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Cholangiocarcinoma (CCA) is the second most common primary liver malignancy and carries a dismal prognosis due to difficulties in achieving an optimal resection, and poor response to current standard-of-care systemic therapies. We previously devised a CTLA4-PD-L1 DNA cancer vaccine (DNA vaccine) and demonstrated its therapeutic effects on reducing tumor growth in a thioacetamide (TAA)-induced rat intrahepatic CCA (iCCA) model. Here, we developed a CTLA4-PD-L1 chimeric protein vaccine (Protein vaccine), and examined its effects in the rat iCCA model. In a therapeutic setting, iCCA-bearing rats received either DNA plus Protein vaccines or Protein vaccine alone, resulting in increased PD-L1 and CTLA-4 antibody titers, and reduced iCCA tumor burden as verified by animal positron emission tomography (PET) scans. Treating iCCA-bearing rats with Protein vaccine alone led to the increase of CTAL4 antibody titers that correlated with the decrease of tumor SUV ratio, indicating regressed tumor burden, along with increased CD8 and granzyme A (GZMA) expression, and decreased PD-L1 expression on tumor cells. In a preventive setting, DNA or Protein vaccines were injected in rats before the induction of iCCA by TAA. Protein vaccines induced a more sustained PD-L1 and CTLA-4 antibody titers compared with DNA vaccines, and was more potent in preventing iCCA tumorigenesis. Correspondingly, Protein vaccines, but not DNA vaccines, downregulated PD-L1 gene expression and hindered the carcinogenesis of iCCA. Taken together, the CTLA4-PD-L1 chimeric protein vaccine may function both as a therapeutic cancer vaccine and as a preventive cancer vaccine in the TAA-induced iCCA rat model.
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Introduction

Cancer immunotherapy activates the patient's immune system to attack cancers. The blockade of immune checkpoints is the principal approach of cancer immunotherapy (1, 2). Immune checkpoint proteins such as cytotoxic T lymphocyte antigen 4 (CTLA-4) and programmed death 1 (PD-1)/PD-1 ligand (PD-L1) axis modulate immune responses by negatively regulating T cells (3, 4); however, this mechanism may impair anti-tumor immune responses in patients with malignancy. On top of the success of anti-CTLA-4 antibody, ipilimumab, and antibodies against PD-1 and PD-L1, trials combining both ipilimumab and nivolumab demonstrated encouraging results in advanced melanoma (2, 5). Combining these two antibodies showed a manageable safety profile without additive toxicity (6, 7).

CCA is the second most common liver cancer with aggressive biological behavior and is typically diagnosed at an advanced stage with a poor prognosis (8). According to the original sites, CCAs are divided into three subtypes: intrahepatic CCA (iCCA), perihilar CCA (pCCA), and distal CCA (dCCA) (8). Gemcitabine (GEM)-based chemotherapy is the standard of care for CCA (9–11), but primary or acquired resistance to GEM compromised the therapeutic efficacy (12–14). GEM-based chemotherapy for CCA can achieve an overall response rate of 20-30% (15). After the failure of first-line gemcitabine and cisplatin chemotherapy, there is no standard of care for advanced CCA so far. Cancer immunotherapy, using the patient's immune system to attack cancer, is becoming an increasingly active therapeutic approach. Previous studies showed that infiltration of immunosuppressive immune cells is associated with poor prognosis in CCA patients (16). Pembrolizumab, an anti-PD-1 antibody, is the only FDA-approved immunotherapy. However, in the clinical trials (NCT02628067 and NCT02054806), pembrolizumab monotherapy provided durable response rates in 6–13% of advanced BTC patients (17). In light of these encouraging results, clinical trials are ongoing testing the combination of immune checkpoint inhibitors (ICIs) with GEM-based chemotherapy (18). For example, TOPAZ-1 study recently showed a positive result that durvalumab plus chemotherapy demonstrated longer survivals than those achieved with traditional chemotherapy (19). Thus, it is crucial to explore and establish a suitable and effective anticancer treatment for advanced CCA patients. In this study, the TAA-induced rat iCCA model has been used since 2004 after the first publication in our group (20). This model mimics human iCAA to be used as an animal model for studying iCCA. This model has been repeatedly validated to serve as a powerful pre-clinical platform for therapeutic and chemoprevention strategies for human iCCA.

Cancer vaccine strategies have been in clinical practice or yielded positive results, e.g., DNA vaccines such as HPV vaccines for cervical cancer and HBV vaccines for hepatocellular carcinoma, and peptide/protein vaccines such as HER2 for breast cancer and MUC1 for non-small cell lung cancer and prostate cancer (21–25). CTLA-4 and PD-L1 blockers have been investigated in several trials of melanoma, non-small-cell lung cancer, breast cancer, colorectal cancer, etc. (26–29). Therefore, these immune checkpoint proteins are promising targets for the development of cancer vaccines.

In our previous publication (30), therapeutic CTLA4-PD-L1 DNA cancer vaccines can reduce iCCA tumor growth in a rat thioacetamide (TAA)-induced iCCA model. Vaccine therapy is a cost-effective approach to provide anticancer immunity via the stimulation of the immunity against both CTLA-4 and PD-1/PD-L1. Therefore, we further investigated whether CTLA4-PD-L1 DNA or proteins act as the therapeutic and preventive cancer vaccines in a rat iCCA model.



Materials and methods


The constructions of CTLA4-PD-L1DNA and protein vaccines

The CTLA4-PD-L1-I DNA vaccine was generated by inserting the IL2 DNA sequence (ATGTATAGGATGCAACTGCTGTCTTGCATTGCTCTGTCTCTGGCACTGGTCACTAACTCTGCC), ctla4 nt 106-483, and cd274 nt 55-381 into the pVAC1 vector (Figure S1A). The CTLA4-PD-L1-II DNA vaccine was generated by inserting the IL2 DNA sequence, ctla4 nt 106-483, and cd274 nt 55-711 into the pVAX1 vector (Figure S1B). The purity of pVAC1-IL2-CTLA4-PD-L1-I or pVAX1-IL2-CTLA4-PD-L1-II was determined by the OD260/OD280 ratio, and agarose gel electrophoresis and the accuracy of DNA sequences were determined by DNA sequencing. For CTLA4-PD-L1-I protein vaccine, the IL2 DNA sequence, ctla4 nt 106-483, and cd274 nt 55-381 were inserted into pET56 vector (Figure S1A). For CTLA4-PD-L1-II protein vaccine, the IL2 DNA sequence, ctla4 nt 106-483, and cd274 nt 55-711 were inserted into pET56 vector (Figure S1B). His-tagged CTLA-4-PD-L1 protein vaccines were purified by Ni-NTA (Nickel Nitrilotriacetic acid) beads.



Thioacetamide (TAA)-induced iCCA rat model

The protocol of animal experiments in this study has been reviewed and approved by the Institutional Animal Care and Use Committee of Chang Gung Memorial Hospital (Approval No: 2015121001 and 2019092403), and recognized that the proposed animal experiment follows the Animal Protection Law by the Council of Agriculture, Executive Yuan, R.O.C. and the guideline as shown in the Guide for the Care and Use of Laboratory Animals as promulgated by the Institute of Laboratory Animal Resources, National Research Council, U.S.A. Thioacetamide (TAA)-induced rat cholangiocarcinoma model is described and validated in our previous papers (30–32). For Figure 1, male Sprague-Dawley (SD) rats were fed with drinking water with TAA 300 mg/L for 30 weeks before the vaccinations. For Figure 3, male SD rats were fed with drinking water with TAA 300 mg/L for 40 weeks after the vaccinations. The detailed schedules were shown in Figures 1A and 3A.




Figure 1 | The effect of CTLA4-PD-L1-I DNA or protein vaccine. (A) A schema for experimental design for Figure 1. (B) The average body weight of rats (N≥10) receiving TAA in each experiment arm for 320 days. (C) The CTLA4 antibody titers expressed as the OD450 nm were determined after six weeks (2nd) and ten weeks (3rd) of CTLA4-PD-L1-I DNA, CTLA4-PD-L1-I protein, or control adjuvant (Freund’s adjuvant). N≧10. The values are from two independent experiments and presented as the mean ± SEM. ***P< 0.001 by Student’s t-tests. (D) The PD-L1 antibody titers expressed as the OD450 nm were determined after six weeks (2nd) and ten weeks (3rd) of CTLA4-PD-L1-I DNA, CTLA4-PD-L1-I protein, or control adjuvant (Freund’s adjuvant). N≧10. The values are from two independent experiments and presented as the mean ± SEM. ***P< 0.001 by Student’s t-tests.





Immunization with DNA and protein vaccines

The preparation of DNA vaccines and liposome was described and validated in our previous papers (30). For protein vaccines, the purification of CTLA-4-PD-L1 was based on our previous experiences (33). In brief, BL21 (DE3) E. coli strain transformed with plasmids encoding CTLA-4-PD-L1 was cultured with terrific broth (TB)/ampicillin (100 μg/mL) and grew at 37 °C in a shaker at 250 rpm. When reaching logarithmic phase with OD600 at 0.7, the E. coli culture was treated 0.1 mM of IPTG and the culture was further incubated at 37 °C overnight. The IPTG induced culture was centrifuged at 6000 rpm for 15 min, and supernatant was removed and the pellet was re-suspended in PBS. The pellet was subjected to continuous high-pressure cell disrupter twice at pressure of 28 kpsi followed by centrifugation at 4500 rpm for 15 min for removal of supernatant. The pellets were washed six-time with either 200 mL of H2O or Tris-HCl buffer in the presence or absence of 1%SDC, and 0.5 M NaCl. Each washing steps were followed by centrifugation at 6000 rpm for 15 min. The inclusion body pellets were solubilized with by 8 M urea buffer containing 10 mM imidazole and loaded onto Ni-NTA resin column. Elution of immobilized protein was triggered by imidazole with increasing concentrations of from 10 to 500 mM in PBS buffer (pH 7.5). Fractions containing CTLA-4-PD-L1 were pooled and dilution refolded to a concentration of 0.1 mg/mL by slow dripping into refolding buffer containing NaCl (250 mM), GSH (1 mM) and GSSG (0.1 mM) in Tris-HCl buffer (50 mM, pH 8.5). Regarding the injection, a mixture of 300 μg of DNA vaccines diluted with 5% dextrose in water (w/v) to a final volume of 300 μl was gently mixed with 300μl of liposome and incubated for 25 min at room temperature. For protein vaccines, a mixture of 200 μg of protein accines diluted with PBS to a final volume of 300 μl was gently mixed with 300μl of incomplete Freund’s Adjuvant (IFA, #77145, Thermo Fisher Scientific, Inc.,Waltham, MA, USA). 600 μg DNA vaccine mixture, protein vaccine mixture, or IFA was injected into the muscle at multiple sites (four limbs) once a week for three consecutive weeks.



Evaluation of treatment efficacy in rats using an animal positron emission tomography

To evaluate the changes in glycolysis in live animals with liver tumors, we conducted 2-deoxy-2-(F-18) fluoro-d-glucose (FDG)-positron emission tomography (PET) studies in rats at the Molecular Imaging Center of Chang Gung Memorial Hospital. In brief, FDG-PET is a reliable detection tool displaying the high glucose metabolism of tumors after fasting for 8 hours (31). The normal liver and tumor tissue’s mean SUV (SUVmean) was determined, and the tumor-to-liver radioactivity ratio was calculated for comparison. The relative SUV (SUVr) in each rat was determined the values of SUVmean at fifth (2nd PET) and ninth (3rd PET) weeks and then normalized itself SUVmean baseline (1st PET).



Detection of serum antibodies against CTLA-4

The CTLA-4 (PD-L1) 0.5ug/ml in PBS was coated to a 96 well 442404 NUNC-IMMUNO plate (Thermo) 50ul/well at 4°C overnight. After 1 hour of blocking (1%BSA in PBS), the rat serum 1:25 diluted with reagent diluent (0.1%BSA 0.05%Tween-20 in 20mM Tris-base, 150mM NaCl pH7.2-7.4) was added to plate 100ul/well and incubated for 2 hours at room temperature. The goat anti-rat IgG HRP with reagent diluent (1:5000) 100ul/well was applied as a secondary antibody for 1 hour at room temperature. TMB substrate (50ul/well) was applied for 20min and then stopped with 1M H2SO4 (50 μl/well). The absorbance at 450nm was read with a TECAN infinite M200PRO plate reader. Moreover, the plate was washed three times with 0.05%Tween-20 in PBS between each step.



RNA extraction and quantitative RT-PCR

Tumor samples were homogenized using MagNA Lyser Instrument and MagNA Lyser Green Beads (Roche 03358941001). RNA was extracted using Trizol and then was used for reverse-transcription with HiScript I TM First Strand cDNA Synthesis Kit (Bionovas, Taipei, Taiwan) according to the manufacturer’s instructions and q-PCR was performed using 1 μl of cDNA. The details of q-PCR were described in our previous study (34). The primers for q-PCR are listed below: GAPDH-F (5’-TCAAATGGGGTGATGCTGGT-3’); GAPDH-R (5’- TCATGAGCCCTTCCACGATG-3’); CD4-F (5’-TTGACCTGTGAGGTGATGGG-3’); CD4-R (5’- GAGCACTGGCAAGTCTTCTTCTC-3’); CD8-F (5’-TTATCACCAAGCCGGTGACG-3’); CD8-R (5’-TGGGACATTTGCAAACACGC-3’); CD274-F (5’-GCCTTCTTGCCAAAGGACCA-3’); CD274-R (5’-GTTGTTTCCCCACTCAGGGA-3’); GZMA-F (5’-ATGTCATGTAGCAGGGTGGG-3’); GZMA-R (5’-AAGCTGTGATGCCTCGGAAA-3’); GZMB-F (5’-GGATGAGTATTCTGGGAGTAAGAAG-3’); GZMB-R (5’-CCAGCCACATAGCACACATCT-3’).



Statistics

The data are presented as the mean ± SEM. Differences between experimental and control animals were calculated using the Mann–Whitney U test or the Student’s t-tests. A constant level of P = 0.05 was used to reject the null hypothesis.




Results


The immune response to CTLA4-PD-L1 DNA and protein

In our previous publication, the treatment of CTLA4-PD-L1-I DNA suppressed the tumorigenesis of TAA-induced iCCA in SD rats (30). Peptide/protein-based cancer vaccines do not require the additional steps of transcription and translation for the presentation on dendritic cells (35). Therefore, we constructed a CTLA4-PD-L1-I chimeric protein (Protein vaccine; Figure S1A) and evaluated its effect on TAA-induced iCCA tumor growth. The experimental scheme was shown in Figure 1A. The baseline tumor sizes were measured using an animal positron emission tomography (PET) system (31). According to the baseline tumor sizes, the iCCA-bearing rats were randomized into three groups. Each group received three weekly intramuscular injections of CTLA-4-PD-L1-I DNA vaccine plus Protein vaccine (two doses of DNA followed by one dose of protein), Protein vaccine alone, or control adjuvant, respectively. The tumor growth was monitored with additional PET scans in weeks 39 and 40. Serum samples were collected before treatment started (1st serum), in week 40 (2nd serum), and in week 44 (3rd serum) and tested for antibody titers. The average rat body weight was similar among the groups, suggesting that CTLA4-PD-L1-I DNA or Protein vaccine treatment did not cause apparent toxicities (Figure 1B). Both CTLA-4 antibody titers and PD-L1 antibody titers were increased three weeks after the last dose of the treatment with the combination of CTL-4-PDL1-I DNA and Protein vaccines or Protein vaccine alone (2nd serum). The antibody titers remained steadily increased for additional four weeks (3rd serum) (Figures 1C, D), indicating that CTLA-4-PD-L1-I DNA and chimeric protein induced the corresponding endogenous antibodies in TAA-induced iCCA rats.



Suppression of iCCA tumor growth after the CTLA4-PD-L1-I DNA and chimeric protein treatment

In order to track tumor growth, the SUV intensities of iCCA were determined on PET scans in week 39 (2nd PET) and week 43 (3rd PET). The SUV intensities were reduced in the tumor-bearing rats receiving the combination of CTLA-4-PD-L1-I DNA and Protein vaccines or Protein vaccine alone in week 43 (Figures 2A, B), suggesting suppression of tumor growth, which correlated with the increased CTLA-4 and PD-L1 antibody titers as shown in Figures 1C and D. A negative correlation between anti-CTLA4 titer ratio and the relative PET SUV ratio was noted in the rats receiving Protein vaccine alone (p=0.0387; Figure 2C). However, only a trend of negative correlation was found between the changes of anti-PD-L1 titer ratio and the relative PET SUV ratio (p=0.1224; Figure 2D). Treatment with Protein vaccine alone increased tumor infiltration of CD8+ T cells (Figure 2F) but not CD4+ T cells (Figure 2E; p=0.1892). The mRNA expression level of granzyme A (gzma) was also upregulated in rats receiving CTLA4-PD-L1 protein (Figure 2G), while granzyme B (gzmb) only show a trend of increase (Figure 2H). In contrast, PD-L1 (cd274) expression was reduced after the treatment of Protein vaccine in terms of mRNA (Figure 2I) and protein (Figure 2J) levels.




Figure 2 | The CTLA4-PD-L1-I DNA or protein vaccine repressed rat iCCA tumor growth. (A) Representative image of 18F-FDG microPET on TAA-induced CCA in SD rats. The images were performed before treatment (1st PET) and after five weeks (2nd PET) and nine weeks (3rd PET) of the vaccinations. (B) The change of the tumor-to-liver ratio of the standardized uptake value (SUV) in the control adjuvant and experimental groups at five weeks (2nd PET) and nine weeks (3rd PET) after the vaccinations. The values are from two independent experiments and presented as the mean ± SEM. N≧10. *P< 0.05, **P< 0.01 by Student’s t-tests. (C, D) The correlation between the anti-CTLA4 (C) or PD-L1 (D) antibody titer ratio and the relative PET SUV ratio. The relative PET SUV ratio from the rats receiving CTLA4-PD-L1-I protein vaccination at nine weeks (3rd PET). The correlation Pearson coefficient r and P values are shown in the panel. N=12. (E-I) The mRNA expression levels of cd4 (E), cd8 (F), gzma (G), gzmb (H), and cd274 (I) in the tumors from the iCCA-bearing rats receiving a combination of CTLA4-PD-L1-I DNA and protein (DNA + protein), CTLA4-PD-L1-I protein (protein), or control adjuvant. The values (means ± SEM) are presented as the fold-change relative to the average level of the tumors from the rats receiving control adjuvant. N≧3.*P < 0.05 by Student’s t-test. (J) Upper: Immunohistochemical staining of PD-L1 in TAA-induced iCCA receiving CTLA4-PD-L1-I protein (protein) or adjuvant. Scale bars: 20 μm. Lower: The values (means ± SEM) are presented as the fold-change relative to the average H score of the tumors from the rats receiving control adjuvant. N≧10.*P < 0.05 by Student’s t-test.





CTLA4-PD-L1-II chimeric protein induced a more sustained antibody titers

In order to validate whether CTLA4-PD-L1 DNA or Protein vaccine acts as a tumor vaccine for iCCA, these reagents were injected before iCCA induction by TAA, i.e., in a preventive setting. Because the increased anti-PD-L1 antibody level was not significantly correlated with the decreased PET SUV ratio (Figure 2D), a more extended coding sequence of PD-L1 was cloned in the DNA construct, resulting in CTLA4-PD-L1-II DNA and CTLA4-PD-L1-II protein (Protein vaccine-II), in an attempt to generate more potent anti-PD-L1 antibodies (Figure S1B). The first rat serum (serum #1) was collected as the baseline antibody titers before the injection. The baseline tumor sizes were measured by an animal PET system. CTLA-4-PD-L1-II DNA, Protein vaccine-II, and control adjuvant were injected once a week for three consecutive weeks. The second serum (serum #2) was collected in week 4 to evaluate the immune response to the vaccines, and then the rats were fed with drinking water containing TAA to induce iCCA. During iCCA development, serum samples were collected every four weeks for up to 40 weeks (serum #3 - serum #12). The PET was performed in week 45 to evaluate the tumor response (Figure 3A). The average body weight was still not affected by the treatment with CTLA-4-PD-L1-II DNA vaccine or Protein vaccine-II (Figure 3B). After CTLA-4-PD-L1-II DNA or Protein vaccine-II treatment, the following serum samples showed increased anti-CTLA-4 and anti-PD-L1 antibody titers, which gradually decreased with time (Figures 3C, D). Notably, the antibody titers induced by CTLA4-PD-L1-II DNA treatment decreased to baseline level by 30 weeks after treatment (as shown in serum #7), while those induced by Protein vaccine-II remained increased till the end of experiment (as shown in serum #12) (Figures 3C, D).




Figure 3 | The effect of CTLA4-PD-L1-II DNA or protein vaccine. (A) A schema for experimental design for Figure 3. (B) The average body weight of rats (N=9) receiving CTLA4-PD-L1-II DNA, protein vaccines, or control adjuvant (Freund’s adjuvant). (C, D) The antibody titers of CTLA4 (C) or PD-L1 (D) were determined after one week (serum #2) of CTLA4-PD-L1-II DNA (DNA), CTLA4-PD-L1-II protein (protein, or control adjuvant, and the antibody titers detected every four weeks for another 40 weeks (serum #3 – serum #12). N=9. Box-and-whisker plots show the data distribution: maximum, upper quartile, median, lower quartile, and sample minimum. *P< 0.05, **P< 0.01, ***P< 0.001 by Student’s t-tests. NS, not significant.





CTLA4-PD-L1-II chimeric protein inhibits rat iCCA tumorigenesis induced by TAA

To track tumor development, the SUV intensities of iCCA were determined in week 45 (the schema shown in Figure 3A). Interestingly, the SUV intensities decreased in the rats receiving Protein vaccine-II, but not CTLA4-PD-L1-II DNA (Figures 4A, B), suggesting Protein vaccine-II may serve as a tumor vaccine to prevent TAA-induced tumorigenesis of iCCA in rats. Notably, the amount of CD8+ T cells and CD4+ T cells in the iCCA tumors were not affected by the treatment with CTLA4-PD-L1-II DNA or Protein vaccine-II (Figures 4C, D).




Figure 4 | Reduced of iCCA tumorigenesis after CTLA4-PD-L1-II chimeric protein vaccination. (A) Representative image of 18F-FDG microPET on TAA-induced CCA in SD rats. The images were performed at week 45 after the treatment of CTLA4-PD-L1-II DNA, chimeric protein, or control adjuvant. (B) The tumor-to-liver ratio of SUV in the control adjuvant and experimental groups at 45 after the vaccination. The values are presented as the mean ± SEM. N=9. **P< 0.01 by Mann–Whitney U tests. NS, not significant. (C–E) The mRNA expression levels of cd4 (C), cd8 (D), and cd274 (E) in the tumors from the rats receiving the vaccination of CTLA4-PD-L1-I DNA or CTLA4-PD-L1-I protein, or control adjuvant. The values (means ± SEM) are presented as the fold-change relative to the average level of the tumors from the rats receiving control adjuvant. N=9.*P < 0.05 by Student’s t-test. (F) The correlation between the anti-PD-L1 antibody titer ratio and the relative mRNA level of CD274. The correlation Pearson coefficient r and P values are shown in the panel. N=9.



PD-L1 (cd274) mRNA expression level was reduced after the treatment with Protein vaccine-II (Figure 4E). Furthermore, a negative correlation between the mRNA levels of cd274 and the relative anti-PD-L1 antibody titer ratio was found in the rats receiving Protein vaccine-II (Figure 4F).

Here, we summarize the findings shown in Figure 5, we demonstrated the effect of the vaccinations on tumorigenesis in a TAA-induced iCCA rat model.




Figure 5 | A diagram summarizing the major findings in this study.






Discussion

Several clinical studies using antibodies against immune checkpoints, such as CTLA-4, PD-1, and PD-L1, had shown excellent results in numerous types of cancers (36–41). We previously reported that vaccination with a CTLA4-PD-L1 DNA cancer vaccine induced endogenous antibodies against CTLA-4 and PD-L1, and inhibited the tumor growth in a spontaneous TAA-induced rat iCCA model (29). In this study, we constructed a CTLA4-PD-L1 chimeric protein vaccine (Protein vaccine), and compared its effects with the DNA vaccine. Vaccination with Protein vaccine alone induced significant increase of CTLA4 and PD-L1 antibody titers, and interestingly, the extent of increase was as effective as that achieve by combined DNA plus Protein vaccinations (Figures 1C, D).

In a therapeutic setting, iCCA-bearing rats received either DNA plus Protein vaccines or Protein vaccine alone (the scheme shown in Figure 1A), and the changes in tumor burden were measured with PET scans (Figure 2A). Similar to the trend in antibody induction, treating iCCA-bearing rats with Protein vaccine alone resulted in a tumor inhibition (shown as a decreased SUV ratio) at least as potent as that achieved by combined DNA plus Protein vaccinations (Figure 2B). In addition, Protein vaccination alone led to the increase of CTAL4 antibody titers that correlated with the decrease of tumor burden (SUV ratio), along with increased cd8 and granzyme A (gzma) expression, and decreased PD-L1 expression on tumor cells (Figures 2C–J).

Next, to test whether our immune checkpoint DNA or Protein vaccine has a cancer preventive function, DNA or Protein vaccines were injected in rats before the induction of iCCA by TAA (Figure 3A). Compared with DNA vaccines, Protein vaccines induced a more sustained PD-L1 and CTLA-4 antibody titers, lasting up to 40 weeks after the vaccinations were completed (Figures 3C, D). Protein vaccine treatment inhibited the tumorigenesis of iCCA in rats despite being fed continuously with TAA (Figures 4A, B). Correspondingly, Protein vaccines led to the downregulation of PD-L1 gene expression in the tumor samples, the extent of which correlated with the increase of anti-PD-L1 titers (Figures 4E, F). It is an intriguing future topic to clarify the mechanisms by which Protein vaccine modulate the PD-L1 expression in the tumor microenvironment.

The combined therapy has been investigated to improve response rates in biliary tract cancers (BTCs) (42). Several preclinical studies and clinical trials have been shown that immune checkpoint inhibitors should be combined with chemotherapies, radiotherapies, and targeted therapies in BTCs (43–45). Those combination therapies have been reported to increase the response rates in BTCs. TOPAZ-1 demonstrated that durvalumab (anti-PD-L1) plus chemotherapy improved overall survival in patients with BTCs (19). This current study regarded CTLA4-PD-L1 DNA and protein vaccines as therapeutic cancer vaccines. A combination of CTLA4-PD-L1 cancer vaccines and chemotherapies, radiotherapies, or targeted therapies may enhance therapeutic effects in BTCs, which needs to be done in future studies

The cost of immunotherapy has been expensive. Our DNA and proteins vaccines aim to continuously induce the antibodies of CTLA4 and PD-L1. The cancer vaccines may decrease patients’ financial burden for immunotherapies. Additionally, the indications for inhibitors of immune checkpoint proteins are comprehensive, potentially including all major cancer types, such as prostate, lung, pancreatic, liver cancers, and so on (4, 46).

In conclusion, we have developed a CTLA4-PD-L1 chimeric protein vaccine, which may function both as a therapeutic cancer vaccine and as a preventive cancer vaccine in the TAA-induced iCCA rat model.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of Chang Gung Memorial Hospital.



Author contributions

Y-RP: Validation, Formal analysis, Investigation, Writing - Original Draft; C-EW: Conceptualization, Investigation, Funding acquisition, Writing - Review & Editing; W-KH: Conceptualization, Investigation, Data Curation, Writing - Review & Editing; M-HC: Investigation, Supervision; K-HL: Validation, Writing - Review & Editing, Visualization, Supervision; C-NY: Conceptualization, Methodology, Supervision, Writing - Review & Editing, Funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from Linkou Chang-Gung Memorial Hospital (NMRPG3F6021~2, CMRPG3K0711, CMRPG3I0231, and CRRPG3K0011~2 to CNY and CRRPG3K0021~2 to CEW), National Taiwan University Hospital (111-S0227 to KHL) and the Ministry of Science and Technology (105-2314-B-182A-041-MY2 to CNY).



Acknowledgments

Thanks for technical assistance from Laboratory Animal Center and Center for Advanced Molecular Imaging and Translation and Common Laboratory, Chang Gung Memorial Hospital, Linkou.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.982196/full#supplementary-material



References

1. Galluzzi, L, Humeau, J, Buque, A, Zitvogel, L, and Kroemer, G. Immunostimulation with chemotherapy in the era of immune checkpoint inhibitors. Nat Rev Clin Oncol (2020) 17:725–41. doi: 10.1038/s41571-020-0413-z

2. Mahoney, KM, Rennert, PD, and Freeman, GJ. Combination cancer immunotherapy and new immunomodulatory targets. Nat Rev Drug Discovery (2015) 14:561–84. doi: 10.1038/nrd4591

3. Waldman, AD, Fritz, JM, and Lenardo, MJ. A guide to cancer immunotherapy: from T cell basic science to clinical practice. Nat Rev Immunol (2020) 20:651–68. doi: 10.1038/s41577-020-0306-5

4. Ribas, A, and Wolchok, JD. Cancer immunotherapy using checkpoint blockade. Science (2018) 359:1350–5. doi: 10.1126/science.aar4060

5. Larkin, J, Chiarion-Sileni, V, Gonzalez, R, Grob, JJ, Rutkowski, P, Lao, CD, et al. Five-year survival with combined nivolumab and ipilimumab in advanced melanoma. N Engl J Med (2019) 381:1535–46. doi: 10.1056/NEJMoa1910836

6. Ott, PA, Hodi, FS, Kaufman, HL, Wigginton, JM, and Wolchok, JD. Combination immunotherapy: a road map. J Immunother Cancer (2017) 5:16. doi: 10.1186/s40425-017-0218-5

7. Martins, F, Sofiya, L, Sykiotis, GP, Lamine, F, Maillard, M, Fraga, M, et al. Adverse effects of immune-checkpoint inhibitors: epidemiology, management and surveillance. Nat Rev Clin Oncol (2019) 16:563–80. doi: 10.1038/s41571-019-0218-0

8. Banales, JM, Marin, JJG, Lamarca, A, Rodrigues, PM, Khan, SA, Roberts, LR, et al. Cholangiocarcinoma 2020: the next horizon in mechanisms and management. Nat Rev Gastroenterol Hepatol (2020) 17:557–88. doi: 10.1038/s41575-020-0310-z

9. Wu, CE, Hsu, HC, Shen, WC, Lin, YC, Wang, HM, Chang, JW, et al. Chemotherapy with gemcitabine plus cisplatin in patients with advanced biliary tract carcinoma at Chang gung memorial hospital: a retrospective analysis. Chang Gung Med J (2012) 35:420–7. doi: 10.4103/2319-4170.105476

10. Wu, CE, Chou, WC, Hsieh, CH, Chang, JW, Lin, CY, Yeh, CN, et al. Prognostic and predictive factors for Taiwanese patients with advanced biliary tract cancer undergoing frontline chemotherapy with gemcitabine and cisplatin: a real-world experience. BMC Cancer (2020) 20:422. doi: 10.1186/s12885-020-06914-1

11. Wu, CE, Huang, WK, Chou, WC, Hsieh, CH, Chang, JW, Lin, CY, et al. Establishment of a pretreatment nomogram to predict the 6-month mortality rate of patients with advanced biliary tract cancers undergoing gemcitabine-based chemotherapy. Cancers (Basel) (2021) 13. doi: 10.3390/cancers13133139

12. Wu, CE, Pan, YR, Yeh, CN, and Lunec, J. Targeting P53 as a future strategy to overcome gemcitabine resistance in biliary tract cancers. Biomolecules (2020) 10. doi: 10.3390/biom10111474

13. Huang, WK, and Yeh, CN. The emerging role of MicroRNAs in regulating the drug response of cholangiocarcinoma. Biomolecules (2020) 10. doi: 10.3390/biom10101396

14. Xie, C, McGrath, NA, Monge Bonilla, C, and Fu, J. Systemic treatment options for advanced biliary tract carcinoma. J Gastroenterol (2020) 55:944–57. doi: 10.1007/s00535-020-01712-9

15. Morizane, C, Okusaka, T, Mizusawa, J, Katayama, H, Ueno, M, Ikeda, M, et al. Combination gemcitabine plus s-1 versus gemcitabine plus cisplatin for advanced/recurrent biliary tract cancer: the FUGA-BT (JCOG1113) randomized phase III clinical trial. Ann Oncol (2019) 30:1950–8. doi: 10.1093/annonc/mdz402

16. Loeuillard, E, Conboy, CB, Gores, GJ, and Rizvi, S. Immunobiology of cholangiocarcinoma. JHEP Rep (2019) 1:297–311. doi: 10.1016/j.jhepr.2019.06.003

17. Piha-Paul, SA, Oh, DY, Ueno, M, Malka, D, Chung, HC, Nagrial, A, et al. Efficacy and safety of pembrolizumab for the treatment of advanced biliary cancer: Results from the KEYNOTE-158 and KEYNOTE-028 studies. Int J Cancer (2020) 147:2190–8. doi: 10.1002/ijc.33013

18. Jakubowski, CD, and Azad, NS. Immune checkpoint inhibitor therapy in biliary tract cancer (cholangiocarcinoma). Chin Clin Oncol (2020) 9:2. doi: 10.21037/cco.2019.12.10

19. Oh, DY, He, AR, Qin, S, Chen, LT, Okusaka, T, Arndt, V, et al. A phase 3 randomized, double-blind, placebo-controlled study of durvalumab in combination with gemcitabine plus cisplatin (GemCis) in patients (pts) with advanced biliary tract cancer (BTC): TOPAZ-1. J Clin Oncol (2020) 40:378. doi: 10.1200/JCO.2022.40.4_suppl.378

20. Yeh, CN, Maitra, A, Lee, KF, Jan, YY, and Chen, MF. Thioacetamide-induced intestinal-type cholangiocarcinoma in rat: an animal model recapitulating the multi-stage progression of human cholangiocarcinoma. Carcinogenesis (2004) 25:631–6. doi: 10.1093/carcin/bgh037

21. van der Burg, SH, and Melief, CJ. Therapeutic vaccination against human papilloma virus induced malignancies. Curr Opin Immunol (2011) 23:252–7. doi: 10.1016/j.coi.2010.12.010

22. Kao, JH. Hepatitis b vaccination and prevention of hepatocellular carcinoma. Best Pract Res Clin Gastroenterol (2015) 29:907–17. doi: 10.1016/j.bpg.2015.09.011

23. Milani, A, Sangiolo, D, Montemurro, F, Aglietta, M, and Valabrega, G. Active immunotherapy in HER2 overexpressing breast cancer: current status and future perspectives. Ann Oncol (2013) 24:1740–8. doi: 10.1093/annonc/mdt133

24. Sharma, S, Srivastava, MK, Harris-White, M, Lee, JM, and Dubinett, S. MUC1 peptide vaccine mediated antitumor activity in non-small cell lung cancer. Expert Opin Biol Ther (2011) 11:987–90. doi: 10.1517/14712598.2011.598146

25. Sangha, R, and North, S. L-BLP25: a MUC1-targeted peptide vaccine therapy in prostate cancer. Expert Opin Biol Ther (2007) 7:1723–30. doi: 10.1517/14712598.7.11.1723

26. Buchbinder, EI, and Desai, A. CTLA-4 and PD-1 pathways: Similarities, differences, and implications of their inhibition. Am J Clin Oncol (2016) 39:98–106. doi: 10.1097/COC.0000000000000239

27. Huang, Z, Su, W, Lu, T, Wang, Y, Dong, Y, Qin, Y, et al. First-line immune-checkpoint inhibitors in non-small cell lung cancer: Current landscape and future progress. Front Pharmacol (2020) 11:578091. doi: 10.3389/fphar.2020.578091

28. Solinas, C, Gombos, A, Latifyan, S, Piccart-Gebhart, M, Kok, M, and Buisseret, L. Targeting immune checkpoints in breast cancer: an update of early results. ESMO Open (2017) 2:e000255. doi: 10.1136/esmoopen-2017-000255

29. Ganesh, K, Stadler, ZK, Cercek, A, Mendelsohn, RB, Shia, J, Segal, NH, et al. Immunotherapy in colorectal cancer: rationale, challenges and potential. Nat Rev Gastroenterol Hepatol (2019) 16:361–75. doi: 10.1038/s41575-019-0126-x

30. Pan, YR, Wu, CE, Chen, MH, Huang, WK, Shih, HJ, Lan, KL, et al. Comprehensive evaluation of immune-checkpoint DNA cancer vaccines in a rat cholangiocarcinoma model. Vaccines (Basel) (2020) 8. doi: 10.3390/vaccines8040703

31. Yeh, CN, Lin, KJ, Hsiao, IT, Yen, TC, Chen, TW, Jan, YY, et al. Animal PET for thioacetamide-induced rat cholangiocarcinoma: a novel and reliable platform. Mol Imaging Biol (2008) 10:209–16. doi: 10.1007/s11307-008-0141-8

32. Yeh, CN, Weng, WH, Lenka, G, Tsao, LC, Chiang, KC, Pang, ST, et al. cDNA microarray pro fi ling of rat cholangiocarcinoma induced by thioacetamide. Mol Med Rep (2013) 8:350–60. doi: 10.3892/mmr.2013.1516

33. Hsu, FT, Liu, YC, Tsai, CL, Yueh, PF, Chang, CH, and Lan, KL. Preclinical evaluation of recombinant human IL15 protein fused with albumin binding domain on anti-PD-L1 immunotherapy efficiency and anti-tumor immunity in colon cancer and melanoma. Cancers (Basel) (2021) 13. doi: 10.3390/cancers13081789

34. Pan, YR, Wu, CE, and Yeh, CN. ATM Inhibitor suppresses gemcitabine-resistant BTC growth in a polymerase theta deficiency-dependent manner. Biomolecules (2020) 10. doi: 10.3390/biom10111529

35. Saxena, M, van der Burg, SH, Melief, CJM, and Bhardwaj, N. Therapeutic cancer vaccines. Nat Rev Cancer (2021) 21:360–78. doi: 10.1038/s41568-021-00346-0

36. Hodi, FS, O'Day, SJ, McDermott, DF, Weber, RW, Sosman, JA, Haanen, JB, et al. Improved survival with ipilimumab in patients with metastatic melanoma. N Engl J Med (2010) 363:711–23. doi: 10.1056/NEJMoa1003466

37. Garon, EB, Rizvi, NA, Hui, R, Leighl, N, Balmanoukian, AS, Eder, JP, et al. Pembrolizumab for the treatment of non-small-cell lung cancer. N Engl J Med (2015) 372:2018–28. doi: 10.1056/NEJMoa1501824

38. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. PD-1 blockade in tumors with mismatch-repair deficiency. N Engl J Med (2015) 372:2509–20. doi: 10.1056/NEJMoa1500596

39. Ansell, SM, Lesokhin, AM, Borrello, I, Halwani, A, Scott, EC, Gutierrez, M, et al. PD-1 blockade with nivolumab in relapsed or refractory hodgkin's lymphoma. N Engl J Med (2015) 372:311–9. doi: 10.1056/NEJMoa1411087

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

41. Powles, T, Eder, JP, Fine, GD, Braiteh, FS, Loriot, Y, Cruz, C, et al. MPDL3280A (anti-PD-L1) treatment leads to clinical activity in metastatic bladder cancer. Nature (2014) 515:558–62. doi: 10.1038/nature13904

42. Morizane, C, Ueno, M, Ikeda, M, Okusaka, T, Ishii, H, and Furuse, J. New developments in systemic therapy for advanced biliary tract cancer. Jpn J Clin Oncol (2018) 48:703–11. doi: 10.1093/jjco/hyy082

43. Koido, S, Kan, S, Yoshida, K, Yoshizaki, S, Takakura, K, Namiki, Y, et al. Immunogenic modulation of cholangiocarcinoma cells by chemoimmunotherapy. Anticancer Res (2014) 34:6353–61.

44. Liu, ZL, Liu, X, Peng, H, Peng, ZW, Long, JT, Tang, D, et al. Anti-PD-1 immunotherapy and radiotherapy for stage IV intrahepatic cholangiocarcinoma: A case report. Front Med (Lausanne) (2020) 7:368. doi: 10.3389/fmed.2020.00368

45. Han, S, Lee, SY, Wang, WW, Tan, YB, Sim, RHZ, Cheong, R, et al. A perspective on cell therapy and cancer vaccine in biliary tract cancers (BTCs). Cancers (Basel) (2020) 12. doi: 10.3390/cancers12113404

46. He, X, and Xu, C. Immune checkpoint signaling and cancer immunotherapy. Cell Res (2020) 30:660–9. doi: 10.1038/s41422-020-0343-4



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Pan, Wu, Huang, Chen, Lan and Yeh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2022.982196_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Chimeric immune checkpoint
protein vaccines inhibit the
tumorigenesis and growth
of rat cholangiocarcinoma





OEBPS/Images/fimmu-13-982196-g004.jpg
o
(]

urejoud [I-171-Ad-#V1LD

° )
uiejoud 5 2
P ° 2
T . =
VNQ 1I-L71-ad-vv1LO N o ®
- % N 5
=% =
23 z
g 3
JueAnipe vna ea Q
° ° &
» 2
&
Jueanlpe &
< N o @ ©
- - - o =]
(p1od) #22po Jo (PI04) #22po J0
[a} [oAS] YNHW SAeey w [onS] YNHW aAeey
uieyoud AA n
¥ << ursjoud
[ |

VYNd "] "] II [] vNa

jueanipe [ ] (X ] Jueanfpe

< jueanfpe VYNQ IIFL7-ad-#v110  wieiodd |-, 1-ad-vv 110 (Piod) #po J0 (Piod) 8po Jo

[$) [9A8] YNNW aAne|oYy w |oA8] YNNW aAnE|oY





OEBPS/Images/fimmu-13-982196-g002.jpg
CTLA4-PD-L1-| protein

CTLA4-PD-L1-I DNA+protein

adjuvant

-PD-L1-I protein

m CTLA4-PD-L1-1 DNA+protein
L1

A CTLA4

t
c
@
>

=

k)
@
[ ]

27 PET 3¢ PET

1t PET
(Baseline)

o (p|od) ones ANS 13d dAnepy

AA%A uisjoud
* _.EuA uiajoud
- I uiejoud
s = ] +VNG
TElA juean(pe
o jueanipe
o 1 e ©v 9
o~ - - o o
0 © (piod) L71-ad 0
N 4 ° S1osHSAISISY
—  [9A3] YNYW aAe|ay
o =
3 - urejold uieyoud
S ° <
=] 2
7 ° o =
n [
mm oo 8 urejoud m utejoud
25 0 +YNO S +VYNQ
ww ° LY e} a
oa % m.
m juean(pe juean(pe
o
2
©
% N 5 =
2 - & o (piod) gpo Jo (piod) quiz6 yo
0 (plo4) oneI ANS 13d onnejey W [PASIYNYW SARERY I |9A3] YNYW aAjejRy

e}
N

0.6012

0.0387
°

Pearson r
°
°
o~
L]

P

Relative anti-CTLAA4 titer ratio (fold)

© 0

-~ o

< =
O (plo4d) oles ANS L3d @Aneley

uiajoud

uisyoud
+VNa

0.1892

- . uigjoid i "
+wNa T d
° Tl’l ° w_.Ao juean(pe
n wn

(PIod) £po jo (plod) ewz6 jo
W |9A3] YNHW aAneay O [9A3] YNYHW aAle|ay

P=

jueanipe






OEBPS/Images/fimmu-13-982196-g001.jpg
Thioacetamide 1. adjuvant
2. CTLA4-PD-L1-1 DNA
3. CTLA4-PD-L1-I DNA (in weeks 35 and 36)
and protein (in week 37)

33 34 ¢ ¢ ¢ 39 40 43 44 (week)
B

36 37

SD rats

(250~300g) 3-)-)-)-)-)-)-)-)3

1 PET 2 PET 39 PET
(for baseline)
1%t collect serum 2" collect serum 3" collect serum
B
600
2
% 400 *
D CTLA4-PD-L1-
i DNA or protein —e— adjuvant
2 —m— CTLA4-PD-L1- DNA+protein
200
=t= CTLA4-PD-L1-I protein
0
0 50 100 150 200 250 300 350 Days
C s

® adjuvant
B CTLA4-PD-L1-I DNA+protein
A CTLA4-PD-L1-I protein

CTLA4 antibody titer (OD 450 nm)

1¢t Serum 2" Serum 3 Serum

o
H
H

@ adjuvant
B CTLA4-PD-L1-I DNA+protein
A CTLA4-PD-L1-I protein

PD-L1 antibody titer (OD 450 nm)

1%t Serum 2nd Serum 31 Serum





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Chimeric immune checkpoint protein vaccines inhibit the tumorigenesis and growth of rat cholangiocarcinoma

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            The constructions of CTLA4-PD-L1DNA and protein vaccines

          



          		

            Thioacetamide (TAA)-induced iCCA rat model

          



          		

            Immunization with DNA and protein vaccines

          



          		

            Evaluation of treatment efficacy in rats using an animal positron emission tomography

          



          		

            Detection of serum antibodies against CTLA-4

          



          		

            RNA extraction and quantitative RT-PCR

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            The immune response to CTLA4-PD-L1 DNA and protein

          



          		

            Suppression of iCCA tumor growth after the CTLA4-PD-L1-I DNA and chimeric protein treatment

          



          		

            CTLA4-PD-L1-II chimeric protein induced a more sustained antibody titers

          



          		

            CTLA4-PD-L1-II chimeric protein inhibits rat iCCA tumorigenesis induced by TAA

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-982196-g005.jpg
Therapeutic vaccine Preventive vaccine

Thioacetamide
x SD rats

SD rats SD rats SD rats
30 weeks
/A 4 A 4 4 4
SD rats with cholangiocarcinoma b / ; ) r 4 /
U VAR VUl

complete/ incomplete CTLA-4-PD-L1 CTLA-4-PD-L1
Freund's Adjuvant DNA vaccine protein vaccine
/ @\'\@\A

, Q/
AN
complete/ incomplete CTLA 4-| PD L1 CTLA-4 PD L1
Freund's Adjuvant DNA/ protein vaccine protein vaccine

40 weeks
5 weeks

ED DD EDLD LD

SD rats with cholangiocarcinoma





OEBPS/Images/fimmu-13-982196-g003.jpg
Thioacetamide

week)

45
PET

vmﬁ wnJss 309]|09
% ?V L1# WnJiss 09)|00
H ?Vo_% wnJas 09)|09
L2 ?Vmu wnJas 09|00

?V 8# WnJas 199)|00
m ?Vnu wnJss 309]|00
?Vmu wnJas 309|100
?Vm* wnJss J99)|09
?V F# WnJes 199)|00
? C# WnJss 199)|02

—e— adjuvant

collect sel

serum #2

2. CTLA4-PD-L1-1l DNA
3. CTLA4-PD-L1-ll protein

1. adjuvant

©
o]
= €
=5 3
8% 3
@ E
[=
o 8
® O
S 3 S
a4 ©
»
[ m

L1-1l

M CTLA4-PD-
DNA
M CTLA4-PD-L1-II

350 Days
N
3
]
=]
g

B adjuvant

-m~ CTLA4-PD-L1-1l DNA
=i~ CTLA4-PD-L1-ll protein

300

250

200

wnias

150

100
5
=
=
g

50
r
*
£
2
o
@

# WNIas
i Z4# Wnias
o o o
o o
< N
(Bw) Jybram Apog QO (pioy) onel 1oy} Apogiue 110

protein

M CTLA4-PD-L1-II
DNA
Il CTLA4-PD-L1-II

M adjuvant

ZL# Wnias
LL# Wnies

G# wniss
# Wnias
S# Wnies
Z# Wnies
ZL# Wnias
LL# wnias

NS

i

P21 # wnies
§f 1 1# wnues
013 wnies
§}-6# wnies
B}-s# wnies
§}L# wnies
§fo# wnues
|s# wnies
§|# wnies
§|-c# wnies
§-c# wnies

Q o o o o
< ® 139 -

0O  (pioy) onel say Apoquue L7ad





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





