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a b s t r a c t Recent evidence suggested that angiogenesis played a pivotal role in the development of hepatocellular carcinoma cells (HCC), thus the therapy strategy targeting antiangiogenesis has been regarded as promising method for HCC therapy. Tumor endothelial marker 8 (TEM8) is a recently described protein that is preferentially expressed within tumor endothelium. However, the antiangiogenesis therapy of HCC based on TEM8 has not been reported. In this study, the recombinant adenovirus encoding TEM8 was constructed, and the DCs were transduced with the Ad-TEM8. In addition, the modiﬁed DCs were transferred into the BALB/c mice to determine whether DCs transduced with TEM8 could elicit a potent antitumor immunogenic response in vivo. The results demonstrated that DCs transduced with Ad-TEM8 induced speciﬁc CTLs effectively, which could secrete IFN-␥ and lyse HCC. Furthermore, the modiﬁed DCs could effectively protect BALB/c mice from lethal challenges against HCC, reduce tumor growth and increase the mice life span by decreasing tumor vasculature density. These data suggest that the Ad-TEM8 modiﬁed DCs may induce antitumor immunity by disrupting tumor vasculature and may thus be used as an efﬁcient therapy strategy to inﬂuence tumor development in clinical applications. © 2010 Elsevier Ltd. All rights reserved.



1. Introduction Hepatocellular carcinoma (HCC) is an aggressive and rapidly fatal malignancy representing the ﬁfth most common cancer worldwide, and has been ranked the second most common cancer killer in China since the 1990s [1–3]. Despite many advances having been made in the clinical study of HCC and the achievement of longterm survival of patients in some clinical centers, only a deﬁnitive subset of cases is cured by surgery, and the overall dismal outcome of patients with HCC has not changed [4–6]. Hence, exploration of more effective and safer biologic therapeutic modalities is greatly needed. Traditionally biological therapy for HCC usually targets tumor cells and aims at eradicating tumor cells [7–9]. However, due to the heterogeneity and genetic instability of the tumor cells, this therapeutic strategy currently has limited clinical utility for human cancers [10–13]. One alternative to overcome these obstacles of traditional therapy is to target the tumor vasculatures rather than the tumor cells themselves [14–17]. Tumor endothelial marker 8 (TEM8) was discovered to be expressed predominantly in tumor endothelium. Studies demon-



strated that TEM8 mRNA and protein expression were readily detected in tumor endothelium but were barely detectable in normal adult endothelium or the proliferative endothelium of corpus luteumor healing wounds [18,19]. Further research proved that TEM8 protein interacted with the C5 domain of collagen ␣3, which was also preferentially expressed in tumor endothelium and TEM8 expression stimulated endothelial cell adhesion and migration [20,21]. Therefore, these results suggested that TEM8 might be an promising target for antiangiogenesis therapy. Antigen speciﬁc CTLs have shown to be effective in mounting an antitumor response both in vitro and in vivo. DCs are believed to be the most potent professional antigen-presenting cells and have the most powerful antigen-presenting capacity [22,23]. Therefore, to identify the effect of Ad-TEM8 modiﬁed DCs to inhibit tumor angiogenesis, we constructed a recombinant adenovirus encoding TEM8 to test whether transduced DCs could suppress hepatocellular carcinoma angiogenesis and inhibit cells growth.



2. Materials and methods 2.1. Animals and cell lines



∗ Corresponding author. Tel.: +86 23 68757730; fax: +86 23 68757731. E-mail address: [email protected] (Z. Hu). 1 These authors contributed equally to this work. 0264-410X/$ – see front matter © 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.vaccine.2010.07.014



Female BALB/c, 6–8 weeks of age, were purchased from the Experimental Animal Center of Chinese Academy of Medical Science (Beijing, China). Animals were housed under pathogen-free
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conditions. All experimental procedures were carried out following approval of the Institutional Animal Care Committee. The mouse hepatocellular carcinoma cell line, H22, was maintained in our laboratory. Cells were cultured in ﬂasks with DMEM supplemented with 10% (v/v) FBS and 1% penicillin–streptomycin at 37 ◦ C in a humidiﬁed atmosphere of 5% CO2 . 2.2. Construction of recombinant adenovirus encoding TEM8 The recombinant adenovirus vector encoding TEM8 was constructed using the Adeno-XTM Expression System (Clontech, Palo Alto, CA, USA) according to the manufacturer’s instructions. Brieﬂy, the TEM8 cDNA was cloned into the shuttle vector pDC315 and sequenced. The desired replication-deﬁcient adenovirus containing the full length cDNA of TEM8 was generated by homologous recombination through co-transfection of plasmids pDC315-TEM8 and pBHG1oXE1, 3Cre in HEK 293 cells using the DOTAP liposome reagent (Roch, Germany). After several rounds of plaque puriﬁcation, the adenovirus containing the TEM8 gene was ampliﬁed and puriﬁed from cell lysates by banding twice in CsCl density gradients. Viral products were desalted and stored at −80◦ C in phosphatebuffered saline (PBS) containing 10% glycerol (v/v). The infectious titer was determined by a standard plaque assay. A second recombinant, El-, E3-deleted adenovirus carrying the LacZ protein under the control of CMV promoter (Ad-LacZ), was used as a control vector. 2.3. DC generation from mouse bone marrow In brief, bone marrow was ﬂushed from the tibias and femurs of BALB/c mice and depleted of erythrocytes with commercial lysis buffer (Sigma, St. Louis, MO, USA). The cells were washed twice in serum-free RPMI-1640 medium and cultured in a six-well plate at 5 × 106 cells per well with RPMI-1640 medium supplemented with 10% (v/v) FBS containing 10 ng/ml recombinant murine GMCSF (R&D System, Inc., USA) and 10 ng/ml recombinant murine IL-4 (R&D System, Inc.). On days 3 and 5, half of the media were refreshed without discarding any cells and fresh cytokinecontaining (mGM-CSF and mIL-4) media were added. On days 7 and 8 of culture, mTNF-␣ (R&D System, Inc.) was added to the media. On day 10, non-adherent cells obtained from these cultures were considered mature bone marrow-derived DCs. FACScan conﬁrmed the phenotypic markers of DCs. 2.4. Flow cytometric analysis of cell populations DCs were collected and resuspended in cold FACS buffer (1× PBS, 5% FBS, and 0.1% sodium azide). Cells were immunostained with ﬂuorescein isothiocyanate (FITC)-conjugated goat anti-mouse CD11c, H-2Kb, MHC I, and CD86 antibodies (eBioscience, USA). Corresponding FITC immunoglobulin G (IgG) isotype control antibody (eBioscience, USA) was used. A total of 1 × 106 cells were incubated at 4 ◦ C with antibodies for 2 h. The cells were then washed once with FACS buffer, resuspended, and tested on a FACScan (Becton-Dickinson, USA). The results showed that these mature DCs expressed high level of CD11c (93.2%), CD86 (89.5%), H-2Kb (90.7%) and MHC I (91.8%).
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2.6. Western blot assay For Western blot assay, proteins of the cell extracts were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto a nitrocellulose membrane. The membrane was incubated with 5% non-fat milk in PBS and then with anti-TEM8 antibody (Santa Cruz Biotechnology, USA) for 2 h at room temperature. After washing, the membranes were incubated with an alkaline phosphatase-conjugated goat antimouse IgG antibody (Amersham Biosciences, UK) for 1 h at room temperature. Immunoreactive bands were detected using the ECL Western blotting analysis system (Amersham Biosciences). 2.7. Induction of speciﬁc CTLs in mice For induction of speciﬁc CTLs in vivo, 1 × 106 Ad-TEM8 transduced DCs were resuspended in a 100 l volume of PBS and injected subcutaneously into BALB/c mice. Control groups were injected subcutaneously with either 1 × 106 Ad-LacZ transduced DCs or 1 × 106 DCs alone. At days 7 and 14, the mice were given booster vaccinations using the same protocol as described above. On day 21, spleens were removed and homogenized. Single-cell suspensions of splenocytes were prepared as effector cells using stainless steel mesh screens and red blood cell lysing solution. CD8+ T-cells were puriﬁed from splenocytes with MACS and were assayed as effector cells in a 4-h 51 Cr-release release assay and enzyme-linked immunospot assay. 2.8. In vivo Ab depletion Depletion of NK cell and CD4+ and CD8+ T-cell subsets were accomplished by i.p. injection of 200 g of PK136, GK1.5, and 2.43 mAb, respectively, given every other day for 6 days. Effective depletion of cell subsets was conﬁrmed by FACS analysis of splenocytes 1 day before inoculation of tumor cells and maintained by the Ab injections once a week for the duration of experiment. Isotypematched Abs were also used as control. 2.9. Chromium release assays To evaluate levels of CTL activity, a standard 4-h 51 Cr-release assay was used. TEM8-positive H22 cells (created by liposome transfection with murine TEM8 gene) were used as target cells. Brieﬂy, target cells were incubated with 51 Cr (100 u Ci per 1 × 106 cells; Amersham Biosciences Corp.) for 2 h in a 37 ◦ C water bath. After incubation with 51 Cr, target cells were washed three times with PBS, resuspended in RPMI-1640, and mixed with effector cells at effector-to-target (E/T) ratios of 25:1, 50:1, or 100:1. Assays were performed in triplicate for each sample at each ratio in a 96-well round-bottomed plate. After a 4-h incubation, the supernatants were harvested, and the amount of 51 Cr released was measured with a ␥-counter. The percentage of speciﬁc lysate was calculated as 100 × (experimental release − spontaneous release)/(maximum release − spontaneous release). Maximum release was determined from supernatants of cells that were lysed by the addition of 2% Triton X-100. As a negative control, TEM8 negative H22 cells were still used as target cells. 2.10. Enzyme-linked immunospot assay



2.5. Adenovirus-mediated gene transfer Transduction of mouse mature DCs with Ad vector was conducted in six-well plates with 1 × 106 DCs per well in a 3 ml volume of RPMI-1640 medium containing 10% FBS. Viruses were added to the wells at a multiplicity of infection (MOI) of 200 and the DCs were harvested after 18–24 h of incubation.



Nitrocellulose-bottomed 96-well plates (MultiScreen MAIP N45; Millipore) were coated with an anti-IFN-␥ antibody and nonspeciﬁc binding was blocked. 1 × 105 effector cells were added to each well and incubated overnight at 37 ◦ C. The plates were washed two times and biotinylated detection antibody was added. Speciﬁc binding was visualized using alkaline phosphatase–avidin together
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with the respective substrate. The reaction was terminated upon the appearance of dark purple spots, which were quantitated using the AlphaImager System (Alpha Innotech, San Leandro, CA). 2.11. Tumor cell challenge assay DCs transduced with Ad-TEM8 were resuspended in a 100 l volume of PBS and injected subcutaneously into BALB/c mice. Control groups were injected subcutaneously with either Ad-LacZ transduced DCs (1 × 106 ) or 1 × 106 DCs alone. At days 7 and 14, the mice were given booster vaccinations using the same protocol as described above. In the prophylactic experiment, 7 days after the ﬁrst immunization, BALB/c mice were challenged with s.c. injection of 1 × 105 H22 cells into the left ﬂank to induce primary tumor model. In the therapeutical experiment, 7 days before the ﬁrst immunization, BALB/c mice were challenged with s.c. injection of 1 × 105 H22 cells into the left ﬂank to induce primary tumor model. The tumors size and mean lifespan of BALB/c mice were observed. The tumors size was measured in two dimensions and calculated as follows: length × width.



Fig. 1. Expression of TEM8 protein in DCs by Western blot assay. DCs were transfected with Ad-TEM8 or Ad-LacZ at an MOI of 200 for 24 h. The expression of the TEM8 protein was detected after Ad-TEM8 transfection. However, there was no expression of TEM8 protein after Ad-LacZ transfection or in untransduced DCs. Lane 1, untransduced DCs; lane 2, DCs transfected with Ad-LacZ; lane 3, DCs transfected with Ad-TEM8.



2.12. Evaluation of antiangiogenic effect 21 days after the tumor challenge, the mice were sacriﬁced, and the tumor tissues were ﬁxed in acetone, and stained with an antibody reactive to CD31 as described for microvessel density (MVD) analysis. The sections were then stained with labeled streptavidin biotin reagents. Vessel density was determined by counting the number of microvessels per high-power ﬁeld in the sections. 2.13. Evaluation of side effects 10 days after the last immunization, a full thickness wound was excised from the dorsum of the mice. The defect was created by elevating the skin and panniculus carnosus in the center of the outlined defect using forceps, followed by excision of the outlined area using a scissors. Wound area was measured twice weekly. 15 days after this excision, mice were killed and scar tissues were removed for histologic examination. 2.14. Statistical analysis All the experiments were done in triplicate, and the results are given as mean ± S.E.M. of triplicate determinations. Statistical analyses were performed using non-parametric analyses (Mann Whitney) and lifespan was analyzed using the log-rank tests. The difference was considered statistically signiﬁcant when the P value was 
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