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Abstract

Purpose—The effects of radiation +/— hypogravity on immunologic function were investigated
using the Partial Weight Suspension (PWS) model (Wagner et al. 2010).

Materials and methods—Mice were exposed to 0.5, 1, or 2 Gray (Gy) dose of gamma
radiation and then placed in the PWS system for 4, 24, 48 hours, or 4 days. Spleens were excised
and white blood cells were prepared for flow cytometry analyses.

Results—The combination of PWS + radiation (1 and 2 Gy doses only) resulted in decreased cell
viability at the 24 h (~16% decrease), 48 h (~20% decrease), and 4 day (~20% decrease) time
points, compared to the PWS (no radiation) and no treatment (hon-suspended, non-irradiated)
groups. The T lymphocyte (thymus-derived) population increased by ~10% (24 h, 48 h, and 4 day
time points), while the B lymphocyte (bursal or bone marrow-derived) population decreased by
~10% (at all time points examined), when mice were exposed to PWS + radiation (2 Gy dose
only), compared to the PWS or no treatment groups. T cell activation was observed in the PWS
group and the 0.5 Gy +/- PWS groups at the 4 and 24 h time points, compared to the no treatment
group. However, T cell activation was significantly suppressed (~85%) at the acute time points in
the 2 Gy +/- PWS groups, comparable to the no treatment group.

Conclusions—Ionizing radiation in the absence and presence of simulated hypogravity results
in acute lymphocyte dysfunction and compromised immune response.
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Introduction

Space radiation exposure in a reduced gravity environment is expected to induce
physiological changes that hinder human health during long-duration space flight or
interplanetary travel. Variable lymphocyte responses after space flight or exposure to
simulated microgravity have been reported (Cogoli et al. 1984, Nash et al. 1991, Sonnenfeld
and Shearer 2002, Wei et al. 2003). Additionally, ionizing radiation is known to induce
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changes in hematological parameters such as peripheral leukocyte viability, lymphocyte
counts and function (Wambi et al. 2008, 2009) as well as splenic leukocyte counts and
function (Shearer et al. 2005).

Lymphocytes are critical regulators of innate and adaptive immunity. The T (thymus-
derived) lymphocyte subtype, also called T cells, express the surface antigen CD3 (CD
standing for cluster of differentiation), and is primarily involved in fighting infection, while
the B (bursal or bone marrow-derived) lymphocyte subtype (or B cells, expressing surface
antigen CD19) is primarily involved with antibody production. Lymphopenia has been
reported in both astronauts and rodents upon return from space missions (Lange et al. 1985,
Taylor et al. 1986, Kajioka et al. 1999, Pecaut et al. 2003). Isolated lymphocytes have been
shown to be dysfunctional, with a decreased response to mitogen activation, decreased
cytokine production, and alterations in gene expression in response to radiation doses which
could occur during space-flight (Gridley et al. 2009). Hughes-Fulford’s group
(Boonyaratanakornkit et al. 2005) investigated gravity-dependent genes and pathways /n
vitroin a random positioning machine that simulated microgravity exposure, and reported
reduced expression of genes involved in the pathway of T cell activation.

Consistent with the literature on the effects of ionizing radiation on lymphocyte counts,
reports on lymphocyte counts after space flight or simulated microgravity experiments have
indicated a similar decrease in lymphocyte counts. For example, upon landing, rat splenic
and peripheral blood lymphocyte numbers were decreased after a nine day space flight
mission, along with decreased CD4+, CD8+, and B cells (Allebban et al. 1994). CD4 is
expressed by T helper cells and CD8 is expressed by cytotoxic T cells. Using a hindlimb
unloading system for mice, Wei et al. (2003) demonstrated that all CD4+, CD8+, and B cell
splenocytes continually decrease at the 2-day, 4-day, and 10-day time points observed.
Alternatively, significant increases in total leukocyte percentages, including CD4+
lymphocytes and B lymphocytes, were observed in the peripheral blood of astronauts after
4-16 days in space flight, while the CD 8+ lymphocyte number were not altered (Mills et al.
2001). While there are conflicting reports on lymphocyte subtype and subset changes in
response to space flight, more consistent reports on lymphocyte activation and function are
available. These effects have been associated with potentially important clinical effects,
including depressed mitogen-induced T cell activation (Cogoli et al. 1984, Nash and Mastro
1992, Shearer et al. 2005), reduced antibody response to bacteriophage immunization
(Shearer et al. 2009), reduced delayed-type hypersensitivity to antigens (Taylor 1993), and
decreased expression of genes involved in the T cell activation pathway (Gridley et al. 2009,
Hughes-Fulford et al. 2005).

Ground studies investigating weightlessness are commonly performed in rodents utilizing
hindlimb or tail suspension, providing full unloading of the animals’ hindquarters. Recently,
the Partial Weight Suspension (PWS) system has been established for simulating partial
weightbearing such as that expected on the moon (Wagner et al. 2010). The expected gravity
on the moon is 1/6 that on Earth. Therefore, the PWS system enables the subject to apply
16% of its body weight in a quadrupedal-loading fashion, as opposed to the traditional tail
suspension model in which there is full unloading of the subject’ s hindlimbs and 50% of the
body weight is applied to the forelimbs (Morey-Holton and Globus 2002). It is now clear
that the impact of both microgravity and radiation on the immune system could significantly
affect astronaut health, especially when considered in the context of the space flight
environment, which includes other stressors (e.g., psychological stress and sleep disruption).
In the studies reported here, we sought to investigate the effects of partial weightbearing,
with and without radiation exposure, on lymphocyte subtypes and subsets. We hypothesized
that moderate doses of radiation in combination with partial weightbearing would
compromise the subtype populations and the integrity of splenic lymphocytes.
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Materials and methods

Animals

Female ICR (Imprinting Control Region) mice (Taconic Farms, Inc., Hudson, NY, USA) 6—
8 weeks of age were group-housed in standard laboratory vivarium caging with ad libitum
access to both food and water for at least 24 h. Animals were randomly assigned into
treatment groups. On the first day of acclimation to the custom built PWS cages, previously
described by Wagner et al. (2010), all mice were anesthetized and placed in a forelimb
‘jacket’ to enable later suspension. The jackets were made of moleskin, providing flexibility,
and secured by velcro. A separate group of mice were not anesthetized because they were
not subjected to the forelimb jacket. This group of mice was compared separately to the
jacket-bearing mice. All mice were singly-housed and acclimated to the cages and the jacket
for 3 days. All groups started with five animals each, but due to self-inflicted tail injuries or
animals freeing themselves from the jackets, group sizes stabilized such that the sample size
was 3-5 animals/group. All procedures were approved by the Institutional Animal Care and
Use Committee of the University of Pennsylvania, Philadelphia, PA, USA.

Radiation and PWS

A total of 12 experiments were performed (three radiation doses x 4 time points). Non-
anesthetized, animals (in jackets) were exposed to whole body gamma irradiation (J.L.
Sheperd Mark I, Model 30, Cesium-137 irradiator, Nordion, Ottowa, ON, Canada) at a dose
rate of 0.45 Gy/min or were sham-irradiated on day 0. All animals were immediately placed
in their respective cages, either fully weightbearing or suspended at 16% weightbearing.
Jacketed controls were pair-fed according to the previous day’s average consumption of the
PWS mice. The designated experimental end-points were 4 hours (4 h), 24 h, 48 h, and 4
days (4 d) after dosing. A separate group of jacketed controls were harvested at each time
point.

At the completion of each study, animals were euthanized by carbon dioxide asphyxiation.
Cardiac blood was collected for complete blood count (CBC) analyses by Antech
Diagnostics (Lake Success, NY, USA); these data will be reported separately (Wilson, J. et
al. unpublished data).

Spleens were excised at the time of euthanasia and prepared for flow cytometry. Briefly, a
single cell suspension was prepared by teasing the spleen apart with the plunger of a syringe
in a Petri dish containing staining buffer (eBiosciences, San Diego, CA, USA). The cell
suspension was passed through a cell strainer to remove debris. Total spleen cells were
collected by centrifugation and erythrocytes were lysed using Lysis buffer (eBiosciences).
The Lysis buffer was neutralized with the addition of phosphate buffered saline and
leukocytes were counted using a Z Series Coulter Counter (Beckman Coulter, Inc., Brea,
CA, USA).

Flow cytometry

Cells were washed with staining buffer (eBiosciences), and incubated with purified anti-
mouse CD16/32 to block non-specific Fc receptor binding. Three separate tubes were
prepared for cell surface phenotyping. The first tube was a cocktail of anti-CD3
(phycoerythrin [PE]-conjugated), anti-CD4 (allophycocyanin [APC]-conjugated), anti-CD8
(flourescein [FITC]-conjugated), and anti-CD69 (peridinin chlorophyll 5.5 [PerCP-Cy5.5]-
conjugated). The second tube was a cocktail of anti-CD3 (PE-conjugated) and anti-CD19
(FITC-conjugated). All antibodies were purchased from eBiosciences. The last tube
contained propidium iodide (Sigma-Aldrich, St Louis, MO, USA) to discriminate viable vs.
dead cells. Cells were stained in the dark at 4°C for 30 min. with subsequent washes of
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staining buffer. Cells were analyzed on a FACSCalibur (BD Biosciences, San Jose, CA,
USA) with Cell-Quest Pro software (BD Biosciences) and further analyzed using FlowJo
Analysis Software (Tree Star Inc., Ashland, OR, USA). A total of 10,000 events were
collected.

Statistical analyses

Results

All histograms represent the average percentage of stained cells +/- standard deviation.
One-way analysis of variance (ANOVA) with Tukey’ s Multiple Comparison Test was used
to determine whether there were statistically significant differences between treatment
groups. Differences were considered significant at p < 0.05.

Non-jacketed versus jacketed controls

Forelimb jacketed animals were compared to non-jacketed animals. For all endpoints
studied here, lymphocyte viability, lymphocyte subtype and subset populations, and T cell
activation (4 and 24 h timepoints only), the differences observed for the animals wearing the
forelimb jackets versus the animals not wearing the jackets were not statistically significant
(data not shown). Therefore, the radiation treatments +/-= PWS groups were compared to the
jacketed control group or the PWS control group. The non-jacketed animals were not
included in the following data analyses.

Lymphocyte viability

The total live lymphocyte population was detected by propidium iodide (PI) staining in the
animals exposed to gamma irradiation (or sham-irradiation) and subsequently placed in the
PWS system. The normal weightbearing animals (jacketed controls), were either gamma or
sham-irradiated, and subsequently placed in the PWS caging system with no suspension. Pl
intercalates in double-stranded nucleic acids. It is excluded by viable cells but can penetrate
cell membranes of dying or dead cells. At the 4 h time point, lymphocyte viability was
increased in animals exposed to 0.5 Gy +/- PWS and 2 Gy +/- PWS, when compared to
PWS alone (Figure 1). At the 24 h and 4 day time points, lymphocyte counts decreased
significantly in the 1 Gy +/- PWS and 2 Gy +/- PWS groups compared to the PWS (no
radiation) group (Figure 1). Cell viability was significantly decreased in the 2 Gy + PWS
group at the 48 h time point, compared to PWS alone, while at the 4 day time point,
decreases in cell viability were observed in the 1 Gy + PWS and the 2 Gy +/- PWS groups
(Figure 1).

Lymphocyte subtypes

The T lymphocyte population was measured by CD3 surface expression. The T lymphocyte
population was increased in a statistically significant manner by 24 h after exposure to
combined radiation and PWS (2 Gy + PWS group only) compared to PWS alone and
compared to the 2 Gy radiation group alone (Figure 2). Surface expression was up-regulated
at the 48 h and 4 day time points in response to the 2 Gy + PWS treatment. The statistically
significant increase in expression of CD3 on lymphocytes was observed after 2 Gy radiation
exposure alone at the 4 day time point, when compared to PWS alone (Figure 2), suggesting
that at later time points, lymphocyte sensitivity to radiation plus AND minus PWS is
increased. No changes in CD3 expression (T lymphocyte population) were observed in the
groups receiving 0.5 or 1 Gy +/- PWS.

The B lymphocyte population was measured by CD19 surface expression in all groups of
mice exposed to PWS alone, or in combination with radiation. CD19 expression was
decreased in a statistically significant manner by 4 h after the combined treatment of the 2
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Gy dose of radiation exposure + PWS, compared to PWS group and the 2 Gy group (without
suspension, Figure 3). This was observed at the 24 h time point. At the 48 h time point, the 2
Gy + PWS was decreased in a statistically significant manner compared to PWS, but not
compared to the 2 Gy group (without suspension), suggesting that lymphocyte populations
are more sensitive at the later time points when mice are exposed to radiation alone and in
combination with PWS.

T cell activation

To determine whether the combined effect of radiation + PWS treatment affected T cell
activation, the Very Early Activation (VEA) marker, also known as surface marker CD69,
was monitored in the T lymphocyte subtype population. Activation of T cells rapidly up-
regulates the surface expression of CD69 and the maximum percentage of CD69 + cells was
observed within 3 days of lymphocyte activation (Simms and Ellis 1996). In our system,
CD69 expression was not detectable at the 4 day time point. T cells became activated when
the animals were exposed to the PWS system alone for 4 and 24 h, suggesting that stress
occurred in these animals during the early time points, compared to the non-suspended,
jacketed controls (*, Figure 4). CD69 expression was upregulated in the 0.5 Gy +/- PWS
and the 1.0 Gy +/- PWS groups at the 4 h time point, compared to the jacketed controls (*,
Figure 4). At the 24 h time point, the upregulation of CD69 expression was not observed in
the 1 Gy +/- PWS or the 2 Gy +/- PWS groups, compared to the jacketed controls. These
data indicate a compromised immune response at the early time points in response to the
selected doses of radiation with and without PWS exposure.

Discussion

Using the Partial Weight Suspension (PWS) system in the absence and presence of ionizing
radiation, we have characterized the effects of partial weightbearing in combination with
radiation exposure on splenic lymphocytes. We have found that the splenic lymphocyte
population and T lymphocyte activation are compromised at the moderate doses of 1 and 2
Gy gamma radiation in the absence and presence of PWS.

Here we show that total splenic lymphocyte viability is decreased following acute exposure
to ionizing radiation in combination with PWS in what appears to be a dose-dependent
manner (Figure 1). From the mice exposed to the 2 Gy dose of radiation and PWS, it is
apparent that viability remains suppressed over the time points observed in this study, out to
4 days (Figure 2). We also observed a shift in lymphocyte subtype and subset after the
combination treatment of radiation and PWS in only the 2 Gy +/- PWS groups (Figures 2
and 3). We did not, however, observe any significant changes in the T lymphocyte subset
populations (data not shown). This may be due to the lymphoid organ studied, as others
report inconsistent fluctuations in CD4:CD8 ratios and percentages. For example, Meehan et
al. (1992) reported no changes in the number of CD4+ or CD8+ blood cells in astronauts
when comparing the pre-flight percentages to the post-landing percentages (3 days total
flight), while Gridley et al. (2002) reported a decrease in blood and splenic CD4+ and CD8+
cells at 4 days post space-relevantradiation exposure and Wei et al. (2003) report decreased
CDA4+ and CD8+ cells in the spleen and thymus of rodents subjected to hindlimb unloading
for 2 days.

The detection of the early activation marker CD69 using fluorescence-activated cell sorting
has been postulated as a simpler, faster, and safer assessment of T-cell function than the
traditional [2H]-thymidine (tritium labeled) incorporation or in vitro mitogen-activated
proliferation (Maino et al. 1995). We report that all T cells express CD69 within the first 24
hours of mice being exposed to the PWS system (Figure 4). This acute activation of T cells
suggests an initial period of increased stress, presumably from the suspension. The higher
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doses of radiation exposure (1 and 2 Gy) with and without PWS exposure do not result in an
increase in T cell activation, as was observed in the 0.5 Gy dose of radiation with and
without PWS groups and in the PWS group, indicating that the higher doses of radiation
may hinder T cell activation.

Previously, we reported a significant loss in total lymphocytes in peripheral blood in animals
exposed to 1 Gy of X-ray irradiation (Wambi et al. 2008) or 1 Gy of proton irradiation
(Wambi et al. 2009), at 4 and 24 h after total body irradiation. Furthermore, Gridley et al.
(2002) report a significant decrease in splenic lymphocytes on day 4 after a 2 Gy dose of
irradiation with iron ions in mice. They also report a significant change in the CD4:CD8
ratio in spleen and blood at this time point.

This is the first report of a ground-based partial weight-bearing system used in combination
with radiation exposure to assess changes in splenic lymphocyte populations. These data
indicate that moderate doses of gamma radiation in the presence of an acute reduced
weightbearing environment can produce deleterious effects on lymphocyte population and
function. These changes may contribute to a compromised immune system during space
flight and should be explored in greater detail, particularly within other lymphoid organs to
fully characterize lymphocyte distribution and dysfunction.
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Figure 1.

Acute exposure to the PWS system +/-— gamma radiation alters lymphocyte viability.
Radiation + PWS exposure at the 4 hour time point results in a brief increase in lymphocyte
viability when compared to the PWS group and the Jacketed control group, particularly at
the 0.5 Gy and 2 Gy doses +/— PWS (*). At the 24 hour time point, the 1 Gy and 2 Gy doses
of radiation +/— PWS result in a significant decrease in lymphocyte viability, when
compared to the PWS and Jacket, no PWS groups (*). The differences between the results
for the 1 Gy + PWS group compared to those from the 1 Gy dose group are statistically
significant (#). At the 48 hour time point, only the 2 Gy + PWS group results in a
statistically significant decrease in viability when compared to the PWS and Jacket, no PWS
groups. At the 4 day time point, the 2 Gy +/— PWS groups, as well as the 1 Gy + PWS group
result in significant decreases in cell viability when compared to the PWS and Jacket, no
PWS groups (*). Also at this time point, the differences in the results for the 1 Gy + PWS
group compared to the results from the 1 Gy dose group are statistically significant (#).
Error bars indicate standard deviation for 7= 3-5.
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Figure 2.

Acute exposure to PWS in combination with gamma radiation up-regulates CD3 expression
at the 2 Gy dose. No statistically significant changes in CD3 expression are observed at the
0.5 Gy and 1 Gy dose of radiation +/- PWS. 2 Gy gamma radiation + PWS exposure
induces CD3 expression up to 4 days of the combination treatment. Only at the 24 hour time
point, is the 2 Gy + PWS significantly increased, compared to radiation alone (2 Gy,
denoted by #). At the 48 hour and 4 day time points, there is a statistically significant
increase in CD3 expression with 2 Gy + PWS, compared to Jacket, no PWS (*).
Additionally, only at the 4 day time point there is a statistically significant increase with the
2 Gy dose of radiation when compared to the jacketed controls with no PWS (*). Error bars
indicate the standard deviation for 7= 3-5.
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Figure 3.

Gamma radiation + PWS exposure decreases CD19 expression at all time points of the
combination treatment. The 2 Gy + PWS treatment results in a statistically significant
decrease in CD19 surface expression all time points, compared to the PWS group (*). Only
at the 4 and 24 hour time points is the 2 Gy + PWS group significantly different from the 2
Gy group (#). Additionally, the 2 Gy dose of radiation alone resulted in a statistically
significant reduction of CD19 expression, when compared to PWS alone at the 4 day time
point. Error bars indicate the standard deviation for 7= 3-5.
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Figure4.

Acute T cell activation is suppressed in animals exposed to the combination of 2 Gy
radiation +/= PWS (4 hour time point) and both 1 and 2 Gy +/- PWS (24 hour time point).
CD69 + surface expression is increased in a statistically significant manner in the 0.5 Gy +/-
PWS groups (at both time points) and the 1.0 Gy +/- PWS groups (only at the 4 hour time
point), compared to the jacketed, no PWS group (*). The suppression in T cell activation
indicates that the moderate dose of radiation alone, and in combination with PWS exposure,
compromised T lymphocyte activation. Error bars indicate standard deviation for 7= 3-5.
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