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Abstract

Purpose of Review Traveling through deep space raises chal-
lenges to biological systems that have not been fully appreci-
ated or addressed. In addition to the lack of gravity, the space
environment includes exposure to charged remnants of super-
nova explosions beyond our solar system that travels with
enormous velocities and energies, called HZE (high atomic
number Z and energy E) particles and have the potential to
disrupt chemical bonds within the human body though ioni-
zation. As a process, the collision of charged particles with
matter is not new to physicists and biologists on Earth, and we
have extensive data on low-linear energy transfer (LET) ion-
izing radiation from both accidental and deliberate exposures,
dating back to the discovery of radioactive isotopes by
Madame Curie. One of the primary morbidities associated
with radiation exposure is the challenge to the hematopoietic
system. The purpose of the current review is to discuss some
of the basic tenants of hierarchical tissue systems by elaborat-
ing the effects of radiation damage to the hematopoietic stem
cell and how terrestrial radiation and space radiation differ.
Recent Findings The last few decades of research in the field
of space radiation, which consists of high-LET ions of “He,
2c, 16O, 28gi, 48Ti, and >°Fe, and low-LET protons, have
shown that there is a significantly more deleterious impact
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on the hematopoietic system by the high-LET ions compared
to protons, X-rays, and y-rays. Ground-based high-LET radi-
ation experiments have shown not only in vitro and in vivo
adverse effects on hematopoietic stem cells, but also that hu-
man leukemia can be induced in humanized mouse models.
Summary High-LET space radiation is more lethal to hema-
topoietic stem cells compared to low-LET radiation, but fur-
ther research is required in order to understand the impact of
high-LET radiation on hematopoietic malignancies. Most of
the ground-based studies, because of technical difficulties and
cost issues, have been carried out at high dose rates with only
one ion species at a time. What remains to be clearly de-
scribed, however, is the potential damage to the hematopoietic
system from exposure to the more complex types of radiation
at low dose rates that will occur during space travel and how
space agencies can sufficiently protect our astronauts.
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Introduction

Since the dawn of space exploration, the National Aeronautics
and Space Administration (NASA) and other space agencies
around the world have wondered how far in deep space
humans can go, survive, and still return to earth safely.
NASA’s manned missions to the moon landed the first
humans on the surface in 1969. However, more than 45 years
have passed since those initial triumphs, and we have not yet
returned to the moon or sent humans beyond our celestial
partner. NASA’s next ambitious manned missions includes
sending astronauts to the moon and eventually Mars and back,
a journey that will take roughly 2 to 3 years including time on


mailto:scott.welford@case.edu
http://crossmark.crossref.org/dialog/?doi=10.1007/s40778-017-0104-6&domain=pdf

Curr Stem Cell Rep (2017) 3:312-319

313

the surface for research purposes, significantly longer than the
10-day journeys of the Apollo missions and beyond the pro-
tection afforded by the Earth’s magnetosphere. Long-term
space travel requires a deeper understanding of the effects of
the space environment on human physiology, which can be
affected by factors such as microgravity, environmental con-
straints, and emotional stress. Only through pushing our pri-
marily earth-based experimental models to the extreme can we
begin to gain insight into how we will fare so far from home.
One of the major underappreciated health concerns for the
long-term deep-space missions is the exposure to space radi-
ation. While there are highly accurate predictions of the types
and doses of radiation in deep space from various Mars-bound
vehicles, we currently have a poor understanding of how ex-
posure to it will influence human health directly, and thus, we
lack of a predictable health risk model for deep-space en-
deavors. Space radiation consists of a broad spectrum of
low- and high-linear energy transfer (LET) radiations coming
from galactic cosmic radiation (GCR), solar energetic parti-
cles (SEP) emitted from the sun itself, and trapped energetic
particles in the Van Allen radiation belts [1-3]. GCR are com-
posed of high-energy protons (85%), helium ions (14%), and
nuclei of heavier elements such as '°C, %0, *°Ne, 23S, 4°Ca,
“8T4, and >°Fe ions, called HZE (high atomic number Z and
energy F) particles (1%) [4]. SEPs and trapped energetic par-
ticles in the Van Allen radiation belts include low- to medium-
energy protons and electrons [4]. Astronauts on the
International Space Station (ISS) travel below and through
the Van Allen belts and are generally protected from SEPs
and most of the GCR by the magnetic field of the earth and
to a lesser extent by the extensive shielding materials on the
station itself, which can absorb lower energy protons and
charged particles. However, astronauts on deep-space mis-
sions will be challenged by GCR and SEP radiation, occasion-
al solar weather changes in the form of fairly high dose rate
solar particle events (SPEs), and the Van Allen radiation belts
as they travel beyond low earth orbit with only the spacecraft
hull and contents to shield them [5]. Despite the low frequency
of HZE ions, contributing to only 1% of GCR, HZE ions
deliver about 1-2 mSv whole-body dose per day and have
dense ionization patterns such that they are the main contrib-
utor to risk from space radiation [4, 6]. Therefore, the deep-
space environment includes radiation exposure to HZE parti-
cles that we as a species have not endured, but will need to
resolve before a 2—3-year-exposure during a Mars mission.
The most extensive data on the devastating effects of low-
LET radiation on human health were derived from individuals
exposed to the atomic bomb explosions in Hiroshima and
Nagasaki in 1945. Two of the most sensitive organ systems have
proven to be the hematopoietic and the gastrointestinal systems,
with dose being the most discriminating factor between onset
and severity of the two. Analysis of survivors of the immediate
bomb blasts have found that the majority of ionizing radiation

(IR)-related deaths were associated with hematopoietic failure
caused by total body irradiation (TBI), including individuals
who received doses between 2.5-5 Gy [7-9]. For long-term
survivors, increased cancer risk has become a significant cause
of death, with leukemia having the highest relative risk of any
malignancy [10]. However, studies have shown that high-LET
radiations typical of the GCR are more damaging than low-LET
radiations such as X-rays or y-rays, and thus, risk prediction
models for astronaut health effects need to be adjusted [11°].
The major space radiation-associated health risks that have been
identified in various experimental models here on Earth using
ground-based particle accelerator facilities are degenerative
damage to various organ systems (including the circulatory sys-
tem, central nervous system, and bone, muscle, and cartilage
microarchitecture), cataract formation, and genetic mutations
and cancer, which are all thought to occur in the relatively
low-dose environment of space [5]. Various studies have been
carried out using mouse models of carcinogenesis to understand
the types of cancers that might occur in humans in response to
HZE ion exposure, such as mammary tumor, melanoma, hepa-
tocellular carcinoma, intestinal colorectal cancer, and leukemia
[12—14]. The radiosensitive nature of the hematopoietic system
makes it a crucial target for investigating the impact of high-
LET irradiation in animal models in order to extrapolate the risk
to human in the space radiation environment. A better under-
standing of the harmful impact of space radiation will also allow
us to design appropriately targeted radioprotectors, mitigators,
and novel shielding designs and materials to protect astronauts
for future deep-space missions. This review includes recent find-
ings of the harmful impact of high-LET IR on hematopoietic
stem cells (HSCs), along with an overview of what has been
learned over recent decades of investigation into HSC mainte-
nance and the effects of low- and high-LET radiations.

Bone Marrow Niche and HSC Homeostasis

Hematopoietic stem cells generate billions of cells every day
throughout the life of an organism via the orchestrated pro-
cesses of proliferation, self-renewal, and differentiation into
functional blood cells [15—-18]. Internal and external stresses
continuously threaten HSC integrity, and accumulation of ge-
netic instability could lead to either stem cell failure or hema-
topoietic malignancies. HSCs remain largely quiescent, effec-
tively minimizing endogenous stress caused by cellular respi-
ration and DNA replication processes [19]. When forced to
enter a proliferative state, the health of HSCs depends on
factors and cellular players in the bone marrow (BM) niche,
including perivascular cells, endothelial cells, osteoblasts,
macrophages, and sympathetic nerves [20, 21]. HSC homeo-
stasis is affected by niche signaling, niche location, HSC stress
and regeneration after injury, and even aging. Therefore, he-
matopoiesis is a tightly controlled process occurring in the
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marrow microenvironment that controls HSC potency and
ultimately organismal health [22]. However, HSC homeosta-
sis is governed by many molecular pathways that have been
discovered over recent decades and will not be discussed here,
as they have been reviewed by others [23, 24].

Over the life of an organism, HSCs are continuously chal-
lenged by various stresses such as oxidation, hypoxia, inflam-
mation, and terrestrial radiation, which is composed of ~ 55%
of high-LET-charged particles from radon and its decay prog-
eny [25]. Thus, understanding normal hematopoietic homeo-
stasis and responses to these exogenous stressors can inform
about how HSC will tolerate space radiation. In the context of
cancer therapy, it is well appreciated that therapeutic radiation
is used in the treatment of a broad spectrum of cancers includ-
ing hematopoietic malignancies such as leukemia or lympho-
ma, and can also lead to bone marrow injury [15]. From a
radiobiology perspective, many laboratory studies have
shown that the hematopoietic system is the most radiosensi-
tive, and damage caused by IR may lead to hematopoietic
dysfunction or malignancies [8]. In addition, damage to the
HSCs themselves or damage to the supportive BM niche cells
could lead to altered HSC repopulation and bone marrow
vascularization, exacerbating the harmful impact of IR [26,
27]. Collectively, many years of clinical experience and labo-
ratory research have shown that IR is one of the major
stressors for the hematopoietic system by inducing genomic
instability leading to stem cell defects.

Hematopoietic Stem Cell Injuries Caused
by Low-LET Ionizing Irradiation

Low-LET IR contains enough energy to remove tightly bound
electrons from the orbits of atoms, causing ionization of target
materials including biological ones. IR can disrupt the struc-
ture and function of DNA, lipids, and proteins and can lead to
functional changes that may cause cell cycle arrest, senes-
cence, malignant transformation, or even cell death.
Ionization of DNA is particularly worrisome because it can
cause DNA single- and double-stranded breaks, DNA-DNA
and DNA-protein crosslinks, and oxidized base and sugar
damages, which if unrepaired or misrepaired may lead to the
accumulation of mutations that will have lasting effects. IR
damage occurs through both direct and indirect mechanisms
by deposition of energy into DNA itself and by the hydrolysis
of nearby water molecules that produces free radicals such as
hydroxyl radicals, superoxide anions, hydrogen peroxide, and
others, which in turn can chemically alter DNA and chromatin
proteins in the near vicinity. IR-induced damage does lead to a
hematopoietic malignancy in humans, typically acute and
chronic myeloid leukemias [28—-30]. Apart from HSC malig-
nancies, IR exposure can also increase risk of local and sys-
temic infections, anemias, and potentially even susceptibility
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to other cancer through compromised immune function [31].
Therefore, elucidating mechanisms of IR-induced HSC injury
are important to understand the susceptible nature of hemato-
poietic system. Several processes have been identified to have
arole in IR-induced HSC injury, including [1] reduction in the
number of HSCs due to apoptosis, senescence, or differentia-
tion and [2] damage to the niche microenvironment affecting
niche signaling [32-34]. IR is a potent activator of apoptosis
and studies have shown that modulating the expression levels
of a key anti-apoptotic protein, BCL-2, can protect the hema-
topoietic compartment against radiation-induced HSC death
[35, 36]. Moreover, recent studies have investigated the role of
Puma, pro-apoptotic BH3-only protein, and have shown that it
plays a crucial role in IR-induced HSC apoptosis [37, 38].

Radiation also affects differentiation of HSCs, and a recent
study has shown that exposure to IR depletes HSCs by boosting
their differentiation into the lymphoid lineage [39]. In the early
1960s, it was demonstrated that human diploid fibroblasts have
a limited growth efficacy due to finite length of telomeres that
function to “cap” the end of chromosomes [40, 41]. The first
evidence of senescence in hematopoietic stem cells was ob-
served in Bmil "~ mice where knockout mice developed pro-
gressive BM hypoplasia leading to early death [42, 43]. In fact,
the study has shown that IR treatment induces senescence
in vitro and in vivo with increased expression of SA-B-gal,
pl6, and Arf [33, 34]. Radiation-induced senescence is a well-
described process that relates to production of reactive oxygen
species (ROS) in fibroblasts and is likely also highly relevant in
the HSC setting [44—46]. In fact, it was found that ataxia-
telangiectasia-mutated (ATM ") mice exhibited progressive
failure of hematopoietic function attributed to premature senes-
cence due to increased production of ROS [46]. Finally, studies
have also shown that IR not only affects HSCs directly, but also
induces significant BM stroma (including fibroblasts) injury in a
time- and dose-dependent manner [47-49]. Collectively, these
data suggest that HSC would be quite sensitive to IR damage
due to exposure to space radiation.

Protecting humans from IR exposure that causes stem cell
damage and HSC damage in particular is a significant chal-
lenge. To date, many studies have focused on designing bio-
markers that can predict long-term radiation injuries and as-
sess the efficacy of chemical radioprotectors (delivered prior
to exposure) and mitigators (delivered post-exposure) that
could significantly minimize damage. Antioxidants, such as
N-acetyl cysteine (NAC), have demonstrated utility in
preventing low-LET proton-induced BM failure by reducing
ROS levels in a mouse model [50]. Resveratrol has also
shown reducing the effects of IR by acting as a strong antiox-
idant and a potent activator of Sirtuinl (Sirtl) in mice [51].
Amifostine is a well-studied radioprotector in pre-clinical and
clinical settings but has significant side effects making it im-
practical for human use [52]. In general, antioxidants are a part
of an important regimen to reduce the effects of exposure to
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low-LET ionizing radiation. However, antioxidants are not
likely to be a sufficient strategy on their own to protect astro-
nauts from space radiation because of the different nature of
high-LET radiation-induced damage.

SPE and GCR Impact on Hematopoietic
Stem/Progenitor Cells

On the journey to Mars, every cell in an astronaut’s body will
be hit by low- and medium-energy 'H ions (protons) approx-
imately every 3—4 days, “He nuclei every few weeks, and
HZE particles every few months [5]. Radiation exposure from
these sources during spaceflight could have profound short-
and long-term negative impacts on human physiology includ-
ing morbidity/mortality in astronauts [1, 53, 54]. Unlike low-
LET photon-based radiations such as X- and gamma rays,
high-LET radiations such as HZE particles deposit a large
amount of energy in a very small distance (the penumbra)
from the particle core through energy depositions by the ion
itself and large numbers of so-called delta-ray electrons
ejected along its path. These highly localized energy deposi-
tions can create patterns of complex or clustered DNA damage
consisting of multiple base modifications, single-strand
breaks, and double-strand breaks within a few helical DNA
turns [55, 56]. The complexity of clustered DNA damage
increases with increasing Z of HZE particles, rendering
DNA repair even more difficult [1]. Unrepaired DNA damage
in HSCs is thought capable of inducing either clonogenic
death or substantial genomic instability leading to cancer.
Therefore, it is crucial to study the effect of HZE particles
on HSCs and their functionality in order to better understand
the health risks associated with space travel.

NASA has the goal of generating risk models for space travel
that limit the risk of mortality by cancer to a 3% overall increase
[1]. We have established that the human hematopoietic system is
highly sensitive to the development of leukemia and lympho-
mas from exposure to low-LET sparsely ionizing X- and y-rays,
which are a well-known outcome in the A-bomb survivors.
Protons, which are the most frequent IR species in the SEP
and GCR fields in space, are charged particles that have similar
LET values to y-rays, making them an important ion species to
study the risk associated with space travel under the general
hypothesis that information gleaned from terrestrial radiation
sources would be applicable. Many studies have been carried
out to compare the effects of different energy protons on exper-
imental cell and animal models including effects of TBI proton
exposure on the hematopoietic system, using cesium-137 or
cobalt-60 gamma rays as reference standard radiations.
Simulated SPE protons at a dose of 0.5 or 1 Gy have shown
significant increased chromosomal aberration in lymphocytes
up to 2 months post-exposure compared to untreated mice
[57]. C57BL/6J mice exposed to 1 Gy of 150 MeV 'H

irradiation showed substantial BM injury resulting in significant
lower frequency of HSCs long term after whole-body exposure
[58]. Sequential exposure to protons (1 GeV) and heavy ion
such as *°Fe ions (1 GeV/n) showed significant deleterious
in vitro impact on HSC colony formation [59+¢]. These studies
imply that despite their similar LET values, protons likely have
increased potential for short- and long-term harmful impacts to
human hematopoietic system.

Though much lower in frequency than protons, the GCR
field is also composed of low-LET “He nuclei and nuclei of
lighter elements such as 12¢, 10, 2%Ne, and %Si with LET
values ~ 10-fold higher than protons whose effects are poorly
understood regarding impact on the hematopoietic stem cell
population. The growing interest and investment in heavy ion
(hadron) radiotherapy such as '*C ion therapy for cancer treat-
ment also demands careful determination of HZE ion effects
on normal physiology. Heavy ion radiotherapy takes advan-
tage of the Bragg curve of the charged particle, which de-
scribes the relationship of energy delivered versus distance,
to deliver highly localized doses precisely to a tumor at the
particle’s so-called Bragg peak, thereby limiting exposure to
the normal tissue beyond the target arca. However, the effect
of heavy ion exposure on normal circulating HSC or in the
marrow within the treatment field could in theory lead to DNA
damage and even malignant development. Thus, there is sig-
nificant justification for understanding the effects of hadrons
on the HSC on normal tissues as well.

CD34" stem cells from human placental/umbilical cord
blood exposed in vitro to carbon ion (290 MeV/n) at 0.5 or
1.5 Gy dose inflict severe damage to clonal growth of myeloid
hematopoietic stem/progenitor cells (HSPCs) compared to
low-LET X-rays [60]. The short- and long-term impact of
HZE particles on the hematopoietic system was also studied
recently in a rodent model. Acute effects of a 1 Gy TBI '°0
ion irradiation (600 MeV/n) on C57BL/6J mice showed a
significant decrease in peripheral blood cells at 2 weeks that
was correlated with substantial reduction in HSPC clonogenic
potential in an in vitro assay compared to sham-irradiated
controls [61]. Epigenetic changes, such as DNA methylation,
are known to align with HSC lineage commitment and can
demonstrate changes after significant cellular stress and even
correlate with carcinogenesis [13, 62, 63]. Exposure of CBA/
Cal mice to doses less than 0.5 Gy of 283 jons (300 MeV/n)
resulted in an increased chromosomal aberrations and a global
inhibition of 5-hydroxymethylcytosine in HSPCs 6 months
postirradiation compared to sham controls [64e°].
Furthermore, it was also shown that whole-body 2831 ion ex-
posure in CBA/Cal mice caused significantly higher levels of
apoptotic cell death and inflammatory response in BM cells
6 months post-exposure compared to sham-irradiated mice
[65]. These findings suggest that medium-LET HZE particle
irradiation has short- and long-term effects on HSCs and like
high LET HZE ions, which are beginning to demonstrate
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some unpredicted changes to HSC biology compared to stan-
dard X- and gamma-ray radiation.

Studies have also been carried out in animal models to
understand the effects of high-LET HZE particles (**Ti and
%Fe ions) on HSCs. Proteomic profiling of murine HSPCs
after exposure to “*Ti jons (1 GeV/n) identified networks re-
lated to cancer, hematological disorders, and immunological
diseases by Ingenuity Pathway Analysis (IPA) 6 months post-
irradiation [66]. One of the most biologically significant com-
ponents of health risks from GCR exposures in space are *°Fe
ions. Even though their frequency in the GCR field is minor,
the overall dose equivalent resulting from exposure to *°Fe
ions constitutes almost 25% of the total dose equivalent due
to GCR [67]. Mice exposed to 0.4 Gy of *°Fe ions (600 MeV/
n) showed persistent and significant changes in epigenetic
status, including DNA methylation patterns, in HSPCs com-
pared to terminally differentiated BM cells [68¢].
Chromosomal damage in bone marrow cells collected from
CBA/CaJ mice showed that *’Fe ion (1000 GeV/n) exposure
resulted in higher frequencies of chromosomal exchanges and
breaks compared to y-rays [69]. Studies have also demonstrat-
ed that whole-body *°Fe ion irradiation cause leukemia and
lymphoma in mice [13, 70]. In addition, studies in humanized
mouse models, which have the significant advantage of
assessing the effects on human HSCs in an in vivo setting,
showed that 20 cGy of **Fe ions (1 GeV/n) could reproduc-
ibly result in the development of human T cell acute lympho-
blastic leukemia (T-ALL) 6—9 months post-transplant [59e].
Remarkably, this is the first example of HZE ion-induced
human leukemia. Collectively, the findings suggest that
high-LET radiation that will confront astronauts during
deep-space missions can also significantly lead to hematopoi-
etic dysfunction or malignancies.

Despite continuous improvements in spacecraft-shielding
materials and designs, exposure to SEPs and GCR cannot be
completely eliminated by adding more spacecraft shielding due
to the simple issue of weight limitation. The thickness of the
spacecraft required to fully shield against all incident radiation
would not be practically possible and becomes complicated by
the fact that GCR ions result in fragmentation of the hull mate-
rials and can deliver similar cumulative doses inside the space-
craft by multiple secondary fragments typically with high-LET
values as well [71, 72]. Traditional antioxidants have shown to
be moderately useful in minimizing the harmful effects of low-
LET IR on humans and could also be useful as an adjunct
therapy to minimize cell damages created by the low-LET delta
rays coming off of HZE particles core. However high-LET-
charged particles themselves create higher levels of direct dam-
age to DNA (in addition to indirect damage by delta rays) by
generating clustered DNA lesions that makes antioxidant strat-
egies less effective. Apart from shielding and antioxidants, one
recent study has shown that a single dose of the steroid hormone
androstenediol (A® androsten-3f3, 17B-diol [AED]) could
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ameliorate hematopoietic injury caused by 3 Gy of *°Fe
(1 GeV/n) ion exposure in a mouse model [73]. Beyond this
exciting initial story, with an incompletely defined mechanism,
the effects of GCR on the hematopoietic system remain a sig-
nificant concern for space travel. Cumulatively, these studies
have shown that low- and high-LET charged particles in the
space radiation environment are more damaging to hematopoi-
etic stem/progenitor cells than low-LET X- and gamma radia-
tions and further investigation is necessary in order to design
better strategies to keep astronauts healthy during and well after
they return from deep-space missions.

Conclusion

The nature of human curiosity and technology of the twenty-
first century has brought us to a place where traveling into
deep space is no longer an unreachable dream. Human space
exploration has the potential to open up new avenues for dis-
coveries that will eventually benefit all of society.
Government space agencies and private companies around
the world are working towards a shared goal that includes
human-based deep-space missions in the near future, includ-
ing plans to send astronauts back to the moon and to Mars by
2030, feats which are not only limited by significant technical
challenges but also by concerns of human health over the 2—3-
year journey and for the remainder of lives of the astronauts
back on earth. We as a species have not lived or traveled in
deep space to understand the health challenges that we will
encounter during the Mars mission. However, the moon mis-
sions and ISS missions have given us some insight into health
risks associated with traveling into deep space and that IR
exposure and its effects are principal among them. So far,
many decades of research with IR has shown its harmful ef-
fects on almost every organ system in human biology with the
hematopoietic system in particular being one of the most vul-
nerable. While recent research has shown the adverse effects
of low- and high-LET-charged particle radiation on HSCs, we
have not yet developed a precise, quantitative, risk-assessment
model that can be used to determine health risks associated
with long-term space travel beyond low earth orbit. One of the
reasons for not achieving this goal is the cost and technical
difficulties associated in replicating the exact space radiation
conditions on earth for experimental purposes. So far, ground-
based space radiation experiments have been carried out at
high dose rates with either a single ion species, or sequential
exposure to limited different ions. However, we know that
during space explorations, astronauts will be exposed to a
broad spectrum of different ions at different energies at any
given time point with a cumulative dose rate in mSv/day.
These facts suggest that future studies should focus on under-
standing the impact of low dose rate and mixed ion irradiation
on the hematopoietic system. Therefore, extensive research of
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the space radiation effects on HSCs will not only assess the
dangers of space travel, but also help to design better strategies
to protect astronauts during and after deep-space missions.
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