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Virus irradiation has been performed for many decades for basic research studies,
sterilization, and vaccine development. The COVID-19 outbreak is currently causing
an enormous effort worldwide for finding a vaccine against coronavirus. High doses
of y-rays can be used for the development of vaccines that exploit inactivated virus.
This technique has been gradually replaced by more practical methods, in particular the
use of chemicals, but irradiation remains a simple and effective method used in some
cases. The technique employed for inactivating a virus has an impact on its ability to
induce an adaptive immune response able to confer effective protection. We propose
here that accelerated heavy ions can be used to inactivate SARS-CoV-2 viruses with
small damage to the spike proteins of the envelope and can then provide an intact virion
for vaccine development.
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INTRODUCTION

The coronavirus disease in 2019 (COVID-19), caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [1], is an unprecedented health emergency in this century. The
World Health Organization declared COVID-19 a pandemic in March 2020. From the start of
the pandemic to August 2020, over 22 million cases have been reported worldwide, resulting in
over 780,000 casualties. Lacking effective antiviral drugs, the rush to develop an effective vaccine is
enormous [2, 3], with over 100 vaccines in pre-clinical evaluation and 10 already in clinical trials [4].

There are several techniques in use to find the most effective vaccine against SARS-CoV-2,
including innovative RNA vaccines, viral vector-, or protein-based vaccines [5]. However, the
conventional method of using weakened or inactivated viruses is still avidly pursued and has
produced some of the most promising vaccines under test [6, 7].

Techniques for virus inactivation are both chemical and physical, the latter including heat, UV,
and ionizing radiation (usually y-rays). The method used for inactivation is important, because
the damage to the epitopes will reduce the efficacy of the vaccine. Several studies have measured
the impact of different chemical and physical methods on the efficacy of the inactivated virus
[8-10]. Chemicals, such as formaldehyde, hydrogen peroxide, binary ethylenimine derivatives, or
B-propiolactone, are very practical but can damage the envelope protein and leave toxic residuals.
Gamma radiation is therefore still considered a very safe and effective method [11] as shown in
many recent reports [12-16].
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VIRUS RADIOBIOLOGY

Inactivation of virus by radiation has been studied for over
a century [17-19]. Virus radiosensitivity is lower when the
irradiation is performed in growth medium compared to water
and strongly depends on the size of the virion envelope [20, 21].
Viruses are lacking enzymes and are therefore unable to repair
any damage in their nucleic acids. These simple targets are
therefore the perfect objects to test the target theory of radiation
action, introduced by Lea [22]. According to the target theory,
the hit probability P for N targets to be hit »n times by radiation
—~ (rD)f

follows the Poisson distribution:
n—1 N
_ _ ,—vD
pP= |:1 e Z k! i|
k=0

where v is the target volume and D the radiation dose. In the
simple case of N = n = 1, the equation is reduced to the simple
single-hit-single-target model:

S = eva — e*O’F

where F = D-LET is the fluence (in particles/cm?), LET the
radiation linear energy transfer (in MeV-cm?/g, often expressed
in keV/pwm in water), and o = v/LET is the inactivation cross-
section (in cm?). The target theory cannot describe cellular
repair effect but is perfectly able to describe the inactivation

of the viruses. The survival curves are in fact always linear
(in logarithmic scale), and assuming a given energy for the
inactivation event, the volume v can be calculated from the
slope. Using charged particles, the inactivation cross-section can
provide the area of the sensible target, under the assumption
that every traversal is lethal [23, 24]. Figure1 shows typical
survival curves of viruses, whereas in Figure2, we report
the inactivation cross-section as a function of LET. The
inactivation of the virus is caused by the damage to the
nucleic acid, either RNA or DNA. A single-strand break (for
single-stranded virus) or a double-strand break is generally
sufficient to make the product of the viral nucleic acid not
viable. An additional source of inactivation is the damage to
the capsid, that can lead to release of the DNA (or RNA)
from the viral envelope (Figure 3). Even at high doses, however,
this mechanism is less important than direct damage to the
DNA [25].

For high-energy heavy ions, part of the inactivation can derive
from the high-energy electrons emitted along the tracks (3-rays—
see Figure 4). Virus targets were instrumental for the elaboration
of the first amorphous track structure models of radiation by
Robert Katz [26], where the radial dose is assumed to decrease as
r~2 by increasing the distance r from the primary ion track. In the
single-hit-single-target model, the inactivation cross-section for
heavy ions can be written as a product of the geometrical cross-
section times the inactivation probability (1 - S), dependent on
the distance r from the track:
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FIGURE 1 | Virus radiosensitivity. Survival of different viruses to X- or y-rays is plotted vs. the dose (in kGy) for different viruses. C16 bacteriophage [19] is larger
(50-70 nm) compared to the S13 [18] and T1 [23] bacteriophages and to the foot-and-mouth-disease picornavirus (FMDV) [21].
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FIGURE 2 | Inactivation efficiency increases with LET. Inactivation cross-section of the bacteriophage T1 plotted vs. the particle LET (in keV/m in water) following
exposure to different heavy ions (He, C, O, F, Ne, and A). Data points combined from references [23, 24]; the line is a guide for the eye.
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FIGURE 3 | Images of radiation-induced damage in virus. The photo shows

the bacteriophage T4 irradiated with protons (details in Ref. [25]). Black heads
retain the DNA, and white heads have lost the molecule, which is seen flowing
out of the envelope in some viruses. Electron microscope photograph from the
Tandem accelerator of the University Federico Il, Naples, Italy, courtesy of Prof.

Gianfranco Grossi.
R
_ Db
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where D(r) is the radial dose, Dy is the mean lethal dose (derived
from experiments with y- or X-rays), and R is the maximum

track radius (i.e., the range of the 8-rays with maximum energy).
The calculation of o requires several parameters to estimate the
radial dose D(r) and the mean inactivation dose Dy from y-ray
experiments. The results of the Katz’ model for dry enzymes and
viruses are in good agreement with experimental data [27].

Based on the Katz theory, Liu et al. [28] derived a
simple analytical expression for the inactivation cross-sections
of viruses:

2 R
o = Ar ln—2 +B
o

2
ﬂfDZ is the distance from the track corresponding

to the y-ray mea101 dose level Dy, z is the ion effective charge,
B is the ion velocity, R is the maximum track radius, C is a
constant depending on the absorbing medium, and A and B
are two free parameters. Using A = 3.88 and B = 0.753, the
authors fitted very well the published results [28], showing that
ion radiosensitivity of viruses can be accurately predicted from
the y-ray radiosensitivity.

A modified version of the amorphous track structure is still
used today in treatment planning for heavy ion therapy in cancer
patients [29].

where 12 = C

RADIATION AND VACCINES

Beyond the basic radiobiology applications, irradiation of viruses
was, since the beginning, used for vaccine development [30].
Despite the fact that the use of chemicals often requires extensive
and time-consuming downstream processing in order to detoxify
them, it has gradually overcome y-ray sterilization, as it can
easily be applied under good manufacturing practice (GMP)
conditions. For instance, influenza viruses of the seasonal flu split
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or subunit vaccines are inactivated using chemical agents, such
as formaldehyde [14]. However, the efficacy of these vaccines
usually reaches only 60-70%, and even less in the elderly (~20-
30%) [31]. This might be also in part explained by a negative
impact of the chemicals on viral surface antigenic structures that
are the targets of the human immune system for the elicitation
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FIGURE 4 | Track structure and virus. Simulation with the TRAX Monte Carlo
code of a 1 GeV/n %Fe-ions in water. Each black dot represents an ionization
event. The track is seen exiting from the plane in bird’s eye view. Axes are
spatial coordinates in wm from the track center. The red spheres give the
approximate size of the coronavirus.

of a protective response. In this regard, y-irradiated influenza
vaccines seem to be more effective not only at stimulating
strong antigen-specific antibody production but also at priming
cross-reactive cytotoxic T cells, thereby protecting mice against
a heterologous influenza virus [32]. Similar results have been
observed using gamma radiation for the development of vaccine
prototypes against HIV [33], Ebola [12], rotavirus [16], and
polio [34].

However, high doses of y-rays also cause damage to the
surface molecules. Radioprotectors can be used to limit this
damage [34, 35], but they can also protect the nucleic acids,
and therefore the net advantage is dubious. Even if there is not
a clear evidence that y-rays provide a better-quality inactivated
virus than chemical methods, there is an increasing demand of
these radiation sources to produce inactivated virus with reduced
damage to surface antigenic proteins and no requirements to
remove chemical compounds after inactivation [36].

CHARGED PARTICLES FOR VACCINE
DEVELOPMENT

A new strategy to reduce the epitope damage while maintaining
lesions to the nucleic acids can be the use of a different radiation
quality. Electrons produced with linacs are commonly used
for sterilization of materials [37]. High-energy electrons were
soon used for virus inactivation as replacement of ®°Co y-
ray sources [38] and until recently for food sterilization [39].
More recently, low-energy electrons have been explored because
they present limited radioprotection problems and can be used
in GMP laboratories. A beam of 200-keV electrons maintains
the antigenic properties in several inactivated virus [40]. A
Monte Carlo simulation of SARS-CoV-2 virus has shown that
best results in terms of reduced damage to the spike proteins
would be obtained with 2-keV electrons [41]. However, the main
drawback of low-energy electrons is their limited range (in water,

FIGURE 5 | High- and low-LET radiation for virus inactivation. Schematic representation of the action of sparsely and densely ionizing radiation on SARS-CoV-2. High
doses of y-rays can inactivate the virus, but will damage many membrane proteins, whereas single (or few) heavy ion traversals will produce limited membrane
damage while maintaining a high inactivation probability. Sparing of membrane epitopes is essential to elicit the immune response toward vaccine generation.

Heavy ions
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FIGURE 6 | Simulated ratio of damages to membrane and nucleic acids.
Geant4-DNA simulation of the ratio of the damages to spike proteins and RNA
(P/R ratio) for radiation of different LET (in keV/wm in water). The curve
provides only the trend as a function of the LET alone, the actual points
showing the complex dependence from the velocity and charge can be found
in reference [42].

~0.45 mm at 200 keV and ~0.2 um at 2 keV), which makes it
impossible to process large volumes of pathogen suspensions as
necessary for vaccine manufacturing.

High-energy heavy ions (Figure4) have instead long
penetration distances and reduced attenuation compared to
y-rays and electrons. Compared to sparsely ionizing radiation,
they can inactivate the virus with very limited damage to
membrane epitopes, because a single high-LET ion can severely
damage the nucleic acid but will touch the virus envelope only
in the point of entrance and exit (Figure 5). The effectiveness
in inactivation per unit dose is lower for particles compared
to y-rays, but the effectiveness per particle traversal increases
with LET (Figure 2). For this very reason, we have recently
performed a Monte Carlo calculation to evaluate the possible
use of heavy ions for the production of SARS-CoV-2 vaccine
[42]. The Geant4-DNA extension [43-46] of the Geant4 Monte-
Carlo toolkit [47-49] was used to simulate ionizing particle
tracks and energy deposition inside the SARS-CoV-2 model.
We focused on the ratio of the damage to the spike proteins
(SARS-CoV-2 epitope) [50] and strand breaks in the ~30-kbp
single-stranded viral RNA. We will call this protein/RNA
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