As expected, PPE60 was degraded by
proteinase K and trypsin in just 20 min, whereas the cytoplas-
mic Rv2145c was not digested at all (Fig. 1E). Together, these
results demonstrate that PPE60 is likely to be exposed on the
cell surface.

PPE60 induces maturation of DCs

DC maturation plays a crucial role in priming adaptive
immune responses, and it is critically dependent on the cognate
interaction between costimulatory molecules on DCs and the
associated ligands on T cells (21). Therefore, we investigated
whether PPE60 induced DC maturation by measuring the
expression levels of major histocompatibility complex (MHC)
classes I and II and costimulatory molecules, including CD80
and CD86, in the presence of 1, 5, or 10 �g/ml PPE60 or 5 �g/ml
Pam3CSK4. Analysis of flow cytometry showed that PPE60
stimulation enhanced the expression of costimulatory mole-
cules on DCs in a dose-dependent manner (Fig. 2A).

Mature DCs secrete a variety of cytokines that influence
T-cell polarization. In this regard, we determined whether
PPE60 induced the production of inflammatory and regulatory
cytokines by priming an innate immune response in DCs. As
shown in Fig. 2B, the levels of TNF�, IL-6, IL-8, and IL-1� were
significantly higher in PPE60-stimulated DCs compared with
untreated DCs, which only produced a small amount of these
cytokines. Additionally, the levels of IL-12 p70 and IL-23 p19
increased significantly in PPE60-stimulated DCs in a dose-de-
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pendent manner, whereas the levels of IL-10 were not altered
(Fig. 2C). We also investigated the intracellular production of
IL-12 p70 and IL-10. Compared with untreated DCs, a higher
percentage of PPE60-treated DCs were IL-12 p70 –positive,
whereas negligible change was observed in the number of
IL-10 –positive cells (Fig. 2D). IL-12 p70 and IL-23 p19 are asso-
ciated with the development of Th1 and Th17 responses (29). In
contrast, PPE60 could not induce IFN-� production (Fig. S1),
which is also essential for DC maturation and T cell priming.
Therefore, these results strongly suggest that PPE60 is a potent
effector of DC maturation, inducing the secretion of proinflam-
matory cytokines that could eventually prime Th1 and Th17
immune responses.

PPE60 is a ligand for Toll-like receptor 2 (TLR2)

TLRs recognize pathogen-associated molecular patterns
from mycobacterial cell components and activate cellular
immune responses. Many other PPE proteins (such as PPE18,
PPE26, and PPE57) have been shown to bind to TLR2 (28, 30,
31). Thus, to determine whether PPE60 acted through TLR2
recognition, DCs were incubated with anti-TLR2, anti-TLR4,
or IgG isotype control Ab followed by treatment with increas-
ing concentrations of PPE60 for 24 h, and IL-1� production in
supernatants was measured by ELISA. PPE60 induced the
secretion of IL-1� in DCs treated with anti-TLR4 and anti-IgG
but not in cells treated with anti-TLR2 Ab (Fig. 3A). Flow
cytometry analysis also showed that PPE60 bound to the sur-

face of WT DCs but not to the surface of TLR2�/� cells (Fig.
3B). Confocal imaging analysis further confirmed this observa-
tion (Fig. 3C). Moreover, western blots showed that immobi-
lized PPE60 could pulldown TLR2 (Fig. 3D), whereas no band
was visible in the control group or the group containing TLR4
(Fig. 3D). These findings suggested that PPE60 interacts specif-
ically and predominantly with TLR2. To ascertain if PPE60
induced DCs activation via TLR2, we examined the expression
of cell-surface molecules and the production of cytokines in
PPE60-stimulated DCs from WT, TLR2�/�, and TLR4�/�

mice. Both, cell-surface molecule expression (Fig. 3E) and
inflammatory cytokine production (Fig. 3F) were promoted in
PPE60-treated WT and TLR4�/� DCs, whereas these effects
were significantly abrogated in TLR2�/� DCs. Taken together,
these results clearly indicate that PPE60 is a potent TLR2 ago-
nist and induces DC maturation.

PPE60-induced DC activation via MAPK and NF-�B pathways

Activation of TLR2 signaling induces the recruitment of
MyD88 and the subsequent activation of the MAPKs and
NF-�B signaling pathways, which are critical for DC matura-
tion (32). Therefore, we analyzed whether PPE60 induced DC
activation via the MAPK and NF-�B pathways. To this end,
DCs were incubated with culture medium, 10 �g/ml PPE60, 1
�g/ml lipopolysaccharide (LPS), or 5 �g/ml Pam3CSK4, and
the phosphorylation status of MAPKs and the nuclear translo-
cation of NF-�B p65 were evaluated by Western blot analysis.

Figure 1. PPE60 is localized to mycobacterial cell surface. A, sample from lysates and the purified recombinant protein were examined by Coomassie Blue
staining. B, Western blotting was used to analyze PPE60-His6 protein expression with anti-His antibody. C, PPE60 expression in recombinant BCG was detected
by Western blot analysis. D, the localization of PPE60 protein was examined by Western blotting with anti-PPE60 antibody. The expression of Rv2145c (as a
cytosolic control) and PPE57 protein (as a positive control) was also analyzed with anti-Rv2145c or anti-PPE57Ab, respectively. E, rBCG-PPE60 and rBCG-PPE57
were treated with proteinase K for 0 –30 min. PPE60 expression in each sample was detected by immunoblotting using anti-PPE60 Ab. Rv2145c and PPE57 were
examined as controls.
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As shown in Fig. 4A, PPE60 triggered a strong phosphorylation
of p38 and JNK in DCs. Similar results were observed by con-
focal microscopy analysis of cells stained with Abs specific to
p-p38 and p-JNK (Fig. 4B). Additionally, PPE60 induced a
robust nuclear translocation of NF-�B p65 (Fig. 4A).

To determine the functional roles of MAPKs and NF-�B sig-
naling in DC activation induced by PPE60, pharmacological
inhibitors were used, and inflammatory cytokine secretion and
costimulatory molecular expression were evaluated following
PPE60 stimulation. Specifically, DCs were pretreated with a p38
inhibitor (SB203580; 30 �M), a JNK inhibitor (SP600125; 50
�M), or an NF-�B inhibitor (Bay11-7082) for 1 h prior to stim-
ulation with PPE60 (10 �g/ml). Predictably, these inhibitors
significantly abrogated the PPE60-induced expression of the
costimulatory molecules CD80 and CD86 and MHC-I (Fig. 4C)

and the production of proinflammatory cytokines such as
TNF�, IL-6, and IL-12 p70 (Fig. 4D). These findings suggest
that the MAPKs and NF-�B pathways are essential for PPE60-
induced DC maturation.

PPE60 enhances MHC-II expression and Ag processing by DCs
in a TLR2-dependent manner

We subsequently studied whether PPE60 affects MHC-II
expression. To this end, DCs were treated with only medium,
PPE60, or IFN-�, and MHC-II expression was examined using
flow cytometry. After 48-h treatment, a 2.92-fold increase in
MHC-II expression was observed in DCs treated with IFN-�,
whereas the expression levels remained low in DCs incubated
with only medium. Similarly, a 2.36-fold increase in MHC-II
expression was observed in DCs treated with PPE60 compared

Figure 2. PPE60 functionally induces DC maturation. A, immature DCs were treated for 24 h with IL-4 and GM-CSF alone (control); or IL-4, GM-CSF, and 1, 5,
or 10 �g/ml PPE60; or IL-4, GM-CSF, and 5 �g/ml Pam3CSK4. DCs were labeled with anti-CD80, anti-CD86, anti-MHC-I, or anti-MHC-II. Flow cytometry was used
to analyze the expression of surface markers on DCs. The percentage of positive cells is showed in each panel. B and C, the production of IL-1�, TNF�, IL-6, IL-8,
IL-10, IL-12 p70, and IL-23 p19 was measured via ELISA. D, intracellular staining analysis of IL-10 and IL-12 p70 in DCs. Each panel represents the percentage of
positive cells. Values are expressed as mean � S.D. Error bars represent S.D. The data shown are representative of two to three independent experiments. *, p �
0.05; **, p � 0.01; ***, p � 0.001, as compared with control group. No significance is marked as n.s. FSC, forward scatter; SSC, side scatter.
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with treatment with only medium. Coincubation with both
PPE60 and IFN-� increased the expression of MHC-II 3.7-fold
(Fig. 5A).

Next, we investigated the role of TLR2 in MHC-II expression
induced by PPE60. DCs from C57BL/6 or TLR2�/� mice were
treated with or without PPE60 for 24 – 48 h, and MHC-II
expression was examined by flow cytometry. PPE60 promoted
MHC-II expression in DCs from both types of mice; however,
MHC-II expression was lower in TLR2�/� mice than in
C57BL/6 mice after 48-h incubation (Fig. 5B), indicating that
PPE60 may enhance MHC-II expression in a TLR2-dependent
manner.

Finally, we examined whether PPE60 also affects the Ag-pro-
cessing ability of DCs. To this end, DCs from WT or TLR2�/�

mice were treated with or without PPE60 for 24 h in the pres-
ence of IFN-� followed by exposure to OVA(323–339) for 3 h
and coculturing with DOBW T hybridoma cells for 24 h at a
ratio of 1:10. IL-2 production was measured by the CTLL-2
assay as described as described under “Materials and methods.”
As shown in Fig. 5C, exposure of DCs to PPE60 enhanced IL-2
production with a substantial increase observed in the presence
of 500 ng/ml OVA(323–339) and the maximum obtained with
1000 ng/ml OVA(323–339) (Fig. 5D). However, the increased
production of IL-2 was attenuated in TLR2�/� DCs compared
with that in WT and TLR4�/� cells (Fig. 5D). These results
demonstrate that exposure of DCs to PPE60 increases IL-2 pro-
duction from T cells, indicating that PPE60 promotes MHC-II
processing of OVA(323–339) in a TLR2-dependent manner.

Figure 3. PPE60 induces DC activation via TLR2. A, the quantities of IL-1� in the culture supernatant were determined using ELISA. B, the interaction of PPE60
with DCs was evaluated by flow cytometry. Representative flow cytometry plots are shown on the left. C, fluorescence intensities were detected by confocal
microscopy to determine the binding of PPE60 to TLR2. Scale bar, 50 �m. D, immunoprecipitation (IP) with anti-His and immunoblotting (IB) with anti-TLR2 or
anti-TLR4 Ab. The target proteins were visualized using immunoblotting with anti-TLR2 or anti-TLR4 Ab. The total shown represents the mean total cell lysates
(input). E and F, DCs from WT, TLR2�/�, and TLR4�/� mice were stimulated for 24 h with 10 �g/ml PPE60, 100 ng/ml LPS, or 5 �g/ml Pam3CSK4. E, CD86 or MHC
class I expression on DCs was detected by staining using flow cytometry. F, the levels of TNF�, IL-6, and IL-12 p70 were analyzed using ELISA. Values are
expressed as mean � S.D. Error bars represent S.D. *, p � 0.05; **, p � 0.01, as compared with control group. No significance is marked as n.s.
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To further validate this conclusion, DCs pretreated with IgG
isotype control, anti-TLR2, or anti-TLR4 Ab for 18 h were incu-
bated in the presence or absence of 10 �g/ml PPE60 and then
cocultured with splenic CD4� T cells from mice immunized
with PPE60. We found that production of IL-2 significantly
increased by IFN-� or PPE60 stimulation (Fig. 5E), but it was
abrogated at 48 h in DCs pretreated with anti-TLR2 but not in
DCs pretreated with anti-TLR4 or the isotype control Ab (Fig.
5E). Additionally, DCs from C57BL/6 mice or TLR2�/� mice
were preincubated with or without 10 �g/ml PPE60 and then
cocultured with splenic CD4� T cells from mice immunized
with PPE60 protein. The release of IL-2 was significantly higher
in splenic CD4� T cells cocultured with DCs than that in T cells
cocultured with TLR2�/� DCs (Fig. 5F). In contrast, we did not
observe any changes in the release of IL-2 in splenic CD4� T

cells cocultured with DCs compared with those cells cocultured
with TLR2�/� DCs (Fig. 5G). These results indicate that PPE60
promotes the processing of multiple antigens. Specifically, our
results suggest that PPE60 promotes MHC-II expression and
Ag processing via a TLR2-dependent mechanism, potentially
resulting in enhanced MHC-II presentation, as demonstrated
by the increased IL-2 levels, as it is well-known that specific
MHC-II peptide presentation to CD4� T cells occurs before the
production of IL-2 (33, 38).

PPE60-treated DCs induce naïve T-cell expansion and
Th1/Th17 differentiation

DCs can efficiently prime naïve T cells to induce a Th1/Th17
response. Therefore, we investigated whether the PPE60-en-
hanced MHC-II expression in DCs affected their ability to

Figure 4. PPE60 triggered DC maturation dependent on the activation of MAPKs and NF-�B signaling. A, Western blotting was used to detect target proteins
using antibody specific to p38, p-p38, JNK, p-JNK, or NF-�b p65. B, immunofluorescence microscopy analysis of the levels of phosphorylated p38 and JNK in DCs
treated with PPE60 for 1 h. Scale bar, 50 �m. C and D, DCs were treated for 1 h with pharmacological inhibitors of p38 (SB203580; 20 �M), JNK (SP600125; 10 �M), and
NF-�B (Bay11-7082; 20 �M) or with DMSO (as a blank control) followed by treated with PPE60 (10 �g/ml) for 24 h. C, flow cytometry was used to examine CD80, CD86,
and MHC-I expression. D, the levels of TNF�, IL-6, and IL-12 p70 in the supernatant were detected using ELISA. Values are expressed as mean� S.D. Error bars represent
S.D. The data shown are representative of two to three independent experiments. *, p � 0.05; **, p � 0.01, as compared with control group.
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polarize T cells toward a Th1/Th17 response. To this end, we
performed syngeneic mixed lymphocyte reaction assays using
antigen-specific T cells from antigen 85B (Ag85B)-immunized
mice. DCs stimulated with PPE60 elicited significant prolifera-
tion of splenocytes (Fig. 6A). CD4� T cells cocultured with
PPE60-pretreated DCs induced significantly more IFN-� than
those primed with unstimulated DCs or with LPS-stimulated
DCs (Fig. 6B). We did not observe any changes in the levels of
IL-4 secretion regardless of PPE60 treatment. In addition, high
levels of IL-17A, a Th17-type cytokine, were detected in spleno-
cytes primed with PPE60-stimulated DCs compared with those

cultured with untreated DCs or LPS-treated DCs (Fig. 6B). The
differentiation of CD4� T splenocytes was further tested by
intracellular cytokine staining followed by flow cytometry.
Intracellular staining of Th17 lymphocytes for IL-17A (Fig. 6C)
and the Th17-specific ROR�t (Fig. 6D) significantly increased.
An enhanced production of IFN-� and T-bet was also observed,
whereas no increase in the production of IL-4 and GATA-3 was
detected (Fig. 6, C and D). Moreover, no changes in the levels of
Foxp3 and Treg lymphocytes were observed (Fig. 6E). Taken
together, these results show that PPE60-stimulated DCs pro-
mote the differentiation of Th1/Th17 responses.

Figure 5. PPE60 enhances MHC-II expression and Ag processing via TLR2. A, the expression of MHC-II was determined using flow cytometry. Represent-
ative flow cytometry plots are shown on the left. B, PPE60 promotes MHC-II expression via TLR2 in DCs. In A and B, �MFV was determined as the MFV of cells
labeled with MHC-II Abs minus the MFV of cells stained with isotype Abs. C, DCs were treated for 24 h with or without the indicated concentrations of PPE60 in
the presence of 15 ng/ml IFN-�. Cells were then stimulated with 800 ng/ml OVA(323–339) for 3 h. DCs were finally cocultured with DOBW T-hybridoma cells for
24 h at a ratio of 1:10. IL-2 production in the supernatants was detected using a CTLL-2 assay. D, DCs prepared from WT, TLR2�/�, or TLR4�/� mice were
incubated with 10 �g/ml PPE60 in the presence of IFN-� (15 ng/ml) for 24 h. Cells were then treated for 3 h with the indicated concentrations of OVA(323–339).
Antigen processing was determined with DOBW T-hybridoma cells as mentioned above. E, DCs were treated with Ab specific to isotype IgG, TLR2, or
TLR4 for 18 h and then stimulated with or without 10 �g/ml PPE60 in the presence of IFN-� (15 ng/ml) for 24 h. PPE60 Ag–specific CD4� T cells were then
cocultured with those DCs for 48 h at a ratio of 10:1 (T cells:DCs). The level of IL-2 was detected using ELISA. F and G, DCs isolated from WT and TRL2�/�

mice were treated with or without 10 �g/ml PPE60 in the presence of IFN-� (15 ng/ml) for 24 h. Then PPE60-specific CD4� T cells from PPE60-immunized
C57BL/6 (F) or TLR2�/� mice (G) were incubated with DCs for 48 h. IL-2 secretion was determined as mentioned. The data shown are the mean values
�S.E. Error bars represent S.E. Data are representative of two to three independent experiments. *, p � 0.05; **, p � 0.01, as compared with control
group. No significance is marked as n.s.
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To investigate the role of TLR2 in Th1 and Th17 responses
induced by PPE60, DCs isolated from C57BL/6 mice or
TLR2�/� mice were pretreated with PPE60, Pam3CSK4, or
PBS. Cells were then cocultured for 48 h with CD4� T cells
from PPE60-immunized C57BL/6. ELISA analysis revealed that
the secretion of cytokines IFN-�, IL-2, and IL-17 production
and the expression of T-bet and ROR�t proteins were more
enhanced in CD4� T cells primed with PPE60-pulsed DCs than
those cocultured with PBS-treated DCs. However, DCs from
TLR2�/� mice failed to induce these T-cell responses after
PPE60 stimulation (Fig. 6, G and H). These results suggest that
PPE60-exposed DCs induce a Th1/Th17 response via TLR2.

PPE60 activates the NLRP3 inflammasome in DCs dependent
on TLR2

MTB components recognized by pattern recognition recep-
tors activate the NLRP3 inflammasome and thereby promote
IL-1� secretion (34, 35). However, few MTB antigens are
known to be involved in inflammasome activation. Previously,
we found that PPE60 induced the secretion of IL-1� in DCs.
Therefore, we asked whether PPE60 could modulate NLRP3
inflammasome activation. DCs were stimulated with PPE60 (10
�g/ml) or ESAT-6 protein (5 �g/ml; positive control) for 18 h,
and the fluorescence intensity of NLRP3 (green) and caspase-1
(casp-1) (red) on cells was analyzed by confocal microscopy.

Figure 6. PPE60-stimulated DC promotes the differentiation of Th1 and Th17 cells. In A–E, Ag85B-specific CD4� T cells were prepared, using a MACS
column, from C57BL/6 mice immunized with Ag85B. DCs from C57BL/6 mice were stimulated with 10 �g/ml PPE60 or 100 ng/ml LPS for 24 h. Then T cells were
cocultured with DCs at a ratio of 10:1 for 96 h followed by a pulse with Ag85B (10 �g/ml). A, cells were pulsed with 0.5 �Ci of tritiated thymidine for 16 h,
harvested, and counted. Stimulation indices were obtained by dividing cpm obtained by the sum of cpm obtained for corresponding DCs plus T cells alone. B,
the levels of IFN-�, IL-2, IL-4, and IL-17A were determined using ELISA in the culture supernatants. Cytokine production in CD4� T cells (C) and the expression
of GATA-3, T-bet, and ROR�t (D) and Foxp3 (E) were finally detected using intracellular staining. F and G, CD4� splenocyte T cells from PPE60-immunized
C57BL/6 mice and DCs from C57BL/6 and TLR2�/� mice were stimulated with 10 �g/ml PPE60, 100 ng/ml LPS, or 5 �g/ml Pam3CSK4 for 24 h. Then T cells were
cocultured with DCs at a ratio of 10:1 for 3 days. F, graphic depiction of the levels of IFN-�, IL-2, IL-17A, and IL-4 in the culture supernatants in each group as
determined by ELISA analysis. G, the levels of T-bet, GATA-3, and ROR�t expression were determined by Western blotting. H, densitometric analysis of the
Western blot in G. The data shown are the mean values �S.E. Error bars represent S.E. The data shown are representative of two to three independent
experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001, as compared with control group. No significance is indicated by n.s.
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We found that expression of the NLRP3 and active casp-1 was
significantly up-regulated (Fig. 7A). Consistent with this obser-
vation, immunoblot analysis and flow cytometry showed that
PPE60 indeed up-regulated the expression of NLRP3 and pro-
moted production of active casp-1 with a subsequent increase
in IL-1� and IL-18 generation (Fig. 7, B and C). IL-18 is part of
the NLRP3 inflammasome pathway (36). Moreover, NLRP3
inhibition significantly attenuated IL-1� and IL-18 production
in DCs treated with PPE60 (Fig. 7D). These results indicate that
PPE60 induces the activation of the NLRP3 inflammasome in
DCs.

TLR2 uses the MyD88 pathway to prime and activate the
NLRP3 inflammasome (37). To determine whether inflam-
masome activation induced by PPE60 is TLR2-dependent, DCs
(1.0 	 106 cells/well) isolated from C57BL/6 or TLR2�/� mice
were treated for 18 h with PPE60 or ESAT-6 and then analyzed
by Western blotting using anti-NLRP3, anti-casp-1, or anti-
ASC Ab. The levels of IL-1� and IL-18 were measured in the
medium supernatant. We found that TLR2�/� DCs showed a
small amount of NLRP3 expression and active casp-1 activation
after stimulation with PPE60 compared with WT DCs (Fig. 7E).
Consistent with this, priming TLR2�/� DCs with PPE60 failed

Figure 7. PPE60 induces NLRP3 inflammasome activation in DCs. DCs were stimulated with purified ESAT-6 (5 �g/ml; as a positive control) or PPE60 (10
�g/ml) for 18 h. A, representative fluorescence intensity for NLRP3 (green) and caspase-1 (red) on PPE60-activated DCs. B, NLRP3, caspase-1, IL-18, and ASC
immunoblotting on PPE60-activated DCs. C, NLRP3, activated caspase-1, IL-1�, and IL-18 proteins were analyzed by flow cytometry. D, levels of IL-1� and IL-18
were measured via ELISA in the presence or absence of MCC950. E and F, DCs (1.0 	 106 cells/well) isolated from C57BL/6 or TLR2�/� mice were treated for 18 h
with PPE60 or ESAT-6 (as a control). E, Western blotting was used to determine the expression of NLRP3, casp-1, IL-18, and ASC proteins. F, levels of IL-1� and
IL-18 were measured via ELISA. G–I, ESAT-6 –treated or PPE60-treated DCs were simultaneously incubated with 10 mmol/ml MCC950 (CP-456773) or 5 mmol/ml
Z-YVAD-fmk (S810202) in the presence or absence of 50 units/ml rhIL-1� for 18 h. CD4� T cells were cocultured with DCs at a 1:10 ratio (DC:T cells) for 48 h. G,
IFN-� and IL-17 production in CD4� T cells cocultured with DCs, which were treated with or without MCC950 (H) and with or without rhIL-1�. I, levels of IFN-�
and IL-17 were measured via ELISA in the presence of caspase-1 inhibitor Z-YVAD-fmk with or without rhIL-1� addition. The data shown are the mean values
�S.E. Error bars represent S.E. The data shown are representative of two to three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001, as compared
with control group. No significance is indicated by n.s. NA indicates nonactivated.
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to induce IL-1� and IL-18 secretion (Fig. 7F). These results
indicate that PPE60-induced NLRP3 inflammasome activation
may be dependent on TLR2.

IL-1� produced by Ag-presenting cells is involved in main-
taining the priming and imprinting effector function of T cells
and IFN-� secretion and IL-17 generation from CD4� T cells
(38). Therefore, it was crucial to examine the effect of PPE60-
induced NLRP3 activation on both IL-1� secretion and the gen-
eration of Th1 and Th17 cells. DCs were treated with PPE60 in
the presence or absence of MCC950 (a specific NLRP3 inhibi-
tor). Then they were cocultured with CD4� T cells from
PPE60-immunized mice. Finally, IFN-� and IL-17 production
was assayed by ELISA. The results showed that NLRP3 inhibi-
tion in DCs specifically attenuates IFN-� and IL-17 production
from CD4� T cells (Fig. 7G). Moreover, addition of recombi-
nant IL-1� completely reversed the effect of the NLRP3 in-
hibitor (Fig. 7H). Similarly, IL-17 and IFN-� secretion was
repressed by the Z-YVAD-fmk–mediated reduction of active
casp-1 activity (Fig. 7I). These results indicate that PPE60 may
activate the NLRP3/caspase-1/IL-1� signaling pathway, which
is essential for PPE60-induced Th1/Th17 response.

Discussion

PE/PPE proteins are thought to have an important role in
pathogenicity and immunogenicity (13). However, the detailed
molecular mechanisms through which the PE/PPE proteins
favor host–pathogen interactions remain unclear. DCs are cru-
cial for eliciting immune responses to mycobacteria infection
through orchestrating distinct Th1/Th17 responses based on
the signals they receive (39). Thus, determining the effects of
PE/PPE proteins on DCs will likely pave a way for their inclu-
sion in pathogenicity and TB vaccines (25, 38). In this study, we
found that PPE60, a representative member of PPE antigens,
was surface-exposed. PPE60 effectively induced DC maturation
and triggered NLRP3 inflammasome activation. Importantly,
PPE60-stimulated DCs polarized T cells toward Th1 and Th17
types. It has been proposed that antigen targets for the rational
design of MTB vaccines should contain the following molecular
features: good accessibility, excellent ability to activate antigen-
presenting cells, and ability to induce Th1/Th17 responses (6).
Therefore, this finding makes PPE60 a promising antigen can-
didate for TB subunit vaccines.

Emerging evidence increasingly supports a critical role for
the PE/PPE proteins in the interaction with host components,
possibly by modulation of innate immunity and the subsequent
adaptive immunity via TLR2 (13). For example, PE_PGRS33
directly interacts with TLR2, thereby inducing cytokine secre-
tion, apoptosis, and necrosis (40). PPE34 preferentially induces
the secretion of IL-10 in DCs via TLR2/MAPK signaling and
promotes IL-4 and IL-5 release from CD4� T cells, thus induc-
ing Th2 responses (41). Variants of PE/PPE family members
elicit differential effects. PE_PGRS17 and PE_PGRS11 recog-
nize TLR2, induce DC maturation, and polarize naïve T cells
toward the Th1 type (42). Here, we found that PPE60 directly
bound to TLR2, induced maturation and activation of DCs, and
enhanced the ability of DCs to stimulate CD4� T cells. Thus,
these lines of evidence suggest that TLR2 engagement is likely a
common property of PE/PPE proteins and that the innate and

additive host response to interaction with multiple PE/PPE pro-
teins may be multifaceted and could profoundly impact the
course of MTB immunopathology (43).

MHC class II molecules are continuously synthesized in
response to MTB infection, during which they are loaded with
antigenic peptides in the MHC compartment, thereby priming
CD4� T cells (44). Previously, PE_PGRS47 was found to inhibit
MHC class II–restricted antigen presentation by dendritic cells
(45). In contrast, PE27 functionally induces DC maturation by
up-regulating MHC class II expression and enhances its anti-
gen presentation ability (46). Similarly, in this study, we found
that PPE60 enhanced MHC-II expression on the surfaces of
DCs and potentially enabled DCs to effectively process Ag and
present peptides to CD4� T cells for recognition as reflected by
a significant increase in IL-2 production. It is known that IL-2
production follows from Ag presentation (33). These findings
indicate that the suppression or activation of the MHC-II sys-
tem by PE/PPE antigens may be the molecular basis of immune
surveillance during MTB infection. Focusing on ways to pro-
vide an optimal MHC-II–restricted antigen presentation to
CD4� T helper cells may be a crucial parameter for optimal and
protective adaptive immune response against TB (44).

Th1 and Th17 cell immunity is especially crucial for the con-
trol of MTB infection (47). Several studies have revealed the
ability of PE/PPE proteins to elicit T-cell responses (12). A
cohesive understanding of the capacity of PE/PPE proteins to
modulate Th1 responses has yet to be established (27). PPE18
strongly induces the secretion of IL-10, which is known to favor
a Th2 immune response (36). PE32 and PPE65 antigens are
involved specifically in inducing antimycobacterial host immu-
nity by inhibiting the Th1 immune response (48). Previously,
PPE26 and PPE57 were found to effectively drive the Th1
response in a TLR2-dependent manner (28, 30). Additionally,
PPE42, a component of the ID83 fusion antigen, enhances the
production of IFN-� and skews the immune response toward a
Th1 type (49). However, the effects of PE/PPE proteins on the
Th17 response have yet to be determined. In this context, we
found that PPE60-activated DCs promoted the secretion of
IFN-� and IL-17 from CD4� T cells, thereby priming the Th17
response. PPE60-activated DCs secreted significantly more
IL-23 p19 than did those stimulated with LPS. IL-23 p19 is
crucial for both the IL-17 secretion and Th17 responses to
mycobacterial infection (50). Moreover, in the case of PPE60
stimulation, the expression of ROR�t was increased, but Foxp3
expression was not. As is well-characterized, ROR�t is a tran-
scriptional factor specific to Th17 cells that produce IL-17,
whereas Foxp3-related Treg cells secrete IL-10 and favor Th2
cell differentiation (51). It has been speculated that direct or
cross-reactivity among the PE/PPE family proteins contributes
to immune recognition (27). Thus, this work offers detailed
insights into the immune mechanisms underlying the IL-17–
producing CD4� T cell responses induced by PE/PPE antigens.

NLRP3 inflammasome assembly and activation modulate the
innate immunity against intracellular pathogens (52). In the
case of MTB infection, bacilli specifically activate the NLRP3
inflammasome via the virulence-associated RD1 locus of MTB
(35). However, MTB factors and the underlying mechanisms
involved in the NLRP3 activation are poorly identified. In this
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work, we found that PPE60 likely activated the NLRP3 inflam-
masome in DCs by augmenting NLRP3 protein expression,
active caspase-1 generation, and IL-1� and IL-18 secretion.
Importantly, IFN-� and IL-17 production by CD4� T cells
cocultured with PPE60-stimulated DCs required this activity.
Similarly, ESAT-6 protein from MTB stimulates the formation
of the NLRP3/ASC/caspase-1 inflammasome complex that is
important for IL-1� release (53). Activation of the NLRP3
inflammasome may involve the interaction between ligands
and TLRs of DCs (37). ESAT-6 activates the NLRP3/IL-1�
pathway dependent on TLR2 in intraocular tuberculosis (54).
Here, we observed a significant reduction in generation of
caspase-1, NLRP3, IL-1�, and IL-18 in TLR2�/� DCs after
PPE60 stimulation compared with those in WT DCs, indicating
that PPE60-mediated NLRP3 inflammasome activation may be
dependent on TLR2. However, other surface or endosomal
receptors could contribute to the activation of the NLRP3
inflammasome (36) because PPE60-stimulated TLR2�/� cells
did not completely abrogate the expression of NLRP3, IL-1�,
and IL-18 genes. Various mediators transmit the second signal
for inflammasome complex assembly. This signal is conferred
by intracellular reactive oxygen species, potassium efflux, and
lysosomal disruption (36). In this context, we further deter-
mined whether the potassium efflux is required for PPE60-in-
dcued inflammasome activation. We found that blockade of
ATP-sensitive potassium channels with glibenclamide signifi-
cantly inhibited the production of NLRP3 and IL-1� in PPE60-
treated DCs (Fig. S2). These findings indicate that PPE60-ind-
cued NLRP3 inflammasome activation may require potassium
efflux via ATP-sensitive potassium channels.

Taken together, PPE60 acts as a TLR2 agonist and induces
DC activation. PPE60-stimulated DCs effectively promoted
naïve CD4� T cells differentiation to produce IFN-�, IL-2,
IL-17A and enhanced the expansion of T-bet and ROR�t but
not GATA-3, thus inducing Th1 and Th17 responses. More-
over, PPE60-induced activation of the NLRP3 inflammasome is
required for this activity. ESAT-6 –mediated NLRP3 inflam-
masome activation contributes to the superior protection
afforded by a recombinant BCG strain compared with that seen
with conventional BCG vaccination (36). Here, we show that
the secretion of IL-1� and IL-18 depends on PPE60-mediated
NLRP3, indicating that the incorporation of PPE60-based
NLRP3 inflammasome mechanisms that lead to Th1 and Th17
responses should, therefore, also be taken into consideration
for TB vaccine development.

Materials and methods

Animals and bacteria

C57BL/6 mice (female, 6 – 8 weeks old) were purchased from
the Center of Laboratory Animal Science of Guangdong
(Guangzhou, China). TLR2�/� and TLR4�/� mice (female,
6 – 8 weeks old) were purchased from Sebiona Biotechnology
Co. Ltd. (Guangzhou, China). All mice were kept under specific
pathogen-free conditions in the Center of Laboratory Animal
Science of Guangdong. All experimental procedures were con-
ducted in accordance with the Guidelines for the Care and Use

of Laboratory Animals and approved by the Animal Care and
Use Ethical Committee of Fudan University.

Antibodies and reagents

Recombinant mouse granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) and recombinant mouse interleukin-4
(rIL-4) were purchased from JW CreaGene (Gyeonggi, Korea).
The fluorescein isothiocyanate (FITC)-annexin V/propidium
iodine kit was purchased from R&D Systems (Minneapolis,
MN). LPS from E. coli O111:B4 was purchased from InvivoGen
(San Diego, CA). The T-lymphocyte cell enrichment kit was
purchased from Miltenyi Biotec (Auburn, CA). GM-CSF; rIL-4;
and ELISA kits for TNF�, IFN-�, IL-1�, IL-2, IL-4, IL-6, IL-8,
IL-10, IL-12 p70, and IL-17A were purchased from BD Biosci-
ences. Anti-PPE60 mouse polyclonal Ab, anti-Rv2145c mouse
polyclonal Ab, and anti-PPE57 rabbit polyclonal Ab were from
C57BL/6 mouse or rabbit immunized with the appropriate syn-
thetic peptides or protein prepared in our laboratory. Anti-His,
rabbit anti-ERK1/2 (sc-94), rabbit anti-p-ERK1/2 (sc-16981-R),
rabbit anti-p38 (sc-7149), rabbit anti-p-p38 (sc-17825-R), rab-
bit anti-JNK (sc-571), rabbit anti-p-JNK (sc-135642), rabbit
anti-NF-�B p65 (sc-7178), rabbit anti-�-actin (sc-7210), mouse
anti-GAPDH (sc-42724) (all from Santa Cruz Biotechnology,
Dallas, TX), and horseradish peroxidase (HRP)-conjugated sec-
ondary Abs (Sigma) were used to detect the signaling involved
in PPE60-modulated DC function. To determine the expres-
sion of surface makers on bone marrow– derived cells, the fol-
lowing Abs were used: FITC-conjugated anti-mouse CD80
(561954), PE-conjugated anti-mouse CD86 (561963), FITC-
conjugated anti-mouse I-A/I-E (553623), and PE-conjugated
anti-mouse H-2�B (560818) for mouse macrophages (BD
Pharmingen). The anti-ASC Ab (70627), anti-NLRP3 Ab
(ab4207), anti-IL-1� Ab (ab2105), anti-T-bet Ab (ab92486),
anti-GATA-3 Ab (ab199428), active-caspase-1 staining kit
(ab219935), anti-caspase-1 Ab (ab1872), anti-Foxp3 Ab
(ab36607), anti-ROR�t Ab (ab207082), anti-IL-18 Ab
(ab71495), and ELISA kits for IL-18 (ab216165) were pur-
chased from Abcam (Cambridge, MA).

Cloning and expression of recombinant PPE60

The PPE60 gene was amplified from MTB H37Rv genomic
DNA by PCR using the following primers: forward, 5
-ATT-
GAATTCGTGGTGGATTTCGGGGCGTTAC-3
; reverse, 5
-
ATTAAGCTTCTATCCGGCGGCCGGTGTG-3
. The PCR
product was digested with the restriction enzymes EcoRI and
HindIII, subcloned into the expression vector pRSFDuet-1
(Novagen, Madison, WI), and transformed into E. coli BL21
(DE3). Transformants were cultured at 37 °C until an A600 of
0.4 – 0.5 followed by induction of PPE60 expression with iso-
propyl �-thiogalactopyranoside (0.1 mM) overnight at 15 °C.
Cells were then harvested and disrupted by sonication. Recom-
binant PPE60 was purified using HIS-Select� Nickel Affinity
Gel (Sigma-Aldrich) as described previously with minor modi-
fications (30) followed by treatment with an Endotoxin
Removal Resin (Pierce) according to the manufacturer’s
instructions. Endotoxin-free recombinant protein samples
were dissolved in PBS buffer and frozen at �80 °C. The final
concentration of purified PPE60 was 0.85 �g of protein/ml as
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quantified using a bicinchoninic acid (BCA) protein assay kit
(Pierce). Recombinant PPE60 expression was verified by West-
ern blotting using an anti-PPE60 Ab, and the purity of the
samples was evaluated by Coomassie Blue and silver nitrate
staining.

Construction of rBCG-PPE60 and rBCG-PPE57

A pMV261 plasmid containing the PPE60 gene was intro-
duced into the Chinese BCG strain (Pasteur Institute, Shanghai,
China) by electroporation. Selected rBCG-PPE60 transfor-
mants were grown in Middlebrook 7H9 medium containing
10% oleic acid-albumin-dextrose-catalase and 50 �g/ml kana-
mycin. The construction of rBCG-PPE57 was performed as
described previously (46). Expression of the PPE60 protein or
PPE57 protein in the recombinant BCG strain was verified by
Western blotting using anti-PPE60 Ab or anti-PPE57 Ab,
respectively.

Localization of the PPE60 protein

Subcellular protein fractionation of MTB H37Rv and rBCG-
PPE60 was performed as described previously (28, 55, 56).
Briefly, bacterial cells were sonicated for 30 s at room temper-
ature in 10-s cycles followed by chilling in an ice bath. The
lysates were centrifuged at 11,000 	 g for 5 min at 4 °C to pre-
cipitate cellular debris and unlysed cells. The resulting super-
natant was ultracentrifuged at 27,000 	 g for 2 h at 4 °C to
collect the cell wall–associated proteins. Next, the supernatant
was precipitated at 110,000 	 g for 2 h to separate the cytoplas-
mic membrane (pellet) from the cytosolic fraction (superna-
tant). Cytosolic proteins were subsequently precipitated by
incubation with 10% TCA (v/v) on ice for 30 min and centrifu-
gation for 10 min at 16,000 	 g at 4 °C followed by wash with
80% acetone (v/v). The subcellular fractions obtained were ana-
lyzed by Western blotting using anti-PPE60 and anti-Rv2145c
mouse polyclonal Abs and anti-PPE57 rabbit polyclonal Ab
prepared in our laboratory.

The proteinase K degradation assay was used to confirm
association of PPE60 to the cell surface as described previously
(28). Briefly, selected strains were inoculated in 20 ml of
medium at an A600 of 0.1 and grown for 14 h. Then cells were
washed once in TBS buffer (Tris-HCl, pH 7.5, 150 mM NaCl, 3
mM KCl) and resuspended in 1 ml of the same buffer. Each
sample was next treated with 100 �g/ml proteinase K for the
indicated times at 37 °C, and the reaction was terminated by
adding a protease inhibitor mixture (Roche Applied Science).
Samples were boiled for 10 min to allow bacterial lysis and
loaded on a polyacrylamide gel in equal amounts. Each sample
was finally subjected to Western blotting using anti-PPE60,
anti-PPE57 (which recognizes a cell wall–associated protein
control), and anti-Rv2145c (which recognizes a cytoplasmic
protein) Abs.

Generation and culture of DCs

Bone marrow– derived cells from mice were collected and
cultured as described previously (46). Over 82% of the nonad-
herent cells expressed CD11c after culturing them for 8 days in
RPMI 1640 medium containing 10% FCS, 50 units/ml penicil-
lin, 50 �g/ml streptomycin, IL-4 (500 IU/106 cells), and GM-

CSF (1000 IU/106 cells) at 37 °C in a humidified incubator (5%
CO2). To obtain highly purified populations for the subsequent
analyses, the DCs were labeled with bead-conjugated anti-
CD11c (Miltenyi Biotec, Bergisch Gladbach, Germany) fol-
lowed by positive selection with paramagnetic columns (LS col-
umns, Miltenyi Biotec) according to the manufacturer’s
instructions. The purity of the DCs was �92%.

Measurement of cytokine expression levels

DCs (1.0 	 106 cells/well) were cultured for 24 h with PBS
alone, Pam3CSK4 (5 �g/ml), or PPE60 (1, 5, or 10 �g/ml). The
production of IL-1�, TNF�, IL-8, IL-6, IL-10, IL-12 p70, and
IL-23 p19 in the culture supernatants was determined by sand-
wich ELISA according to the manufacturer’s instructions (Bio-
Legend, San Diego, CA). For experiments designed to block
TLR signaling, DCs (1.0 	 106 cells/well) were incubated for 1 h
at 37 °C with a mouse isotype IgG (30 �g/ml) or with TLR2- or
TLR4-specific Ab (30 �g/ml) (BioLegend).

Pharmacological inhibition of signaling pathways in DCs

All pharmacological inhibitors were obtained from Calbi-
ochem. DCs (1.0 	 106 cells/well) were treated for 1 h with
pharmacological inhibitors of p38 (SB203580; 20 �M), JNK
(SP600125; 10 �M), and NF-�B (Bay11-7082; 20 �M) or with
0.1% (v/v) dimethyl sulfoxide (DMSO; Sigma) as a blank control
followed by treatment with PPE60 (10 �g/ml) for 24 h.

Western blot analysis of kinase activation

DCs (1.0 	 106 cells/well) were treated with RPMI 1640
medium, PPE60 (10 �g/ml), Pam3CSK4 (5 �g/ml), or LPS (1
�g/ml) for 1 h at 37 °C and then lysed with cell lysis buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% TritonTM X-100, 1.0
mM EDTA, 50 mM NaF, 30 mM Na4PO7, 1.0 mM phenylmeth-
anesulfonyl fluoride, 2.0 �g/ml aprotinin, 1.0 mM pervanadate)
containing a protease inhibitor mixture (Roche Applied Sci-
ence). To separate the cytoplasmic and nuclear fractions, the
lysates were processed using the Cytoplasmic and NE-PER
Nuclear Extraction kit (Pierce) according to the manufacturer’s
instructions (30). Western blotting was performed as described
previously (28). Briefly, equal amounts of proteins were sepa-
rated by SDS-PAGE on a 10% polyacrylamide gel and trans-
ferred electrophoretically to PVDF membranes (Millipore).
Following treatment with 5% nonfat milk in Tris-buffered
saline with Tween 20 (TBST) buffer, the membranes were incu-
bated with the following primary Abs overnight at 4 °C: rabbit
anti-ERK1/2, rabbit anti-p-ERK1/2, rabbit anti-p38, rabbit
anti-p-p38, rabbit anti-JNK, rabbit anti-p-JNK, rabbit anti-
NF-�B p65, rabbit anti-�-actin, or rabbit anti-GAPDH (Santa
Cruz Biotechnology) according to the supplier’s instructions.
After washing with TBST buffer, membranes were incubated
with an HRP-conjugated secondary Ab for 1–2 h at 37 °C. Tar-
get proteins were visualized using Pierce enhanced chemilumi-
nescence (ECL) Western Blotting Substrate (Thermo Fisher
Scientific).

Immunoprecipitation

DCs (5.0 	 106 cells/well) were treated with PPE60 (10
�g/ml) for 6 h at 37 °C followed by lysis with radioimmune
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precipitation assay buffer (10 mM Tris-HCl, pH 7.4, 1% Nonidet
P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA,
1 mM PMSF, 1 �g/ml aprotinin, 1 �g/ml leupeptin, 1 �g/ml
pepstatin, 1 mM Na3VO4, 1 mM NaF) (Sangon Biotech, Shang-
hai, China). The resulting lysates (1 mg) were incubated with
100 �l of 50% protein A- or G-Sepharose beads (Santa Cruz
Biotechnology) for 2 h. Supernatants were incubated with iso-
type IgG (control), anti-TLR2, anti-TLR4, or anti-PPE60 Ab
(Santa Cruz Biotechnology) overnight at 4 °C following centrif-
ugation at 10,000 	 g for 5 min at 4 °C. The beads were washed
twice and boiled in 5	 sample buffer for 5 min. Samples were
electrophoresed on a 10% polyacrylamide gel with SDS, trans-
ferred to PVDF membranes (Millipore), and probed with anti-
His, anti-TLR2, or anti-TLR4 Ab (Santa Cruz Biotechnology)
followed by probing with the appropriate HRP-conjugated
anti-IgG Ab. Target proteins were detected using an ECL re-
agent (Thermo Fisher Scientific).

Flow cytometry analysis of surface molecule expression and
intracellular cytokine assays

DCs (1.0 	 106 cells/well) were treated for 24 h with PBS
alone (control), various concentrations of PPE60 protein (1, 5,
and 10 �g/ml), or 5 �g/ml Pam3CSK4. To evaluate the expres-
sion of surface molecules, cells were washed twice with
prechilled PBS; centrifuged at 1000 	 g for 10 min at 4 °C fol-
lowed by treatment with Fc Block (BD Pharmingen) diluted in
1% BSA buffer; and then incubated with FITC-conjugated anti-
mouse CD80, PE-conjugated anti-mouse CD86, or FITC-con-
jugated anti-mouse I-A/I-E Ab or with PE-conjugated anti-
mouse H-2�B for mouse macrophages (BD Pharmingen) on ice
for 30 min in the dark. In addition, to examine the intracellular
expression of cytokines, DCs (1.0 	 106 cells/well) were incu-
bated with FITC-conjugated CD11c Ab and the appropriate
isotype-matched IgG (negative control) for 30 min at 4 °C. The
cells were then fixed and permeabilized with a Cytofix/Cy-
toperm kit (BD Biosciences) following the manufacturer’s
instructions. The intracellular cytokines IL-12 p70 and IL-10
were labeled with PE-conjugated Abs (BD Pharmingen). The
resulting data were analyzed using CellQuest data analysis and
FlowJo 10.0 software (Tree Star, Inc., Ashland, OR).

Confocal microscopy analysis

DCs (1.0 	 106 cells/well) were seeded on coverslips and
treated with RPMI 1640 medium or 10 �g/ml PPE60 for 1 h
followed by fixation and permeabilization with cold methanol
and 0.2% digitonin, respectively. After treatment with 2% BSA,
cells were subjected to immunostaining with primary Abs spe-
cific to p-p38 and p-JNK for 4 h followed by Alexa Fluor 488 – or
Alexa Fluor 555– conjugated secondary Ab for 2 h. Cells were
then treated with 0.5 g/ml DAPI (Santa Cruz Biotechnology) for
5 min at 20 °C for visualization of nuclei. After washing with
PBS twice, the slides were covered with coverslips using an
antifade mountant kit (Thermo Fisher Scientific). Zeiss LSM
710 was used to observe target proteins using a 60	 oil objec-
tive lens (Carl Zeiss, Oberkochen, Germany). Images were
acquired using LSM 710 Meta software and analyzed using
ImageJ (version 1.4.4).

Involvement of TLR in DC maturation induced by PPE60

DCs (1.0 	 106 cells/well) were treated with 30 �g/ml anti-
TLR2, 30 �g/ml anti-TLR4, or 30 �g/ml isotype Ab (BD
Pharmingen) followed by treatment with 0, 1, 5, 10, or 30 �g/ml
PPE60 for 24 h. The quantities of IL-1� in the culture superna-
tant were determined by ELISA. DCs (1.0 	 106 cells/well)
derived from WT and TLR2�/� mice were treated with PPE60
(10 �g/ml) for 1 h. After treatment with 5% BSA in PBS con-
taining 5% goat serum and 0.1% Tween 20 for 2 h, cells were
stained with a FITC-conjugated anti-His mAb. The cells were
analyzed using a BD FACScan calibrator (BD Biosciences).
In addition, DCs (1.0 	 106 cells/well) derived from WT,
TLR2�/�, and TLR4�/� mice were treated with PPE60 (10
�g/ml) for 1 h and then stained with DAPI (blue), anti-His Ab,
or anti-TLR2 Ab. Cells were then observed using a 60	 oil
objective on a Zeiss LSM 710 confocal laser microscope. DCs
(1 	 106 cells/well) from WT, TLR2�/�, and TLR4�/� mice
were stimulated for 24 h with 10 �g/ml PPE60, 100 ng/ml LPS,
or 5 �g/ml Pam3CSK4. The cells were stained with PE-conju-
gated anti-mouse CD86 or FITC-conjugated anti-mouse I-A/
I-E Ab for 30 min and then measured by flow cytometry. The
levels of TNF�, IL-6, and IL-12 p70 in the supernatant were
analyzed by ELISA.

Assessing MHC-II expression and antigen processing

The analysis of MHC-II expression and antigen processing
was performed as described previously (57). DCs from C57BL/6
(5.0 	 105 cells/well) were treated for 24 or 48 h with medium,
15 ng/ml IFN-�, 10 –20 �g/ml PPE60, or 15 ng/ml IFN-� � 10
�g/ml PPE60. Following treatment, cells were stained with
anti-MHC-II or isotype IgG Abs for 30 min. MHC-II expression
was determined using a flow cytometer. The resulting data
were analyzed using CellQuest data analysis and FlowJo 10.0
software.

To determine the role of TLR2 in PPE60-enhanced MHC-II
expression, DCs (5.0 	 105 cells/well) from C57BL/6 or
TLR2�/� mice were treated for 24 or 48 h with medium, 15
ng/ml IFN-�, 10 �g/ml PPE60, or 15 ng/ml IFN-� � 10 �g/ml
PPE60. MHC-II expression was detected as mentioned above.
The � mean fluorescence value (�MFV) was defined as the
MFV of cells labeled with MHC-II Abs minus the MFV of cells
stained with isotype Abs.

For the CTLL-2 bioassay, DCs (5.0 	 105 cells/well) from
C57BL/6, TLR2�/�, or TLR4�/� mice were treated for 24 h
with or without PPE60 at the indicated concentrations in the
presence of 15 ng/ml IFN-� (R&D Systems). Cells were then
stimulated with the indicated concentration of OVA(323–339)
for 3 h, fixed in 1% paraformaldehyde buffer, and cocultured
with DOBW T-hybridoma cells (1.0 	 106 cells/well) for 24 h.
Supernatants from the T-hybridoma assay were assessed for
IL-2 using the CTLL-2 cell bioassay with Alamar Blue– based
colorimetric determination (Alamar Biosciences, Sacramento,
CA) and a Bio-Rad 550 microplate reader.

To examine the role of TLR2 in antigen processing, DCs were
treated with Ab specific to isotype IgG, TLR2, or TLR4 for 18 h
and then stimulated with or without 10 �g/ml PPE60 in the
presence of IFN-� (15 ng/ml) for 24 h. PPE60 Ag–specific
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CD4� T cells were then cocultured with those DCs for 48 h at a
ratio of 10:1 (T cells:DCs). Additionally, C57BL/6 mice or
TLR2�/� mice (female, 6 – 8 weeks old, eight mice/group) were
immunized subcutaneously three times over a 2-week period
with 50 �g of PPE60 formulated with 250 �g of dimethyldiocta-
decylammonium (DDA) adjuvants (Sigma). DCs isolated from
WT or TLR2�/� mice were then incubated with or without 10
�g/ml PPE60 in the presence of IFN-� (15 ng/ml) for 24 h at
37 °C. DCs were then cocultured for 48 h with CD4� T cells
isolated from PPE60-immunized mice at a ratio of 10:1 (T cells:
DCs). IL-2 production was measured by ELISA following the
manufacturer’s instructions.

Analysis of the Th1/Th17 response

In the syngeneic mixed lymphocyte reaction, C57BL/6 mice
(female, 6 – 8 weeks old, eight mice/group) were immunized
subcutaneously three times over a 2-week period with 50 �g of
Ag85B (ProSpec-Tany, Israel) formulated with DDA adjuvants.
CD4� T cells were isolated from Ag85B-immunized mice,
stained with carboxyfluorescein succinimidyl ester, and then
cocultured for 72 h with DCs from mice that had been treated
with PPE60 (10 �g/ml) or LPS (100 ng/ml) and then pulsed with
Ag85B (10 �g/ml). T cells alone and T cells cocultured with
untreated DCs served as controls. Cells were pulsed with 0.5
�Ci [3H]thymidine for 16 h. Cells were harvested in a Perkin-
Elmer Life Sciences Filtermate harvester and counted in an LKB
Rack Beta liquid scintillation counter (Model 1209, LKB-
Wallac, Turku, Finland). Irradiated DCs alone incorporated
between 40 and 90 cpm, whereas T cells alone incorporated
between 280 and 970 cpm. IFN-�, IL-2, IL-4, and IL-17A pro-
duction in the supernatants of each sample was determined by
ELISA. Cytokine production (IFN-�, IL-4, and IL-17A) in
CD4� T cells and the expression of GATA-3, T-bet, ROR�t,
and Foxp3 was measured using intracellular staining (BD
Pharmingen).

To investigate the role of TLR2 in Th1/Th17 response
induced by PPE60, C57BL/6 mice (female, 6 – 8 weeks old, eight
mice/group) were immunized subcutaneously three times over
a 2-week period with 50 �g of PPE60 formulated with 250 �g of
DDA adjuvants. Responder T cells were isolated from spleno-
cytes of PPE60-immunized C57BL/6 mice using CD4 magnetic
beads (BD Biosciences). DCs (5.0 	 105 cells/well) were isolated
from C57BL/6 or TLR2�/� mice as described above and treated
with PBS, PPE60 (10 �g/ml), or Pam3CSK4 (5 �g/ml) for 24 h.
T cells and DCs were then cocultured at a ratio of 10:1 for 3 days
at 37 °C. T cells alone and T cells cocultured with untreated
DCs served as controls. Sandwich ELISA kits were used to
detect the levels of IFN-�, IL-2, IL-4, and IL-17A in the resulting
culture supernatants according to the manufacturer’s instruc-
tions (BioLegend). The expression of GATA-3, T-bet, and
ROR�t was measured using Western blotting.

NLRP3, active caspase-1, and IL-1� assays

DCs were stimulated for 18 h with 10 �g/ml PPE60 or 5
�g/ml recombinant ESAT-6 protein expressed as described
previously (53), stained for intracellular NLRP3 and active
casp-1, and analyzed using confocal microscopy. In addition,
cells prepared from DCs following stimulation with purified

ESAT-6 or PPE60 were analyzed by Western blotting using
anti-NLRP3, anti-NLRP1 (sc-390133, Santa Cruz Biotechnol-
ogy), anti-casp-1, anti-IL-18, or anti-ASC Ab. DCs (1.0 	 106

cells/well) treated for 18 h with PPE60 or ESAT-6 (10 �g/ml)
were stained for intracellular casp-1, NLRP3, IL-1�, and IL-18
using specifically labeled mAbs followed by staining with FITC-
conjugated IgG, PE-conjugated IgG, or PE-Cy7– conjugated
IgG (BD Pharmingen), respectively. Samples were processed
for flow cytometry. For each sample, 10,000 events were
recorded. Data were analyzed using BD FACSDIVA software
(BD Biosciences). For the pharmacological inhibition assay,
DCs from C57BL/6 mice were stimulated for 18 h with PBS, 10
�g/ml PPE60, or 5 �g/ml ESAT-6 (ProSpec-Tany, Israel) in the
presence or absence of 10 mmol/ml MCC950 (CP-456773).
The levels of IL-1� and IL-18 were measured by ELISA kits.

To determine whether inflammasome activation by PPE60 is
TLR2-dependent, DCs (1.0 	 106 cells/well) isolated from
C57BL/6 or TLR2�/� mice were treated for 18 h with PPE60 or
ESAT-6 (10 �g/ml) and analyzed by Western blotting using
anti-NLRP3, anti-casp-1, anti-IL-18, or anti-ASC Ab. The lev-
els of IL-1� and IL-18 were measured by ELISA kits.

For the pharmacological inhibition assay, naïve T cells from
PPE60-immunized or ESAT-6 –immunized C57BL/6 mice
(female, 6 – 8 weeks old) were prepared using MACS columns
(Miltenyi Biotec) according to the manufacturer’s instructions.
The purity of naïve T cells was �95% as measured by flow
cytometry. DCs from C57BL/6 mice were stimulated for 18 h
with medium, 10 �g/ml PPE60, or 5 �g/ml ESAT-6; simultane-
ously incubated with 10 mmol/ml MCC950 (CP-456773) or 5
mmol/ml Z-YVAD-fmk (S810202) in the presence or absence
of 50 units/ml rhIL-1� for 18 h; and then cocultured with CD4�

T cells (1 	 106 cells/well) for 48 h at a 1:10 ratio, respectively.
T-cell response was determined by measuring IFN-� and IL-17
production in the supernatant by ELISA.

Statistical analysis

To determine the statistical significance of the data, results
were analyzed using Student’s t test for simple comparison or
one-way analysis of variance with Tukey’s correction for mul-
tiple comparisons using Origin 8.0 software (Origin Lab,
Northampton, MA).
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