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Abstract
Background/Aims: Endothelial cells exposed to the Random Positioning Machine (RPM) 
reveal three different phenotypes. They grow as a two-dimensional monolayer and form 
three-dimensional (3D) structures such as spheroids and tubular constructs. As part of the 
ESA-SPHEROIDS project we want to understand how endothelial cells (ECs) react and adapt to 
long-term microgravity. Methods: During a spaceflight to the International Space Station (ISS) 
and a subsequent stay onboard, human ECs (EA.hy926 cell line) were cultured for 12 days in 
real microgravity inside an automatic flight hardware, specially designed for use in space. ECs 
were cultivated in the absence or presence of vascular endothelial growth factor, which had 
demonstrated a cell-protective effect on ECs exposed to an RPM simulating microgravity. After 
cell fixation in space and return of the samples, we examined cell morphology and analyzed 
supernatants by Multianalyte Profiling technology. Results: The fixed samples comprised 
3D multicellular spheroids and tube-like structures in addition to monolayer cells, which 
are exclusively observed during growth under Earth gravity (1g). Within the 3D aggregates 
we detected enhanced collagen and laminin. The supernatant analysis unveiled alterations 
in secretion of several growth factors, cytokines, and extracellular matrix components as 
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compared to cells cultivated at 1g or on the RPM. This confirmed an influence of gravity 
on interacting key proteins and genes and demonstrated a flight hardware impact on the 
endothelial secretome. Conclusion: Since formation of tube-like aggregates was observed 
only on the RPM and during spaceflight, we conclude that microgravity may be the major 
cause for ECs’ 3D aggregation.

Introduction

Humans are adapted to the Earth’s constant gravity, an important physical force 
significantly contributing to the normal function of our cardiovascular system. Astronauts 
returning from space have, among others, shown cardiovascular problems such as arrhythmias, 
cardiac atrophy, low blood pressure or orthostatic intolerance, accredited to endothelium 
injury [1-4]. Like other vascular cells, endothelial cells (ECs) are mechanoresponsive and 
react to physiological mechanical cues such as fluid shear stress, cyclic stretch, or hydrostatic 
pressure [5]. Therefore, it is not surprising that ECs are also sensitive to variations in gravity. 
During the last decade, several studies demonstrated significant modifications in ECs after 
exposure to altered gravity conditions [6-12]. It is assumed that they convert gravitational 
stimuli via gene regulation into biochemical signals [13]. Indeed, ECs showed alterations 
of secretory functions [14] as well as gravity-dependent modulation of EC processes, 
such as cellular proliferation, apoptosis, cytoskeletal organization, intracellular signaling 
mechanisms, and growth behavior [15-18]. Most interestingly, the exposure to microgravity 
(µg) generated a scaffold-free formation of three-dimensional (3D) cell aggregates called 
multicellular spheroids (MCS) [7, 19]. Small MCS with diameters of about 0.3 mm can 
be observed after a few days [20]. During an extended exposure, MCSs start to grow into 
tube-like structures reaching lengths of up to 2-3 mm [21]. Supplementation of vascular 
endothelial growth factor (VEGF) was shown to have cell-protective effects on ECs [8], but 
obviously does not affect the expression of adhesion molecules in MCS [22].

As the opportunities to perform long-term experiments on space crafts or space 
laboratories in real µg (r-µg) are rare due to high costs and a limited number of missions, most 
of the previous studies were conducted at ‘ground-based facilities’ such as the clinostat or 
the Random Positioning Machine (RPM), simulating some aspects of µg (simulated µg, s-µg). 
RPM-based studies showed that s-µg modifies the transcriptional [23] and translational [24] 
levels of gene expression in ECs. Recently, a long-term RPM experiment identified some key 
proteins involved in spheroid formation and angiogenesis [21].

Here, the ESA-SPHEROIDS project aimed to investigate the effects of r-µg on EC function, 
with respect to formation of blood vessel-like structures, cell proliferation, and apoptosis. 
Thus, the results of the SPHEROIDS project could help develop potential countermeasures to 
prevent cardiovascular deconditioning in astronauts and improve knowledge of endothelial 
function on Earth. For this purpose, we performed an experiment onboard the International 
Space Station (ISS) in 2016 to observe human ECs remaining in space for 5 d and 12 d [25] in 
order to increase our knowledge in the behavior of human ECs exposed to r-µg. The objective 
of this study was three-fold. First, we focused on the growth behavior of cells treated without 
or with vascular endothelial growth factor (VEGF) in space. Second, we studied the secretion 
behavior of ECs applying MAP technology and third, we performed an RPM experiment 
exactly copying the time and temperature protocols of the ISS mission and compared these 
results with the data received from the space samples. After completion of the experiments 
we analyzed the release of cytokines and extracellular matrix (ECM) proteins involved in 3D 
growth and cell adhesion such as laminin and fibronectin.

© 2019 The Author(s). Published by 
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Materials and Methods

Cell culture
We used the permanent human cell line EA.hy926 (CRL-2922; ATCC, Manassas, VA, USA), which had 

been established by fusing human umbilical vein endothelial cells (HUVECs) with the permanent cell line 
A549, derived from a human lung carcinoma. Although a hybrid, EA.hy926 cells still exhibit characteristic 
EC features [26, 27]. The cells were cultivated in RPMI-1640 medium (Invitrogen, Eggenstein, Germany) 
containing 100 µM sodium pyruvate and 2 µM L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) 
and 10% Fetal Calf Serum (FCS), 100 U/mL penicillin and 100 µg/mL streptomycin (all Biochrom, Berlin, 
Germany).

The cells were maintained in 75-cm2 tissue culture flasks (Sarstedt, Nümbrecht, Germany) until 
monolayers were formed, reaching a confluency of approximately 80%. One day prior to the experiments, 
the EA.hy926 cells were suspended in RPMI-1640 medium so that the cells could be seeded in cultivation 
chambers (RUAG Space, Nyon, Switzerland) or in slide flasks (Nunc™ Lab-Tek™ SlideFlask; Thermo Fisher 
Scientific) for a preliminary 24 h-period of adherence. In this stage the cultures were used in the different 
experimental scenarios.

Flight hardware
The flight hardware was designed, developed and manufactured by RUAG Space (Nyon, Switzerland). 

SPHEROIDS received 8 experimental units each containing two independent cultivation chambers (CC) 
with adhesion surfaces made of polyether ether ketone (PEEK). Materials were intensely tested for 
biocompatibility [25]. For each experimental unit, one CC was filled with RPMI-1640 medium, the other one 
was filled with RPMI-1640 supplemented with 10 µg/mL VEGF-A (Sigma-Aldrich, Deisenhofen, Germany; 
further referred as VEGF). The assembly procedure preceding the spaceflight and the cell harvest after 
the mission has been previously described by Pietsch and coworkers [25]. 5×105 and 4×105 cells were 
seeded in the cultivation chambers for the 7-day experiment or the 14-day experiment respectively before 
handover to NASA. A timeline for automatic medium exchange and fixation had to be programmed prior 
to the spaceflight. Therefore, all worst-case scenarios (launch scrubs, delays until berthing at the ISS, until 
installation in KUBIK, and until turning-on power supply) had to be considered. Ultimately, we collected 
µg-phases of 5 d and 12 d in our experiments. If a delay had occurred, it could have been longer. If all delays 
occurred, we would have got the maximum of 7 d and 14 d of r-µg.

Dragon spaceflight with SpaceX CRS-8
SpaceX CRS-8 was a commercial resupply service mission transporting a total cargo load of over 3,100 

kg to the ISS, including multiple experiments. On April 8th, 2016 at 20:43 UTC SPHEROIDS was launched in a 
Dragon capsule on board SpaceX CRS-8 from NASA’s Kennedy Space Center in Florida. After 41 h and 14 min 
Dragon was berthed at the ISS. After completion of the mission, the flight hardware returned to Earth on 
May 11th, 2016 and was subsequently shipped to our laboratories.

Time and temperature were logged continuously via temperature sensing iButtons (iButtonLink, 
Whitewater, WI, USA; accuracy ±0.5°C) on top of the experimental units. The protocols for both, the 7-day 
and the 14-day experiments are shown in Fig. 1. The same protocols were subsequently used for the ground 
control and the RPM experiment.

Random Positioning Machine (RPM)
The RPM was developed as a ‘3D clinostat‘ to simulate µg [28]. Our device was manufactured by 

Airbus Defence and Space and is used routinely in our laboratory. Cell culture experiments on the RPM had 
been investigated thoroughly and previously published in detail [18, 20, 29-32]. For the SPHEROIDS RPM 
experiment 106 cells were seeded in slide flasks (n = 5/group). After sub-confluent monolayers had formed, 
the slide flasks were filled completely with medium (air bubble-free), subsequently positioned on the inner 
frame of the RPM and the rotation was started at a speed of 60°/s using real random mode (random speed 
and random direction) according to the spaceflight timescale. For the experiment, the RPM was positioned 
in a standard incubator using the spaceflight temperature protocol (Fig. 1). In parallel, slide flasks were 
placed next to the RPM in the incubator as 1g-controls (n = 5/group).
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Morphology and cytochemistry
We used the hematoxylin/eosin (HE) staining method, which has been described earlier in detail 

[25, 33]. Multicellular spheroids and tubular structures had been PFA-fixed in space. They were paraffin-
embedded, sectioned and mounted on object slides, deparaffinized and after rehydration stained with HE 
or Sirius red. All sections were visualized by light microscopy using a LEICA DM2000 microscope equipped 
with a Leica DFC310 FX digital CCD color camera.

Immunofluorescence microscopy (IFM)
To visualize laminin, the slides were incubated using a  laminin-specific primary antibody (Sigma-

Aldrich) followed by a peroxidase-labeled secondary antibody. Antigen-antibody complexes were visualized 
by the indirect immunoperoxidase technique [34].

Fig. 1. Temperature profiles of the complete mission starting from shortly before handover of the flight 
hardware until the retrieval of the samples. Temperature was logged by thermosensors every 10 min on the 
top of every experimental unit. A) Four units were installed in KUBIK 5 for the 7-day experiment. B) Another 
four units were installed in KUBIK 6 for the 14-day experiment. The phase when living cells were exposed to 
r-µg is drawn in grey. It ended with fixation. Dashed lines at 37.5°C and 0.5°C represent the maximum and 
minimal required temperature, respectively. EU: Experimental unit.
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Cytokine measurements by Multianalyte 
Profiling (MAP) technology
The altered cytokines and proteins 

released into the cell culture supernatants were 
analyzed by the company Myriad RBM (Austin, 
TX, USA). The MAP analysis was performed 
using the Human InflammationMAP® as 
described previously [35]. Supernatants were 
collected from 1g- and µg-samples after the 
7 d and 14 d timepoints (flight hardware: n = 4, 
slide flasks: n = 5) and stored at -80°C prior to 
the analysis at Myriad RBM.

Collagen type I, laminin and fibronectin 
measurements from cell culture 
supernatants
Protein levels were determined using 

a commercial ELISA kits according to the 
manufacturer’s instructions (LifeSpan 
BioSciences, Seattle, WA, USA; Cusabio Biotech, 
Houston, TX, USA). Supernatant samples 
harvested from the flight hardware were used 
undiluted. Supernatants of the cell culture 
flasks were diluted 1:1 (laminin, collagen type 
I 1g) or 1:10 (fibronectin, collagen type I RPM). 
96-well plates were read using a SpectraMax M2 
Microplate Reader (Molecular Devices, San José, 
CA, USA). Data was analyzed via elisaanalysis.
com (Elisakit.com, Melbourne, Australia) with 
a 4-parameter logistic regression algorithm for 
standard curve equation.

RNA isolation and quantitative real-time PCR
RNA isolation and quantitative real-time PCR (qPCR) were performed as described earlier in detail 

[25, 36, 37]. ECs had been fixed with RNAlater® (Sigma-Aldrich) at the end point of the experiments. RNA 
and protein were isolated using the RNeasy® Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 
recommendations. Concentrations were determined via optical density at 260 and 280 nm with a NanoDrop™ 
2000 (Thermo Fisher Scientific, Waltham, MA, USA). Complementary DNA (cDNA) was produced using 
the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) following manufacturer’s instructions. 
The expression levels of the following target genes were determined via qPCR: B2M, CCL2, CCL11, CDH5, 
COL1A1, CXCL8, FN1, FTL, IL6, LAMA1, LAMB2, TIMP1, VEGFA, and 18S, using the SYBR® Select Master Mix 
(Applied Biosystems, Darmstadt, Germany) and the 7500 Fast Real-Time PCR System (Applied Biosystems). 
cDNA-selective primers were designed to span exon-exon boundaries and to have a Tm of 60°C using Primer 
Express software (Applied Biosystems), and were synthesized by TIB Molbiol (Berlin, Germany). The 
sequences of the forward and reverse primers are listed in Table 1. All samples were measured in triplicate 
and normalized against 18S rRNA as a housekeeping gene. Comparative CT (ΔΔCT) methods were used for 
relative quantification of transcription levels, with 1g set as 100%.

Pathway analysis
To investigate and visualize interactions between selected proteins and genes, we input relevant 

UniProtKB entry numbers into the Pathway Studio v.11 software (Elsevier Research Solutions, Amsterdam, 
the Netherlands). The identified genes were analyzed according to their mutual regulation. The proteins 
were evaluated in regard to their cellular localization and their interaction.

Table 1. Primers used for qPCR

 

Sequence (5’ 3’ direction)
18S 
 
B2M 
 
CCL2 
 
CCL11 
 
CDH5 
 
COL1A1 
 
CXCL8 
 
FTL 
 
IL6 
 
FN1 
 
LAMA1 
 
LAMB2 
 
TIMP1 
 
VEGFA 
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Statistical Evaluation
The statistical evaluation was performed using SPSS 15.0 (SPSS Inc., Chicago, IL, USA). The Mann-

Whitney-U-Test was used to compare 1g and μg conditions, 7 d and 14 d samples, samples with/without 
supplemented VEGF, as well as AD cells and MCS cells. All data is presented as mean ± standard deviation 
(SD) with a significance level of p < 0.05.

Results

The SPHEROIDS experiment
After all materials had been extensively tested for biocompatibility in our laboratory 

[25], a novel and enhanced flight hardware was available for the space experiment in early 
2016. It consisted of eight experimental units, each containing two cell culture chambers, 
two separate medium chambers, two supernatant chambers, and one fixation chamber. The 
medium compartments (Fig. 2A) were filled with culture medium (Fig. 2B), the fixation 
compartments (Fig. 2C) with fixation fluid (half of the units with PFA for investigation of 
cell structures and cytochemistry, the other half with RNAlater for transcriptional analyses; 
Fig. 2D). Next, the compartments were assembled (Fig. 2E) and connected with the cell 
culture chamber via pumps for automatic medium exchange and cell fixation (Fig. 2F, G). 
Last, two cell cultivation chambers (Fig. 2H, CC (E1) and CC (E2)) were added on top of the 
experimental unit (Fig. 2G) and filled with cells and medium. In each experimental unit, one 
cell cultivation chamber was filled with cells suspended in plain medium, the other one was 
filled with cells suspended in medium supplemented with VEGF (c = 10 µg/mL). During the 
space experiment four experimental units were incubated for a 7 d timeframe, the remaining 
four for the length of 14 d.

Two days before the launch on April 8th, the entire flight hardware was handed over to 
the NASA engineers, who placed it into the rocket at a temperature of 22°C. 10 minutes after 
launch the cells had already entered microgravity. After a two-day flight to the ISS at 22-23°C, 
astronauts placed the hardware inside the KUBIK incubator facility [38] in the European 
Columbus Laboratory (Fig. 3A). The cells continued proliferating under r-µg conditions. 
Cells of four experimental units were automatically chemically fixed on the day 7 after 
handover (7 d samples ≈ 5 d in r-µg). A medium exchange was executed on the remaining 4 
experimental units. Then the cells were allowed to proliferate on the ISS for another seven 
days before fixation (14 d samples ≈ 12 d in r-µg). Afterwards, the fixed EA.hy926 cells were 
stored at 4°C and remained in space, before returning to Earth on May 11th for subsequent 
analysis in the home laboratory (Fig. 3B). The flight hardware was cleaned, refilled and 
used for the ground control experiments, repeating the exact spaceflight protocol under 
normal 1g conditions (ground control; Fig. 3A). Furthermore, to study the effects of s-µg in 
the laboratory, an additional experiment was performed on an RPM. Slide flasks offering a 
similar growth area and volume as the cultivation chambers (CCs) used as flight hardware, 
but could be installed on a desktop RPM were used for this additional experiment. The 
ground control as well as the RPM experiments were performed copying the exact time and 
temperature protocols of the space experiment (Fig. 1).

Growth behavior of EA.hy926 cells in microgravity
When cells returned from space, we were able to harvest the three different types of 

EA.hy926 cells. One part of the ECs stayed adherent (AD) over the course of 7 and 14 days 
(Fig. 3C). In addition, we recognized a scaffold-free formation of different 3D aggregates. 
Some of the formations were 3D structures with spherical appearance, called multicellular 
spheroids (MCS) (Fig. 3D), others were detected as tube-like structures (Fig. 3E, F). This 
demonstrates that ECs exhibit 3D growth in space similarly to their growth on the RPM (Fig. 
3G).
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Fig. 2. Assembly and preparation of the SPHEROIDS flight hardware. A, B) The medium chambers were 
filled with cell culture medium. C, D) The fixation chamber was filled with fixation fluid, PFA or RNAlater. E, 
F) Medium chambers and supernatant chambers were assembled. G) The experimental unit before adding 
the cultivation chambers. H) Assembly of modules onto main support. The dimensions of one assembled 
hardware unit are 10 × 10 × 10 cm. CC: Cultivation chamber, E1: Experiment 1 (−VEGF), E2: Experiment 2 
(+VEGF), MC: Medium chamber, SC: Supernatant chamber.
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The ECs stayed viable during the spaceflight and continued to produce ECM components. 
Collagen production occurred in AD cells and in 3D aggregates. This was visualized by 
Sirius red staining of paraffin-embedded ECs, collected from the flight hardware after the 
spaceflight (Fig. 3I, J). Laminin was also found occluded in the 3D structures (Fig. 3K).

Fig. 3. Overview of the SPHEROIDS experiments. A) The SPHEROIDS study consisted of a space experiment 
that was conducted for two weeks on the ISS, a ground control, and an additional RPM experiment. B) Set of 
analyses that were done after the experiments. C-F) Morphology of space-grown EA.hy926 cells harvested 
from the flight hardware: Adherent cells (AD) after 14 d (C), multicellular spheroids (MCS) (D) and tube-like 
structures (TS) after 7d (E,F). G) Morphology of EA.hy926 cells cultured for 12 d on the RPM and (H) under 
1g conditions. I) Adherently growing EA.hy926 cells after 5 d in space. J) A multicellular tube harvested from 
the 7-day space samples. ECs were stained with Sirius Red (showing collagen in red). K) Laminin staining of 
a tubular structure, grown for 5 d in space. Scale bars: 35 µm. Parts of the Fig. were drawn by using pictures 
from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 
3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).
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Release of extracellular matrix components
As shown above, collagen was secreted and incorporated into the ECM. In addition, 

together with several growth factors and cytokines, collagen and some other components 
of the ECM were released into the supernatant. Using MAP technology and ELISA, a number 
of proteins released into the supernatant under microgravity and control conditions were 
quantified (Tables 2-5).

Tables 2 and 3 indicate that much more fibronectin and laminin were produced, when 
the ECs were incubated in normal polystyrene slide flasks than during incubation in the 
newly developed CC suitable for culturing cells in space. This was true, even if the flasks or 
chambers were incubated under normal laboratory conditions according to equal protocols. 
However, under laboratory conditions, much more collagen I was secreted in slide flasks than 
in CCs. Though, similar amounts of collagen were found when the cells had been incubated 
under simulated or real microgravity independent of the material of the culture dish.

Release of matrix regulators, growth factors and cytokines
When the Human InflammationMAP® was applied to search for cellular proteins 

released into the supernatant, only part of the antibodies deployed indicated the presence of 
their targets (Tables 4, 5). In addition, the detection of specific proteins in the supernatant 
depended on the type of culture dish, wherein the cells were suspended. Differences of 
secretion, which depended on the type of culture dish were also found when the growth 

Table 2. Extracellular matrix proteins released by EA.hy926 cells after space-exposure compared with 1g 
controls. The cells were cultured in CCs of the flight hardware. The data was generated by using ELISA. 
Values are given as mean ± SD; LLOQ: Lower Limit of Quantitation, lowest concentration of an analyte in a 
sample that can be reliably detected

 

g

− − − −

Table 3. Extracellular matrix proteins released by EA.hy926 cells after exposure to the RPM compared with 
1g controls. Cells were cultured in slide flasks. The data was generated by using ELISA. Values are given as 
mean ± SD; *: P <0.05 vs. 1g; ▼|▲: P <0.05 vs. 7d; §: P <0.05 vs. −VEGF; LLOQ: Lower Limit of Quantitation, 
lowest concentration of an analyte in a sample that can be reliably detected

 

g g

− − − −

▲27.12

▲13.34 ▲11.54

▲28.85 ▲23.57 ▲34.68 ▲39.07



Cell Physiol Biochem 2019;52:1039-1060
DOI: 10.33594/000000071
Published online: 13 April 2019 1048

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Krüger et al.: Endothelial Cells in Space and Simulated Microgravity

Table 4. Proteins released by EA.hy926 cells after space-exposure compared with 1g controls. The cells 
were cultured in CCs of the flight hardware. The data was generated by Multi-Analyte Profiling using the 
Myriad RBM Human Inflammation MAP® v1.0. Values are given as mean ± SD; *: P <0.05 vs. 1g; ▼|▲: P 
<0.05 vs. 7d;§: P <0.05 vs. −VEGF; LLOQ: Lower Limit of Quantitation, lowest concentration of an analyte in 
a sample that can be reliably detected. The values are determined as the mean of 5 (1g control) or 13 (RPM) 
blank readings. C-Reactive Protein (CRP), Factor VII, Granulocyte-Macrophage Colony-Stimulating Factor 
(GM-CSF), Haptoglobin, Intercellular Adhesion Molecule 1 (ICAM-1), Interferon γ (IFN-γ), Interleukin-1 beta 
(IL-1β), Interleukin-1 receptor antagonist (IL-1ra), Interleukin-2 (IL-2), Interleukin-3 (IL-3), Interleukin-4 
(IL-4), Interleukin-5 (IL-5), Interleukin-7 (IL-7), Interleukin-10 (IL-10), Interleukin-12 Subunit p70 (IL-
12p70), Interleukin-15 (IL-15), Interleukin-17 (IL-17), Interleukin-18 (IL-18), Interleukin-23 (IL-23), 
Macrophage Inflammatory Protein-1α (MIP-1α), Macrophage Inflammatory Protein-1β (MIP-1β), Matrix 
Metalloproteinase-3 (MMP-3), Matrix Metalloproteinase-9 (MMP-9), Stem Cell Factor (SCF), T-Cell-Specific 
Protein RANTES (RANTES), Tumor Necrosis Factor α (TNF-α), Tumor Necrosis Factor β (TNF-β), Tumor 
Necrosis Factor Receptor 2 (TNFR2), Vascular Cell Adhesion Molecule-1 (VCAM-1), Vitamin D-Binding 
Protein (VDBP), and von Willebrand Factor (vWF) levels were below the LLOQ

 

g

− − − −

α1

α2

β2 ▼0.417 ▼0.093

▲38.50

▼0.028 ▼

1α 

▼ ▼

▼18.23 ▼8.58

▼0.025 ▼

▼0.096

▲7905
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Table 5. Proteins released by EA.hy926 cells after exposure to the RPM compared with 1g controls. The 
cells were cultured in slide flasks. The data was generated by Multi-Analyte Profiling using the Myriad RBM 
Human Inflammation MAP® v1.0. Values are given as mean ± SD, *: P <0.05 vs. 1g; ▼|▲: P <0.05 vs. 7d; 
§: P <0.05 vs. −VEGF; LLOQ: Lower Limit of Quantitation, lowest concentration of an analyte in a sample 
that can be reliably detected. The values are determined as the mean of 5 (1g control) or 13 (RPM) blank 
readings. C-Reactive Protein (CRP), Factor VII, Fibrinogen, Granulocyte-Macrophage Colony-Stimulating 
Factor (GM-CSF), Haptoglobin, Interferon γ (IFN-γ), Interleukin-1β (IL-1β), Interleukin-1 receptor 
antagonist (IL-1ra), Interleukin-2 (IL-2), Interleukin-3 (IL-3), Interleukin-4 (IL-4), Interleukin-5 (IL-5), 
Interleukin-7 (IL-7), Interleukin-10 (IL-10), Interleukin-12 Subunit p40 (IL-12p40), Interleukin-12 Subunit 
p70 (IL-12p70), Interleukin-15 (IL-15), Interleukin-17 (IL-17), Interleukin-18 (IL-18), Interleukin-23 
(IL-23), Macrophage Inflammatory Protein-1α (MIP-1α), Macrophage Inflammatory Protein-1β (MIP-1β), 
Matrix Metalloproteinase-9 (MMP-9), Stem Cell Factor (SCF), Tumor Necrosis Factor alpha (TNF-α), Tumor 
Necrosis Factor β (TNF-β), Vascular Cell Adhesion Molecule-1 (VCAM-1), and Vitamin D-Binding Protein 
(VDBP) levels were below the LLOQ

 

g g

− − − −

α1 ▲0.205 ▲0.178 ▲0.248 ▲0.27

α2

β2 ▲75.25 ▲73.75 ▲74.25 ▲85.60

▲0.378 ▲0.418 ▲0.506

▲0.173 ▲0.193 ▲0.203 ▲0.200

▲0.343 ▲0.303 ▲0.508 ▲0.594

▲0.640 ▲0.822

1α ▲0.585 ▲0.726

▲35.00 ▲38.25 ▲157.0 ▲185.0

▲192.0 ▲192.0 ▲297.3 ▲322.4

▲0.021 ▲0.031

▲9.72 ▲10.99 ▲19.88* ▲24

▲38.75 ▲38.50 ▲67.00 ▲76.40*

▲77.00 ▲69.75 ▲66.50 ▲71.40

▲18.75 ▲18.50

▲17.0 ▼1998 ▲388

▲29.00 ▲21.00 ▲8.03 ▲7.46
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factors and cytokines were investigated (Fig. 4A). α1-Antitrypsin (AAT), α2-Macroglobulin 
(A2M), β2-Microglobulin (B2M), Brain-Derived Neurotrophic Factor (BDNF), Complement 
C3, Eotaxin-1, Ferritin (FRTN), interleukins (IL)-1α, -6, -8, Monocyte Chemotactic Protein 1 
(MCP-1), Tissue Inhibitor of Metalloproteinases 1 (TIMP-1), and VEGF could be determined 
in both types of cell containers. But detectable amounts of Intercellular Adhesion Molecule 
1 (ICAM-1), Matrix Metalloproteinase-3 (MMP-3), T-Cell-Specific Protein RANTES, Tumor 
Necrosis Factor Receptor 2 (TNFR2), and von Willebrand Factor (vWF) were only found 
in slide flasks, while fibrinogen and IL-12 were detected in CC only. Regarding the amount 
of secreted proteins found in both types of chambers, it is obvious that higher amounts of 
B2M, IL-6, MCP-1 and TIMP-1 were secreted in slide flasks. But IL-8 (also called CXCL8, CXC-

Fig. 4. Effects of microgravity on EC secretion behavior. A) Time courses of protein releases in the different 
cultivation chambers between day 7 and day 14. B) Specification of the constructed cultication chamber and 
commercial slide flasks. C) Mutual interaction of proteins analyzed by MAP technology (InflammationMAP®). 
Green background indicates released factors both in the hardware and in slide flasks, red background shows 
factors only released in slide flasks. ECM components are highlighted in blue. The green arrows indicate 
activating and the red one inhibiting effects. The interaction network was built up using Elsevier Pathway 
Studio v.11. D, E) Protein release profiles of ECs cultured for 5 d and 12 d under r- and s-µg conditions. Fold 
changes of protein secretion compared to 1g controls are shown in blue (space samples) or in red (RPM 
samples). + marks the minimum fold change, as protein levels were below the LLOQ. The LLOQ was used for 
comparison. The black dotted lines indicate the secretion levels under 1g (control) conditions. F, G) Protein 
release profiles of ECs cultured for 5 d and 12 d in space (F) and on the RPM (G). Fold changes of protein 
secretion in presence of supplemented VEGF are shown in green, without additional VEGF in black. The red 
dotted lines indicate the secretion levels under 1g (control) conditions. * P <0.05 vs. 1g.
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Motiv-Chemokine 8) appeared to be higher concentrated in CC (Table 4 and 5). Taking the 
various values together, it was obvious that the different materials of CC (Fig. 4B, left side) 
and of slide flasks (Fig. 4B, right side) influenced the release of biological factors differently, 
although both kinds of material did not have any influence on viability or apoptosis of the 
cells [25]. Their interaction was given in Fig. 4C.

Fold changes of secreted proteins
For better visualization of further results shown within the tables, spider charts were 

generated, which give an overview on the culture condition dependent variation of the 
influence of µg and VEGF (Fig. 4D-G).

Selected components are compared regarding their release during one (Fig. 4D) or two 
weeks of spaceflight and RPM-culture (Fig. 4E). During the first week differences arose for 
MCP-1 and collagen I, while after a second week IL-6, IL-8 and collagen I differed in the 
amount of appearance within the culture supernatant, when their concentrations in the 
supernatant of spaceflight or RPM cultures were compared with those in the corresponding 
1g controls. VEGF supplementation had little influence on the cells during the first week in 
space. During the second week in space, however, it boosted the release of B2M, IL-6, IL-8, 
and TIMP-1 but reduced collagen I secretion (Fig. 4F). When the cell cultures were incubated 
on the RPM, a significant influence of the presence of VEGF could not be detected (Fig. 4G).

Fig. 5. Effects of s-µg on the gene expression of EA.hy926 cells. A) Changes of mRNA levels after exposure 
to the RPM. Fold changes of AD cells are shown in red, fold changes of MCS are shown in yellow B) Changes 
of mRNA levels after VEGF supplementation (green bars) compared to samples without additional VEGF 
(grey bars). C) Mutual interaction of selected genes at gene expression level. We selected 10 genes, whose 
up- or down-regulation were analysed by qPCR after 14 d culturing on the RPM. The green arrows indicate 
activating and the red one inhibiting effects. The interaction network was built up using Elsevier Pathway 
Studio v.11. * P <0.05 vs. 1g control; # P <0.05 AD vs. MCS; ▼|▲ P <0.05 vs. −VEGF.
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Interaction of proteins released into the supernatant
In order to see whether there is a linkage between the proteins secreted into the 

culture supernatant, we performed an interaction analysis. Fig. 4C shows that most of the 
factors detected in the culture supernatants form a network of interaction. In this network 
ECM components (blue rim) determined by ELISA are embedded together with biological 
factors detected by the Human InflammationMAP®. Furthermore, the compounds secreted 
in the supernatant during culturing in both kinds of culture dish showed far branched 
relationships as indicated by the icons with a green rim for SERPINA1, A2M, B2M BDNF, C3, 
CCL11 (eotaxin-1), IL-6, IL-8, CCL2 (MCP-1), TIMP-1, and VEGF-A. ICAM-1, MMP-3, TNFR2, 
CCL5 (RANTES) and vWF were detected only in supernatants of slide flasks. Of these factors 
ICAM-1, TNFR2, CCL5 (RANTES) and vWF are netted as indicated by icons with red rims. It is 
of interest that fibronectin (FN1), which is rather resistant to the influence of µg and VEGF-A, 
binds to Col1A1, that is up-regulated especially in space. But further explanations about the 
cells’ µg dependent secretion behavior cannot be derived from their interaction network. 
Therefore, we also investigated the underlying network of genes.

Changes in gene expression
Unfortunately, the cell concentration found in the flight hardware after return was too 

low for transcriptional analysis by qPCR. Therefore, we investigated only the cells cultured 
on the RPM. Fig. 5A and 5B show that a number of genes (TIMP1, IL6, CXCL8, CCL2, B2M) are 
differently regulated in AD and MCS cells. While most of the investigated genes are down-
regulated in AD cells, there is a considerable number of them up- or un-regulated in MCS cells 
(Table 6). This effect may be due to the kind of mutually up-building gene interaction shown 
in Fig. 5C.  There is also an effect of duration of exposure to the RPM (FN1, TIMP1, VEGFA) and 
of the presence of supplemented VEGF. Only LAMA1 was not significantly regulated under all 
culture conditions, but VEGF supplementation exerted its influence on the regulation of FN1 
already after 7 d (Table 6). There is little effect of the external VEGF on the VEGFA gene. Also 
IL-6 and IL-8 are regulated very similarly irrespective of the duration of RPM exposure or the 
presence of external VEGF. Most interesting are the effect of time of incubation and of VEGF 
on the regulation of CDH5, which may be important for spheroid formation. While after 7 d 
a divergence of regulation is visible in the presence of VEGF only, the divergence is enforced 
after 14 d. It is also interesting that IL6, which has an inhibitory influence on CDH5 is up-
regulated when CDH5 is down-regulated (Fig. 5C, Table 6).

Discussion

In this study we investigated the influence of r-µg on EA.hy926 cells. For this purpose, 
we cultured cells for 5 d and 12 d (previous studies in s-µg suggested that these two time 
points are most interesting to observe µg-dependent changes in phenotype/growth behavior 
[7, 19]) under r-µg in space either in plain culture medium or in medium containing VEGF. 
Subsequently, we determined the growth pattern and quantities of growth factors/cytokines 
secreted and performed comparative experiments using the same timeline and temperature 
protocols as in the space experiment, but keeping the cells either on an RPM or under normal 
1g laboratory conditions.

Three-dimensional growth in real (r-µg) and simulated microgravity (s-µg)
In space we observed similar 3D growth as observed in several studies using s-µg before. 

Examining the cells subjected to r-µg in space we detected three different populations of 
EA.hy926 cells. Some ECs remained adherent (Fig. 3C), but others had assembled to 3D 
structures either with spherical or with tube-like appearance (Fig. 3D-F). This demonstrates 
that EA.hy926 cells exhibit 3D growth in space, where r-µg is a long-term condition that 
cannot be found on Earth. Hence, they behave similarly like human FTC-133 thyroid cells 
[39], bovine articular chondrocytes [40], or pig liver stem cells [41] which already showed 
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Table 6. Gene expression of EA.hy926 cells after exposure to the RPM compared with 1g controls. Cells 
were cultured in slide flasks. The data was generated by using qPCR. Values are given as mean ± SD; *: P 
<0.05 vs. 1g; ▼|▲: P <0.05 vs. 7d; §: P <0.05 vs. −VEGF; #: P <0.05 vs. AD; AD: Adherently growing cells; MCS: 
Multicellular spheroids; n.d.: not detectable. 18S was used as housekeeper. LAMB2 (Laminin Subunit β2), 
COL1A1 (Collagen Type I α1 Chain), and CCL11 (Eotaxin-1) mRNA levels were below the LLOQ
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VEGFA
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organoid formation during space missions. On Earth long-term s-µg can be simulated with 
the help of instruments like the 2D-clinostat, the Rotating Wall Vessel, and the RPM or by 
using magnetic levitation [42-44]. We used the RPM as it provides high quality s-µg inside 
the whole cell culture flask, for both adherent and floating cells as well as for spheroids. 
Even the simulation triggers ECs to exhibit 3D growth (Fig. 3G), when cells are exposed to a 
random change in direction of the gravitational pull preventing sedimentation which over 
time corresponds to a ‘quasi-microgravity’ [28], reaching a calculated quality of 10-3 to 10-4 
g with our RPM [29]. This reduction of gravity forces not only changed the growth behavior 
of ECs, but triggers also 3D growth of thyroid (cancer) cells [36], breast cancer cells [45] or 
chondrocytes [46].

In addition to µg, a space experiment is accompanied by multiple other factors, such as 
cosmic radiation, mechanical stress at the rocket launch, temperature fluctuations during 
the transport to the ISS and special CCs consisting of PEEK instead of polystyrene [25, 39]. 
Even vibration and hyper-g during the rocket launch can affect ECs on the transcriptional 
and translational level [11, 47, 48]. These factors, however, do not prevent 3D growth. 
Hence, prevention of sedimentation is the major cause that allows at least a group of cells 
to leave the monolayer and to assemble to 3D structures. This holds true in space as well 
as on suitable ground-based devices like the RPM. As the latter technology is cheaper and 
more often applicable than spaceflights, still inducing 3D growth similar to a stay in space, it 
can now be used with more confidence to learn about the mechanism of scaffold-free tissue 
formation under µg.

Protein secretion and the influence of the hardware
Little is known about the proteins involved in µg-dependent formation of tube-like 

structures by ECs [7, 8]. In human cancer cells we have already recognized several growth 
factors and proteins of the focal adhesion complex and of tight junctions playing a role in 
MCS formation [49, 50]. In these experiments we focused on components of the ECM (Tables 
2, 3) as well as growth factors and cytokines released into the supernatant (Tables 4, 5). 
We studied their release by cells enclosed in flight hardware CCs or in polystyrene slide 
flasks as used for RPM experiments. Both types of cell containers were either kept under µg 
(flight hardware in r-µg, polystyrene flask in s-µg on the RPM) as well as under 1g control 
conditions, respectively. Although 3D structures were found in both containers (Fig. 3), when 
cultured under µg, we recognized container dependent differences in the release of proteins.

Significantly higher quantities of the ECM components fibronectin, laminin, and 
collagen I were detected in the supernatants of slide flasks than in those of space hardware 
CCs, independently whether the samples had been incubated under gravity or under µg. 
(Tables 2, 3). Interestingly, a clear influence of gravity on the amounts of soluble ECM is only 
detected for collagen I. Type I collagen is the most abundant collagen of the human body [51]. 
Collagen metabolism in the ECM is related to the pathogenesis of cardiovascular stiffness 
[52, 53]. Astronauts returning from space do suffer from an increased arterial stiffness [54]. 
In addition, an increased procollagen level was found in the skin of mice living for 3 months 
on the ISS [55]. Hence, our in vitro result could represent a space-dependent effect. The ECM 
plays a crucial role in 3D growth and angiogenesis [56-58]. Infanger et al. have reported 
previously that s-µg can enhance the expression of collagen I, laminin, and fibronectin in 
EA.hy926 cells [8]. In their experiments VEGF supplementation showed some effect during 
the first 4 h, but then the VEGF influence ceased and seemed to suppress the µg-dependent 
amounts of ECM proteins [8].

As ECM components secreted by tissue cells are at least in part adsorbed by the CC 
material to form an anchorage possibility for the cells or incorporated in 3D structures, it 
is difficult to decide whether the different quantities of the components dissolved in the 
supernatant are due to a different production activity of the cells or to different adsorption 
by the chamber material. For example, intracellular levels of ECM proteins determined after 
long-term experiments on the RPM indicated significant increases of laminin and fibronectin 
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in tube-like structures after 28 d [7] and a significant increase of fibronectin was found in MCS 
after 35 d [21]. In any case, our experiments suggest a relationship between the dissolved 
ECM components and cytokines. A clear cell container material-dependent difference was 
found in quantities of a number of cytokines/growth factors released into supernatant by 
ECs (Fig. 4A, B). This is corroborated by a recent study by Cazzaniga and coworkers, who 
reported that hardware designed for spaceflights can impact cell behavior [59]. But it is not 
clear which cytokine is directly affected by the chamber material and which is regulated by 
the network of interaction shown in Fig. 4C. Only the A2M quantities detected were similar 
under all incubation conditions.

Impact of VEGF supplementation
We observed a low VEGF production in space hardware and polystyrene flasks under 1g. 

This may be explained as VEGF is an important growth and survival factor for ECs [60], which 
is secreted by a variety of cell types, but not by ECs themselves [61]. Significantly enhanced 
amounts of VEGF were only found in supernatants of RPM cultures. This observation could 
be due to the nature of EA.hy926 cells, which are hybrid cells consisting of endothelial and 
of cancer cells [62] as well as due to mechanical stimuli, whose effects on VEGF have been 
demonstrated for different cell types [63-65].

In vivo, VEGF takes part in promoting angiogenesis by stimulation of survival, permeability, 
migration, and proliferation [66]. In flight hardware samples, VEGF supplementation made 
C3, eotaxin-1, fibrinogen, and IL-1a detectable and decreased B2M, IL-8 and TIMP-1 levels 
under 1g, while IL-6 was increased under µg (Table 4, Fig. 4F). In polystyrene chambers, 
VEGF supplementation made eotaxin-1 visible after 7 d and 14 d but ICAM-1 after 14 d under 
1g and under µg (Table 5, Fig. 4G). A relationship between enhancement of VEGF, collagen 
I and eotaxin-1 has been described for airway smooth muscle cells [67]. Although a role of 
eotaxin-1 in in vitro scaffold-free tube formation has not been described yet, it appears to 
support cancer dependent angiogenesis [68].

IL-6 and IL-8
Interleukins 6 and 8 are well known candidates in analyses of µg studies. Enhancement 

of IL-6 and IL-8 production under µg conditions has been reported before for EA.hy926 
cells [21, 23], and different malignant and non-malignant human cell lines [45, 69, 70]. 
IL-8 was identified to be a potent autocrine growth and survival factor for ECs [71]. It 
regulates angiogenesis and modulates endothelial cell-cell-connections by temporarily 
down-regulation of tight junctions but not by integrin-mediated focal adhesions [72]. 
In our experiments, after a 7 day culture the IL-8 concentration was found higher in the 
supernatants of flight hardware cultures than in those of polystyrene cultures (Tables 4, 5). 
During the second week the IL-8 concentration declined in the first type of cell containers, 
while it increased in polystyrene cultures. At that time the µg effect was most prominent in 
the flight hardware chamber (Fig. 4D, E), resembling that of B2M, a protein which is expressed 
at a constant level in many cells [73]. B2M was described as a common γ radiation responder 
[74]. Its response to space conditions may therefore be contributed to an irradiation effect, 
while the role of IL-8 needs further investigation. In these experiments, the IL-6 secretion 
was clearly enhanced under r-µg in flight hardware CCs as well as in polystyrene culture 
flasks, when 3D structures were formed. However, the µg effect was time shifted. It was most 
prominent after 7 d on the flight hardware and after 14 d on the RPM (Fig. 4D, E). Time shifts 
in tube formation were already observed when microvascular ECs and EA.hy926 cells were 
investigated comparatively [24]. IL-6 has also been reported to induce ferritin synthesis 
[75]. This fits very well with the results of tables 4 and 5.

Source of cytokines/growth factors
Two other interesting proteins observed were MCP-1 and TIMP-1. Their secretion 

depended on the cell container material, similar to the one of IL-8 and B2M. However, these 
proteins did not show any response to µg. Therefore, combining the cell culture supernatants 
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analysis, one may conclude that considering the influence of the material of the culture dishes, 
the IL-6 concentration in the culture supernatants are most closely related to 3D structure 
formation. However, proteins detected in a culture supernatant may be released by both, the 
adherent and the 3D structure cells (Fig. 3C-F). In order to get an impression which cell type 
is responsible for a current concentration of a cytokine, growth factor or ECM component, 
we performed qPCR analyses on ten selected genes of which 9 form an interaction network 
(Fig. 5). As mentioned above, the analyses were performed only on RPM samples, due to a 
lack of the space sample material. At a first glance it can be seen that only FN1, CDH5, VEGFA 
and FTL genes share a similar activation status in adherent and 3D structure cells after 7 d, 
while TIMP1, IL6 and CCL2 showed these features after two weeks. Addition of VEGF to the 
culture medium changed the gene expression for LAMA1, CDH5, CCL2, B2M and FTL after 7 d 
and for FN1, TIMP1, IL6, CDH5 and B2M after two weeks. The qPCR analyses clearly show 
that further work is required to identify the source of the various cytokines, growth factors 
and ECM components.

Conclusion

Using an automatic flight hardware, specially designed for space experiments, we 
demonstrated for the first time that ECs exhibit 3D growth in space. This indicates that µg 
may be the major cause for the formation of tube-like aggregates of ECs and justifies the 
use of RPM for studies on scaffold free 3D structure formation, when the importance of the 
material of cell containers is considered. In this study it was clearly demonstrated that the 
material of the cell containers influences the protein secretion of ECs. A further influence 
on 3D formation cannot be excluded, as very large spheroids were detected when thyroid 
cancer cells had been sent to space [76]. IL-6 is more and more emerging as a key protein in 
µg dependent 3D formation. It is up-regulated, when 3D structures are formed and down-
regulate VE-cadherin weakening tight junctions, like E-cadherin in breast cancer cells [49]. 
Taken together, the SPHEROIDS experiments increased our knowledge of EC behavior in 
space. Aiming to better understand in vitro angiogenesis and to improve tissue engineering 
with ECs, it will be of interest to study the interplay of cells leaving the monolayer for 3D 
structure formation with those remaining in the monolayer.
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