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RESEARCH ARTICLE

Effects of 60-day bed rest with and without exercise on
cellular and humoral immunological parameters

Paula Hoff">%, Daniel L Belavy’rs, Dorte Huscher'?, Annemarie Langl’2’4, Martin Hahne'>*,
Anne-Kathrin Kuhlmeyl’z, Patrick Maschmeyerl’z, Gabriele Armbrecht®, Rudolf Fitzner’,

Frank H Perschel’®, Timo Gaber">%, Gerd-Riidiger Burmester', Rainer H Straub’, Dieter Felsenberg3
and Frank Buttgereit">°

Exercise at regular intervals is assumed to have a positive effect on immune functions. Conversely, after spaceflight and
under simulated weightlessness (e.g., bed rest), immune functions can be suppressed. We aimed to assess the effects of
simulated weightlessness (Second Berlin BedRest Study; BBR2-2) on immunological parameters and to investigate the
effect of exercise (resistive exercise with and without vibration) on these changes. Twenty-four physically and mentally
healthy male volunteers (20-45 years) performed resistive vibration exercise (n=7), resistance exercise without vibration
(n=8) or no exercise (n=9) within 60 days of bed rest. Blood samples were taken 2 days before bed rest, on days 19 and
60 of bed rest. Composition of immune cells was analyzed by flow cytometry. Cytokines and neuroendocrine parameters
were analyzed by Luminex technology and ELISA/RIA in plasma. General changes over time were identified by paired
t-test, and exercise-dependent effects by pairwise repeated measurements (analysis of variance (ANOVA)). With all
subjects pooled, the number of granulocytes, natural killer T cells, hematopoietic stem cells and CD45RA and CD25
co-expressing T cells increased and the number of monocytes decreased significantly during the study; the concentration
of eotaxin decreased significantly. Different impacts of exercise were seen for lymphocytes, B cells, especially the IgD*
subpopulation of B cells and the concentrations of IP-10, RANTES and DHEA-S. We conclude that prolonged bed rest
significantly impacts immune cell populations and cytokine concentrations. Exercise was able to specifically influence
different immunological parameters. In summary, our data fit the hypothesis of immunoprotection by exercise and may
point toward even superior effects by resistive vibration exercise.
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INTRODUCTION

investigate the impact of inactivity and exercise on the immune

Physical activity and inactivity can have an impact on the
immune system.'™ However, it is necessary to perform con-
trolled studies to understand the potential mechanisms of
impact on the immune system. Prolonged bed rest in healthy
individuals is a methodology used by space agencies to simu-
late the effects of spaceflight on the human body and to trial
exercise countermeasures against these changes in a controlled
fashion.>™” Prolonged bed rest also represents strict, control-
led, physical inactivity and presents a novel methodology to

system.

There are some findings available from previous work on the
immune system in bed rest and related environments, such as
spaceflight.® Earlier studies have shown a change in cytokine
production/secretion like increases in soluble tumor necrosis
factor-a-receptor levels in an untrained control group during
bed rest, or the increased secretion of cytokines such as IL-1, IL-
2, IL-10 and elevated C reactive protein concentrations.” ™2
Shearer and co-workers’ found an increased IL-1-receptor
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antagonist concentration in the human exercise group, which
is an indicator for anti-inflammatory effects of training. Several
other bed rest studies in fact did not find any changes in the
concentrations of IL-6 or IL-1p."*7"7

Moreover, bed rest alters neuroendocrine-immune factors
in human individuals. Several studies showed an increased or
decreased plasma cortisol level depending on the duration of
bed rest."®? The levels of epinephrine and norepinephrine
were increased in control and intervention groups in a study
of Kanikowska and colleagues.”” Yet another bed rest study
showed an increase in noradrenalin, dopamine, adrenocor-
ticotropic hormone, growth hormone, prolactin levels and
decreased expression of interferon (IFN)-y during and after
bed rest.'” Further bed rest studies did not show any change
or a decrease in serum growth hormone levels.”’~** Prior work
has shown conflicting results with increases,*” decreases*>*” or
no change'”*® in testosterone levels during bed rest. A better
understanding of the interplay between nervous, endocrine
and immune systems under bed rest conditions is needed, since
these systems are critically involved not only in the patho-
physiology of chronic inflammatory diseases, but also in regu-
lating energy metabolism and long-term disease sequelae.*

With respect to cellular immunity, bed rest does affect sub-
populations of white blood cells. Previous studies have demon-
strated that natural killer (NK) cells were seen to decrease in
number.'>'*>"” The number and proliferation of lymphocytes
has been shown to decrease in bed rest.'”?® CD3™ T cells and
monocytes indicated a decreased level in bed rest.'* The number
of stimulated CD4 " T cells decreased and the number of stimu-
lated CD8" T cells increased in a study of Uchakin and co-
workers.'>** This might contribute to virus reactivation.”®>

In this regard, it is important to find out more about num-
bers and functions of subpopulations of leukocytes in order to
better understand immune processes during bed rest. This was
the main motivation behind the current work. The Second
Berlin Bed Rest Study (BBR2-2) provided the opportunity to
carry out this analysis.”® Furthermore, this study also evaluated
two types of exercise during bed rest in comparison to the
inactive control group. Previous work has shown that white
blood cell counts remained stable in a group that underwent a
short-arm centrifuge exercise 30 min each day during bed rest
but increased in the inactive control group.20 Therefore, as a
secondary aim, we examined the impact of exercises conducted
in the current study on sub-populations of leukocytes and the
concentrations of cytokines, chemokines and neuroendocrine
factors known to impact immune system functions.

In summary, we hypothesize that bed rest (simulating
weightlessness) has an impact on numbers of subpopulations
of leukocytes and concentrations of immune and neuroendo-
crine factors. Additionally, we consider that regular exercise
during bed rest/immobilization/space flights positively influ-
ences immune function. Furthermore, we also hypothesize that
the resistance vibration exercise should be more effective also in
regard to an improvement of immune functions, as it is known
that this is superior when compared to conventional resistance
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exercise, e.g., in terms of more effective muscle building and
bone density.® The BBR2-2 study was designed for the invest-
igation of effects primarily on bone and muscles. In this con-
nection, we were able to analyze immune parameters. The small
numbers of each group of participants are unfortunately not in
favor of making a really clear point about the effects of the two
kinds of exercise. This is reason enough to define this study as a
data mining approach; we consider it is a matter of utmost
importance to carry out especially careful observations in
respect to confounders in our statistical analysis.

MATERIALS AND METHODS

Bed rest protocol, countermeasure exercise protocol and
subject characteristics

Twenty-four medically and psychologically healthy males par-
ticipated in the BBR2-2 (Table 1). The study protocol is dis-
cussed in detail elsewhere.’® In brief, subjects attended the
facility for the baseline data collection (BDC) from nine days
prior to a 60-day 6° head-down tilt (HDT) bed rest period and
remained in the facility for a 7-day post-bed rest observation
period. For logistical reasons, six subjects completed the 60-day
bed rest phase at a time, resulting in four ‘cohorts’. The first
cohort started in September 2007 and the last cohort ended in
August 2008. During the HDT phase, subjects performed all
hygiene activities in the HDT position. A detailed list of exclu-
sion criteria is given elsewhere.>® However, exclusion criteria
specifically relevant to the current investigations were current
smokers (more than 10 cigarettes per day before bed rest) or
those not willing to cease smoking for the duration of the study
(the status as a former smoker was considered to be a confoun-
der in our statistical analysis (Supplementary Table 1), regular
medication use, current or chronic illness, any metabolic, hor-
mone, cardiovascular disorder, any addictions, any allergies
and current high-level sport participation. Body weight, urine
production, intake of fluids and body temperature were mon-
itored. For successful completion of all aspects of the study,
subjects received a royalty of 8000 EUR. For completion of only
a part of the tests, remuneration was reduced according to a
fixed schedule.”” The study was approved by the ethical com-
mittee of the Charité Universititsmedizin Berlin. All subjects
gave their informed written consent prior to participation in
the study.

Subjects were randomized into three different groups: one
that performed resistive exercises with whole-body vibration
during bed rest (RVE; n=7), one that performed resistive exer-
cise only (RE; n=8), and one that performed no exercise and
thus served as a control group (CTR; n=9).

Furthermore, an additional non-bed rest group was tested as
a control for selected parameters at the same intervals such as
those of the subjects within the BBR2-2 study. In this non-bed
rest group, ten men followed their normal daily activities with-
out any immobilization (please see subject characteristics in
Supplementary Table 2).

The countermeasure exercise protocol is discussed in detail
elsewhere.*® In brief, exercise maneuvers targeted those load-
bearing regions of the body where most bone and muscle
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Table 1 Baseline anthropometric characteristics
Subject group Age (years) Weight (kg) Height (cm) Body mass index (kg/m2)
Inactive control (n=9) 33.1(7.8) 80.6 (5.2) 181.3 (6.0) 24.6(2.2)
Resistive exercise only (n=8) 31.1(5.1) 75.0(12.8) 179.3(7.7) 23.2(2.3)
Resistive exercise with whole- 32.2(10.4) 81.5(6.2) 179.6 (5.8) 25.3(1.6)

body vibration (n=7)

Values are mean (SD). No significant differences between groups were found (P>0.11).

activities are lost during bed rest (i.e., lower-quadrant and lum-
bar region). The training program was designed as a high load
resistive exercise training program to achieve muscle hyper-
trophy.>* A single set regime was chosen to minimize exercise
time. Training was performed 3 days a week during the HDT
phase. The subject lay in the HDT posture on a sliding back rest
with padded shoulder restraints. The feet were positioned on
the foot plate and force was also transmitted via the shoulder
restraint to the shoulders. A pneumatic system generated the
required pressure. The force levels were monitored via sensors
in the foot plate. In the vibration group, additional force was
generated via side-alternating movement of the foot plate. After
a short warm-up, the following four exercises were performed
on the Galileo Space exercise device (Novotec Medical GmbH,
Pforzheim, Germany): (i) bilateral leg press (about 75%—-80%
of pre-bed rest maximum voluntary contraction; in the RVE
group, vibration frequency=24 Hz, amplitude 3.5-4 mm, peak
acceleration ~8.7¢ where g=9.81 m/s); (ii) single leg heel raises
(~1.3 times body weight; in the RVE group, vibration
frequency=26 Hz, amplitude 3.5-4 mm, peak acceleration
~10.29); (iii) double leg heel raises (~1.8 times body weight;
in the RVE group, vibration frequency=26 Hz, amplitude 3.5
4 mm, peak acceleration ~10.2¢); and (iv) back and forefoot
raise (performing hip and lumbar spine extension against grav-
ity with ankle dorsiflexion but with ~1.5 times body weight
applied at the shoulders; in the RVE group: vibration
frequency=16 Hz, amplitude 3.5-4 mm, acceleration ~3.9g).
The RVE group performed the same exercises as the RE group
did except that whole body vibration was applied (see Ref. 33
for more details on the countermeasure protocol). Loading
levels were increased by 5% when the subject could perform
12 repetitions of the exercise in two consecutive sessions. Note
that that acceleration stated refers to the acceleration of the
platform itself; effective accelerations on the subject are much
lower and depend on subject position and muscle stiffness. The
maximum ground reaction forces thereby transmitted to the
feet of the subjects result in an effective acceleration at the feet
in the order of 0.7¢ (unpublished observations).

The samples incorporated in of the BBR2-2 study were also
intended to yield information on bone mineral content.”® As a
priority in this investigation, we looked at immune cell popu-
lations. Since there appears to be only limited data available on
the variables examined here with countermeasures during bed
rest, it is difficult to carry out a definite analysis for the whole
current study. Thus, we consider the current work to be an
exploratory study concerning the effect of the exercise counter-
measures on immune system changes during bed rest.

Group dropouts’>

One subject (RVE) decided to leave the study on HDT1 and
was replaced with a stand-by subject. This stand-by subject
underwent the same duration of bed rest, but his bed rest phase
began 4 days after that of the other subjects. Also, another
subject was randomized to the RVE group, but felt unable to
perform the exercise programs in HDT due to exercise-induced
headaches.” A medical consultant assessed the subject and
decided that the subject could not take part in the RVE group,
but could still continue as a CTR subject. Another subject from
the RE group withdrew from the study at HDT30 for medical
reasons.”® Thus, the CTR group comprised nine subjects, the
RE group eight (up to HDT30, then seven afterwards) and the
RVE group seven.

Blood sample collection and handling

Peripheral blood samples for various analyses were collected at
multiple time points during the study. As the current work is an
exploratory study, and not only the flow cytometry but also
multiplex suspension arrays are expensive analyses, we have
chosen to analyze only three time points: one time point before
bed rest (BDC-2), one time point during bed rest (HDT19) and
one time point at the end of bed rest (HDT60). Blood was
collected in Lithium Heparin tubes (BD Biosciences,
Heidelberg, Germany) at the same time of day (7:00-8:00
a.m.) to avoid circadian influences. Subsequently, the blood
samples were centrifuged and plasma and cell pellets were sepa-
rated. Plasma samples were frozen and stored at —80°C prior to
a batch cytokine analysis. The cells (containing leukocytes and
erythrocytes) were incubated in erythrocyte lysis buffer (0.01 M
KHCO3,0.155 M NH,Cl, 0.1 mM EDTA, pH 7.5) for 6 min at 4
°C and washed with PBS/BSA. The leukocytes obtained were
filtered through a MACS pre-separation filter (30 um; Miltenyi
Biotech, Bergisch Gladbach, Germany). Additionally, a whole
fresh blood count was conducted in a standardized laboratory
fashion (standard values: leukocytes 3.9-10.5/nl, neutrophils
1.5-7.7/nl, lymphocytes 1.1-4.5/nl and monocytes 0.1-0.9/nl).

Flow cytometric analysis

To block unspecific bindings, the cell suspension was treated
with human IgG (Grifols, Los Angeles, CA, USA). Flebogamma
contains IgGs of different specifities: it is a mix of average IgG,
66.6%, IgG, 28.5%, IgG; 2.7% and. IgG, 2.2%. Stainings
(incubation for ten min at four °C followed by washing with
PBS/BSA) were performed with the following anti-human anti-
bodies: anti-CD3-Pacific blue (UCHT1), anti-CD4-APC-Cy7
(RPA-T4), anti-CD25-FITC (M-A251), anti-CD56-PE-Cy7
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(B159), anti-CD19-APC (HIB19), anti-CD34-FITC (581), anti-
CD14-PE (M5E2), anti-CD16-PE-Cy5 (3G8), anti-IgD-PE (IA6-
2) (all from BD Biosciences), anti-CD45RA-APC (MEM-56) and
anti-CD8-Pacific-Orange (3B5) (all from Caltag Laboratories,
Hamburg, Germany). Acquisition and analysis were performed
using a LSR II cytometer (BD Biosciences, Heidelberg, Germany)
and FlowJo software (Tree Star, Ashland, Oregon, USA). The
following gating strategy is additionally explained in the
Supplementary Figure 1. Debris and dead cells were excluded
from the analysis in order to ensure the analysis of only live cells.
Then the granulocyte and lymphocyte gates were defined via size
and granularity. The monocyte gate was additionally defined by
the expression of CD14. The CD34 " cells were gated within the
mononuclear gate. The following gates were defined within the
lymphocyte gate according to the expression of antigens: CD3™"
cells, CD3"CD4" cells, CD3"CD8" cells, CD3 CD19" cells,
CD37CD56" cells and CD3"CD56" cells. Within the
CD3"CD4" population, the following subpopulations were
gated: CD45RA™, CD45RA-CD25" and CD45RA"CD25".
Within the CD3"CD8™ population, the CD45RA™ subpopula-
tion was gated. After the percentage analysis, the cell counts were
calculated on the basis of the leukocyte count conducted in the
routine hospital laboratory undergoing regular quality controls.

Quantification of cytokine concentrations

The concentrations of IL-1f, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, IFN-7y, IFN-y-induced
protein 10 kD (CXCL10, IP-10), tumor necrosis factor-a,, IL-1
receptor antagonist, monocyte chemotactic protein-1, macro-
phage inflammatory protein loo (CCL3), MIP-18 (CCLA4),
eotaxin-1 (CCL11), basic fibroblast growth factor, platelet-
derived growth factor, vascular endothelial growth factor,
granulocyte colony-stimulating factor, granulocyte macro-
phage colony-stimulating factor and RANTES (regulated upon
activation normal T-cell expressed and secreted, CCL5) were all
quantified in plasma samples by use of a multiplex suspension
array (Bio-Rad Laboratories, Munich, Germany) according to
the manufacturer’s instructions. Data acquisition was con-
ducted using the Bio-Plex suspension system.

Quantification of neuroendocrine variables

The concentrations of 17-OH-progesterone, 17-B-estradiol,
free testosterone, adrenocorticotropic hormone, dehydroe-
piandrosterone (DHEA), DHEA sulphate (DHEA-S), neuro-
peptide Y (all from IBL, Hamburg, Germany) and cortisol
(DSL, Webster, Texas, USA) were quantified in plasma samples
by ELISA/RIA according to the manufacturer’s instructions as
described previously.”®

Statistical analyses
Due to the mass of variables and data, a data-mining approach
was used:

1. For each dependent variable, the data were analyzed for all
subjects pooled as to whether or not there was a significant
change during bed rest (simple paired t-tests HDT19 versus
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BDC-2, HDT60 versus BDC-2 and HDT19 versus HDT60).
The data are shown as box plots.

2. A repeated measure analysis of variance (ANOVA) was car-
ried out in order to identify the impact of ‘exercise’ (CTR wvs.
RE+RVE and CTR vs. RE vs. RVE) on change during bed
rest controlling for confounding by subject age, body mass
index (BMI), ‘cohort’ (first, second, third or fourth), smoker
before bed rest and interactions between these parameters.

3. Where ‘exercise’ or the interaction of ‘exercise’ with other
confounders were significant on repeated measures
(ANOVA) (CTR vs. RE vs. RVE), additional repeated mea-
sures (ANOVA) comparing individual groups (i.e., CTR
versus RE, CTR versus RVE and RE versus RVE) were per-
formed to determine which exercise group(s) generated
differing effects. The data are shown as box plots.

An alpha level of 0.05 was considered to be statistically sig-
nificant. For analysis 1, for each variable alpha level adjustment
was done for the three parallel tests by making use of simple
Bonferroni correction. Statistical tests were performed using
IBM SPSS Statistics (version 19; IBM, Armonk, NY, USA).

RESULTS

Time-dependent impact of immobilization (all training
groups pooled)

In order to increase the sample size to evaluate the effects of
immobilization, we first pooled the data of all subjects analyzed.
Several immune parameters showed changes between the time
points analyzed in the pooled group of all subjects (Figures 1
and 2). Granulocyte numbers increased during bed rest from
two days before baseline data collection to 60 days of HDT
(P<0.05, Figure 1a). CD14" monocyte numbers decreased ini-
tially from BDC-2 to HDT19 (P<<0.05, Figure 1b). The number
of CD34™ human stem cells increased significantly from BDC-2
to HDT60 (P<0.01, Figure 1c). CD3"CD56" NK T cells rose
from HDT19 to HDT60 thus being also significantly increased
when compared to BDC-2 and HDT60 (P<<0.01, respectively,
Figure 1d). The number of CD45RA*CD25°CD3"CD4" T
cells increased from 2 days before baseline data collection to
day 19 (P<<0.05) and to day 60 (BDC-2 vs. day 60, P<<0.01,
Figure 1e). The concentration of eotaxin decreased from day 19
to day 60 (P<<0.05, Figure 2). All other immune parameters
analyzed did not show statistical differences between the time
points with all subjects pooled.

Furthermore, we performed an additional analysis of
selected parameters within a non-bed rest group. In regard to
all parameters analyzed, there were absolutely no significant
changes obvious among granulocytes, monocytes, lympho-
cytes, NK cells, CD19" B cells, CD3™" T cells, CD4" T helper
cells or CD8™ cytotoxic T cells. The results are shown in the
Supplementary Figure 2.

Time-dependent impact of training (RE+RVE pooled vs. CTR)
In order to evaluate the effect of training, we pooled the RE and
RVE group (both training groups) and compared these with
the CTR group. To identify the impact of exercise (RE+RVE)



vs. no exercise (CTR) on time-dependent changes (from BDC-2
to HDT 19 to HDT60) of immunological parameters during bed
rest, a repeated measure ANOVA was conducted. The ANOVA
was controlled additionally for confounding by looking at sub-
ject age, BMI, ‘cohort’ (first, second, third or fourth), smoker
before bed rest and interactions between these parameters. The
interactions are marked via *. Results of this basic analysis for
identification of interesting time-dependently changed para-
meters are listed in Table 2. An impact of exercise over time
was seen for the numbers of lymphocytes, CD3~CD19 " B cells,
IgDJrCD37CD19+ B cells and the concentrations of RANTES,
IP-10 and DHEA-S. Lymphocytes exhibited a difference in their
time-dependent course between the CTR group and the training
groups (P<<0.001, Figure 3a). There was a difference in the time-
dependent progress of CD3~CD19™ B cells (P<0.05, Figure 3b)
and IgD"CD37CD19" B cells (P<0.05, Figure 3c) between the
CTR group and the training groups. Concerning cytokines, che-
mokines and neuroendocrine factors, the CTR group and the
training groups (RE+RVE) differed in the time-wise progress of
the concentrations of RANTES (P<<0.05, Figure 4a), IP-10
(P<0.05, Figure 4b) and DHEA-S (P<<0.05, Figure 4c).

Time-dependent impact of the specific kind of training (RE
vs. RVE vs. CTR)

To identify the impact of the different kinds of exercise (RE or
RVE) vs. no exercise (CTR) on time-dependent changes (from
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BDC-2 to HDT 19 to HDT60) of immunological parameters
during bed rest, a repeated measure ANOVA was conducted.
The ANOVA was controlled additionally for confounding by
subject age, BMI, ‘cohort’ (first, second, third or fourth), smo-
ker before bed rest and interactions between these parameters.
The interactions are marked via *. Results of this basic analysis
for identification of interesting time-dependently changed
parameters are listed in the Supplementary Table 3. In this
analysis of all groups versus each other (CTR vs. RE vs. RVE),
the sample size per group was low (#=7-9). Nonetheless,
statistical differences could be found. But an interpretation still
remains difficult due to the small sample size. An impact of
exercise type over time was seen for the numbers of lympho-
cytes, CD45RA"CD3"CD4 " T helper cells and the concentra-
tions of RANTES and DHEA-S.

In order to clarify varying impacts of the specific types of
exercise (CTR vs. RE vs. RVE) on the change over time for the
immune parameters listed in the Supplementary Table 3, sepa-
rate pairwise repeated measurements were performed. In these
analyses, the lymphocytes exhibited a difference in their time-
dependent course between the CTR group and the RE group
(P<0.001, Supplementary Figure 3a). There was a difference in
the time-dependent progress of the CD45RA"CD3"CD4" T
cells between the following groups: CTR vs. RE (P<<0.01) and
RE vs. RVE (P<0.001, Supplementary Figure 3b). Concerning
cytokines, chemokines and neuroendocrine factors, the CTR
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Figure 1 Time-dependent effects in leukocyte subpopulations for all subjects pooled (n=24). Blood samples were drawn on BDC-2, HDT19 and
HDT60. Leukocytes were analyzed flow cytometrically according to their morphology and different surface markers. Then the cell counts were
calculated on the basis of the leukocyte count conducted in a standardized laboratory manner. Data are shown as box and whisker plots (box:
median and the 25th and 75th percentiles; whiskers: minimum+maximum). Time-dependent differences were found in (a) granulocytes, (b)
CD14* monocytes, (c) CD34™ HSC, (d) CD3*CD56* NKT cells and (e) CD45RATCD25"CD3*CD4* T cells. Paired t-tests were performed and P
values corrected for multiple testing within each subpopulation, *P<0.05, ** P<0.01. BDC, baseline data collection; HDT, head-down tilt; NKT,

natural killer T.
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Figure 2 Time-dependent effects in Eotaxin for all subjects pooled
(n=24). Blood samples were drawn on BDC-2, HDT19 and HDT&0.
Plasma was analyzed by a multiplex suspension array. Data are shown
as box and whisker plots (box: median and the 25th and 75th percen-
tiles; whiskers: minimum-+maximum). Paired t-tests were performed
and P values corrected for multiple testing, * P<0.05. BDC, baseline
data collection; HDT, head-down tilt.

group versus the RVE group and the RE versus the RVE groups
differed in the time-wise progress of the concentrations of
DHEA-S (P<0.01, Supplementary Figure 4b).

DISCUSSION

We examined a number of neuroendocrine and immune para-
meters over 60 days of bed rest with and without the effects of
exercise. Head down bed rest studies turned out to simulate
weightlessness in a reliable manner. It mimics the most physio-
logical effects of space flight: the elimination of gravitation
stimuli (no posture change, no work against gravity, and reduc-
tion of body sensor stimuli). Such immobilization and inacti-
vity result in an upward fluid shift and a reduction of
energy requirements. This also results in a reduction of plasma
volume by 10%—15%, consequently leading to cardiovascular
changes.”” Cardiac performance and baroreflex sensitivity
under bed rest are identical to those observed in space travel.
In summary, bed rest studies mimic space flight conditions and
are a very useful tool for scientific investigations of space flight
effects.” Astronauts are very well selected physically and men-
tally healthy subjects not exhibiting any chronic immune dis-
eases. But—and this is one of the reasons for our study—
although they may have been selected very carefully, during
spaceflight, infectious diseases and hyperreactivity reactions
can nonetheless occur (despite isolation from terrestrial patho-
gens). The depression of immune functions during immob-
ilization or spaceflight is especially reflected in the occurrence
of common colds and virus reactivations.’*>***** Especially
the reactivation of herpes viruses plagues many astronauts.*’
Thus, the existence of a dysregulation of immune reactions
during space flight is long known and has been discussed for
a long time, but not yet characterized in detail.*' Despite the
relatively low subject numbers in the BBR2-2 study, we were
able to demonstrate significant changes of some immune para-
meters in the course of bed rest. Our results show a decrease in
the numbers of monocytes which could partly explain the
depression of immune functions. The subpopulation of
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Table 2 Immune cells, cytokines, chemokines and neuroendo-
crine factors which show time-dependent effects (from BDC-2
to HDT 19 to HDT60) in repeated measurement analyses. The
ANOVA was controlled for confounding by subject exercise, age,
body mass index, cohort (first, second, third or fourth), smoker
before study and interactions between these parameters. The
interactions are marked with *. Confounding factors are listed.
Significant P values (P<<0.05) are shown. Where ‘exercise’ values
(bold) or the ‘exercise’X ‘other confounder’ interaction values were
significant, results are given in Figures 3 and 4.

Parameters
Confounding factors P value

Immune cell subpopulations

Granulocytes 0.006
Age 0.017
Cohort <0.001
Smoker <0.001
Cohort*smoker <0.001

Lymphocytes Cohort <0.001
Exercise*cohort <0.001
Exercise*smoker 0.014
Cohort*smoker <0.001

CD14™ monocytes Cohort 0.005

Lymphocyte subpopulations

T cells

cb3™* Cohort 0.004

T-cell subpopulations

CD3"CD4™ T helper cells Cohort <0.001

CD3"CD8" cytotoxic T cells Cohort 0.044

B cells

CD37CD19" B cells Cohort 0.003
Exercise*cohort 0.036

B-cell subpopulations

lgDTCD37CD19" B cells Cohort 0.010
Exercise*cohort 0.038

NK cells

CD37CD56™ NK cells Cohort 0.003
Cohort*smoker 0.030

Hematopoietic stem cells

CD34™ HSC 0.019
BMI 0.004
Age 0.040
Cohort 0.033
Cohort*smoker 0.007

Cytokines and chemokines

IP-10 Exercise 0.025

PDGF Cohort <0.001

RANTES Exercise 0.016

Neuroendocrine factors

ACTH 0.030

DHEA-S 0.049
Smoker 0.020
Exercise*cohort 0.019
Cohort*smoker 0.024
Age 0.024

Progesterone Age 0.031

Abbreviations: ACTH, adrenocorticotropic hormone; BMI, body mass index;
DHEA, dehydroepiandrosterone, PDGF, platelet-derived growth factor;
RANTES, regulated upon activation normal T-cell expressed and secreted.
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Figure 3 Exercise (RE+RVE pooled versus CTR) dependent time effects in leukocyte subpopulations. Blood samples were drawn on BDC-2,
HDT19 and HDTE0. Leukocytes were analyzed flow cytometrically according to their morphology and different surface markers. Then the cell
counts were calculated on the basis of the leukocyte count conducted in the routine hospital laboratory undergoing regular quality controls. Data are
shown as box and whisker plots (box: median and the 25th and 75th percentiles; whiskers: minimum-+maximum). Exercise-dependent time
effects were found in (a) lymphocytes, (b) CD37CD19™ B cells and (c) IgD"CD3~CD19™ B cells. Repeated measurement analyses were
performed; the statistical analysis refers to differences in the time course, * P<0.05, ***P<<0.001. BDC, baseline data collection; HDT, head-
down tilt; RE, resistive exercise; RVE, resistive exercise with whole-body vibration.

CD45RA and CD25 co-expressing T helper cells most likely
represents regulatory T cells: these cells co-express naive and
activation-induced molecules. This population increases
during the study as a possible regulation of immune activation.
The numerical rise of monocytes at the end of bed rest could
point toward an adaptation of the immune system or even a
counter regulation which could also explain the increase of the
NK T cells. However, the findings do not completely fit to this
pattern as we did not find any significant effects on the num-
bers of CD8 ™" cytotoxic T cells or their activation status, which
we would expect in the case of virus reactivation. Overall, the
findings do not clearly fit to either a pro- or an anti-inflam-
matory pattern. Specifically, we have not found any significant
change in the level of pro-inflammatory cytokines (e.g., IL-1,
IL-6 or IFN-y) or anti-inflammatory cytokines (e.g. IL-10 or
IL-1 receptor antagonist). It is very difficult to discuss all para-
meters which did not change during bed rest. It is not clear if
there are really no changes which occur or if we were just not
able to detect them. It is, however, known that during space
flight the hypothalamo—pituitary—adrenal axis is stimulated with
a consequent hypercortisolism.** We were able to demonstrate
an increase of granulocytes after 60 days of immobilization.
Increase of granulocytes is a common glucocorticoid-induced
effect which explains our finding. We assume the same effect
to be responsible for the decreased concentration of eotaxin.
It is known that the secretion of eotaxin is suppressed by
glucocorticoids.*>** Furthermore, we demonstrated an increase
of CD34" HSC at HDT 60. We assume this increase to be based
on the bone marrow adiposity observed earlier in bed rest
study.* We hypothesize that bone marrow adiposity induces
alterations within the stem cell niche, leading to increased release
in peripheral blood. Furthermore, the concentration of eotaxin
(CCL11) decreased in our study during bed rest. Eotaxin is a
chemoattractant for eosinophils, basophils and type 2 T helper
cells.***” A lack of the chemoattraction of type 2 T helper cells

could lead to a dominance of type 1 T helper cells and thus, a
pro-inflammatory situation explaining the immunodysregula-
tion during bed rest/weightlessness at least in part.
Exercise-dependent time effects on the immune cell num-
bers were found. In the light of our evaluation of the time-
dependent effects of training (RE+RVE pooled vs. CTR), we
were able to demonstrate effects on lymphocytes, CD3~ CD19 ™"
B cells and the IgD "CD3~CD19™ B cell subpopulation. Within
the CTR group, the number of lymphocytes remained stable
while it decreased after 60 days of bed rest within the training
groups. The number of CD3 CD19" B cells and IgD*
CD37CD19" B cells decreased slightly from BDC-2 to
HDT19 among the CTR and the training groups. But while
the IgD"CD3 CD19" B cells further decreased within the
CTR group, the CD3 CD19" B cells and especially the IgD ™"
subpopulation increased within the training groups. This
points towards a better reconstitution of especially the IgD ™"
naive B cells during training and might lead to improved
cellular immunocompetence within the training groups.
Furthermore, the concentrations of RANTES, IP-10 and
DHEA-S were dependent on exercise. While the concentrations
of RANTES (CCL5) within the CTR group increased at
HDT19, on HDT 60, no difference to BDC-2 was seen. In
contrast, within the training group (RE+RVE), the concentra-
tion of RANTES was increased at HDT 60 when compared to
BDC-2. RANTES is chemotactic for T cells, basophils and eosi-
nophils.*®* Tt recruits leukocytes to the site of inflam-
mation.**** It has also been shown that CD8* T cells do
release RANTES which suppresses viruses like HIV.”>*" Thus,
the increase of the concentration of RANTES within the
training groups (RE+RVE) indicates a superior defense and
confirms our hypothesis concerning improvement of immu-
nofunction by regular exercise. Moreover, this increase of the
RANTES concentration is even more prominent in the RVE
group than it is in the RE group. Thus, we can speculate that the

Cellular & Molecular Immunology
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Figure 4 Exercise (RE+RVE pooled versus CTR) dependent time-effects in plasma factors. Blood samples were drawn on BDC-2, HDT19 and
HDT60. Plasma was analyzed by a multiplex suspension array or ELISA/RIA. Data are shown as box and whisker plots (box: median and the 25th
and 75th percentiles; whiskers: minimum-+maximum). Exercise-dependent time-effects were found in (a) RANTES, (b) IP-10 and (c) DHEA-S.
Repeated measurement analyses were performed; the statistical analysis refers to the difference in time course, *P<<0.05. BDC, baseline data
collection; HDT, head-down tilt; RE, resistive exercise; RVE, resistive exercise with whole-body vibration.

RVE is even more effective in terms of immunoprotection. The
IP-10 (CXCL10) concentration increased during bed rest in the
CTR group, while it remained stable in the exercise groups
(RE+RVE). IP-10 is an inflammatory cytokine induced by
IFN-W{.SZ’53 It is a chemoattractant of monocytes, T cells, NK
cells and dendritic cells; it inhibits angiogenesis and mediates
T-cell adhesion to endothelial cells.’>™>> IP-10 exhibits a clear
pro-inflammatory role, pointing towards pro-inflammatory
conditions in the CTR group and stable conditions in the training
groups (RE+RVE). This again confirms our hypothesis of a pro-
tective role of training on immune functions. The concentration
of DHEA-S is stable over time in the CTR group, but increases
during bed rest with the training groups (RE+RVE). DHEA is
metabolized in the liver to DHEA-S for the stable transport in
blood as a metabolic intermediate in the production of steroid
hormones.”®”” DHEA and DHEA-S decrease in concentrations
upon aging and are suspected to be at least in part responsible for
the effects of immunosenescence in terms of declined immune
function.”®*®* Thus, positive effects of DHEA on immune func-
tions are assumed.”*** The observed increase of the concen-
tration of DHEA-S during bed rest in the exercise groups
(RE+RVE) points toward increased immunocompetence, again
fitting our hypothesis of immunoprotection induced by exercise.
This increase in the concentration of DHEA-S is mainly based on
the increase within the RVE group confirming our assumption of
the superiority of vibration training (RVE).

In summary, our data fit the hypothesis of immunoprotec-
tion by exercise and may point toward even superior effects
offered by RVE. In a next study, we will evaluate especially the
cell function of the altered subpopulations.

It is appropriate to discuss the limitations of the current
study: the subject numbers here are limited in bed rest studies
for logistical and financial reasons. This limits our ability to
generalize to a wider population with the current data. With
the current study, we cannot directly comment on the mechan-
isms of action underlying the changes we observed. This would
have to be evaluated in future work.

Cellular & Molecular Immunology

In conclusion, we conducted a data mining study and despite
small subject numbers we could in our opinion still find
important effects of prolonged bed rest on immune cell popu-
lations and cytokine concentrations. The impact of exercise was
seen to involve several immunological parameters.
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