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Abstract

The average human body contains tens of thousands of miles of vessels that permeate every
tissue down to the microscopic level. This makes the human vasculature a prime target for an
agent like radiation that originates from a source and passes through the body. Exposure to
radiation released during nuclear accidents and explosions, or during cancer radiotherapy, is well
known to cause vascular pathologies because of the ionizing effects of electromagnetic radiations
(photons) such as gamma rays. There is however, another type of less well-known radiation —
charged ion particles, and these atoms stripped of electrons, have different physical properties to
the photons of electromagnetic radiation. They are either found in space or created on earth by
particle collider facilities, and are of significant recent interest due to their enhanced
effectiveness and increasing use in cancer radiotherapy, as well as a health risk to the growing
number of people spending time in the space environment. Although there is to date, relatively
few studies on the effects of charged particles on the vascular system, a very different picture of
the biological effects of these particles compared to photons is beginning to emerge. These under
researched biological effects of ion particles have a large impact on the health consequences of
exposure. In this short review, we will discuss the effects of charged particles on an important
biological process of the vascular system, angiogenesis, which creates and maintains the
vasculature and is highly important in tumor vasculogenesis.

Physical properties

All radiation is harmful to the vascular system, studies on the effects of photons like gamma rays
show a cytotoxic effect leading to a number of vascular pathologies [ 1-4]. The physical
properties of ion particles makes them even more effective cytotoxic agents than photons and
thus potentially more suitable for radiotherapy, yet more dangerous as a coincident radiation in
space. The main physical difference that affects the biological response between these two types
of radiation is the energy deposition patterns in cells and tissues.

Ion particles penetrate matter in a straight track structure, produce secondary irradiations, and
deposit energy per unit of track length, which is defined as the Linear Energy Transfer (LET). It
can be thought of as a measure of the average thickness of the track with respect to energy
deposition. As the particle traverses matter it remains at a constant speed and energy deposition
until it starts to slow down. Correspondingly, the LET increases to higher values until the particle
eventually stops. Plotted over distance the absorbed energy produces a Bragg curve where the
LET remains at a plateau until it increases with the highest value at a peak near the end of the



track, the Bragg peak [ 5]. Almost no dose is delivered to the normal tissue beyond the peak. It is
these physical properties that make ion particles more effective for radiotherapy. The energy
deposition can be focused on the tumor and not on normal tissue, more effectively than photons

like gamma rays [ 6— 9].

Ionizing photons scatter when they penetrate tissue. The same dose will produce more
meandering tracks. Consequently, dose deposition for photon beam radiotherapy is maximal near
the entrance of the tissue (skin), followed by an exponential decrease with tissue depth.
Radiation of tumors inside the body, result in large doses delivered at the point of entry and
unnecessary irradiation of surrounding normal tissues.

Linear energy transfer and relative biological effect

Ionizing photons have a low LET and charged particles have variable LET’s which can range up
to much higher values. This has an influence on the biological effectiveness of the radiation [ 10,
11]. In a given material, such as human tissue, the LET value depends on the kinetic energy
(velocity) and in the case of charged particles, also the mass, which is determined by the
elemental species of the ion. Larger particles cause greater ionizations and secondary radiations,
and therefore have a higher LET. For example, Hydrogen ions (protons) have a low mass
compared to Fe ions and the corresponding LET’s for these particles at the same energy are 0.2
keV/um and 150 keV/um respectively, hundreds of times higher for Fe ions. For the same dose,
high LET particles deposit the same energy from fewer particles than low LET particles. Thus, a
tip cell undergoing vasculogenesis exposed to a dose of 75 cGy is estimated to receive
approximately 40—45 particle traversals by Fe ions compared to 25000 traversals by low LET
protons [ 12]. For many endpoints the biological effectiveness increases as the LET increases.

High-energy protons have a low LET similar to that of ionizing photons. Furthermore, although
the deposition of photons at the tissue level is more scattered than that of protons, at the
nanometer scale, the track patterns are similar (reviewed in [ 13]) and therefore might be
expected to have a similar biological effect. However, there are still differences in the way
protons and photons deposit energy [ 14, 15] and therefore, there is always a potential for a
differential biological response. As more studies on these radiations are carried out, more
differences in the biological responses are revealed, including profound differences in the
angiogenic response.

The space environment and radiotherapy

In addition to a high biological effectiveness, high LET particles are highly penetrative through
matter such as spacecraft shielding. For these reasons, the potential harm of space radiation is of
particular concern. The space environment contains a complex mix of charged ions, with
abundant low LET protons and less frequent high LET charged particles [ 16]. The risk estimates
for both cancer and circulatory disease have recently been made for space radiation induced
mortality and morbidity, and could exceed 5% and 10% [ 17]. The greater relative biological
effectiveness of high LET particles makes them major contributors to the total dose equivalent,
with iron ions being the principal contributor [ 18, 19]. Solar particle events consisting of
relatively large doses of mixed low LET protons also contribute to the radiation encountered in
space. For radiotherapy, photon (gamma ray) therapy is widespread whereas charged particle
therapy is much less frequent. It is relatively new, although increasingly used treatment. Low
LET charged particles are utilized at proton facilities, and higher LET charged particles are
utilized by Carbon ion facilities.

Biological effects



Life on earth has not normally been exposed to charged particles so the biological effects of this
exotic radiation are less well known than the effects of photons. DNA damage is a good example
of the variety of lesions caused by charged particles compared to ionizing photons. Charged
particles are known to cause more complex DNA damage [ 20— 23]. Furthermore, a higher LET
leads to even more complex damage which is harder to repair, resulting in more chromosomal
aberrations and a higher risk of cancer. Differences in DNA repair are also seen in human
endothelial vein cells (HUVEC) and capillary tissue models. Studies on the kinetics of DNA
repair revealed differences between photons, low LET charged particles, and high LET charged
particles [ 24]. High LET charged particles cause more persistent DNA damage than lower LET
radiations and there are also significant differences between photons and protons of a similar
LET. Such differences can also be seen in the effects of these radiations on the structure of
mature human vessel models. High LET Fe ions are at least 4 times more effective than low LET

protons at breaking down vessel structure, and 8 times more effective than gamma rays [ 25].

Low LET radiation and angigenesis

Although the relative biological effectiveness of low LET charged particles and photons are
similar as measured by long-established endpoints such as cell killing, there are a growing
number of responses that show a higher biological effectiveness of charged particles such as
protons. These include endpoints at the molecular, cellular, and tissue levels and have recently
been reviewed in detail [ 26]. Biological processes such as gene expression, cell survival,
apoptosis, inflammation, and cell invasion and migration, all show differences between photons
and low LET protons. For angiogenesis, the difference is striking. Emerging evidence, in fact,
indicates opposite effects of photons and low LET charged particles. Photons such as gamma
rays are well known to promote angiogenesis and increase metastasis [ 27— 32] often by causing
an increase in the expression of pro-angiogenic factors such as vascular endothelial growth factor
(VEGF), Interleukin 6 (IL-6), Hypoxia inducible factor 1 alpha (HIF-1a) and basic fibroblast
growth factor (bFGF), in the irradiated tissue. Studies on the effects of low LET charged
particles are relatively few but show that these radiations, in contrast, inhibit angiogenesis.

Investigations from the Hlatky laboratory demonstrate that low-LET proton irradiation
significantly down-regulates some of the same and other pro-angiogenic factors including VEGF,
IL-6, IL-8 and HIF-1a in human and murine cancer cells, and in primary human endothelial and
fibroblast cells in vitro [ 33]. In the same study, co-culture experiments demonstrated that
endothelial cell proliferation, and invasion, were inhibited by culturing with irradiated cancer or
fibroblast cells. This suggests that proton irradiation may, in addition to direct action, contribute
to angiogenesis suppression through modulation of paracrine signals from targeted cells. Most of
these effects were seen at a dose of 1 Gy, which is too low for the induction of apoptosis in
human capillary tissue models as measured by Terminal deoxynucleotidyl transferase dUTP nick

end labeling (TUNEL) assay [ 25].

At the tissue level, our own studies on human vessel models (vasculogenesis model) support the
notion that low LET particles inhibit vessel formation. Low LET protons inhibited
vasculogenesis by human endothelial vein cells and human brain microvascular cells at relatively
low doses. 40 cGy was sufficient to cause 50% inhibition and 80 cGy was sufficient for a full
effect. Furthermore, this response was not seen after exposure to gamma photons. A dose of
gamma rays 15 times higher (12 Gy) was required to inhibit the development of vessels to the
same degree [ 25]. Experiments in animal models also indicate that low LET protons inhibit
angiogenesis. The effects of a low-energy proton beam (35 MeV) on the development of blood
vessels in vivo in Zebrafish embryos, was investigated. It was found that proton radiation dose-
dependently reduced blood vessel formation in tissues [ 34]. Clinical studies also indicate an
inhibition of angiogenesis by protons, the incidence of iris neovascularization in tissue of
patients with uveal melanomas who had been irradiated with protons was investigated. 8 of 11
cases had incidence of neovascularization in the part of the iris tissue that did not receive proton

irradiation, while neovascularization was not detected in areas receiving proton irradiation [ 35].



Taken together these results demonstrate that unlike photons, which stimulate angiogenesis, low
LET protons at relatively low doses are potent inhibitors. They represent a hazard in the space
environment but may be an advantage in radiotherapy.

High LET radiation and angiogenesis

Studies on the effect of high LET charged particles are scarce due to limited access to the few
facilities with colliders that can produce them. Most studies using high LET particles (and many
low LET studies) have been carried out at the NASA Space Radiation Laboratory (NSRL), at
Brookhaven National Laboratory (BNL) in Upton, New York.

With a higher LET these charged particles would be expected to be even more potent than low
LET protons. However, our studies using human vessel models showed this not to be the case.
Although the Fe ions were much more effective than low LET protons at disrupting the structure
of mature vessel cultures, they were only as equally efficient at inhibiting vasculogenesis. As for
low LET protons, 40 cGy was sufficient to cause 50% inhibition and 80 cGy was sufficient for a
full effect. In another study, the particles were more effective. Exposure to carbon ions at the
energy used in radiotherapy, a lower dose (10 cGy) of radiation inhibits developing vessel
models and cell migration using ECV304 cells, a spontaneously transformed human endothelial
cell line [ 36]. In an animal study, the effects of high LET Fe ions on mouse hippocampal
microvessels was examined, and it was found that a dose as low as 50 cGy resulted in a loss of
endothelial cells 1 year after irradiation [ 37].

Although the high LET particles clearly inhibit angiogenesis, they would be expected to be more
effective than low LET particles if one follows the idea that higher LET leads to a more powerful
biological effect, yet this is not the case. One possibility is that the low LET-mediated inhibition
of angiogenesis is unusually potent because it is a separate type of inhibition. We have recently
resolved this question by showing that low LET and high LET charged particles inhibit
vasculogenesis by distinct mechanisms [ 12]. Clues came from differences in the final
morphology of vessel cultures exposed to each type of radiation compared to the control
cultures. Cells exposed to Fe ions extended narrow cellular processes and made connections to
other cells but did not develop a central lumen whereas cells exposed to protons failed to make
connections with other cells, cellular processes extended short distances into the gel matrix and
terminated in a dead end (Figure 1). Further studies determined that each type of particle was
inhibiting different stages of vessel growth. In the case of protons, the inhibition involves the
regulation of PKC-dependent motile tips leading to a failure of cellular processes to migrate
through the matrix, form guidance tunnels, and meet up with other cell processes. In the case of
Fe ions, inhibition does not involve the blockage of motile tip activity since these structures are
not affected. Instead, the cells fail to form widened tunnels in the matrix and lumen-containing
tubular structures at the later stages of vasculogenesis. Figure 1

Exposure to protons and Fe ions results in distinct morphologies of mature 3-Dimensional vessel
models.24 hours after HUVEC were seeded into matrices they were exposed to 1Gy of each type
of particle radiation and then cultured for a further 5 days until vessel structures had formed.
Fixed cultures were stained for all protein material (DTAF — green) and nuclei (Propidium Iodide
—red and imaging as yellow). Images are 10 slices 2 um apart projected onto a single plane. A,
Control HUVEC culture shows vessels with lumens that have formed a connecting network. B,
Cultures exposed to 1 Gy Fe ions formed a network but vessels are often thinner without lumens
(arrow). C, Cultures exposed to 1 Gy protons fail to form a network and vessels terminate in a

dead end (arrow). Bar = 100 um. From Grabham et al., 2013 [ 12].

The effect of high LET charged particles is distinct from that of low LET protons, there are two
separate mechanisms whereby charged particles inhibit vessel growth according to the physical
properties of the particle.



Conclusions

In summary, the effects of ionizing radiations on angiogenesis are more complex than might be
expected. There are now at least three distinct ways in which radiation can affect vessel growth.
1) The photons of electromagnetic radiations stimulate vessel growth at least in part, by causing
the increased expression of angiogenic factors. 2) Low LET charged particles like protons inhibit
angiogenesis by an unknown mechanism although decreased expression of angiogenic factors
and reduced motile tip activity is implicated. 3) High LET heavy ions like Fe ions also inhibit
angiogenesis by an unknown mechanism that affects the later stages of tubulogenesis. This
complexity of response opens up possibilities of greater control over angiogenesis and the
resulting pathologies during coincident exposure or therapy. For exposure in space, knowledge of
these mechanisms will enable more precise risk assessment and mitigation strategies. For
radiotherapy, treatment could be manipulated to utilize the radiation effectively. In addition,
effectiveness can be increased further when used in the right combination of anti-angiogenic
drugs. Further research in this field should contribute to a great improvement in these strategies.
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