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Abstract: 
Tumor angiogenesis, i.e., the recruitment of microvascular endothelial cells to the tumor site, has emerged as an important target in cancer therapy. How radiation therapy modulates tumor angiogenesis, and conversely, how angiogenesis factors modulate cell radio-response, is a central question for the optimization of radiation treatment. The superior physical characteristics of dose delivery by proton- vs. conventional photon- radiotherapy have attracted considerable attention in clinical oncology. This is evidenced by increasing numbers of proton facilities being built worldwide. In contrast to the physical aspects of proton radiation, which are heavily exploited, the radiobiological, molecular and cell-level responses triggered by proton (vs. photon) radiations are understudied and thus underexploited.  
We demonstrate that proton radiation (at least at higher energies) is antiangiogenic and this advantageous biological aspect of protons should be further explored to optimize treatment efficacy. We report that proton irradiation inhibits major pro-angiogenic factors in a dose-dependent manner in both the tumor and tumor-microenvironment (tumor-stroma and microvasculature). Differentially regulated genes 6h after 0, 0.5, 1 and     2 Gy proton irradiation were detected in human dermal fibroblasts and human lung microvascular endothelial cells (HMVEC-L) using pan-genomic human microarrays. Of note, critical pathways in pro-angiogenic signaling such as vascular endothelial growth factor (VEGF), interleukin 6 and 8 (IL6, IL8) and the hypoxia inducible factor 1α (HIF-1α) were significantly downregulated after proton irradiation in both cell types. The proton induced dose and time dependent downregulation of these pro-angiogenic genes were confirmed by real time quantitative RT-PCR and ELISA. To investigate the regulation of these genes in tumor cells, their expression was tested in human non-small cell lung cancer cell line A549 and mouse Lewis lung carcinoma cells (LLC).  Both tumor cell lines showed similar patterns of downregulation of angiogenic genes on RNA and protein levels. Additionally, we investigated the effects of proton irradiation on cell invasion/migration using the matrigel invasion assay. It was found that proton irradiation decreased cell invasion in all cell lines tested. To functionally validate the role of VEGF and IL8 paracrine signaling in proton induced anti-angiogenic and anti-invasive effects, in vitro, co-culture models were used.  Importantly, addition of recombinant IL8 or VEGF into 
the media partially rescued the cells from the proton radiation induced anti-invasion effects, suggesting a functional role for these factors. Furthermore, proton-irradiated A549 cancer cells, exhibited delayed growth    in vivo, demonstrating that radiation-induced interactions with host tissues can slow the transition through critical carcinogenesis bottlenecks. These findings suggest that proton irradiation suppresses the regulation of key pro-angiogenic and pro-invasive proteins such as VEGF and IL8 at clinically relevant doses. The antiangiogenic and anti-invasive effects of proton irradiation demonstrated here provide novel preclinical evidence for beneficial radiobiological effects of proton vs. photon radiations that may be exploited clinically.
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