Depletion of tumor-associated macrophages enhances the anti-tumor immunity induced by a Toll-like receptor agonist-conjugated peptide
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It has been reported that lipopeptides can be used to elicit cytotoxic T lymphocyte (CTL) responses against viral diseases and cancer. In our previous study, we determined that mono-palmitoylated peptides can enhance anti-tumor responses in the absence of adjuvant activity. To investigate whether di-palmitoylated peptides with TLR2 agonist activity are able to induce anti-tumor immunity, we synthesized a di-palmitic acid-conjugated long peptide that contains a murine CTL epitope of HPV E749–57 (Pam2IDG). Pam2IDG stimulated the maturation of bone marrow-derived dendritic cells (BMDCs) through TLR2/6. After immunization, Pam2IDG induced higher levels of T cell responses than those obtained with its non-lipidated counterpart (IDG). In the prophylactic model, Pam2IDG immunization completely inhibited tumor growth, whereas IDG immunization was unable to inhibit tumor growth. However, Pam2IDG immunization could not effectively inhibit the growth of established tumors. Therefore, we further investigated whether the depletion of immunosuppressive factors could improve the therapeutic effects of Pam2IDG. Our data indicate that treatment with Pam2IDG combined with clodronate/liposome delays tumor growth and increases the survival rate. We also observed that the therapeutic effects of Pam2IDG are improved by diminishing the function of TAMs and through the use of an IL10 receptor blocking antibody or a Cox-2 inhibitor. In conclusion, the depletion of TAMs may enhance the anti-tumor immunity of a TLR2 agonist-conjugated peptide.
Introduction
Cervical cancer is associated with the life-threatening human papillomavirus (HPV).1 Although current prophylactic vaccines effectively prevent HPV infection and decrease the incidence of cervical cancer, there are no therapeutic effects against pre-existing HPV infection and tumor progression.2 During HPV infection, E6 and E7 oncoproteins control the cell cycle to transform cells into malignancy.3 Therefore, HPV E6 and E7 oncoproteins have been identified as candidates of therapeutic vaccines to induce tumor regression.4,5 Recently, mixed synthetic long peptides derived from HPV16 E6 and E7 have exhibited promising effects in women with HPV16-positive and grade 3 vulvar intraepithelial neoplasia.6 In animals, a long peptide that contains both cytotoxic T (Tc) and helper T cell (Th) epitopes of HPV 16 was found to effectively induce HPV 16-expressing tumor regression.7 Because it is easy to manufacture a synthetic peptide that satisfies the regulatory requirements, the above-mentioned finding entails a major advancement in the strategy used to treat human cancer.
It is known that peptide-based vaccines are a safe and feasible approach for the induction of CTL responses against cancer. The major disadvantage is their low immunogenicity, which makes it necessary to use adjuvants. Therefore, peptide-based vaccines have been developed as self-adjuvants with an immune stimulator to enhance their immunogenicity.8 It has been reported that synthetic lipopeptides induce both humoral and cellular immune responses without conventional adjuvants.9,10 The mono-palmitoylated peptides derived from viral or tumor-associated antigens are able to effectively elicit antigen-specific cytotoxic T lymphocyte (CTL) activities.11-14 However, mono-palmitoylated peptides do not have adjuvant activity but do exhibit increased antigen-cross presentation ability.13,14 In contrast, di-palmitoylated peptides activate dendritic cells (DCs) and enhance Th1 immune responses through TLR2.15-17 Thus, synthetic TLR2 agonist-linked antigens can target and activate DCs to induce effective CTL responses.18,19
Although immune-stimulator conjugated peptides enhance antigen-specific CTL responses, the tumor-infiltrating immunosuppressive cells, tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) may block their killing effects, resulting in so-called immune escapes.20 Macrophages are innate immune cells that potentially differentiate into conventional M1 macrophages for pathogen clearance or alternative M2 macrophages for tissue healing with immunosuppressive ability.21 During tumor progression, tumors induce macrophages to differentiate into IL-10-producing M2-like TAMs to inhibit CTL anti-tumor responses.22 Many reports have demonstrated that TAMs are potential immune escape mechanisms of HPV-associated cancer.23,24 Macrophage depletion by clodronate/liposome has been found to delay tumor growth.25,26 Cyclooxygenase 2 (Cox-2) inhibitors have been found to be able to block the differentiation of TAMs and induce tumor regression.27,28 To develop efficient therapeutic approaches for HPV-associated cancer, it is necessary to both increase CTLs and reduce tumor-infiltrating TAMs.
In this study, we aimed to evaluate whether a TLR2 agonist conjugated-peptide can induce the synergistic regression of an established large tumor through the depletion of TAMs. The self-adjuvanting di-palmitoylated peptide synthesized in the present study contains a murine CTL epitope derived from HPV E749–57 (Pam2IDG). The Pam2IDG epitope activate dendritic cells through TLR2/6 and induced higher levels of CTL responses than its non-lipidated counterpart IDG. The anti-tumor effects are limited in small tumors but enhanced in large tumors. Furthermore, the depletion of macrophages in the presence of a Cox-2 inhibitor may further delay tumor growth.
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Results
Pam2IDG induces BMDCs maturation through TLR2/6
Although it has been suggested that di-palmitoylated peptides engage TLR2/6 to activate antigen-presenting cells, the peptide length or composition may have diverse co-receptor usages.29,30 To confirm that Pam2IDG is able to activate antigen-presenting cells through TLR2, BMDCs of WT or TLR-knockout (KO) mice were used to characterize the activity of pam2IDG. To elucidate whether Pam2IDG promotes BMDC maturation, BMDCs were stimulated with Pam2IDG or IDG for 18 h to determine the level of IL-12p40 secretion and the expression of co-stimulatory molecules, namely CD40, CD80, CD86, and MHC class II. The Pam2IDG-stimulated BMDCs secrete IL-12p40 in a dose-dependent manner (Fig. 1A). The expression levels of CD40, CD80, and CD86 in the Pam2IDG-stimulated BMDCs are 1.5- to 2- fold higher than those of the IDG-stimulated BMDCs (Fig. 1B). To determine the co-receptor usage of TLR2, BMDCs from WT, TLR1KO, TLR2KO, and TLR6KO mice were stimulated with Pam2IDG or IDG.
To demonstrate whether TLR2/6 is necessary for BMDC maturation after Pam2IDG treatment, BMDCs cultured from WT, TLR1KO, TLR2KO, and TLR6KO mice were pulsed with 1 μM Pam2IDG for 18 h, and the levels of IL-12p40 and IL-6 in the culture supernatants were determined by ELISA. Pam2IDG enhanced the secretion of IL-12p40 and IL-6 from WT and TLR1KO BMDCs but not TLR2KO and TLR6KO BMDCs (Figs. 1C and D). These data indicate that TLR2/6 is required for Pam2IDG to promote BMDC maturation.
Pam2IDG enhances CTL responses via TLR2/6
We first demonstrated that Pam2IDG can enhance BMDC maturation. We then further explored whether Pam2IDG can induce antigen-specific CTL responses. To demonstrate the CTL responses induced by Pam2IDG immunization, C57BL/6 mice were immunized with 10 μg of IDG or Pam2IDG via the footpad on days 0 and 5, and these lymphocytes were then re-stimulated with RAH to determine the numbers of IFN-γ-producing cells by ELISPOTs. Pam2IDG immunization was found to increase the number of IFN-γ producing cells after re-stimulation with RAH compared with the numbers obtained with IDG immunization (Fig. 2A). The results indicate that Pam2IDG immunization can elicit more antigen-specific CTLs. To further analyze the numbers of RAH-specific CD8+ CTLs, lymphocytes collected from IDG- and Pam2IDG-immunized mice were double-stained with FITC-conjugated anti-CD8 antibody and PE-conjugated RAH tetramer, and the percentage of the antigen-specific CTL population was then analyzed by flow cytometry. Pam2IDG immunization resulted in a 2.5- to 3-fold increase in the numbers of CTLs compared with IDG (Fig. 2B). Moreover, to investigate whether CTL induction by Pam2IDG immunization requires TLR2/6, WT, TLR1KO, TLR2KO, and TLR6KO mice were immunized with IDG or Pam2IDG respectively, and the numbers of IFN-γ-producing cells were then determined by ELISPOT, as shown in Figure 2A. Pam2IDG immunization was found to elicit antigen-specific CTL responses in WT and TLR1KO mice. However, TLR2KO and TLR6KO mice exhibited impaired CTL induction in response to Pam2IDG immunization. To further investigate whether Pam2IDG-pulsed BMDCs can enhance CTL cross-priming via the TLR2/6 pathway, BMDCs cultured from WT, TLR1KO, TLR2KO, TLR6KO, or MyD88KO mice were pulsed with 1 μM IDG or Pam2IDG for 2.5 h. After washing out the free peptides, the CD8+ T cells purified from RAH/IFA-immunized mice were co-cultured with peptide-pulsed BMDCs for 2 d, and the number of IFN-γ-producing cells was then determined by ELISPOT. Pam2IDG-pulsed WT and -TLR1KO BMDCs were found to activate CD8+ T cells to secrete IFN-γ, whereas TLR2KO, TLR6KO, or MyD88KO BMDCs were unable to achieve this activation (Fig. 2D). Therefore, TLR2/6 and MyD88 are necessary for the enhancement of CTL cross-priming by Pam2IDG-pulsed BMDCs.
Pam2IDG can inhibit TC-1 tumor growth but does not inhibit large established tumors
To evaluate the anti-tumor effect of Pam2IDG on the TC-1 tumor model, C57BL/6 mice were immunized with 30 μg of IDG or Pam2IDG and inoculated with 2 × 105 TC-1 tumor cells seven days after immunization. Pam2IDG immunization significantly inhibited TC-1 tumor growth until day 45, and this effect was not observed with IDG immunization (Fig. 3A). In contrast, to evaluate the therapeutic effect of Pam2IDG, the mice were inoculated with TC-1 tumor and then immunized with 30 μg of IDG or Pam2IDG seven days after inoculation (palpable tumor was observed at this time). The average tumor volume of the Pam2IDG-immunized mice was 0.94 ± 0.13 cm3, which it not significantly different compared with that observed in the IDG-immunized mice (0.85 ± 0.28 cm3) (Fig. 3B). However, the palpable tumor could be inhibited by immunization with 10 μg of Pam2IDDG on days 7 and 14 (Fig. 3C). To further investigate the therapeutic effects of this peptide on a large tumor, the treatment was initiated on day 14 (the tumor diameter was 6–8 mm). A single dose of 30 μg of Pam2IDG or two doses of 10 μg of Pam2IDG administered at a 7-d interval did not completely inhibit the tumor growth but did delay the growth of the tumor (Fig. 3D). Therefore, we hypothesize that Pam2IDG immunization can induce the regression of smaller but not large tumors.
Depletion of macrophages improves the therapeutic effects of Pam2IDG
TAMs play an important role in the suppression of CTLs against tumor cells. To investigate whether the depletion of TAMs is able to enhance the therapeutic effects of Pam2IDG, the mice were treated with 1 mg of clodronate/liposome via i.p. injection on day 13 to deplete the macrophages and then immunized with or without 30 μg of Pam2IDG on day 14. The average tumor size of the Pam2IDG-and-clodronate-treated mice (0.32 ± 0.07 cm3) was significantly smaller than the average tumor size of the Pam2IDG-immunized mice (0.79 ± 0.07 cm3) on day 30. In contrast, the tumor size of the clodronate-treated mice was not significant different compared with that of the PBS-treated mice (1.68 ± 0.04 cm3 vs. 1.72 ± 0.15 cm3) on day 30 (Fig. 4A). All of the mice in the PBS control and clodronate-treated groups were dead before day 35. The Pam2IDG -treated mice were dead before day 47 (Fig. 4B). It is noteworthy that the Pam2IDG-and-clodronate-treated mice exhibited a 50% survival rate on day 60. Therefore, these data indicate that the depletion of TAMs enhances the anti-tumor effects of Pam2IDG immunization.
To further investigate whether the M2 macrophage-associated cytokine IL-10 reduces the anti-tumor effects of Pam2IDG, tumor-bearing mice were injected with 200 μg of IL-10R antibody or isotype control via i.p. on day 13 and then immunized with 30 μg of Pam2IDG on day 14. The tumor size of the Pam2IDG-and-anti-IL10R antibody-treated mice was smaller than the tumor size of the Pam2IDG-immunized mice (0.56 ± 0.09 vs.0.79 ± 0.07 cm3) and the Pam2IDG-and-isotype control antibody-treated mice (0.56 ± 0.09 vs. 0.81 ± 0.1 cm3) on day 30 (Fig. 4C). The survival rate of the Pam2IDG-and-anti-IL10R antibody-treated mice was 66% on day 50 and decreased to 16% on day 60; in contrast, all of the mice in the Pam2IDG treatment group were dead on day 45 (Fig. 4D). Therefore, we suggest that IL-10 can reduce the antitumor effects of Pam2IDG immunization.
To further investigate whether blocking the Cox-2 pathway enhances the antitumor effects of Pam2IDG, tumor-bearing mice were injected with 0.5 mg/kg celecoxib via i.p. from day 13 to 30 at 2-d intervals and then immunized with or without 30 μg of Pam2IDG on day 14. The tumor size of the Pam2IDG-and-celecoxib-treated mice was smaller than the tumor size of the Pam2IDG-immunized mice (0.78 ± 0.15 vs. 1.6 ± 0.09 cm3) on day 40. We also observed that the survival rate of the Pam2IDG-and-celecoxib-treated mice was 16% on day 60 (Fig. 4F). Hence, we hypothesize that the inhibition of Cox-2 may promote the antitumor effects of Pam2IDG. In summary, the elimination of TAMs, IL-10, or Cox-2 enhances the anti-tumor effects of Pam2IDG.
Clodronate can alter the ratio of M1 to M2 macrophages to improve the effects of Pam2IDG immunization
To investigate whether clodronate alters the M1 and M2 macrophage populations, tumor-infiltrating cells were treated with LPS for 4 h and then stained with anti-F4/80, anti-CD11b, anti-CD45, anti-TNF-α, or anti-IL10 antibodies. The M1 macrophage population was slightly increased in the mice treated with clodronate, Pam2IDG, and both Pam2IDG and clodronate compared with the mice treated with PBS (Fig. 5A). However, the M2 macrophage population was increased in the Pam2IDG-treated mice compare with the mice treated with clodronate or both Pam2IDG and clodronate (Fig. 5B). The ratio of M1 to M2 macrophages in the clodronate- and Pam2IDG-and-clodronate-treated mice was higher than that observed in the PBS- and Pam2IDG-treated mice (Fig. 5C). Our results indicate that clodronate can alter the M1 and M2 macrophage population in the tumor micro-environment. To study whether the depletion of TAMs leads to an increase in antigen-specific CTLs in tumors, tumor-infiltrating cells were stained with anti-CD8 or anti-CD45 antibody or antigen-specific MHC class I tetramer (Tet-RAH) and then analyzed by flow cytometry. The numbers of antigen-specific CTLs in the tumor infiltrate are increased by Pam2IDG and by Pam2IDG combined with clodronate but by clodronate alone (Fig. 5D). These data support the hypothesis that clodronate may reduce TAMs and change the ratio of M1/M2 to increase the cancer-killing ability of CTLs.

Discussion
Even though antitumor immunity can be induced by a TLR2 agonist-conjugated long peptide, this treatment does not efficiently eliminate large tumors. One of the major obstacles of cancer immunotherapy is the recruitment of tumor-infiltrated immunosuppressive cells. Some reports have demonstrated that TAMs are potential immune escape mechanisms of HPV-associated cancer.23,24 TAMs also express B7H4 which negative regulate T cell activation and are correlated with high numbers of FoxP3+ Tregs and PD-1 expressing T cells.31 M2-like TAMs secrete IL-10 for inducing the Treg differentiation and PGE2 to increase the number of MDSCs.28 These data indicated that TAMs are able to regulate T cells functions either directly or indirectly. Although the depletion of TAMs did not increase antigen-specific CTLs, the reduction of M2-like TAMs could increase CTLs function. Our recent report also showed that TLR9 agonist synergistically enhanced anti-tumor immunity of TLR2 agonist-conjugated protein and reduced the total numbers of TAMs. The TLR2 agonist-conjugated protein alone did not have effects on reduction of TAMs.32 The combination of administrating macrophage-depleting drugs with immunotherapy is promising and feasible for improving anti-tumor immunity. This study has led to the hypothesis that the depletion of TAMs or associated factors may enhance therapeutic effects of TLR2 agonist-conjugated long peptide treatment. TLR2 agonist-conjugated peptides have been reported to induce CTL responses against viral infections and tumors.33,34 However, it has been reported that the activation of TLR2 enhances regulatory T cell function.35 Peptide immunization in the presence of a TLR7 agonist not only increases antigen-specific CTLs but also increases both MDSCs and Tregs.36 The adjuvant-induced immunosuppressive cells limit the therapeutic effects of cancer vaccines. In this study, we observed that immunization with a TLR2 agonist-conjugated peptide increases the number of tumor-infiltrating M2-like macrophages (Fig. 5B). M2-like macrophages are able to secrete IL-10, which has been shown to directly affect the function of antigen-presenting cells, downregulate the expression of Th1 cytokines, and induce Tregs.37 The inhibition of IL-10 signaling by anti-IL10R antibodies is able to suppress the M2 phenotype differentiation and the induction of tumor regression.38 Accordingly, we administered an anti-IL10R antibody before Pam2IDG immunization to increase the survival rate of mice with large tumors (Fig. 4D). The results indicate that the reduction of tumor-associated immunosuppressive cells or IL-10 may overcome the adjuvant-induced immunosuppressive effects of cancer vaccines.
Prostaglandin E2 (PGE2) is synthesized from arachidonic acid by Cox and prostaglandin synthase. The production of PGE2 by Cox-2 is responsible for the differentiation of Tregs and the suppression of T cell function.39 Eberstal showed that intratumoral Cox-2 inhibition enhances GM-CSF immunotherapy against tumors.40 Cox-2 is expressed not only in immune cells but also in tumor cells and stromal cells.41 We found that the administration of the Cox-2 inhibitor Celecoxib via i.p. every two days and a single dose of Pam2IDG significantly prolongs the survival time of tumor-bearing mice (Fig. 4F). These data indicate that the Cox-2 inhibitor is able to enhance the therapeutic effects of cancer vaccines.
We found that the long peptide with TLR2 agonist activity, which was designed as a tumor therapeutic vaccine, not only stimulates BMDC activation but also cross-primes CTLs via TLR2/6. A single dose of Pam2IDG prevents TC-1 tumor growth and inhibits established tumor growth (Figs. 3A and 3B). The palpable tumors were found to regress after two immunizations with Pam2IDG. However, the growth of large tumors (6–8 mm in diameter) was delayed after immunization with Pam2IDG in combination with the depletion of TAMs. Although Pam2IDG immunization did not induce the regression of established tumors, Pam2IDG immunization combined with clodronate increased the ratio of the M1/M2 macrophage population and prolonged the survival time. Although macrophages were depleted by clodronate administration, clodronate did not abrogate the function of antigen-presenting cells.42 However, the use of a high dose of clodronate to completely deplete the macrophages may impair the cross-priming of CTLs by dendritic cells.43 In this study, we demonstrated that Pam2IDG combined with clodronate can induce tumor regression. Clodronate depletes not only macrophages but also CD11b+Gr-1+ myeloid-derived suppressor cells (MDSCs).44 Although we did not find any significant decrease in the numbers of MDSCs in this tumor model post-inoculation (data not shown), Pam2IDG immunization combined with clodronate induced antigen-specific CTLs to the same degree as Pam2IDG alone (Fig. 5D). Therefore, CTLs can be elicited by Pam2IDG immunization and reach the tumor site.
In this report, we demonstrated that TLR2 agonist-conjugated peptide could induce anti-tumor immunity in mouse model. To apply in human, we have to design peptides that contained human CTL epitopes. In our previous studies, we have identified the HLA-A11-restricted CTL epitopes of HPV 18, 52 and 58.45-47 These long peptides could be synthesized with TLR2 agonist. The synthetic di-acyl lipopeptides are easy to manufacture for clinical used. Alternatively, we can design the lipopeptide mixture that contained different CTL epitopes to treat human. The mixtures of HPV16 E6 and E7-derived long peptides have been used in human clinical trials which showed promising results in VIN3 patients.6 However, the therapeutic effect in invasive cancer is still a big challenge and certainly need new vaccine formulations. Here, we showed the liposomal clodronate, celecoxib or anti-IL10R is able to improve the therapeutic effects of TLR2 agonist-conjugated long peptide. In the future, the combination of mixtures of TLR2 agonist-conjugated long peptides and anti-immmunosuppressive drugs is feasible for cancer immunotherapy in human.
In conclusion, the reduction of immunosuppressive factors or cells enhances the effects of TLR2 agonist-conjugated peptide immunotherapy against cervical cancer. These results suggest that the targeting of tumor-suppressive cells or factors is necessary for successful cancer immunotherapy.

Materials and Methods
Animals
C57BL/6 mice were purchased from the National Animal Center in Taiwan. All of the mice were maintained in the Animal Center of the National Health Research Institutes (NHRI, Miaoli, Taiwan). TLR1KO, TLR2KO, TLR6KO, and MyD88KO mice were purchased from Oriental Bioservice, Inc. (Tokyo, Japan). 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 (IDGPAGQAEPDRAHYNIVTFCCKC) and di-palmitic peptides (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). These peptides were dissolved in DMSO at 10 mg/ml and stored at -20 °C.
BMDC generation and maturation analysis
The BMDCs were generated as previously described.48 Briefly, bone marrow cells were collected from the femurs and tibiae and incubated with RBC lysis buffer (BioLegend, CA, USA) for 2 min to remove the RBCs. A total of 2 × 106 bone marrow cells were plated into 10-cm petri dishes in 10 ml of RPMI 1640 medium supplemented with 100 U/ml penicillin/streptomycin, 50 μM 2-mercaptoethanol (Sigma-Aldrich, China), 10% heat-inactivated FBS, and 20 ng/ml mouse rGM-CSF (PeproTech, NJ, USA). The cells were incubated at 37 °C with 5% CO2. On day 3, 10 ml of fresh media was added, and the cells were cultured for an additional 3 d. On day 6, the detached cells in each dish were collected by washing with medium and counted to determine the cell number. To determinate the cytokine secretion of BMDCs, the supernatants from 1 × 106/ml BMDCs incubated with peptides at the indicated concentration or 100 ng/ml LPS (Sigma-Aldrich, China) for 18 h were collected. The production of IL-6 and IL-12p40 by BMDCs were determined by ELISA (eBioscience, San Diego, CA, USA). To analyze the expression of BMDC surface molecules, 5 × 105 BMDCs were re-suspended in staining buffer (PBS containing 1% FCS) and stained with 0.2 μg of anti-CD11c-FITC (N418, BioLegend), CD40-PE (3/23, BD Biosciences), CD80-PE (16–10A1, BD Biosciences), CD86-PE (GL-1, BD Biosciences), and IAb-PE (AF6–120.1, BioLegend) monoclonal antibodies at 4 °C for 30 min. The BMDCs were acquired by a FACSCalibur (BD Biosciences), and the mean of fluorescence intensity of the gated CD11c+ cell populations was analyzed using the CellQuest Pro software.
ELISPOT assay
To determinate the IFN-γ production of the cytotoxic T cells, 96-well Multiscreen PI plates (Millipore, Billerica, MA, USA) were coated with rat anti-mouse IFN-γ antibody (clone R4–6A2; eBioscience) in PBS overnight at 4 °C. After washing with PBS, the plates were blocked with 200 μl of RPMI-10 for 1 h at room temperature. A total of 2 × 105 lymphocytes were seeded per well and incubated with 5 μg/ml of RAH or control peptide (VVYRDSIPH) in 200 μl of RPMI for 48 h. The wells were sequentially washed three times with washing buffer (PBS containing 0.05% Tween 20) and then incubated for 4 h at room temperature with biotinylated anti-mouse IFN-γ antibody (4 μg/ml, clone XMG1.2, eBioscience) in assay diluent. After an additional wash, the wells were incubated with peroxidase-labeled streptavidin (2 μg/ml; eBioscience) for 15 min at room temperature. The spots were developed using freshly prepared substrate (ACE; Sigma, St. Louis, MO, USA) dissolved in distilled water. The IFN-γ-secreting T cells were measured using an ELISPOT reader (Cellular Technology Ltd.). The results are shown as the numbers of IFN-γ-secreting cells of RAH-stimulated group after subtracting the value of the control peptides-stimulated group.
Animal tumor model
To establish the HPV16 E6/E7 tumor model in C57BL/6 mice, we inoculated the animals with 2 × 105 TC-1 cells in the right leg. For the preventive vaccination, each mouse was subcutaneously immunized with 30 μg of peptide. To elucidate the therapeutic effect, the TC-1-bearing mice were immunized subcutaneously with PBS, IDG, or Pam2IDG on day 7 post-inoculation. To assess the therapeutic effect on an established tumor, the TC-1-bearing mice were immunized subcutaneously with PBS, IDG, or Pam2IDG on day 14 post-inoculation. The local tumor diameter was measured with calipers and monitored three times per week until 45–60 d post-inoculation. The tumor volume was calculated using the following formula: length × width × width / 2. When the tumor volumes became larger than 2 cm3, the mice were euthanatized. To deplete the macrophages, the mice were i.p. injected with 1 μg of clodrosome (Encapsula NanoScience, Nashville, TN, USA) on day 13 post-tumor inoculation. To diminish the IL-10 immunosuppressive effect, the mice were i.p. injected with 200 μg of 1B1.3a antibody (BioLegend) to block the IL-10 receptor on day 13 post-tumor inoculation. To inhibit the Cox-2 pathway in vivo, the mice were i.p. injected with 0.5 mg/kg Celecoxib (Sigma) three times a week from day 13 to day 30 post-tumor inoculation.
Analysis of tumor-infiltrating cells
To collect the TC-1 tumor infiltrates, the tumors from tumor-bearing mice were dissected on day 25. Scissors were used to chop the tumors into small 2- to 4-mm pieces, and the small pieces of the tumors were further ground into single cells though 70-mm cell strainers. The cells were washed and re-suspended in staining buffer. To detect the antigen-specific T cell population, the cells were stained with anti-CD8 (53–6.7, FITC, BioLegend) and anti-CD45 (EM-05, APC, GeneTex) antibodies and Tet-RAH (tetramer RAHYNIVTF, MBL, Japan) at room temperature. To analyze the macrophage population, the cells were stained with anti-CD11b (M1/70, PE, eBioscience), anti-Ly6G (RB6–8C5, PECy7, eBioscience), anti-F4/80 (BM8, FITC, BioLegend), and anti-CD45 antibodies. To detect the cytokine secretion, the cells were treated with 100 ng/ml LPS for 4 h and then stained with anti-TNF-α (MP6-XT22, PE-Cy5.5, BioLegend) or anti-IL-10 (JES5–16E3, PE-Cy5.5, BioLegend).
Statistical analysis
The statistical significance was evaluated by Student’s t test (two-tailed) at the 5% level. The statistical significance of the tumor models treated with clodronate, celecoxib, and anti-IL10R antibody were analyzed by one-way ANOVA.
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Figure 1. Pam2IDG enhances BMDC maturation and CTL activities to improve anti-tumor immunity. BMDCs were treated with 1 μM IDG or Pam2IDG at the indicated concentration for 18 h. (A) the level of IL-12p40 in the supernatant was determined by ELISA. (B) The mean fluorescence intensities of the surface molecules were analyzed by flow cytometry. Relative MFI = (MFI of IDG- or Pam2IDG-treated cells / MFI of untreated cells) x 100%. BMDCs cultured from WT, TLR1KO, TLR2KO, and TLR6KO mice were treated with 1 μM IDG, Pam2IDG, or 100 ng/ml LPS at the indicated concentration for 18 h. The levels of (C) IL-12p40 and (D) IL-6 in the supernatant were determined by ELISA.
Figure 2. Pam2IDG increases the number of IFN-γ-producing cells. C57BL/6 naïve mice were immunized with 10 μg of IDG or Pam2IDG via the footpad on days 0 and 5. On day 10, the lymphocytes were collected from inguinal lymph nodes. (A) A total of 2 × 105 lymphocytes from each treatment group were re-stimulated with 5 μg/ml RAH or control peptide in anti-IFN-γ antibody-coated plates for 48 h. The IFN-γ-producing cells were examined by ELISPOT. (B) The lymphocytes were double-stained with RAH tetramer (Tet-RAH) and anti-CD8 antibody and analyzed by flow cytometry. The data are presented as the cell numbers of Tet-RAH+ CD8+ T cells from two independent experiments. (C) In vivo analysis of WT, TLR1KO, TLR2KO, and TLR6KO mice immunized as in (A), and the numbers of IFN-γ-producing cells were then examined by ELISPOT. (D) In vitro analysis of WT, TLR1KO, TLR2KO, TLR6KO and MyD88KO BMDCs pulsed with 1 μM IDG or Pam2IDG for 2.5 h (the free peptides were then washed out). A total of 2 × 104 peptide-pulsed BMDCs were co-cultured with 2 × 105 responder cells, which were purified from CD8+ T cells from the spleens of RAH/IFA-immunized mice. After 48 h, the IFN-γ-producing cells were examined by ELISPOT.
Figure 3. Pam2IDG immunization inhibits palpable tumor growth. C57BL/6 naïve mice were inoculated subcutaneously with 2 × 105 TC-1 tumor cells in the right leg. (A) Seven days before tumor inoculation, the mice were subcutaneously immunized with PBS or 30 μg of IDG or Pam2IDG (n = 5 in each group). (B) The TC-1 tumor-bearing mice were immunized subcutaneously with PBS or 30 μg of IDG or Pam2ID on day 7 (n = 5 in each group). (C) The TC-1 tumor-bearing mice were subcutaneously immunized with PBS or 10 μg of IDG or Pam2IDG on days 7 and 14 (n = 6 in each group). (D) The TC-1 tumor-bearing mice were immunized with 30 μg of Pam2IDG on day 14 and 10 μg of Pam2IDG on days 14 and 21 (n = 6 in each group).
Figure 4. Therapeutic effects of Pam2IDG are improved by the reduction of immunosuppressive factors. C57BL/6 naïve mice were inoculated subcutaneously with 2 × 105 TC-1 tumor cells in the right leg. (A and B) TC-1 tumor-bearing mice were intraperitoneally injected with 1 mg of clodronate/liposome on day 13 and subcutaneously immunized with 30 μg of Pam2IDG on day 14 (n = 10) in each group; Pam2IDG combined with clodronate vs. Pam2IDG, P < 0.01). (C and D) TC-1 tumor-bearing mice were intraperitoneally injected with 200 μg of anti-IL10R antibody on day 13 and subcutaneously immunized with 30 μg of Pam2IDG on day 14 (n = 6 in each group; Pam2IDG combined with anti-IL10R antibody vs. Pam2IDG, P < 0.01). (E and F) TC-1 tumor-bearing mice were intraperitoneally injected with 0.5 mg/kg celecoxib at 2-d intervals until day 30 and subcutaneously immunized with 30 μg of Pam2IDG on day 14 (n = 10 in each group; Pam2IDG combined with celecoxib vs. Pam2IDG, P < 0.01)
Figure 5. Pam2IDG immunization combined with clodronate increases tumor-infiltrating M1/M2 macrophage ratio. Five C57BL/6 naïve mice in each group were subcutaneously inoculated with 2 × 105 TC-1 tumor cells in the right leg. The TC-1 tumor-bearing mice were intraperitoneally injected with 1 mg of clodronate/liposome on day 13 and subcutaneously immunized with or without 30 μg of Pam2IDG on day 14. The tumor infiltrates were analyzed on day 25 by flow cytometry. (A) The TNF-α and (B) IL10-secreting F4/80+ CD11b+ cells indicate the M1 and M2 macrophages, respectively. (C) The ratio was calculated as the percentage of M1 macrophages divided by the percentage of M2 macrophages. (D) The RAH-specific CTLs were detected using a tetramer.
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