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Abstract 
Cross-presentation is a key function of dendritic cells (DCs), which present exogenous antigens on MHC class I molecules to prime cytotoxic T lymphocyte (CTL) responses. The effects of Toll-like receptor (TLR) triggering on the cross-presentation of exogenous antigens by DCs remain unclear. Here, we used synthetic di-palmitoylated peptides and TLR2 agonist-conjugated peptides as models to elucidate the mechanisms of TLR2-mediated cross-presentation. We observed that the internalization of di-palmitoylated peptides by bone marrow-derived DCs (BMDCs) was facilitated by TLR2 via clathrin-mediated endocytosis. The administration of these di-palmitoylated peptide-pulsed BMDCs eliminated established tumors through TLR2 signaling. We further demonstrated that the induction of antigen-specific CTL responses and tumor regression by di-palmitoylated peptides was transporter associated with antigen processing (TAP) independent. In addition, presentation of di-palmitoylated peptides by MHC class I molecules was blocked in the presence of an endosomal acidification inhibitor (chloroquine) or a lysosomal degradation inhibitor (Z-FL-COCHO). The endocytosed di-palmitoylated peptide also passed rapidly from early endosome antigen-1 (EEA1)-positive endosomes to RAS-related GTP-binding protein 7 (Rab7)-associated late endosomes compared with their non-lipidated counterparts. Furthermore, we found that di-palmitoylated peptide-upregulated Rab7 expression correlated with antigen presentation via the TLR2/MyD88 pathway. Both JNK and ERK signaling pathway are required for upregulation of Rab7. In summary, our data suggest that TLR2-mediated cross-presentation occurs through the upregulation of Rab7 and a TAP-independent pathway that prime CTL responses.

Introduction
The cross-presentation of exogenous antigens is an important biological process that involves the internalization of antigen, trafficking through the endocytic compartment, antigenic peptide generation and loading of the peptide onto MHC class I molecules. Exogenous antigens are cross-presented by MHC class I molecules through two pathways: (I) the transporter associated with antigen processing (TAP)-dependent pathway (or the cytosolic pathway), in which antigens are digested by the proteasome and transported into either the endoplasmic reticulum (ER) (1) or the early endosome (2, 3) for loading onto MHC class I molecules, and (II) the TAP-independent pathway (or the vacuolar pathway), in which antigens are digested in the endolysosome and are directly loaded onto MHC class I molecules (4, 5). The TAP-dependent pathway is associated with proteasomal degradation of cytosolic antigens. The proteasome-generated polypeptides can then be transferred into the ER by TAP1 and TAP2, where these polypeptides must be fine-tuned by ER-associated aminopeptidase 1 (ERAP1) for MHC class I loading (6). In the TAP-independent pathway, antigens are digested by cathepsin S, a critical endolysosomal protease, and are then loaded onto MHC class I molecules. Antigen processing and loading onto MHC class I molecules occur entirely within the endosome and the acidic lysosomal compartment. Moreover, proteasome-generated polypeptides may be transferred into the endolysosome for MHC class I loading through unknown mechanisms (7). These diverse mechanisms of cross-presentation may arise from different forms of exogenous antigens or may differ among antigen-presenting cells. 
A previous study has demonstrated that the cross-presentation of a soluble antigen, ovalbumin (OVA), occurs in the early endosomal compartment and that proteasome-dependent degradation is involved in this process (8). Other studies have shown that soluble antigens are cross-presented through the TAP-dependent cytosolic pathway (9, 10) or the TAP-independent vacuolar pathway (4, 10). In particular, antigens conjugated to antibodies are targeted to either the early or the late endosome through CD40, the mannose receptor or DEC205 (11). Efficient cross-presentation is mediated by either prolonged residence of the antigen in the early endosome or decreased degradation in the late endosome (11-13). Dendritic cell (DC) cross-priming of the Toll-like receptor (TLR)-mediated cytotoxic T lymphocyte (CTL) response during microbial infection may not only upregulate co-stimulatory molecules but also regulate this process of cross-presentation (14-17). However, the molecular mechanisms of TLR-mediated cross-presentation remain unclear.
Lipidated peptides or proteins are promising vaccine candidates for inducing both humoral and cellular immune responses without conventional adjuvants (18-20). The use of synthetic lipopeptides as vaccines has many advantages, including ease of manufacture, biosafety and low-cost vaccine development. In the past few decades, palmitoylated peptides containing cytotoxic or helper T cell epitopes from tumor-associated antigens or viral proteins have shown the ability to induce strong anti-viral and anti-tumor immunity (21, 22). For example, a lipopeptide containing the HBV core antigen peptide (amino acids 18-27), a tetanus toxoid peptide (830-843) and two palmitic acids has been shown to induce CTL responses in humans (23). An HIV-1 lipopeptide vaccine, HIV-LIPO-5, which has also been used to immunize humans, elicits sustained antigen-specific CD4+ and CD8+ T cell immune responses (24-26). Additionally, a lipidated CTL epitope of human papillomavirus (HPV) type 16 E7 induced CTLs in cervical and vaginal cancer patients (27). These results indicate that the incorporation of a lipid moiety into antigens is a promising strategy for vaccine development. Recently, synthetic lipopeptides containing bacterial analogs were synthesized, and bacterial lipopeptides and lipoproteins have been identified as TLR2 agonists. However, the mechanisms of the presentation and processing of these lipopeptides for T cell activation are not clear. 
In this study, we designed a di-palmitoylated lipopeptide (Pam2-KSS-IDGPAGQAEPDRAHYNIVTFCCKC, or Pam2IDG) from HPV16 E7 that contained an H-2Db-restricted CTL epitope (RAHYNIVTF, or RAH) to investigate the molecular mechanisms of TLR2-mediated cross-presentation and to examine whether TLR2 signaling contributes to the regulation of intracellular cross-presentation. 

Materials and methods
Animals
C57BL/6 mice were purchased from the National Animal Center in Taiwan. TLR1-knockout (KO), TLR2KO, TLR6KO and MyD88KO mice were purchased from Oriental Bioservice, Inc. (Tokyo, Japan), and TAPKO mice were purchased from The Jackson Laboratory (Sacramento, CA). Additionally, OT-I (OVA-specific CD8+ TCR-transgenic) mice were bred at the Laboratory Animal Center of the National Health Research Institutes (NHRI; Miaoli, Taiwan). All of the animal studies were approved by the Institutional Animal Care and Use Committee of the NHRI. 

Peptides and di-palmitic peptides
The peptides IDG (IDGPAGQAEPDRAHYNIVTFCCKC) and Pam2IDG (Pam2-KSS-IDGPAGQAEPDRAHYNIVTFCCKC), containing an H-2Db-restricted CTL epitope (amino acids 49-57, RAHYNIVTF) derived from the HPV16 E7 protein, were purchased from GL Biochem (Shanghai, China). Pam2-KSS- EQLESIINFEKLTEWTSS253-270, which contains an H-2Kb-restricted CTL epitope (amino acids 257-264, SIINFEKL), and IDG and Pam2IDG conjugated to FITC at a lysine residue were obtained from GeneDireX Ltd. (NV, USA). These peptides were dissolved in DMSO at 10 mg/ml and stored at -20°C.

Internalization of peptides
Bone marrow-derived DCs (BMDCs) were incubated with 1 μM Pam2IDG-FITC in complete RPMI medium at 37°C or 4°C for 15 min. To investigate the mechanisms of internalization, the BMDCs were pretreated with 2.5 μM filipin (Sigma) or 50 μM chlorpromazine (Sigma) for 30 min and then pulsed with Pam2IDG-FITC for 15 min. These BMDCs were harvested and stained with anti-CD11c-PE antibody for 20 min at 4°C. Pam2IDG-FITC internalization by CD11c+ cells was then analyzed by flow cytometry.

Animal tumor model
To establish an HPV16 E6/E7-expressing tumor model in C57BL/6 mice, we subcutaneously (s.c.) inoculated 2×105 TC-1 cells. To evaluate the therapeutic effect of peptide immunization, TC-1 tumor-bearing mice were immunized s.c. with PBS or 10 μg of IDG or Pam2IDG in PBS on days 7 and 14. To investigate peptide cross-presentation by BMDCs, TC-1 tumor-bearing mice were immunized intravenously (i.v.) with PBS, BMDCs or IDG- or Pam2IDG-pulsed BMDCs on day 7. The local tumor diameter was measured with calipers and monitored three times per week until 33-45 days. The tumor volume was calculated by the following formula: length×width×width/2.

Laser scanning confocal microscopy
BMDCs were generated as previously described (20). To observe Pam2IDG internalization and localization, BMDCs were incubated with 1 μM FITC-conjugated Pam2IDG at 37°C. After incubation and washing away free peptides, the cells were fixed with 4% paraformaldehyde (Sigma) for 15 min at room temperature and then permeabilized in 0.1% saponin/PBS (eBioscience). After blocking with 3% BSA (Sigma) in PBS, the cells were stained with 5 μg/ml anti-early endosome antigen-1 (EEA1) (Abcam), anti-Rab7 (Rab7-117, Abcam) or anti-lysosome-associated membrane protein-1 (LAMP1) (BioLegend) antibody for 1 h at room temperature. The cells were then washed with PBS and stained with 1 μg/ml Alexa Fluor 568-conjugated goat anti-rabbit IgG, Alexa Fluor 568-conjugated goat anti-mouse IgG or Alexa Fluor 647-conjugated goat anti-rat IgG (Invitrogen, Eugene, OR, USA). To detect H2-Kb/OVA257-264, the cells were double stained with 5 μg/ml PE-conjugated 25.D1-16 antibody (eBioscience) and anti-Rab7 with secondary antibody, 1 μg/ml Alexa Fluor 488-conjugated goat anti-mouse IgG. The cells were visualized using a Leica TCS SP5 II confocal microscope (Leitz, Heidelberg, Germany). Image processing and colocalization rate were performed using Advanced Fluorescence from Leica software. The calculate formula is: Colocalization rate = colocalization area / area foreground and Foreground = area image / area background.

Western blotting
BMDCs were stimulated with 1 μM IDG or Pam2IDG for 0.5, 1, 2 or 3 h. The protein concentrations in the lysates were determined using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). A total of 30 μg of lysate was then electrophoresed on a 12% SDS-PAGE gel. After the resolved lysates in the gel were transferred to PVDF membranes, the membranes were blocked with 5% milk in PBS containing 0.05% Tween-20. Next, the membranes were incubated with 1 μg/ml anti-Rab7 antibody (Abcam) in PBS containing 5% milk and 0.05% Tween-20 for 2 h at room temperature. An anti-GAPDH antibody was used as a loading control. The membranes were developed using the LuminataTM Crescendo Western HRP Substrate (Millipore, MA, USA). To inhibit mitogen-activated protein kinases (MAPKs) activation, BMDCs were treated with 10 M p38 inhibitor (SB203580, Calbiochem), 10 M JNK inhibitor (Calbiochem) or 20 M MEK inhibitor (PD98059, Sigma) for 30 min before pulsing with Pam2IDG.
 
In vitro cross-presentation assay
To prepare the responders, mice were immunized twice with 30 μg of RAH/IFA via subcutaneous injection on days 0 and 7. On day 14, CD8+ T cells (purity >90%) were purified from the spleens by negative selection using a Dynabeads kit (Invitrogen). As the stimulators, BMDCs were pulsed with 1 μM IDG or Pam2IDG for 3 h and washed with complete RPMI medium. A total of 2×104 stimulators were then co-cultured with 2×105 responders in anti-IFN--coated ELISPOT plates for 48 h. IFN--secreting cells were assessed by the ELISPOT assay. Moreover, to investigate the cross-presentation pathway of the di-palmitoylated peptides, 2×105 CD8+ T cells (purity >90%) were purified from OT-I splenocytes and co-cultured with 2×104 Pam2EQL-pulsed BMDCs for 72 h. Thymidine incorporation was measured by adding 1 μCi/well [3H]-thymidine for the last 18 h of culture and performing scintillation counting.

Lentivirus preparation
Using the primers 5’-ATGACCTCTAGGAAGAAAGTGTTG and 5’-TCAACAACTGCAGCTTTCTG, Rab7 was amplified from mouse cDNA and then cloned into a TA cloning vector (Invitrogen). For site-directed mutagenesis, the primers 5’-GGACTCTGGTGTTGGAAAGAACTCTCTCATGAACCAGTATGTG and 5’-CACATACTGGTTCATGAGAGAGTTCTTTCCAACACCAGAGTCC were used to clone the dominant-negative mutant Rab7T22N. Rab7 and Rab7T22N were cloned into the pLAS2w-Ppuro lentiviral vector (National RNAi Core Facility Platform, Taiwan, R.O.C.) using the primers 5’-AAGCTAGCATGACCTCTAGGAAGAAAGTGTTGCTGA and 5’-AAACCGGTTCAACAACTGCAGCTTTCTGCGG. Lentiviral vectors were produced by the co-transfection of 293FT cells (ATCC) with three plasmids: (1) a vector plasmid (Rab7 or Rab7T22N), (2) the packaging plasmid pCMVR8.91 and (3) the envelope plasmid pMD.G. Lentiviral vector titration was then performed in A549 cells. These cells were infected with the lentiviral vector for 2 days, and viability was determined using an MTS assay (Promega, WI, USA). The relative viability was assessed by comparison with uninfected wells (set as 100%). The relative infection unit was determined from the relative viability. Next, to overexpress Rab7, BMDCs were transduced with the lentiviral vector at a multiplicity of infection (MOI) of 5 with 5 μg/ml polybrene in medium. Two days later, the lentiviral vector-transduced BMDCs were pulsed with 1 μM Pam2EQL for the in vitro cross-presentation assay.

Statistical analysis
Statistical significance was evaluated by a Student’s t-test (two-tailed) at the 5% level.
Results
TLR2 facilitates Pam2IDG endocytosis by BMDCs and is required for the tumor regression induced by Pam2IDG immunization
To investigate TLR2-mediated endocytosis and antigen presentation, a di-palmitoylated lipopeptide (Pam2IDG) containing an H-2Db-restricted CTL epitope from HPV16 E7 was synthesized. The TLR2-stimulating activities of Pam2IDG were confirmed using BMDCs from wild-type (WT), TLR1KO, TLR2KO and TLR6KO mice. The data showed that Pam2IDG, but not IDG, stimulated WT BMDCs to secrete TNF- (Fig. S1A). However, the stimulatory activity of Pam2IDG was lost when Pam2IDG was incubated with BMDCs from TLR2KO or TLR6KO mice (Fig. S1B). We were thus interested in identifying whether TLR2 is involved in antigen presentation. To study the ability of TLR2 to facilitate the uptake of Pam2IDG, BMDCs from WT or TLR2KO mice were incubated with 1 μM FITC-conjugated Pam2IDG at 4°C or 37°C for 30 min and then analyzed by flow cytometry. The internalization of Pam2IDG-FITC by WT BMDCs at 4°C was set as the background. Pam2IDG-FITC was taken up by the WT BMDCs during the 30 min incubation (mean fluorescence intensity [MFI] = 94.5±8) at 37°C (Fig. 1A). In contrast, internalization of Pam2IDG-FITC was reduced in BMDCs from TLR2KO mice during 37°C incubation for 30 min (MFI = 81±1.5). Similar results were obtained when anti-TLR2 antibody was used to block Pam2IDG-FITC internalization, and the MFI was reduced from 42.87 to 18.18 (Fig. 1B). These results indicate that TLR2 is an important receptor for Pam2IDG internalization. To further identify the endocytosis pathway involved in Pam2IDG uptake, inhibitors (chlorpromazine or filipin) of clathrin- or caveola-mediated endocytosis were used in this study. BMDCs were pretreated with 50 μM chlorpromazine or 2.5 μM filipin for 30 min and then co-incubated with 1 μM Pam2IDG-FITC for an additional 30 min at 37°C. We found that chlorpromazine completely inhibited the internalization of Pam2IDG-FITC (Fig. 1C), whereas filipin did not (Fig. 1D). This result indicates that the internalization of Pam2IDG by BMDCs is mediated by clathrin-dependent endocytosis, rather than caveola-dependent endocytosis. 
To examine whether endocytosed Pam2IDG could be presented by BMDCs and induce anti-tumor activity through TLR2, peptide-pulsed BMDCs from WT or TLR2KO mice were used to treat tumor-bearing mice. IDG- or Pam2IDG-pulsed BMDCs (IDG-BMDCs or Pam2IDG-BMDCs) from WT mice were i.v. injected into tumor-bearing mice (five per group) that had been inoculated s.c. 7 days beforehand with 2 x 105 TC-1 cells. Tumor growth was then monitored every 2-3 days. As shown in Fig. 1E, tumor growth was inhibited in Pam2IDG-BMDC-treated mice but not in IDG-BMDC-treated or control mice (i.v. inoculated with PBS). The average tumor volume of the Pam2IDG-BMDC-treated mice was 0.16±0.17 cm3, which was significantly smaller than the average tumor size of the IDG-BMDC group (0.74±0.14 cm3) or the control group (1.46±0.42 cm3) at 33 days post-inoculation. The tumor size was also significantly smaller in IDG-BMDC-treated mice than in the control group (p<0.001). These data indicate that both IDG and Pam2IDG were cross-presented by BMDCs to induce anti-tumor immunity. Because the Pam2IDG-BMDCs had strong anti-tumor activity, we speculated that TLR2-mediated BMDC maturation or cross-presentation may contribute to anti-tumor immunity. To elucidate the role of TLR2, BMDCs from TLR2KO mice were used to investigate Pam2IDG-induced anti-tumor activity. Tumor regression was lost when tumors were treated with Pam2IDG-BMDCs from TLR2KO mice (Fig. 1E). Similarly, Pam2IDG-BMDCs from TLR6KO mice were unable to inhibit tumor growth (Fig. S2A). These data provide evidence indicating that TLR2/6 is necessary for the anti-tumor immunity induced by Pam2IDG-pulsed BMDCs. To further determine whether TLR2-mediated signaling is important for Pam2IDG-induced anti-tumor immunity, Pam2IDG-BMDCs from MyD88KO mice were used to treat tumor-bearing mice. We found that Pam2IDG-BMDCs from MyD88KO mice could not prevent tumor growth (Fig. S2B). These results indicate that both cross-presentation and the TLR2-dependent activity of Pam2IDG contribute to Pam2IDG-mediated anti-tumor immunity. Therefore, a TLR2 agonist conjugated to an antigenic peptide may not only stimulate BMDC maturation but also facilitate TLR-mediated antigen cross-presentation by BMDCs to enhance antigen-specific anti-tumor immunity.
 
The cross-priming mediated by TLR2 agonist-conjugated peptides is TAP independent
Cross-presentation of exogenous antigen has been divided into two pathways: TAP dependent and TAP independent. TAP is required for re-importing peptides into the ER, phagosomes (28) or EEA1+ endosomes (8). To determine whether TAP is necessary for the cross-presentation of Pam2IDG and the induction of CTL immune responses in vivo, Pam2IDG-pulsed BMDCs from WT or TAPKO mice were used to immunize mice. Surprisingly, Pam2IDG-pulsed TAPKO BMDCs induced 12.45±3.7% specific lysis, and Pam2IDG-pulsed WT BMDCs induced 12.47±4.2% specific lysis (Fig. 2A). These data indicate that TAP may not be essential for Pam2IDG cross-presentation. Next, TC-1 tumor-bearing mice (six per group) were immunized with 2×105 Pam2IDG-pulsed WT or TAPKO BMDCs at day 7 post-inoculation. We observed that mice immunized with Pam2IDG-pulsed WT or TAPKO BMDCs had similar abilities to inhibit tumor growth. In particular, the average tumor volumes of mice treated with Pam2IDG-pulsed WT (0.15±0.42 cm3) or TAPKO (0.01±0.02 cm3) BMDCs were similar at day 40 post-tumor implantation (Fig. 2B). However, in the absence of Pam2IDG, the administration of WT or TAPKO BMDCs could not inhibit tumor growth; the average tumor volumes at day 40 were 1.75±1.07 cm3 and 1.36±0.44 cm3 in mice treated with WT or TAPKO BMDCs, respectively (Fig. 2B). These results suggest that Pam2IDG-mediated cross-presentation induces antigen-specific CTL responses and anti-tumor immunity via a TAP-independent pathway.
To further confirm the intracellular processing of Pam2IDG via a TAP-independent pathway, inhibitors of lysosomal acidification (chloroquine) and cathepsin S (Z-FL-COCHO) were used. BMDCs were incubated with 25 μM chloroquine or 5 μM Z-FL-COCHO at 37°C for 30 min. Because RAH bypasses antigen processing to bind to MHC class I molecules directly, we used RAH-pulsed BMDCs as a positive control to exclude BMDC damage caused by the inhibitors. After incubation, the BMDCs were pulsed with 1 μM Pam2IDG or RAH for an additional 2.5 h. The inhibitor-treated BMDCs were then co-cultured with responder cells (CD8+ T cells from RAH-immunized mice), and IFN- secretion was determined using an ELISPOT assay. As shown in Fig. 2C, chloroquine reduced the number of IFN--secreting cells in the Pam2IDG-treated BMDC group (20±7 vs 102±17) but not in the RAH-treated group (Fig. 2D). This result indicates that endosomal/lysosomal acidification is necessary for Pam2IDG-induced cross-priming. Similar results were observed for the number of IFN--secreting cells stimulated by Z-FL-COCHO-treated BMDCs (15±8). These data suggest that cathepsin S-dependent pathways are also important for Pam2IDG-induced cross-priming. To confirm that the cross-priming mechanisms are the same as for other TLR2 agonist-conjugated antigens, a di-palmitoylated peptide (Pam2EQL) containing an H-2Kb-restricted OVA epitope (residues 257-264) was used as another model. Pam2EQL-pulsed BMDCs were pretreated with one of the inhibitors (chloroquine or Z-FL-COCHO) and then incubated with purified CD8+ T cells from OT-I (OVA257–264-specific TCR-transgenic) mice. T cell proliferation was measured using the [3H]-thymidine incorporation assay. Consistently, the cross-priming of Pam2EQL was blocked by both chloroquine and Z-FL-COCHO (Fig. 2E). In contrast, OT-I peptide-pulsed BMDCs still stimulated CD8+ T cells in the presence of the inhibitors (Fig. S3A). A similar result was obtained when BMDCs from TAPKO mice were used to stimulate T cell proliferation in the presence of one of the inhibitors (Fig. 2F, S3B). To rule out the chloroquine and Z-FL-COCHO have effects on Pam2EQL-pulsed BMDCs maturation, CD40 and CD86 expression of BMDCs were analyzed by flow cytometry. As the data shown, chloroquine and Z-FL-COCHO did not impair Pam2EQL-pulsed BMDCs maturation (Fig. S4). These data suggest that TLR2 agonist-conjugated peptides may be cross-presented to T cells through a TAP-independent pathway.

TLR2 agonist-conjugated peptides co-localize with Rab7+ and LAMP1+ endolysosomes 
An antigen can initially enter the early endosome via clathrin-mediated endocytosis and differentially traffic into the late endosome for antigen degradation or recycling to the plasma membrane (29). To efficiently prime CD8+ T cells through antigen cross-presentation, an endocytosed antigen may escape from the endosome to the cytosol, or an antigen may be sorted into the endolysosome via the vacuolar pathway. To investigate the trafficking pathway of Pam2IDG, the localization of Pam2IDG and cellular compartments were analyzed by confocal microscopy. After BMDCs were incubated with 1 μM FITC-conjugated IDG or Pam2IDG for 10, 20 or 30 min at 37°C, the cells were analyzed by laser scanning confocal microscopy. As shown in Fig. 3, IDG-FITC co-localized with the early endosome marker EEA1 (Fig. 3A) but not with Rab7+ endosomes (Fig. 3B) between 10 and 30 min. In contrast, Pam2IDG-FITC co-localized with EEA1+ endosomes at 10 min, but the co-localization was lower from 20-30 min (Fig. 3C), when Pam2IDG-FITC co-localized with Rab7+ endosomes (Fig. 3D). The quantitative analysis was showed in Fig. 3E, IDG was accumulated at EEA1+ endosomes from 10 to 30 min (colocalization rate is from 42±8 to 71.2±5.1). By contrast, Pam2IDG was increased colocalization with Rab7+ endosomes until 30 min (39±4.6) (Fig. 3F). The different localizations of IDG and Pam2IDG may reflect different processing mechanisms. 
To further characterize the formation of peptide/MHC class I complexes in Rab7+ endosomes or lysosomes, BMDCs were pulsed with 1 μM Pam2EQL for 30 or 60 min and then stained with anti-Rab7 with secondary antibody, Alexa Fluor 488-conjugated goat anti-mouse IgG, or anti-LAMP1 with secondary antibody, Alexa Fluor 647-conjugated goat anti-rat IgG. The monoclonal antibody clone 25-D1.16 (30), which recognizes the H-2Kb/OVA257-264 complex, was used to detect this complex in Rab7+ endosomes or lysosomes after Pam2EQL internalization. The H-2Kb/OVA257-264 complex was detected in either Rab7+ endosomes or LAMP1+ lysosomes (Fig. 3E). Moreover, the H-2Kb/OVA257-264 complex was found in Rab7+ endosomes at 30 min and then in LAMP1+ lysosomes at 60 min. These data suggest that internalized TLR2 ligand-conjugated peptides are loaded onto MHC class I molecules in both Rab7+ endosomes and LAMP1+ lysosomes. In addition, we determined whether Pam2EQL internalization progressed from Rab7+ endosomes to LAMP1+ lysosomes in TAPKO BMDCs. We used the antibody 25-D1.16 to detect the H2-Kb/OVA257-264 complex in Pam2EQL-pulsed TAPKO BMDCs that were stained for either Rab7 or LAMP1. By confocal microscopy, we found that the H2-Kb/OVA257-264 complex co-localized with Rab7+ endosomes and LAMP1+ lysosomes in the TAPKO BMDCs (Fig. 3F). The localization patterns of the H2-Kb/OVA257-264 complex and the endosomal and lysosomal markers Rab7 and LAMP1, respectively, were more similar after 60 min than after 30 min. The patterns indicated that the TLR2 agonist-conjugated peptides were processed and formed the H2-Kb/OVA257-264 complex in the endolysosome. To avoid the false positive or negative staining of 25D1.16, BMDCs of BALB/c (H-2d) or C57BL/6 (H-2b) was pulsed with Pam2EQL or Pam2IDG respectively for staining with 25D1.16(PE). Cells were stained with anti-Rab7 antibody or anti-LAMP1 antibody before stained with 25D1.16(PE). Hence, non-specific staining was not observed in our assay system (Fig. S5).

TLR2 agonist-conjugated peptides upregulate Rab7 expression to promote cross-presentation
Rab7+ endosomes have been reported to sort antigens for degradation (29), and overexpression of Rab7 increases antigen presentation (31). However, whether Pam2IDG upregulates Rab7 expression through the TLR2/MyD88 pathway is unknown. To prove our hypothesis, Rab7 expression was detected in BMDCs incubated with IDG or Pam2IDG for 0, 0.5, 1, 2 or 3 h. The data showed that Rab7 expression in BMDCs was significantly upregulated by Pam2IDG but not by IDG (Fig. 4A). Accordingly, treatment of TLR2KO, TLR6KO and MyD88KO BMDCs with Pam2IDG did not upregulate Rab7 expression (Fig. 4B and 4C). Previous studies showed TLR2 activation resulted downstream MAPK signaling such as JNK, p38 and ERK (32). To further investigate the signaling pathways of TLR2 for regulating Rab7 expression, signaling inhibitors were used to treat BMDCs. The cells lysates were collected from MAPK inhibitors treated-BMDCs pulsed with 1 M Pam2IDG for 0.5, 1, 2 and 3 h. Rab7 expression was analyzed by western blotting. Figure 4D and 4F showed JNK inhibitor and MEK inhibitor (PD98059) impair Pam2IDG -induced Rab7 expression of BMDCs, but p38 inhibitor (SB203580) (Figure 4E). These data suggest that Pam2IDG-induced Rab7 upregulation via TLR2/6/MyD88 and JNK and ERK signaling may aid Pam2IDG trafficking into Rab7+ late endosomes/lysosomes for antigen processing.
To confirm our observation, BMDCs were transduced with Rab7 or Rab7T22N (an inactive mutant) using a lentiviral vector. After 2 days of transduction, the BMDCs were pulsed with Pam2EQL and then co-cultured with OT-I CD8+ T cells. Pam2EQL-pulsed Rab7-transduced BMDCs demonstrated increased antigen presentation compared with BMDCs alone or viral vector-transduced BMDCs, as measured by OT-I CD8+ T cell proliferation (Fig. 5A). In contrast, antigen presentation was not increased in Pam2EQL-pulsed Rab7T22N-transduced BMDCs, as measured by OT-I CD8+ T cell proliferation. Similar results were obtained using Pam2EQL-pulsed Rab7-transduced TAPKO BMDCs (Fig. 5B). We also monitored whether lentiviral vector have effects on BMDCs maturation. Figure S6A showed the lentiviral vector has limited effects on BMDCs maturation. To further check overexpression of Rab7 may increase antigen presentation of non-lipidated peptide (EQL), lentiviral vectors transduced DCs were pulsed with 1 M EQL for antigen presentation assay. We found that there is no significant difference between Rab7 transduced DCs and vector or Rab7T22N transduced DCs for activating OT-I CD8+ T cells (Figure S6B). Expression of Rab7 did not have effects on non-lipidated peptide presentation. These data indicate that the overexpression of Rab7 can enhance Pam2EQL cross-presentation by BMDCs via a TAP-independent pathway. In summary, upregulation of Rab7 expression partially explains how TLR2 agonist-conjugated peptides are efficiently presented to prime CD8+ T cells via a TAP-independent pathway. 

Discussion
	Synthetic lipopeptides with TLR2 activity have been validated as adjuvants to enhance immune responses (33-35). Furthermore, the incorporation of CTL epitopes into synthetic lipopeptides with TLR2 agonist activity has been shown to induce antigen-specific CD8+ T cell responses (33, 36). However, there is limited information regarding the TLR2-mediated cross-priming of CTLs and its anti-tumor effects in vivo. In this report, we found that TLR2/MyD88 signaling was important for both TLR2-mediated cross-presentation and the anti-tumor effects of a synthetic diacylated lipopeptide. Moreover, we showed that antigen trafficking and processing in BMDCs were regulated by TLR2 activation via a TAP-independent pathway. 
The internalization of Pam2IDG was completely dependent on clathrin-mediated endocytosis, indicating that this internalization occurs through receptor-mediated endocytosis. Although the internalization of Pam2IDG was reduced in TLR2KO BMDCs and by an anti-TLR2 antibody, we cannot exclude the possibility that unknown receptors may contribute to the endocytosis of Pam2IDG. In contrast to our findings, another group found that the TLR2 ligand FSL-1 was internalized via a clathrin-dependent and TLR2-independent endocytosis pathway (37). Their data suggested that CD14 and CD36 were responsible for the internalization of FSL-1. In another study, the TLR2 agonist lipoteichoic acid (LTA) was internalized through a clathrin-independent pathway in HEK/CD14 cells in the absence of TLR2 (38). Moreover, Pam3CysK4 (Pam3)-conjugated lipopeptides (Pam3-conjugates) activated antigen-presenting cells through TLR2, but the internalization of the Pam3-conjugate was independent of TLR2. Interestingly, both clathrin- and caveolin-mediated endocytosis were necessary for the conjugate’s endocytosis (36). Additionally, the different lipid structures of glycolipids with TLR2 agonist activity were found to be cross-presented by BMDCs using different intracellular pathways, but all required TLR2 (39). These studies did not have consistent conclusions regarding the internalization mechanisms of TLR2 agonist-conjugated antigens, so TLR2 may not be the only receptor responsible for the internalization of TLR2 agonists. Our results suggest that TLR2 plays an important role in the endocytosis of diacylated peptides. 
After antigen internalization, the non-lipidated counterpart IDG was localized to EEA1+ early endosomes but not Rab7+ endosomes (Fig. 3A and B). We also found that IDG cross-presentation in BMDCs was TAP dependent (data not shown). Therefore, the cross-presentation mechanism of antigenic peptides without TLR2 agonist conjugation was more similar to that of soluble proteins proceeding through EEA1+ early endosomes. In contrast to IDG, Pam2IDG co-localized with Rab7+ endosomes. Most Rab7+ endosomes have been reported to sort antigens for degradation (29), which may affect antigen cross-presentation. Vonderheit et al. demonstrated that Semliki Forest virus (SFV) is internalized by host cells through clathrin-mediated endocytosis and then internalized by Rab7+ endosomes as cargo destined for the lysosome (40). To confirm our findings, another TLR2 agonist-conjugated peptide (Pam2EQL) was used to minimize the effect of the amino acid sequence and to allow peptide/MHC class I complex formation in the late endosome/lysosome. In this case, the SII/MHC class I complex was detected in Rab7+ endosomes and LAMP1+ lysosomes in BMDCs from both WT and TAPKO mice. The presentation of TLR2 agonist-conjugated peptides thus depends on the vacuolar pathway.
Triggering innate receptors is required to cross-present exogenous antigen to induce CD8+ T cell priming. In addition to inducing cytokine secretion and the upregulation of co-stimulatory molecules, innate receptor signaling may also contribute to the regulation of cross-presentation. For example, TLR9 agonists have been shown to increase TAP-independent antigen presentation by MHC class I (41). Moreover, TLR7 ligation limits antigen degradation in endophagosomal compartments and enhances the formation of peptide/MHC class I complexes on DCs (42). In this report, we further investigated whether the endosomal-associated protein Rab7 could be upregulated by TLR2 ligation. The overexpression of Rab7 has been shown to enhance antigen presentation by MHC class II molecules on B cells (31). Conversely, Boes et al. have reported that innate signaling remodels the late endosomal compartment for MHC class II peptide loading (43). Our data suggest that Rab7 is upregulated by the TLR2 agonist Pam2IDG, leading to the efficient trafficking of Pam2IDG from the early endosome to the late endosome/lysosome for loading onto MHC class I molecules. A similar observation was made using Pam2EQL as a model. Engagement of TLR2 led to the activation of multiple signaling pathways in DCs, including JNK, p38, ERK, MyD88, NF-B (32, 44). Our data showed upregulation of Ra7 is dependend on MyD88 pathway (Fig. 4C). Because MyD88 controls the activation of MAPK such as JNK, p38 and ERK, activation of different signaling pathways may contribute different functions. Figure 4D-F further identified JNK and ERK is necessary for TLR2-mediated upregulation of Rab7. Similarly, several studies have also demonstrated that ERK regulate endocytotic traffic of receptors Fang et al. reported that TLR2 mediated phagocytosis and autophage through JNK signaling pathway in macrophage (45). Recent study has shown that IL-12-mediated activation of the p38 MAPK induces the expression of Rab7 for regulating endocytic trafficking (46). In contrast, our results have shown that TLR2-mediated activation of JNK and ERK induce the expression of Rab7 that facilitate antigen traffic to late endosome/lysosome for efficient antigen-presentation to CD8+ T cells. These results reveal the endosomal traffic could be regulated by different receptors or MAPK signaling pathway. Our findings thus explore the possible link between innate signaling and the Rab7+ endosomal pathway in antigen cross-presentation. 
In conclusion, our study provides evidence indicating that TLR2 agonist-conjugated antigens are endocytosed via a clathrin-dependent pathway and cross-presented via a TAP-independent vesicular pathway through the upregulation of the protein Rab7.  
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Figure legends
[bookmark: _GoBack]Figure 1. TLR2 was required for the endocytosis and cross-presentation of Pam2IDG in BMDCs. (A) WT or TLR2KO BMDCs were pulsed with 1 μM FITC-conjugated Pam2IDG and incubated at 4°C or 37°C for 30 min. BMDCs that were not pulsed were used as controls. The results are shown as MFI value at 37°C obtained by subtracting MFI at 4°C. Three independent experiments were performed (*P<0.05). BMDCs were treated with (B) 50 μg/ml anti-TLR2 Ab or an isotype control Ab, (C) 50 μM chlorpromazine or (D) 2.5 μM filipin for 30 min and then co-incubated with 1 μM FITC-conjugated Pam2IDG for another 30 min. After free peptides were washed away, the cells were stained with anti-CD11c antibody. Data were collected by gating on CD11c+ cells. Naïve C57BL/6 mice (five per group) were inoculated with 2×105 TC-1 tumor cells via subcutaneous injection before immunization. To examine the presentation of IDG and Pam2IDG, BMDCs were pulsed with 1 μM peptides for 3 h. TC-1 tumor-bearing mice were immunized with PBS as a control group, (E) 2×105 IDG- or Pam2IDG-pulsed WT BMDCs or (F) 2×105 Pam2IDG-pulsed WT or TLR2KO BMDCs via intravenous injection at 7 days after tumor inoculation. Average tumor sizes are shown (cm3). The data are expressed as the mean ± SD.

Figure 2. TLR2 agonist-conjugated peptides could be cross-presented by BMDCs via a TAP-independent pathway. BMDCs cultured from C57BL/6 WT or TAPKO mice were incubated with 1 μM Pam2IDG for 3 h, and free peptides were then washed away. (A) Seven days after C57BL/6 mice were immunized with BMDCs via intravenous injection, the cytotoxic ability of antigen-specific T cells was assessed via an in vivo killing assay. The specific lysis percentages of the target cells were determined by flow cytometry. The data represent the average of two independent experiments. (B) TC-1 tumor-bearing mice (six per group) were immunized with 2×105 peptide-pulsed BMDCs via intravenous injection. Average tumor sizes are shown (cm3). The data are expressed as the mean ± SD. WT BMDCs were pretreated with 25 μM chloroquine or 5 μM cathepsin S inhibitor for 30 min and then pulsed with 1 μM (C) Pam2IDG or (D) RAH for 2.5 h at 37°C. After free peptides were washed away, 2×104 BMDCs were co-cultured for 48 h with 2×105 CD8+ T cells that were purified from the splenocytes of RAH/IFA-immunized mice. IFN--secreting cells were then detected by an ELISPOT assay. (E) WT or (F) TAPKO BMDCs were pretreated as in (C) but pulsed with 1 μM Pam2EQL for another 2.5 h at 37°C. After free peptides were washed away, 2×104 BMDCs were co-cultured for 48 h with 2×105 CD8+ T cells that were purified from OT-I splenocytes. Cell proliferation was determined using a [3H]-thymidine incorporation assay. The data shown are representative of two independent experiments.

Figure 3. TLR2 agonist-conjugated peptides were internalized by Rab7+ late endosomes and generated the epitope in endolysosomes. BMDCs were incubated with 1 μM FITC-conjugated IDG or Pam2IDG (green) for 10, 20 or 30 min at 37°C. To detect endosomes, BMDCs were stained with (A and C) anti-EEA1 or (B and D) anti-Rab7 to visualize EEA1+ and Rab7+ endosomes (red), respectively. (E and F) The co-localization rates of IDG-FITC and Pam2IDG-FITC co-localized with EEA1+ endosomes and Rab7+ endosomes. (G) WT or (H) TAPKO BMDCs were incubated with 1 μM Pam2EQL for 30 or 60 min. After incubation, the cells were double stained with 25.D1-16 antibody (red) to detect H2-Kb/OVA257-264 and with anti-Rab7 or anti-LAMP1 (green). Co-localization is depicted in yellow. The data shown are representative of two independent experiments.

Figure 4. TLR2 agonist-conjugated peptides upregulated Rab7 expression via the TLR2-MyD88 pathway to enhance cross-presentation. (A) Lysates were collected from IDG- or Pam2IDG-treated WT BMDCs at the indicated time points. Lysates were collected from Pam2IDG-treated (B) TLR2KO or TLR6KO (C) MyD88KO and (D) JNK inhibitor, (E) SB203580 and (F) PD98059-treated BMDCs at the indicated time points. Rab7 and GAPDH expression were then determined by western blotting. 
Figure 5. Rab7 over-expression could promote Pam2EQL cross-presentation by BMDCs. (A) WT or (B) TAPKO BMDCs were transduced with Lenti-vector, Lenti-Rab7 or Lenti-Rab7T22N for 2 days before being peptide pulsed. The transduced BMDCs were pulsed with 1 μM Pam2IDG or Pam2EQL for 2.5 h at 37°C. After free peptides were washed away, 2×104 BMDCs were co-cultured for 48 h with 2×105 CD8+ T cells that were purified from the splenocytes of OT-I transgenic mice. Cell proliferation was determined using a [3H]-thymidine incorporation assay. The data shown are representative of two independent experiments.
