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Abstract:

 Cancer vaccines have always been a subject of gene therapy research. One of the most successful approaches has been working with genetically modified tumor cells. In this study, we describe our approach to achieving an immune response against a murine melanoma model, employing B16 tumor cells expressing GM-CSF and B7.2. Wild B16 cells were injected in C57BL6 mice to cause the tumor. Irradiated B16 cells transfected with GM-CSF, B7.2, or both, were processed as a preventive and therapeutic vaccination. Tumor volumes were measured and survival curves were obtained. Blood samples were taken from mice, and IgGs of each treatment group were also measured. The regulatory T cells (Treg) of selected groups were quantified using counts of images taken by confocal microscopy. Results: one hundred percent survival was achieved by preventive vaccination with the group of cells transfected with p2F_GM-CSF. Therapeutic vaccination achieved initial inhibition of tumor growth but did not secure overall survival of the animals. Classical Treg cells did not vary among the different groups in this therapeutic vaccination model.
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1. Introduction

There is increasing evidence of the importance of immunotherapy in the fight against cancer. Currently, certain cytokines are being used as adjuvants in the treatment of some types of cancer. Melanoma is possibly the best candidate for immunotherapy as an alternative to current treatments because it is a very immunogenic type of malignancy.

In the field of immunotherapy, antitumor vaccines are one of the most promising therapeutic strategies. Antitumor vaccines with genetically modified cells have already proved to be effective in application to some types of cancer in preclinical models, and some of them are being tested in clinical trials [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24]. A number of cytokines have already shown a clear antitumor effect. The cytokine GM-CSF (granulocyte and macrophage colony stimulating factor) has demonstrated a very important antitumor effect [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28]. GM-CSF is produced by a wide range of cell types, and its main functions are to stimulate the proliferation, maturation, and function of APCs (Antigen Presenting Cells) [29], facilitating their presentation of antigen to T cells, and contributing in this way to the immune cellular response against tumors.

However, the signaling pathways of the immune system are very complex, and, in the last few years, many studies have tested different combinations of cytokines with other molecules in order to improve antigen presentation, such as the membrane surface costimulatory molecule B7.2 [30,31,32,33,34,35,36]. This molecule, also known as CD86, is expressed on the surface of APCs and is necessary for antigen recognition in the context of major histocompatibility antigen for the activation of T lymphocytes. It has demonstrated its utility in some models of antitumor vaccines, alone [35,36] or in combination with GM-CSF [33,34], as we also prove in the present work.

Previous studies in our laboratory have shown the importance of the order of antigen and cytokine presentation in a model of preventive vaccination against murine melanoma—the best results being obtained when featuring tumor antigens first, and then the cytokine, or both simultaneously [27]. In addition, the vaccination was shown to be most effective when the cytokine was produced by the same genetically modified tumor cell rather than administered independently [37]. We have previously achieved total survival of B16 melanoma-bearing mice in a preventive vaccine model using freshly GM-CSF transfected B16 cells [25,27,38]. Here, we aimed to take advantage of the fact that the B7.2 molecule has also already demonstrated its usefulness in some antitumor vaccine models, and that its nature as a surface molecule could make it useful for manipulating and selecting the effectively transfected cells in future experiments. We thus transfected B16 cells with a bicistronic plasmid, containing both mGM-CSF and mB7.2 genes. Accordingly, we expected that the transfected cells, expressing B7.2 on their surface, would also express GM-CSF; B7.2 expression therefore could be very useful when it comes to manipulating and/or characterizing cells.

The present study describes the efficacy of the GM-CSF transfected cells vaccine, and the effect of this cytokine in combination with the costimulator molecule B7.2, with a view to determining whether there is some kind of synergy between them. This has been done by assessing efficacy in an antitumor cell preventive vaccine, though also assuming the challenge of a therapeutic vaccination. The importance of the amount of antigen and cytokine in the antitumor response has also been evaluated, employing vaccines with different doses of tumor transfected cells. Finally, a study has been made of the presence of classical regulatory T cells (Treg) in the setting of the therapeutic vaccine, in order to try to clarify whether these cells are responsible for the failure of the antitumor immune response once the tumor has become established.



2. Results and Discussion


2.1. Preventive Vaccination

The tumor volume in each treatment group is represented in Figure 1. The best results were obtained with groups B16-GM-CSF, B16-pMok_GM-CSF, and B16-GM-CSF + B7.2/200 (marked with arrows in the figure), where there was no visible development of the tumor implanted during the measurement period—a time in which mice from other groups had already begun to die as a result of tumor development. It should be noted that these results were reached in these three groups vaccinated with 2 × 105 cells, underscoring that the B16-GM-CSF + B7.2/200 group was producing less than half the amount of GM-CSF produced by the other two groups (data not shown), as transfection was simultaneous with two genes and so the production of each gene was reduced as compared with transfections for only one gene (data not shown).

Figure 1. Tumor volume in preventive vaccination. Results from inhibition of tumor volume with vaccination groups: (a) Control; (b) B16-p2fØ; (c) B16*; (d) B16-GM-CSF + B7.2/500; (e) B16-B7.2; (f) B16-GM-CSF + B7.2/200; (g) B16-pMok_GM-CSF; (h) B16-GM-CSF. Mice were injected with 105 B16 wild cells in the left leg. We used a vaccination dose of 2 × 105 cells, but also tested other doses in the treatments with B16-GM-CSF + B7.2, expressing the number of cells used with 200 or 500, corresponding to 2 × 105 or 5 × 105 cells, respectively. In the figure, “*” corresponds to the maximum statistical difference, p < 0.001, and “**” to p < 0.01, both with respect to the control group. In turn, “+” corresponds to the maximum statistical difference, p < 0.001, and “++” to p < 0.01, both with respect to the B16-GM-CSF group. Arrows identified as 1, 2 and 3 represent groups B16-GM-CSF + B7.2/200, B16-pMok_GM-CSF and B16-GM-CSF, respectively, with total inhibition of tumor growth during the measurement period.
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Survival curves are shown in Figure 2. In the majority of cases, the curves were consistent with the inhibition of tumor growth, whereby the groups with smaller tumor sizes survived longer. Such survival was particularly notorious in two of the groups in which the tumor was not initially detectable. Only the B16-GM-CSF group maintained 100% survival of the animals more than six months after introduction of the tumor. In contrast, percentage survival in the B16-GM-CSF + B7.2/200 group was 80%. The B16-pMok_GM-CSF group did not reach a better result than the other groups which already showed tumor growth in Figure 1 (60% survival). For this reason, we decided to perform the following experiments regardless of plasmid pMok_mGM-CSF, since it did not afford any advantages over p2F-mGMCSF, which showed the best performance in our vaccine model. The other groups reached survival rates of between 20% and 60%, while B16* and p2FØ were not differentiated from the control group.

Figure 2. Survival in preventive vaccination. The plot shows survival of the groups described in Figure 1.
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The results referred to total specific anti-TMP IgG are reflected in Figure 3a, where groups that produced GM-CSF reached a higher production of IgG and usually with a greater difference between day −1 and day 15 of production; thus, it appears that GM-CSF induces earlier stimulation than B7.2.

Figure 3. Production of total IgG (a) and IgG1 (b) and IgG2a (c) subtypes against TMP in preventive vaccination. After blood samples were taken from the animals on day −22, day −1 and day 15, with respect to the day of implantation of the tumor (day 0), and the plasma was obtained, the latter was used for enzyme linked immunosorbent assaying (ELISA) specific total IgG (a) and subtypes IgG1 (b) and IgG2a (c) against TMP. The samples were assayed in duplicate to calculate the mean and standard deviation, which is too small to see in the figure. The treatment groups are described in Figure 1. All groups showed significant differences versus the control as a minimum at day −1 and day 15 (p < 0.001).
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The IgG subtypes, as reflected in Figure 3a, b, also offered the same overall results as total IgG, especially in the case of IgG2a. Transfection with GM-CSF contributed to the effectiveness of the antitumor response in a meaningful way, while isolated B7.2 produced more limited effects. The combination of B7.2 with GM-CSF did not exceed the effect achieved with GM-CSF alone, so evidently the positive effects upon total efficacy of the combination do not lie in IgG production.



Tumor Reimplantation: Verification of Immunological Memory

One year after the beginning of the previous experiment, we rechallenged the surviving mice once again with the same tumor, to determine whether the immune response that had been established and allowed them to survive had generated enough immunological memory to protect them from a second exposure to the tumor.

The experiment began with only one vaccine dose with transfected cells in the remaining three mice in the B16-pMok_GM-CSF group, three mice in the B16-GM-CSF + B7.2/200 group, two mice in the B16-GM-CSF + B7.2/500 group, a single mouse in the B16-B7.2 group, and four mice in the B16-GM-CSF group. During the time from the end of the previous experiment to the start of this new experiment, some animals died due to causes unrelated to the first implanted tumor, as confirmed by the necropsy study. All the mice were free of tumor at the time of the beginning of this new experiment. We employed new animals as control group (n = 5), with no previous treatment, and of similar age to the age of the survivors of the previous experiment (approximately 14 months). Tumor cells (105 B16 cells, in the left leg) were administered 14 days after the vaccine. The survival results are shown in Figure 4.

Figure 4. B16 tumor reimplantation. One year after first vaccination with transfected cells, a reminder vaccine dose was administered to the surviving animals, which were again introduced to the tumor (day 0 = day 365, 105 B16 wild type cells). The plot shows the survival of these animals and a mice control group not previously treated.
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All the treated mice survived second tumor implantation. All of them died of old age—the necropsy study confirming that death had not been due to B16 tumor. The three usual blood samples were also taken in this experiment to evaluate total IgG production and the production of subtypes IgG1 and IgG2a. The results are shown in Figure 5a, b, c, respectively. The immune response of the surviving animals was faster and more powerful after second exposure to the tumor, which demonstrates an effective immunological memory response against the tumor.

Figure 5. Production of total IgG (a) and IgG1 (b) and IgG2a (c) subtypes specific to TMP in reimplantation with preventive vaccination. The mice surviving the first cell vaccine received a vaccine reminder dose and the introduction of tumor 14 days later. Blood was extracted according to the usual pattern (days −22, day −1 and day 15) with respect to implementation of the tumor, day 0. Retrieved plasma was used in the ELISA test to detect IgG anti-TMP, as in Figure 3. The plot shows the production groups vaccinated with B16 cells transfected with p2F_m-GM-CSF, p2F_mGM-CSF + mB7.2 dose 2 × 105 and 5 × 105, p2F_m-B7.2, and the control group.
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2.2. Therapeutic Vaccination


2.2.1. Therapeutic Antitumor Efficacy of Cellular Therapy at Low Doses

We evaluated two different doses of transfected cells, 5 × 105 or 2 × 106 per dose, per mouse. The vaccination groups were: (a) control (the same volume of only DMEM as that employed to resuspend cells in each dose); (b) B16-p2FØ, 2 × 106; (c) B16-GM-CSF, 5 × 105; (d) B16-GM-CSF, 2 × 106; (e) B16-GM-CSF + B7.2, 5 × 105; and (f) B16-GM-CSF + B7.2, 2 × 106.

As seen in Figure 6, all treatment groups reached a difference with the highest degree of significance versus the control group, but the best treatments were GM-CSF alone and especially combined with the B7.2 molecule, with the dose of 2 × 106 cells. The GM+B7.2/2 group showed tumor growth inhibition equal to or greater than 80% with respect to the control group. In addition, GM + B7.2/2 significantly differed in the two last days with GM/2 (p < 0.001).

Figure 6. Inhibition of tumor growth in cell treatment at low doses. C57BL/6 mice (n = 5 per group) were vaccinated after tumor implantation (day 0, 2 × 104 B16 wild type cells) 3, 10 and 17 days. Treatment groups were control (only DMEM) or 5 × 105 or 2 × 106 cells transfected with plasmid p2F (Ø, GM-CSF, GM-CSF + B7.2). The tumor’s size was measured. The symbol * represents a statistically significant difference (p < 0.001) with respect to the control group. In turn, “+” corresponds to the maximum statistical difference, p < 0.001, “++” to p < 0.01, and “+++” to p < 0.05, with respect to the B16-GM-CSF + B7.2/2 group.
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The survival results are shown in Figure 7. None of the animals reached overall survival, but the results in the treated groups were always better than those in the control group. The groups treated with 5 × 105 cells were not very different among each other, except for the last mouse in the GM/0.5 group, which increased final survival by approximately 15 days versus the control group. The three groups treated with 2 × 106 cells also showed quite similar behavior in terms of survival, not reflecting the differences between groups that were observed in tumor volume inhibition. However, GM/2 did not reach such significance, though the behavior of the group was very similar.

Figure 7. Survival in cell treatment at low doses. Mortality among mice treated according to the groups listed in Figure 6 is shown in the figure.



[image: Toxins 04 01058 g007 1024]







Figure 8 shows the production of specific IgG against TMP, with total IgG in Figure 8a, IgG1 in Figure 8b, and IgG2a in Figure 8c. In relation to total IgG, the two groups that yielded the best survival results, having been treated with 2 × 106 cells (GM-CSF and GM-CSF + B7.2), also showed greater immunoglobulin production, which was particularly increased in the last two blood samples, collected on days +15 and 22.

Figure 8. Production of specific total IgG (a) and IgG1 (b) and IgG2a (c) subtypes against TMP in low dose cell treatment. After implanting tumor in animals on day 0 with 2 × 104 B16 cells, three vaccination doses were administered on days 3, 10 and 17, and four blood extractions were performed on days 3, −1, 8, 15 and 22. With the retrieved plasma, ELISA testing was made of samples in duplicate, calculating the mean and standard deviation, which is too small to see in the figure. “*” represents p < 0.001 versus the control group. Groups described in Figure 6.
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2.2.2. Therapeutic Antitumor Efficacy at High Cell Dose

Based on the results of previous treatments, we decided to continue increasing the dose of cells. Our treatment groups this time comprised 8 × 106 cells per dose, per mouse. The vaccination groups were: (a) control (the same as in previous vaccinations); (b) B16*, B16 irradiated cells; (c) B16-p2FØ; (d) B16-B7.2; (e) B16-GM-CSF; and (f) B16-GM-CSF + B7.2.

As shown in Figure 9, the maximum reduction in tumor volume achieved with 8 × 106 cells did not exceed 25% versus the control group, compared with almost 80% in the vaccination with 2 × 106 cells transfected with p2F_mGM-CSF + mB7.2. In this experiment, the group that achieved statistical significance with respect to the control group (p < 0.001) had been treated with B7.2-producing cells, while the groups treated with GM-CSF-producing cells or their combination with B7.2 did not differ from the control group.

Figure 9. Inhibition of tumor growth in high dose cell treatment. Mice (n = 5 per group) were vaccinated after tumor implantation (day 0, 2 × 104 B16 cells) day 3, 10 and 17 with 8 × 106 transfected cells, per dose (only DMEM in the control group or irradiated B16 without transfection in B16*), transfecting with plasmids p2FØ, p2F_mGM-CSF + mB7.2, p2F_mGM-CSF, and p2F_mB7.2, respectively. Tumor size was measured and statistical significance was calculated as in the rest of experiments. The symbol “*” represents statistical difference (p < 0.001) with respect to the control group. In turn, “+” corresponds to the maximum statistical difference, p <0.001, and “++” to p < 0.01, both with respect to the B16-B7.2 group.
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These differences in tumor growth inhibition between the groups were not sufficient to cause any differences in survival outcomes (results not shown), as evidenced by the Kaplan-Meier and log-rank tests.

While treatments with 5 × 105 and 2 × 106 transfected cells achieved approximately 12 and more than 30 days, respectively, of delayed mortality versus the control group, when the cell dose was increased to 8 × 106, a maximum delay of five days was obtained (GM-CSF), which was not sufficient to reach a statistically significant difference with respect to the control group.

The confocal microscopy study of regulatory T cells in the peripheral blood of treated animals, following counts of various fields (from 5 to 10 fields/treatment group) chosen at random, was able to identify CD4+ and CD8+ T cells and “classical” Treg cells (CD4+CD25+Foxp3+), but also identified an additional subpopulation showing CD4−CD25+Foxp3+ staining.

There were no significant differences in the percentage of classical Treg cells among the different groups (data not shown). The cell type that actually showed most differences corresponded to the CD4−CD25+Foxp3+ group. On day 8, sample 1, these cells were almost imperceptible, becoming patent in samples 2 and 3, and reaching values even higher than in classical Treg with respect to the total number of cells, in the groups B16-B7.2, B16-GM-CSF and B16-GM-CSF + B7.2, where also statistical significance was obtained regarding percentage of cells as compared to Control group.



The confocal microscopy images shown in Figure 10 illustrate the results of the different treatments in sample 3.

Figure 10. Representative confocal microscopy images in blood sample 3. Green CD4+, red CD25+, blue Foxp3+. The symbol # shows CD4+CD25+Foxp3+ cells, the symbol * shows CD4−CD25+Foxp3+ cells. Groups described in Figure 9.
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In this work we achieved total efficacy with preventive vaccination in the group with p2F-GMCSF transfected cells.

Interestingly, and in accordance with published data, the group with pMoK_mGM-CSF transfected cells, whose net production of GM-CSF was higher than in cells transfected with p2F_mGM-CSF (data not shown), obtained comparatively poorer results. This difference was not initially evident in tumor growth inhibition, but was patent in the final survival results. While the B16-GM-CSF group retained 100% survival after more than six months of follow-up, the B16-pMok_GM-CSF group reached 60% survival at the end of the same period. Once again, these results support the idea of the counterproductive effect of an excess of GM-CSF [26,39].

On the other hand, GM-CSF in combination with B7.2 seemed to show a synergistic effect, since the B16-GM + B7.2/200 group, with the same number of cells as in the B16-GM-CSF group but with half the cytokine production, reached almost the same survival rate (80%). Doubling the cell dose in this treatment (B16-GM + B7.2/500 group) in order to achieve the same GM-CSF production as in the B16-GM-CSF group resulted in a poorer response, reducing survival to 40%, probably due to the excess of antigen and suppressor associated phenomena.

Production of specific immunoglobulins against the tumor was correlated to the survival results, this being most apparent in the case of IgG2a, where the more productive groups reached the best survival percentages: B16-GM-CSF and B16-GM-CSF + B7.2/200 showed the highest production values at day +15.

A year after these experiments, the animals that had survived were rechallenged with the tumor, receiving only one vaccine dose. All vaccinated animals survived this second tumor introduction, remaining free of B16 tumor until natural death.

In all cases, IgG production was greater than in the control group, and the net production of IgG2a reached higher values at tumor reimplantation versus the first levels, one year earlier. In addition, the maximum values for both IgG1 and IgG2a were reached virtually in all groups at day −1 instead of day 15, indicating that the specific response was triggered earlier than on first exposure to the tumor.

Vaccine-induced tumor immunity is known to be mediated primarily through the cellular immune compartment. T cell assays for B16 antigen-specific immunity would better speak to the immunogenicity of the vaccines (i.e., ELISA, ELISPOT, tetramer staining). But our aim by measuring anti-B16 specific humoral immunity was different: these assays were incorporated as complementary information about the immunoglobulin switch as a cellular memory indicator. Our aim in the vaccination experiments has always been to achieve a model where we could perform the fullest possible monitoring of the entire process, getting as much information as possible. For the cytotoxicity studies we would have needed to sacrifice animals before their real endpoint and that would not have allowed us to fully track their antitumor response.

In these preventive vaccine experiments, and in addition to achieving maximum efficacy (total prevention of tumor development), two ideas were confirmed, supporting previous results of our own group and of other authors: (1) above a certain threshold, higher levels of GM-CSF production are not necessarily more effective, and may even prove counterproductive [26,27,39,40]; (2) there is some kind of synergistic effect between GM-CSF and B7.2 [30,31,32,33]. Two situations reflect this in our experiments, i.e., the fact that the preventive model with B16-pMok-GM-CSF, producing more cytokine than B16-p2F-GM-CSF, did not work better, and the fact that B16 transfected with the bicistronic plasmid p2F-GM-CSF + B7.2 worked practically as well as p2F-GM-CSF alone. The promoter of GM-CSF gene in p2F plasmids is the ferritin promoter, which usually has no strong control. Its expression is constitutive, regular and sustained. In all experiments performed in our laboratory with p2F plasmids, we observed a decrease in GM-CSF production when this gene was accompanied by another in the same plasmid (bicistronic). We do not know the exact cause for the decrease in expression, but think that it might be due to steric impediments that prevent the transcription complex machinery from working more efficiently when there are two genes to be transcribed.

In the low cell dose treatment, we observed some kind of synergistic effect between GM-CSF and B7.2. However, this was lost in the high cell dose treatment. We think that this is due to the fact that when increasing the cell number, we are also increasing the quantity of secreted cytokine, and probably the quantity of GM-CSF secreted in this experiment proves excessive and results in a counterproductive effect. This is consistent with other publications [24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39], and we understand that it is also the reason why the treatment that works best in high cell dose vaccination is B16-B7.2, which does not express GM-CSF in itself, but possibly benefits from bystander (and not high) GM-CSF production in the tumor-vaccine milieu.

On the other hand, these results favor the useful role of transfecting the vaccine cells with mB7.2 gene in order to take advantage of the surface position in the cells. As our group has also demonstrated [41], the expression of this molecule allows efficient selection and purification of transfected cells. By means of flow cytometry and/or magnetic beads-based systems, it is possible to identify and enrich the population of genuinely transfected cells, discarding the nontransfected cells after a classical transfection protocol.

Following success with the preventive vaccines, we developed a model closer to the real situation found in clinical practice: therapeutic vaccination. In this study, we recorded a reduction in tumor growth, but one which did not improve overall survival—though all groups showed maximum statistical differences with respect to the control group. The B16-GM + B7.2/2 group reached the highest tumor growth inhibition (up to 80% versus the control group). This group also showed a significant difference in the survival of animals, which was not recorded in any other case.

These results and those of other groups suggest that perhaps the immune response elicited by the vaccine was being surpassed by some system inhibiting it. Many studies have been published in this regard in recent years [42,43,44,45], describing a group of new factors that may be involved in phenomena of this kind: regulatory T cells. B7.2 binds to CD28 and CTLA-4, and its binding to these receptors mediates distinct biologic functions [46,47]. Treg cells express CTLA-4 constitutively, and interestingly, as opposed to the widely demonstrated positive effect of CD28 ligation in T-cell activation and survival, it has also been reported that CTLA-4 costimulation delivers downregulatory signals, either by inhibiting signaling through the TCR or by inducing cell cycle arrest [48]—so this double role of B7.2 must also be further studied in our model.

It is currently well supported that initial activation through recognition of antigen by T cells generates stimulatory signals when occurring in the presence of CD28/B7 costimulatory molecules. Binding of the CD28 ligand to the B7 molecule triggers a series of intracellular signals that lead to the formation of regulatory T cells (Treg) with immunosuppressive activity. These Treg cells produce a tolerance response to tumor cells, favoring their escape from the immune system and allowing tumor growth. Therefore, the depletion of these cells in the study of cancer has become a topic of great interest. In an attempt to increase the effectiveness of vaccines, avoiding the limitation created by tolerance, depletion of classical Treg cells has been chosen in many studies, either nonspecifically with cyclophosphamide, or selectively with specific monoclonal antibodies (anti-CD25 [49,50,51,52,53], anti GITR [54], anti-CTLA4 [55,56]). These strategies have also been moved to humans in other clinical settings, employing a specific compound for the selective depletion of human Treg, where drugs such as ONTAK (Dinileukin diftitox)—a conjugate of diphtheria toxin and IL-2 (CD25 is part of the IL-2 receptor)—are being used [57,58]. However, depletion attempts have not always achieved total depletion, and the final results against cancer are ambiguous [43,57,58]. Much effort therefore remains to be made in this area.

Currently, other costimulatory molecules such as 4-1BBL [59,60,61] and OX40L [62] are being tested to evaluate their usefulness in cancer treatment. These molecules have demonstrated their ability to increase activation of naive T cells and acquire effector function, differentiating as Th1 memory cells and remaining refractory to Treg inhibition, and finally preventing the conversion of effector T cells into Treg cells.

The published data are a genuine combination of successes and failures, precluding the drawing of firm conclusions regarding the precise role of Treg. These cells are probably a key element in fighting tumors, and their study is therefore increasingly important.

In order to understand these immunosuppressive phenomena in our model, we designed a therapeutic vaccination following the same pattern as that previously assayed, but with eight million cells/dose. With this dose, the aim was to determine whether our lack of success was due to a lack of antigen/cytokine quantity, or whether the contrary were true; if this high dose proved toxic, Treg were truly the cells involved in inhibition of the response, using confocal microscopy. According to the results obtained, the latter possibility seemed to be correct: the tumor inhibition results were lower with 8 million cells than with those obtained with two million. With blood samples, we proceeded to evaluate Treg cells using confocal microscopy. The results allowed us to draw two conclusions: (a) apparently, classic Treg cells (CD4+CD25+Foxp3+) do not vary their percentages in our model; and (b) cells visualized in the experiment with CD4−CD25+Foxp3+ staining did appear at differentiable rates between different groups, and particularly showed greater proportions in the B16-GM-CSF, B16-B7.2 and B16-GM + B7.2 groups.

These CD4−CD25+Foxp3+ cells may belong to the subset of regulatory T cells CD8 [43], or to other types of regulatory populations such as myeloid suppressor cells, as proposed by various groups, especially that of Ivan Borrello [45,63,64,65,66]. In order to correctly define this population, it would be necessary to conduct new experiments focusing on other types of marking, to help us to clearly identify this population, which seems to be that responsible for the suppressor phenomena in our model.





3. Experimental Section


3.1. Plasmids

All the p2F plasmids employed were derived from the pVITRO2 base plasmid (Invivogen, Toulouse, France), employing the empty plasmid (p2F-Ø), or mGM-CSF and mB7.2 genes. pVITRO2 allows the coexpression of two genes and contains two human ferritin composite promoters, FerH (heavy chain) and FerL (light chain), combined to the SV40 and CMV enhancers, respectively, and the resistance to hygromycin gene. Another plasmid was also employed, pMok_mGM-CSF (Mologen, Germany), in order to have another construction expressing mGM-CSF, that had previously been successfully employed in our laboratory. This pMok_mGM-CSF plasmid contains the kanamycin resistance gene and the murine GM-CSF gene, controlled by the CMV promoter.

All plasmids were amplified in Escherichia coli DH5α, in selective LB broth (Pronadisa, Madrid, Spain), and extracted with the Qiagen Giga Endo-free kit (Izasa S.A., Barcelona, Spain), quantified by spectrophotometry and tested via electrophoresis to confirm their integrity and purity.



3.2. Cells and Transfection Procedure

B16 murine melanoma cells were used in all of the experiments. These cells are syngeneic with the animals used for vaccination, i.e., C57BL/6 mice (Harlan, Gannat, France).

B16 cells are adherent cells that were grown in flasks with DMEM (Dulbecco’s modified Eagle’s medium) (Sigma, Madrid, Spain), supplemented with 10% heat inactivated fetal bovine serum (FBS) (Biomedia, Boussens, France), penicillin (100 U/mL) and streptomycin (100 μg/mL). The cells were cultured in a humidified incubator with 5% CO2 at 37 °C, and detached from the flasks with Trypsin-EDTA.

The B16 cells employed for the vaccines were transfected by means of a chemical procedure based on PEI 25 kDa (polyethyleneimine, Sigma, Madrid, Spain) polyplexes (DNA:PEI, 1:1.41) with 20 μg/mL of plasmids, as previously described [25,26,67]. The transfection percentage with this method lies between 20% and 40% of total cells, as observed using the reporter EGFP gene (data not shown). Cells were transfected when more than 80% confluence was reached in their flasks. After transfection, we waited for 72 h to irradiate the tumor cells with 150 Gy, and then froze them in DMSO 5% in FBS, with storage at −80 °C or −150 °C until use.



3.3. ELISA of m-GMCSF

GM-CSF production in the transfected B16 cells was determined by enzyme linked immunosorbent assay (ELISA), performed on supernatant samples of the culture media taken 72 h posttransfection and prior to cell detachment and irradiation, having changed the media every 24 h. The BD OptEIA ELISA kit for m-GMCSF (Pharmingen, BD Biosciences, Madrid, Spain) was used. A time-point of 72 h was chosen on the basis of prior experimental results, assessed to study cytokine production over time, using the referred transfection conditions [25,26,27,67], in order to guarantee adequate GM-CSF production according to the literature, i.e., >35 ng/106 cells/24 h [24,39].



3.4. Preventive Vaccination Procedure

C57BL/6 mice (8–10 weeks old) kept under standard laboratory conditions were housed 5 mice per cage and all animals were vaccinated. All the experiments were approved by the Biological Research Committee of the University of Valencia (Valencia, Spain). In all cases, mice were vaccinated subcutaneously (right leg) with a single dose per week, in weeks −3, −1 and +1 (days −21, −7 and +7), with respect to tumor injection (day 0) with 105 wild type B16 cells in the left leg. The number of cells employed in each vaccine dose was 2 × 105 cells per mouse or 5 × 105 (as indicated) in 100 μL DMEM.

In all vaccination experiments, blood samples were taken from all the animals and pooled for the same group at each time-point. The samples were taken on days −22 (before any manipulation of the animals, serving as base level or control in each group), −1 (the day before tumor implantation), and +15 (one week after the third and last dose was administered). Plasma was obtained by centrifugation at 3000 rpm for 5 min., and kept at −20 °C until use.

The treatment groups were: (a) B16-B7.2, 2 × 105 B16 cells transfected with p2F-mB7.2 plasmid; (b) B16-GM-CSF, 2 × 105 B16 cells transfected with p2F-mGMCSF plasmid; (c) B16-pMok_GM-CSF, 2 × 105 B16 cells transfected with pMok_mGM-CSF; (d) B16-GM-CSF + B7.2/200, 2 × 105 B16 cells transfected with p2F_mGM-CSF + B7.2; (e) B16-GM-CSF + B7.2/500, 5 × 105 B16 cells transfected with p2F_mGM-CSF + B7.2; (f) B16-p2FØ, 2 × 105 B16 cells transfected with p2FØ; (g) B16*, 2 × 105 B16 nontransfected cells; and h) control, in which only 100 µL DMEM in each vaccination dose were injected.



3.5. Therapeutic Vaccination Procedure

In this set of experiments, with the same basis as in Preventive models, the design was as follows, only changing the cell doses, days of vaccine administration and days of blood retrieval: on day 0, tumor was implanted in the left leg with a dose of 20,000 B16 cells. Vaccination doses were administered subcutaneously on the right leg on days 3, 10 and 17 with respect to tumor injection. The blood samples were taken on days −1, 8, 15 and 22.

Two different doses of B16 transfected cells were evaluated as treatment: 5 × 105 or 2 × 106 cells per dose, per mouse. The vaccination groups were: (a) control (DMEM only); (b) B16-p2FØ, 2 × 106 cells; (c) B16-GM-CSF, 5 × 105 cells; (d) B16-GM-CSF, 2 × 106 cells; (e) B16-GM-CSF + B7.2, 5 × 105 cells; and (f) B16-GM-CSF + B7.2, 2 × 106 cells.



3.6. Tumor Growth Measurement and Survival

Tumor growth in mice was monitored visually and measured with a caliper in two dimensions: a (long diameter) and B (short diameter). Tumor volume was calculated with the formula: V = (A × B2)/2, and expressed in mm3. Animals were collected at date of death to construct the survival curves.



3.7. Specific Anti-TMP IgG ELISA

Measurement of IgG and IgG1 and IgG2a subclass antibodies against TMP (Tumor Membrane Proteins) was performed in serum samples by specific ELISA, as previously described [27,38]. TMP is an extract of the hydrophilic membrane proteins of the irradiated B16 cells; thus, with this ELISA we tested the specific response to our vaccine treatment, discarding any other nonspecific immune responses [27,38,68].

Briefly, plates were coated by overnight incubation of TMP at 0.8 μg/mL in carbonate buffer, pH 9.6. The next day, plates were neutralized with 1% BSA solution before the addition of serum samples. For analysis, sera were diluted in dilution buffer (PBS-BSA 1%, Tween 20 0.1%) at 1:1000 for total IgG and IgG1 subclass, and at 1:100 for IgG2a. Bound antibodies were detected with goat antisera to total IgG (Biocheck, Foster City, USA) at 1:10000 or mouse IgG subclasses at 1:1000 (Sigma, Mouse monoclonal isotyping reagents, Madrid, Spain), followed by 1:5000 dilution of biotinylated rabbit antiserum to goat IgG (Sigma, Madrid, Spain) and streptavidin coupled to horseradish peroxidase (Sigma, Madrid, Spain). Plates were developed with a mixture of orthophenylenediamine (OPD, Sigma, Madrid, Spain) and hydrogen peroxide (Fluka-Sigma, Madrid, Spain), and read at 492 nm. All samples were assayed in duplicate, allowing for estimation of the mean OD value and standard deviation.



3.8. Characterization of Regulatory T Cells by Confocal Microscopy

In each group the lymphocytes were stained with Mouse T regulatory cell staining kit #2 (eBioscience), following the manufacturer’s instructions. Once completed, cells were moved to LabTek chambers for confocal microscopy. There, 3 µL Hoechst 1mg/mL (Invitrogen) were added to the wells, incubating three minutes in darkness, to allow the total counting of cells/well. Then the cells were scanned with a confocal microscope (Leica TCS-SP2) with laser argon and helium-neon, attached to an inverted microscope (Leica DM1R13).

Finally, the number of cells per field of each of the marks were counted, randomly taking between 5 and 10 different cells from each sample field, and preparing images overlap using the LCS Lite (Leica) program.



3.9. Statistical Analysis

Statistical comparison of the tumor growth inhibition results in the different treatment groups was based on two-way analysis of variance (ANOVA) with Bonferroni post hoc testing (95% confidence interval, 95% CI), expressing statistically significant differences as indicated in the figures. The same test was applied to the results of the ELISA assays.

Significance in relation to survival was analyzed using the Kaplan-Meier survival curves and the nonparametric log-rank test.

All the tests and graphs were performed with the Graph Pad Prism 4® package.




4. Conclusions

Our preventive vaccine model with genetically modified cells reached maximum success: 100% survival in animals vaccinated with nonselected cells transfected to produce GM-CSF. This vaccine, with a reduced cell number (200,000), generated a potent immune memory that allowed the animals to survive a second tumor rechallenge one year later, with only one supplementary vaccine dose.

Employing bicistronic plasmids, B16 cells expressed not only GM-CSF but also the costimulatory molecule B7.2. This coexpression has been reported to allow the selection and purification of truly transfected cells, which could be a very useful tool for reducing the number of cells required for successful vaccination. In this work, we show that, still in the preventive vaccine model, the results with cells producing GM-CSF and B7.2 were remarkable (80% survival, three months after tumor implantation, 60% for the whole experiment), even with half the amount of GM-CSF produced.

In the therapeutic vaccine model, tumor growth inhibitions of approximately 50% were reached, employing nonselected GM-CSF and GM-CSF + B7.2 producing cells. The limit in the therapeutic efficacy was probably due to immunosuppressor mechanisms triggered by tumor implantation. In our case, the classical Treg cells seem not to be as relevant as in other described settings. However, in our experiments, another type of cells seemed to be implicated in the tolerance phenomena: the CD4−CD25+Foxp3+, but their exact role must be further studied.






Acknowledgments

Work partially supported by FIS PI 021740 and SAF 2011-27002.



Conflict of Interest

The authors declare no conflict of interest.



References


	1. 
Kim, S.; Carew, J.F.; Kooby, D.A.; Shields, J.; Entwisle, C.; Patel, S.; Shah, J.P.; Fong, Y. Combination gene therapy using multiple immunomodulatory genes transferred by a defective infectious single-cycle herpes virus in squamous cell cancer. Cancer Gene Ther. 2000, 7, 1279–1285. [Google Scholar]

	2. 
Veelken, H.; Mackensen, A.; Lahn, M.; Kohler, G.; Becker, D.; Franke, B.; Brennscheidt, U.; Kulmburg, P.; Rosenthal, F.M.; Keller, H.; et al. A phase-I clinical study of autologous tumor cells plus interleukin-2-gene-transfected allogeneic fibroblasts as a vaccine in patients with cancer. Int. J. Cancer 1997, 70, 269–277. [Google Scholar] [CrossRef]

	3. 
Palmer, K.; Moore, J.; Everard, M.; Harris, J.D.; Rodgers, S.; Rees, R.C.; Murray, A.K.; Mascari, R.; Kirkwood, J.; Riches, P.G.; et al. Gene therapy with autologous, interleukin 2-secreting tumor cells in patients with malignant melanoma. Hum. Gene Ther. 1999, 10, 1261–1268. [Google Scholar] [CrossRef]

	4. 
Wittig, B.; Marten, A.; Dorbic, T.; Weineck, S.; Min, H.; Niemitz, S.; Trojaneck, B.; Flieger, D.; Kruopis, S.; Albers, A.; et al. Therapeutic vaccination against metastatic carcinoma by expression-modulated and immunomodified autologous tumor cells: A first clinical phase I/II trial. Hum. Gene Ther. 2001, 12, 267–278. [Google Scholar] [CrossRef]

	5. 
Moller, P.; Sun, Y.; Dorbic, T.; Alijagic, S.; Makki, A.; Jurgovsky, K.; Schroff, M.; Henz, B.M.; Wittig, B.; Schadendorf, D. Vaccination with IL-7 gene-modified autologous melanoma cells can enhance the anti-melanoma lytic activity in peripheral blood of patients with a good clinical performance status: A clinical phase I study. Br. J. Cancer 1998, 77, 1907–1916. [Google Scholar] [CrossRef]

	6. 
Maio, M.; Fonsatti, E.; Lamaj, E.; Altomonte, M.; Cattarossi, I.; Santantonio, C.; Melani, C.; Belli, F.; Arienti, F.; Colombo, M.P.; et al. Vaccination of stage IV patients with allogeneic IL-4- or IL-2-gene-transduced melanoma cells generates functional antibodies against vaccinating and autologous melanoma cells. Cancer Immunol. Immunother. 2002, 51, 9–14. [Google Scholar] [CrossRef]

	7. 
Arienti, F.; Belli, F.; Napolitano, F.; Sule-Suso, J.; Mazzocchi, A.; Gallino, G.F.; Cattelan, A.; Santantonio, C.; Rivoltini, L.; Melani, C.; et al. Vaccination of melanoma patients with interleukin 4 gene-transduced allogeneic melanoma cells. Hum. Gene Ther. 1999, 10, 2907–2916. [Google Scholar] [CrossRef]

	8. 
Bowman, L.C.; Grossmann, M.; Rill, D.; Brown, M.; Zhong, W.Y.; Alexander, B.; Leimig, T.; Coustan-Smith, E.; Campana, D.; Jenkins, J.; et al. Interleukin-2 gene-modified allogeneic tumor cells for treatment of relapsed neuroblastoma. Hum. Gene Ther. 1998, 9, 1303–1311. [Google Scholar] [CrossRef]

	9. 
Belli, F.; Arienti, F.; Sule-Suso, J.; Clemente, C.; Mascheroni, L.; Cattelan, A.; Santantonio, C.; Gallino, G.F.; Melani, C.; Rao, S.; et al. Active immunization of metastatic melanoma patients with interleukin-2-transduced allogeneic melanoma cells: Evaluation of efficacy and tolerability. Cancer Immunol. Immunother. 1997, 44, 197–203. [Google Scholar] [CrossRef]

	10. 
Olivares, J.; Kumar, P.; Yu, Y.; Maples, P.B.; Senzer, N.; Bedell, C.; Barve, M.; Tong, A.; Pappen, B.O.; Kuhn, J.; et al. Phase I trial of TGF-β2 antisense GM-CSF gene-modified autologous tumor cell (TAG) vaccine. Clin. Cancer Res. 2011, 1, 183–192. [Google Scholar]

	11. 
Agarwalla, P.; Barnard, Z.; Fecci, P.; Dranoff, G.; Curry, W.T., Jr. Sequential immunotherapy by vaccination with GM-CSF-expressing glioma cells and CTLA-4 blockade effectively treats established murine intracranial tumors. J. Immunother. 2012, 35, 385–389. [Google Scholar] [CrossRef]

	12. 
Jaffee, E.M.; Abrams, R.; Cameron, J.; Donehower, R.; Duerr, M.; Gossett, J.; Greten, T.F.; Grochow, L.; Hruban, R.; Kern, S.; Lillemoe, K.D.; O’Reilly, S.; et al. A phase I clinical trial of lethally irradiated allogeneic pancreatic tumor cells transfected with the GM-CSF gene for the treatment of pancreatic adenocarcinoma. Hum. Gene Ther. 1998, 9, 1951–1971. [Google Scholar] [CrossRef]

	13. 
Ojima, T.; Iwahashi, M.; Nakamura, M.; Matsuda, K.; Naka, T.; Nakamori, M.; Ueda, K.; Ishida, K.; Yamaue, H. The boosting effect of co-transduction with cytokine genes on cancer vaccine therapy using genetically modified dendritic cells expressing tumor-associated antigen. Int. J. Oncol. 2006, 289, 47–53. [Google Scholar]

	14. 
Dranoff, G.; Jaffee, E.; Lazenby, A.; Golumbek, P.; Levitsky, H.; Brose, K.; Jackson, V.; Hamada, H.; Pardoll, D.; Mulligan, R.C. Vaccination with irradiated tumor cells engineered to secrete granulocyte—Macrophage colony-stimulating factor (GM-CSF) stimulates potent, specific, and long-lasting antitumor immunity in multiple murine tumor model systems, including malignant melanoma. Proc. Natl. Acad. Sci. USA 1993, 90, 3539–3543. [Google Scholar]

	15. 
Parmiani, G.; Castelli, C.; Pilla, L.; Santinami, M.; Colombo, M.P.; Rivoltini, L. Opposite immune functions of GM-CSF administered as vaccine adjuvant in cancer patients. Ann. Oncol. 2007, 18, 226–232. [Google Scholar]

	16. 
Curiel-Lewandrowski, C.; Mahnke, K.; Labeur, M.; Roters, B.; Schmidt, W.; Granstein, R.D.; Luger, T.A.; Schwarz, T.; Grabbe, S. Transfection of immature murine bone marrow-derived dendritic cells with the granulocyte-macrophage colony-stimulating factor gene potently enhances their in vivo antigen-presenting capacity. J. Immunol. 1999, 163, 174–183. [Google Scholar]

	17. 
Dunussi-Joannopoulos, K.; Dranoff, G.; Weinstein, H.J.; Ferrara, J.L.; Bierer, B.E.; Croop, J.M. Gene immunotherapy in murine acute myeloid leukemia: Granulocyte-macrophage colony-stimulating factor tumor cell vaccines elicit more potent antitumor immunity compared with B7 family and other cytokine vaccines. Blood 1998, 91, 222–230. [Google Scholar]

	18. 
Soiffer, R.; Hodi, F.S.; Haluska, F.; Jung, K.; Gillessen, S.; Singer, S.; Tanabe, K.; Duda, R.; Mentzer, S.; Jaklitsch, M.; et al. Vaccination with irradiated, autologous melanoma cells engineered to secrete granulocyte-macrophage colony-stimulating factor by adenoviral-mediated gene transfer augments antitumor immunity in patients with metastatic melanoma. J. Clin. Oncol. 2003, 21, 3343–3350. [Google Scholar]

	19. 
Nemunaitis, J.; Sterman, D.; Jablons, D.; Smith, J.W.; Fox, B.; Maples, P.; Hamilton, S.; Borellini, F.; Lin, A.; Morali, S.; et al. Granulocyte-macrophage colony-stimulating factor gene-modified autologous tumor vaccines in non-small-cell lung cancer. J. Natl. Cancer Inst. 2004, 96, 326–331. [Google Scholar] [CrossRef]

	20. 
Salgia, R.; Lynch, T.; Skarin, A.; Lucca, J.; Lynch, C.; Jung, K.; Hodi, F.S.; Jaklitsch, M.; Mentzer, S.; Swanson, S.; et al. Vaccination with irradiated autologous tumor cells engineered to secrete granulocyte-macrophage colony-stimulating factor augments antitumor immunity in some patients with metastatic non-small-cell lung carcinoma. J. Clin. Oncol. 2003, 21, 624–630. [Google Scholar]

	21. 
Soiffer, R.; Lynch, T.; Mihm, M.; Jung, K.; Rhuda, C.; Schmollinger, J.C.; Hodi, F.S.; Liebster, L.; Lam, P.; Mentzer, S.; et al. Vaccination with irradiated autologous melanoma cells engineered to secrete human granulocyte-macrophage colony-stimulating factor generates potent antitumor immunity in patients with metastatic melanoma. Proc. Natl. Acad. Sci.USA 1998, 95, 13141–13146. [Google Scholar]

	22. 
Small, E.J.; Sacks, N.; Nemunaitis, J.; Urba, W.J.; Dula, E.; Centeno, A.S.; Nelson, W.G.; Ando, D.; Howard, C.; Borellini, F.; et al. Granulocyte macrophage colony-stimulating factor—Secreting allogeneic cellular immunotherapy for hormone-refractory prostate cancer. Clin. Cancer Res. 2007, 13, 3883–3891. [Google Scholar] [CrossRef]

	23. 
Jaffee, E.M.; Hruban, R.H.; Biedrzycki, B.; Laheru, D.; Schepers, K.; Sauter, P.R.; Goemann, M.; Coleman, J.; Grochow, L.; Donehower, R.C.; et al. Novel allogeneic granulocyte-macrophage colony-stimulating factor—Secreting tumor vaccine for pancreatic cancer: A phase I trial of safety and immune activation. J. Clin. Oncol. 2001, 19, 145–156. [Google Scholar]

	24. 
Borrello, I.; Pardoll, D. GM-CSF-based cellular vaccines: A review of the clinical experience. Cytokine Growth Factor Rev. 2002, 13, 185–193. [Google Scholar] [CrossRef]

	25. 
Moret-Tatay, I.; Diaz, J.; Marco, F.M.; Crespo, A.; Aliño, S.F. Complete tumor prevention by engineered tumor cell vaccines employing nonviral vectors. Cancer Gene Ther. 2003, 10, 887–897. [Google Scholar] [CrossRef]

	26. 
Moret-Tatay, I.; Sanmartín, I.; Marco, F.M.; Díaz, J.; Aliño, S.F. Nonviral therapeutic cell vaccine mediates potent antitumor effects. Vaccine 2006, 24, 3937–3945. [Google Scholar]

	27. 
Herrero, M.J.; Botella, R.; Dasí, F.; Algás, R.; Sánchez, M.; Aliño, S.F. Antigens and cytokine genes in antitumor vaccines: The importance of the temporal delivery sequence in antitumor signals. Ann. N. Y. Acad. Sci. 2006, 1091, 412–424. [Google Scholar] [CrossRef]

	28. 
Zhang, X.; Shi, X.; Li, J.; Hu, Z.; Zhou, D.; Gao, J.; Tan, W. A novel therapeutic vaccine of mouse GM-CSF surface modified MB49 cells against metastatic bladder cancer. J. Urol. 2012, 187, 1071–1079. [Google Scholar]

	29. 
Steinman, R.M. The dendritic cell system and its role in immunogenicity. Annu. Rev. Immunol. 1991, 9, 271–296. [Google Scholar] [CrossRef]

	30. 
Chong, H.; Todryk, S.; Hutchinson, G.; Hart, I.R.; Vile, R.G. Tumor cell expression of B7 costimulatory molecules and interleukin-12 or granulocyte-macrophage colony-stimulating factor induces a local antitumor response and may generate systemic protective immunity. Gene Ther. 1998, 5, 223–232. [Google Scholar]

	31. 
Kim, K.Y.; Kang, M.A.; Nam, M.J. Enhancement of natural killer cell-mediated cytotoxicity by coexpression of GM-CSF/B70 in hepatoma. Cancer Lett. 2001, 166, 33–40. [Google Scholar] [CrossRef]

	32. 
Mukherjee, S.; Nelson, D.; Loh, S.; van Bruggen, I.; Palmer, L.J.; Leong, C.; Garlepp, M.J.; Robinson, B.W. The immune anti-tumor effects of GM-CSF and B7-1 gene transfection are enhanced by surgical debulking of tumor. Cancer Gene Ther. 2001, 8, 580–588. [Google Scholar] [CrossRef]

	33. 
Parney, I.F.; Farr-Jones, M.A.; Kane, K.; Chang, L.J.; Petruk, K.C. Human autologous in vitro models of glioma immunogene therapy using B7-2, GM-CSF and IL-12. Can. J. Neurol. Sci. 2002, 29, 267–275. [Google Scholar]

	34. 
Parney, I.F.; Chang, L.J.; Farr-Jones, M.A.; Hao, C.; Smylie, M.; Petruk, K.C. Technical hurdles in a pilot clinical trial of combined B7-2 and GM-CSF immunogene therapy for glioblastomas and melanomas. J. Neurooncol. 2006, 78, 71–80. [Google Scholar] [CrossRef]

	35. 
Zajac, P.; Oertli, D.; Marti, W.; Adamina, M.; Bolli, M.; Guller, U.; Noppen, C.; Padovan, E.; Schultz-Thater, E.; Heberer, M.; et al. Phase I/II Clinical trial of a nonreplicative vaccinia virus expressing multiple HLA-A0201-restricted tumor-associated epitopes and costimulatory molecules in metastatic melanoma patients. Hum. Gene Ther. 2003, 14, 1497–1510. [Google Scholar] [CrossRef]

	36. 
Pizzoferrato, E. B7-2 expression above a threshold elicits anti-tumor immunity as effective as interleukin-12 and prolongs survival in murine B-cell lymphoma. Int. J. Cancer 2004, 110, 61–69. [Google Scholar] [CrossRef]

	37. 
Shi, F.S.; Weber, S.; Gan, J.; Rakhmilevich, A.L.; Mahvi, D.M. Granulocyte-macrophage colony-stimulating factor (GM-CSF) secreted by cDNA-transfected tumor cells induces a more potent antitumor response than exogenous GM-CSF. Cancer Gene Ther. 1999, 6, 81–88. [Google Scholar]

	38. 
Herrero, M.J.; Botella, R.; Algás, R.; Marco, F.; Lledó, S.; Aliño, S.F. Nonviral Cancer Vaccines: From Free Antigens to Engineered Cells. In New Gene Therapy and Cancer Research; Gustafsson, W.B., Ed.; Nova Publishers: New York, NY, USA, 2008. [Google Scholar]

	39. 
Serafini, P.; Carbley, R.; Noonan, K.A.; Tan, G.; Bronte, V.; Borrello, I. High-dose granulocyte-macrophage colony-stimulating factor-producing vaccines impair the immune response through the recruitment of myeloid suppressor cells. Cancer Res. 2004, 64, 6337–6343. [Google Scholar] [CrossRef]

	40. 
Rodríguez-Lecompte, J.C.; Kruth, S.; Gyorffy, S.; Wan, Y.H.; Gauldie, J. Cell-based cancer gene therapy: Breaking tolerance or inducing autoimmunity. Anim. Health Res. Rev. 2004, 5, 227–234. [Google Scholar] [CrossRef]

	41. 
Herrero, M.J.; Botella, R.; Algás, R.; Marco, F.; Aliño, S.F. Bead-selected antitumor genetic cell vaccines. Clin. Med. Oncol. 2008, 2, 257–265. [Google Scholar]

	42. 
Terando, A.M.; Faries, M.B.; Morton, D.L. Vaccine therapy for melanoma: current status and future directions. Vaccine 2007, 25, B4–B16. [Google Scholar] [CrossRef]

	43. 
Zou, W. Regulatory T cells, tumor immunity and immunotherapy. Nat. Rev. Immunol. 2006, 6, 295–307. [Google Scholar] [CrossRef]

	44. 
De Visser, K.; Eichten, A.; Coussens, L. Paradoxical roles of the immune system during cancer development. Nat. Rev. Cancer 2006, 6, 24–37. [Google Scholar] [CrossRef]

	45. 
Serafini, P.; Borrello, I.; Bronte, V. Myeloid suppressor cells in cancer: Recruitment, phenotype, properties, and mechanisms of immune suppression. Semin. Cancer Biol. 2006, 16, 53–65. [Google Scholar] [CrossRef]

	46. 
Bossiotis, V.A.; Freeman, G.J.; Gribben, J.G.; Badler, L.M. The role of B7-1/B7-2:CD28/CTLA-4 pathways in the prevention of anergy, induction of productive immunity and down-regulation of the immune response. Immunol. Rev. 1996, 15, 5–26. [Google Scholar]

	47. 
Sperling, A.; Bluestone, J.A. The complexities of T-cell co-stimulation: CD28 and beyond. Immunol. Rev. 1996, 153, 155–182. [Google Scholar] [CrossRef]

	48. 
Marengere, L.E.M.; Waterhouse, H.W.; Duncan, G.S.; Mittrucker, H.W.; Feng, G.S.; Mak, T.W. Regulation of T cell receptor signalling by tyrosine phosphatase SYP association with CTLA-4. Science 1996, 272, 1170–1173. [Google Scholar]

	49. 
Onizuka, S.; Tawara, I.; Shimizu, J.; Sakaguchi, S.; Fujita, T.; Nakayama, E. Tumor rejection by in vivo administration of anti-CD25 (interleukin-2 receptor α) monoclonal antibody. Cancer Res. 1999, 59, 3128–3133. [Google Scholar]

	50. 
Steitz, J.; Brück, J.; Lenz, J.; Knop, J.; Tüting, T. Depletion of CD4+CD25+ T cells and treatment with tyrosinase-related protein 2-transduced dendritic cells enhance the IFN α-induced CD8+ Tcell dependent immune defense of B16 melanoma. Cancer Res. 2001, 61, 8643–8646. [Google Scholar]

	51. 
Nagai, H.; Horikawa, T.; Hara, I.; Fukunaga, A.; Oniki, S.; Oka, M.; Nishigori, C.; Ichihashi, M. In vivo elimination of CD25+ regulatory T cells leads to tumor rejection of B16F10 melanoma, when combined with IL-12 gene transfer. Exp. Dermatol. 2004, 13, 613–620. [Google Scholar] [CrossRef]

	52. 
Rech, A.J.; Vonderheide, R.H. Clinical use of anti-CD25 antibody daclizumab to enhance immune responses to tumor antigen vaccination by targeting regulatory T cells. Ann. N. Y. Acad. Sci. 2009, 1174, 99–106. [Google Scholar] [CrossRef]

	53. 
Rech, A.J.; Mick, R.; Martin, S.; Recio, A.; Aqui, N.A.; Powell, D.J., Jr.; Colligon, T.A.; Trosko, J.A.; Leinbach, L.I.; Pletcher, C.H.; et al. CD25 blockade depletes and selectively reprograms regulatory T cells in concert with inmunotherapy in cancer patients. Sci. Transl. Med. 2012, 4, 134ra62. [Google Scholar] [CrossRef]

	54. 
Shimizu, J.; Yamazaki, S.; Takahashi, T.; Ishida, Y.; Sakaguchi, S. Stimulation of CD4+CD25+ regulatory T cells through GITR breaks immunological self-tolerance. Nat. Immunol. 2002, 3, 135–142. [Google Scholar] [CrossRef]

	55. 
Leach, D.R.; Krummel, M.F.; Allison, J.P. Enhancement of antitumor immunity by CTLA-4 blockade. Science 1996, 271, 1734–1736. [Google Scholar]

	56. 
Ascierto, P.A.; Marincola, F.M.; Ribas, A. Anti-CTLA4 monoclonal antibodies: The past and the future in clinical application. J. Transl. Med. 2011, 9, 196. [Google Scholar] [CrossRef]

	57. 
Attia, P.; Maker, A.V.; Haworth, L.R.; Rogers-Freezer, L.; Rosenberg, S.A. Inability of a fusion protein of IL-2 and diphtheria toxin (Denileukin Diftitox, DAB389IL2-ONTAK) to eliminate regulatory T lymphocytes in patients with melanoma. J. Immunother. 2005, 28, 582–592. [Google Scholar] [CrossRef]

	58. 
Dannull, J.; Su, Z.; Rizzieri, D.; Yang, B.K.; Coleman, D.; Yancey, D.; Zhang, A.; Dahm, P.; Chao, N.; Gilboa, E.; et al. Enhancement of vaccine-mediated antitumor immnunity in cancer patients after depletion of regulatory T cells. J. Clin. Invest. 2005, 115, 3623–3633. [Google Scholar] [CrossRef]

	59. 
Sharma, R.K.; Elpek, K.G.; Yolcu, E.S.; Schabowsky, R.H.; Zhao, H.; Bandura-Morgan, L.; Shirwan, H. Costimulation as a platform for the development of vaccines: A peptide-based vaccine containing a novel form of 4-1BB ligand eradicates established tumors. Cancer Res. 2009, 69, 4319–4326. [Google Scholar]

	60. 
Sharma, R.K.; Schabowsky, R.H.; Srivastava, A.K.; Elpek, K.G.; Madireddi, S.; Zhao, H.; Zhong, Z.; Miller, R.W.; Macleod, K.J.; Yolcu, E.S.; et al. 4-1BB ligand as an effective multifunctional immunomodulator and antigen delivery vehicle for the development of therapeutic cancer vaccines. Cancer Res. 2010, 70, 3945–3954. [Google Scholar]

	61. 
Madireddi, S.; Schabowsky, R.H.; Srivastava, A.K.; Sharma, R.K.; Yolcu, E.S.; Shirwan, H. SA-4-1BBL costimulation inhibits conversion of conventional CD4+ T cells into CD4+FoxP3+ T regulatory cells by production of IFN-γ. PLoS One 2012, 7, e42459. [Google Scholar]

	62. 
Murphy, K.A.; Lechner, M.G.; Popescu, F.E.; Bedi, J.; Decker, S.A.; Hu, P.; Erickson, J.R.; O’Sullivan, M.G.; Swier, L.; Salazar, A.M.; et al. An in vivo immunotherapy screen of costimulatory molecules identifies Fc-OX40L as a potent reagent for the treatment of established murine gliomas. Clin. Cancer Res. 2012, 18, 4657–4668. [Google Scholar]

	63. 
Horna, P.; Cuenca, A.; Cheng, F.; Brayer, J.; Wang, H.W.; Borrello, I.; Levitsky, H.; Sotomayor, E.M. In vivo disruption of tolerogenic cross-presentation mechanisms uncovers an effective T-cell activation by Bcell lymphomas leading to antitumor immunity. Blood 2006, 107, 2871–2878. [Google Scholar] [CrossRef]

	64. 
Serafini, P.; Meckel, K.; Kelso, M.; Noonan, K.; Califano, J.; Koch, W.; Dolcetti, L.; Bronte, V.; Borrello, I. Phosphodiesterase-5 inhibition augments endogenous antitumor immunity by reducing myeloid-derived suppressor cell function. J. Exp. Med. 2006, 203, 2691–2702. [Google Scholar] [CrossRef]

	65. 
Frey, A.B. Myeloid supresor cells regulate the adaptive immune response to cancer. J. Clin. Invest. 2006, 116, 2587–2590. [Google Scholar] [CrossRef]

	66. 
Filipazzi, P.; Valenti, R.; Huber, V.; Pilla, L.; Canese, P.; Iero, M.; Castelli, C.; Mariani, L.; Parmiani, G.; Rivoltini, L. Identification of a new subset of myeloid supresor cells in Peripherals blood of melanoma patients with modulation by a GM-CSF-based antitumor vaccine. J. Clin. Oncol. 2007, 25, 2546–2553. [Google Scholar] [CrossRef]

	67. 
Guillem, V.M.; Aliño, S.F. Transfection pathways of nonspecific and targeted PEI-polyplexes. Gene Ther. Mol. Biol. 2004, 8, 369–384. [Google Scholar]

	68. 
Bordier, C. Phase separation of integral membrane proteins in Triton X-114 solution. J. Biol. Chem. 1981, 25, 1604–1607. [Google Scholar]





© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
DO 492nm

DO 492nm

DO 492nm

a

2.5+

S
,éo

s

Anti-TMP Total IgG

3 Day -22
[ Day -1
[ Day +15

S

R
0Q 0*

Anti-TMP IgG 1

3 Day -22
E] Day -1
Hl Day +15

&
&

Anti-TMP IgG 2a

[ Day -22
Day -1
Il Day +15






nav.xhtml


  toxins-04-01058


  
    		
      toxins-04-01058
    


  




  





media/file1.png
Survival percentage

Preventive Cell Vaccine

p=0.0021
9

p=0.0021

Pt tide

T T T
80 130 180

Days after tumor injection

GM+B7.2/200
GM+B7.2/500
pMok

p2FQD

B16*

Control





media/file2.png
Anti-TMP Total IgG

3 Day -22
=1 Day -1

E Day +15

Anti-TMP IgG 1
Anti-TMP IgG 2a

[ Day -22
EX Day-1
Il Day+15

3 Day-22

0.5+

0.4

0.3
0.2

0.8+

0.6
0.2





media/file7.png
Z22 Day+8
S Day+15
@R Day +22
Diay +8
Day +15
IR Day +22

1 Day -1
3 Day -1

@l Day +22

3 Day-1
Day +15

Day +8

Anti-TMP Total IgG
Anti-TMP IgG 1
Anti-TMP IgG 2a

M o
O Q¢\‘» \0 -
& A

&
®

i
AN

N

it
AN

V iz

204

= W\\v
(O
Vi o
2
%
s
T e
N @6\
%
1 1 1 o
o 0 o
- o o

wugsy 0a





media/file9.png
B16-GM

*

Control
#
o)
H O
B16-n2Fo
e 4
#
B16-B7.2
#
#
*






media/file5.png
Tumor Volume (mm3)

3000+

2000+

1000+

Cell Treatment 0.5 and 2 mill

Contro
GM+B7.2/0.5






media/file3.png
Survival percentage

100+

an

oV

a0

ol

40

oq

<

40

20

Al

L]

- T T T
5 395 425 455 485

Days after tumor injection

GM+B7.2/200

pMok
GM+B7.2/500

Fokdde

Control





media/file0.png
Tumor Volume (mm3)

5000

4000

3000

20004

1000

Preventive Cell Vaccine

1
[ Control , GM+B7.2/200

 — | p2F@ f pMoK

= B16* 3
3 GM+B7.2/500 1 GM
£/ B7.2

Days after tumor injection





media/file8.png
Tumor Volume (mm3 )

4000 -

30004

2000+

1000

Cell Treatment 8 mill

Control

goooon

Day +15 Day +17 Day

Days after tumor injection





media/file6.png
Survival percentage

Cell Treatment 0.5 and 2 mill

80 l - GM/0.5
p=0.0466 _, oy
60 ¢ - GM+B7.2/0.5
V- GM+B7/2
404 - p2FQ
-8— Control
20
c I - bl 4 | | L)
20 30 40 50 60 70

Days after tumor injection





