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Abstract Hematopoietic stem cells (HSCs) are a major kind of pluripotent stem
cells, which can give rise to all the other blood cells through the process of
haematopoiesis and maintain the homeostasis of organism. HSCs are divided into
three types based on their differentiation stage, including long-term self-renewing
HSCs (LT-HSCs), short-term self-renewing HSCs (ST-HSCs) and multipotent pro-
genitors (MPPs). These HSCs eventually differentiate into mature blood cells and
immune cells after experiencing various common lymphoid progenitor (CLP) and
common myeloid progenitor (CMP). The proliferation and differentiation of HSCs
have been widely studied and revealed be controlled by various factors, molecules
and transcription factors but litter is known about how microgravity affects HSCs.
Our study was conducted in two flight programs, SJ-10 recoverable microgravity
experimental satellite (SJ-10 satellite) program research and Tianzhou-1 cargo ship
program, and mainly focuses on the maintaining and directed differentiation of
hematopoietic stem cells. Our results revealed some new mechanisms for main-
taining and directed differentiation under microgravity conditions, with the potential
to boost immune system, and provide potential drugs for the prevention or treatment
of immune system weakening in spaceflight.

Abbreviations

CBSC Cord blood stem cells

CFU-G Colony forming units-granulocyte

CFU-GM Colony forming units-granulocyte macrophage
CFU-M Colony forming units-macrophage

CLP Common lymphoid progenitor

CMP Common myeloid progenitor
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DC Dendritic cell

EP Erythrocyte progenitor

GM-CSF Granulocyte/monocyte colony-stimulating factor
GMP Granulocyte/macrophage progenitor

GP Granulocyteprogenitor

HSCs Hematopoietic stem cells

HSPCs Hematopoietic stem and progenitor cells
LT-HSCs Long-term self-renewing HSCs

MacP Macrophage progenitor

M-CSF Macrophage-colony stimulating factor
MEP Megakaryocyte/erythrocyte progenitor
MkP Megakaryocyte progenitor

MPPs Multipotent progenitors

NGS Next-generation sequencing

NK Natural killer

RBCM Red blood cell mass

RWV Rotating wall vessel

SJ-10 satellite SJ-10 recoverable microgravity experimental satellite
SL-3 Spacelab 3

SLS-1 Splace lab Life Science 1

ST-HSCs Short-term self-renewing HSCs

STS-40 Space Shuttle Orbiter Columbia

WBC White blood cell

1 Introduction

Since the beginning of space travel, a number of reports regarding the deleterious
effects of spaceflight on the human health emerge in endlessly. Life during spaceflight
includes multiple stressed factors, such as microgravity, radiation, loss of light-dark
cycle and confinement. Among all these factors, microgravity (between 10~ and
107> g) exposure is the most important and stable factor reportedly affected human
physiological and psychological functions (Grigor’ev 2007; Wichman 2005). It is
clear from the last 50 years of space research that a series of changes occurred
in human blood, including anemia, thrombocytopenia, a reduction in the numbers
and suppressive function of lymphocytes, and structural abnormalities of the red
blood cells (Davis et al. 1996; Blaber et al. 2010) during and post spaceflight. In
recent years, the effects of microgravity on immune function have received more
and more attentions, and have been investigated through analysis of blood leukocytes
obtained from astronauts5, cells secured from space-flown mice and rats (Kraemer
et al. 2004; Hwang et al. 2015) and in vitro cell culture (Paulsen et al. 2015). The
composite data from International Space Station, Skylab and Shuttle flight suggest
that deregulated immune-cell-mediated cytokine secretion is a major mechanism of
spaceflight-associated immune dysfunction (Taylor et al. 1997; Tauber et al. 2017,
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Hughes-Fulford et al. 2015; Stowe et al. 2011; Crucian et al. 2008). Therefore, this
chapter aims to summarize the latest progress related to the maintaining and directed
differentiation of hematopoietic stem cells under microgravity in recent ten years
and the scientific achievements in SJ-10 satellite research.

2 The Effects of Microgravity/Spaceflight on Immune
System

Besides impact hematopoietic generation and hematopoietic system, spaceflight
and microgravity also extensively altered various immune parameters and immune
response. Changes in resistance to bacterial and viral infections in Apollo crew mem-
bers have stimulated interest in the study of immunity and space flight. Results of
studies from several laboratories in both humans and rodents have indicated alter-
ations after space flight that include the following immunological parameters: thy-
mus size, lymphocyte blastogenesis, interferon and interleukin production, natural
killer cell activity, cytotoxic T-cell activity, leukocyte subset population distribution,
response of bone marrow cells to colony stimulating factors, and delayed hypersen-
sitivity skin test reactivity. The interactions of the immune system with other physi-
ological systems, including muscle, bone, and the nervous system, may play a major
role in the development of these immunological parameters during and after flight
(Sonnenfeld 2002). There are studies about direct effects of space flight on immune
responses. Data collected before and after 11 Shuttle space flights show that absolute
lymphocyte numbers, lymphocyte blastogenic capability, and eosinophil percent in
the peripheral blood of crewmembers are generally depressed postflight. 11 astro-
nauts on shuttle flight 41B and 41D showed decreased circulating monocytes and B
lymphocytes in peripheral blood post flight (Taylor et al. 1986). Researchers investi-
gated spaceflight and microgravity on immune responses of rats flown on Biosputnik
Cosmos 1887 and Cosmos 2044. The response to macrophage-colony stimulating
factor (M-CSF) and granulocyte/monocyte colony-stimulating factor (GM-CSF) of
rat bone marrow cells from Cosmos 1887 and 2044 were detected, respectively. The
results are similar, which indicated that bone marrow cells from flown rats showed a
decreased response to M-CSF and GM-CSF. Meanwhile, researchers also detected
surface antigenic markers of immunocytes and they found that the percentages of
suppressor T cells and helper T cells in spleens of flown rats on Cosmos 1887 and
2044 both increased (Sonnenfeld et al. 1990, 1992). Bone marrow cells from flown
rats on Cosmos 2044 showed an increase in the percentage of cells expressing mark-
ers for helper T-cells in the myelogenous population and increased percentages of
anti-asialo granulocyte/monocyte-1-bearing interleukin-2 receptor-bearing pan T-
and helper T-cells in the lymphocytic population (Sonnenfeld et al. 1992).
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During the nine-day spaceflight on the Space lab Life Science 1 (SLS-1) mission
on the shuttle Columbia in 1991, experiments including 29 spaceflight male rats and
30 ground controls were conducted to research the effects of microgravity on the total
and absolute leukocyte counts of flight rats and assess the lymphocyte subset immune
competence in flight rats. Allebban et al. found there was a significant decrease in
the number of total leukocytes (P < 0.0001) and absolute counts of lymphocytes (P <
0.0001) and monocytes (P < 0.0001) of flight animals compared with ground controls
at the landing day. Meanwhile, there was a slight decrease in the absolute number
of eosinophils and a slight increase in the number of neutrophils of flight animals at
landing compared with the preflight count. However, the observed decrease in the
number of leukocytes and lymphocytes at landing returned to the control levels after
a nine-day recovery phase. Immunophenotyping of the peripheral blood and spleen
lymphocytes of flight and control animals indicated that, on the day of landing, there
was a decrease in the absolute number of CD4* and CD8* T cells and B lymphocytes.
However, the relative percentages of peripheral blood CD4*, CD8", and B cells were
not found to be depressed. There were no differences in the percent reactivity of spleen
lymphocytes of flight animals compared with controls (Allebban et al. 1994). Based
on the different responses of peripheral blood and spleen lymphocyte to spaceflight,
it seems that there is a compartmentalized response to microgravity, and this was
consistent with previous study revealed microgravity effects on individual lymphatic
tissues had tissue-specific effect (Nash and Mastro 1992).

Further, researchers carried out experiments more scientific on SLS-2 mission, the
second flight of SLS series. Analyses on rats were performed prior to the flight, on
recovery and at intervals following recovery. Meanwhile, unlike all other previous
spaceflight missions, a group of rats on SLS-2 was killed and dissected by astro-
nauts in space. The main objective of the SLS-2 study is to determine the effects
of spaceflight on the hematopoietic system. Lchiki et al. analyzed the white blood
cell (WBC) compositions and the bone marrow myeloid progenitor cell populations
to ascertain adaptation to microgravity and subsequent readaptation to micrograv-
ity and subsequent readaptation to 1 G in rats flown on the 14-day SLS-2 mis-
sion. Researcher found that except neutrophilia, the WBC level in flight rats was
normal at landing compared to ground control rats. Compared with ground con-
trol rats, numbers of colony forming units-granulocyte (CFU-G), colony forming
units-granulocyte macrophage (CFU-GM) and colony forming units-macrophage
(CFU-M) from flight rats at day 13 in flight were decreased when incubated with
recombinant rat interleukin-3 (rrIL-3) alone or in combination with recombinant
human erythropoietin (thEpo). However, on recovery, flight rats had decreased num-
bers of total leukocytes and absolute numbers of lymphocytes and monocytes with
elevated neutrophils compared with control rats. Meanwhile, flight rats had lower
numbers of CD4, CD8, CD2, CD3 and B cells in the peripheral blood than ground
controls, but no differences in spleen lymphocytes (Ichiki et al. 1996).
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3 The Effects of Microgravity/Spaceflight
on Hematopoietic Cells

Human have been exploring the space for more than 50 years. Compared to the
normal earth environment, short- and long-duration spaceflight provides an abnor-
mal environment for us. During a spaceflight, astronauts and laboratory animals
are exposed to outer space environments which contain various factors harmful for
organisms, and these factors include specific and unspecific factors. Specific fac-
tors are permanent factors of outer space, including microgravity, ionizing radiation,
background radiation created by high-energy particles and factor influence circadian
rhythms. While unspecific factors are produced in the process of spaceflight mission-
launching and landing, including hypergravity, noise, vibrations and G force shock
(Domaratskaya et al. 2002). Both the specific and unspecific factors are important
for the health of astronauts. Microgravity is the largest effect in spaceflight, which
affects physiological systems of human and experimental animal.

Short- and long-duration spaceflight could produce complex physiological
changes, including fluid redistribution, neuro vestibular effects, muscle changes,
bone demineralization and loss, immune dysregulation, and psychosocial changes
in human (Williams et al. 2009). Similarly, spaceflight and microgravity also altered
physiological systems of animal. Experiment carried on 45 rats also demonstrated
microgravity could cause physiological, biochemical and morphological changes in
the animal body in a 22 day’s spaceflight on biosatellite Cosmos-605 (Ilyin et al.
1975).

Lots of experimentations and studies have indicated that short- and long-duration
spaceflight could alter a wide variety of hematopoietic and immunological responses,
including decreased plasma and blood cell mass, altered blood flow, lymphocyte and
eosinophil numbers, increased immunoglobulin A and M levels (Graebe et al. 2004;
Vernikos 1996).

In order to better understand the effects of spaceflight on bone morrow and
hemopoietic system, lots of study and experiments has been studied on the satel-
lite, space shuttle and spaceship. Astronauts always showed anemia and extent of
changes on hematopoietic system after experience shot- or long-during spaceflight,
including thrombocytopenia, and abnormalities in red blood cell structure (Davis
et al. 1996). Numerous studies have proved that exposure aboard a spacecraft leads
to lots of changes in the peripheral blood of astronauts. Researchers detected red-cell
mass of astronauts on two Skylab missions. The results showed there was a 14% mean
decrease in red-cell mass after the 28-day mission and a 12% mean decrease after
the 59-day mission. Meanwhile, plasma volume decreases after each mission, and it
decreased greater after the 59-mission (Johnson et al. 1975). Iliukhin et al. observed
cytokinetic and morphological changes in erythropoiesis of crews experienced 96-,
140- and 175-days spaceflight. The number of circulating erythrocytes decreased in
flight and their life time reduced postflight (Iliukhin and Burkovskaia 1981).
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Mercury, Gemini, and Russian manned orbital flights gave us the first opportunity
to evaluate the actual effects of spaceflight on human being. Various blood indices
including plasma volume, red blood cell mass and erythrocyte survival were detected
on the Gemini astronauts before and after Gemini orbital flights IV (1965), V (1965)
and VII (1965). Though the three spaceflight were affected by different stresses,
investigators found plasma volume changes associated with the shorter flights, and
it may have been compensated for in the longer Gemini VII flight. At the same time,
the survival of erythrocytes and red blood cell mass in Gemini V and VII decreased
and there was no compensation for the RBC mass even in the longer flight (Fischer
et al. 1967). However, the mechanistic and the cause is unknown.

Because some data could not be obtained in human studies, there also carried out
animal experiments during spaceflight to thoroughly study the effects of spaceflight
and microgravity. Lots of experiments have proved that spaceflight and microgravity
could change the hemopoietic system of rats. On the Soviet biosatellite Cosmos 782,
which was launched in 1972, rats experienced a 19.5 day of weightless spaceflight.
Based on the output of radioactive CO, survival parameters of erythrocytes were
evaluated upon return from orbit. The results indicated that all survival factors and
indexes of erythrocytes were altered in flight rats when compared to the ground
control rats. Compared to vivarium control rats, the mean potential lifespan, measured
size of erythrocytes in flight rats decreased. Meanwhile, random hemolysis was
increased three-fold in the flight rats (Leon et al. 1978). During the 18-22 day’s
spaceflight aboard on Cosmos biosatellites, Shvets et al. investigated the histogenesis
of the hemopoietic tissue at the level of stem cells, the results showed microgravity
could inhibit the erythropoiesis in various skeletal sites (Shvets et al. 1984). A life
science module housing young and mature rats was flown on shuttle mission Spacelab
3 (SL-3) to research the effects of spaceflight and microgravity on blood. The results
of hematology studies of flight and control rats indicated the hematocrit, red blood cell
counts, and hemoglobin determinations were significantly increased in flight animals.
Meanwhile, the flight rats also accompany with a mild neutrophilia and lymphopenia.
Lange et al. first performed the erythropoietin assays and clonal studies. There were
no significant changes in bone marrow and spleen cell differentials or erythropoietin
determinations. Clonal assays demonstrated an increased erythroid colony formation
of flight animal bone marrow cells at erythropoietin doses of 0.02 and 1.0 U/ml but
not 0.20 U/ml (Lange et al. 1987).

The recovery of normal blood count and the maintenance of hemopoiesis at a
constant level are provided for by clonogenic hemopoietic cells of the stem cell and
the committed progenitor cell compartments. Hence, changes observed in the periph-
eral blood can reflect more profound processes occurring in the hemopoietic tissues
under the effect of spaceflight factors. In order to study the effects of microgravity
on physiological parameters of organisms, Spacelab Life Sciences-1 (SLS-1) was
launched aboard Space Shuttle Orbiter Columbia (STS-40) by NASA in 1995. Dur-
ing the spaceflight on SLS-1 mission, researches conducted a comprehensive exam-
ination of erythropoiesis and blood volume regulation in rats during space travel.
Researchers assessed RBCM (red blood cell mass), PV (plasma volume), reticulo-
cyte counts, marrow erythropoietin levels, iron utilization and storage, RBC survival,



The Maintaining and Directed Differentiation of Hematopoietic ... 211

and RBC shape. On landing day (R*0), they found RBCM and PV adjusted for body
mass were significantly lower in the flight animals than controls. Their results also
suggested the decrease in RBCM exposure to microgravity during spaceflight was
not due to hemolysis or splenic sequestration. The flight animals had lower reticulo-
cyte counts during early recovery, which indicated diminished erythropoiesis during
the post-flight study period. Meanwhile, researchers also conducted clonal assays to
determine the hematopoietic generating capacity. The flight animals had a signifi-
cantly decreased number of BFU-e’s and CFU-e’s recovered from their morrows on
landing day at various levels of exogenous EPO, which indicated the numbers of
bone morrow erythroid progenitors were decreased in flight animals. However, the
result is contradict with the experiments on SL-3 (Lange et al. 1987). Besides the
experiments above-mentioned, researchers also detected the RBC counts, Hgb, the
number of RBC with atypical shapes and serum EPO, while there were no signif-
icant differences in these indexes between spaceflight and ground control animals
(Udden et al. 1995). Further, there are study investigate the effects of micrograv-
ity and increased gravity on bone marrow of rats. Experiments were carried out in
microgravity on rats flown on Soviet Biosatellite 2044 and in hypergravity by cen-
trifugation at 2 x g. Lange et al. investigated bone marrow cell differential counts,
clonal studies of RBC colony formation, and plasma erythropoietin determinations
of spaceflight rats and ground control rats. The results showed bone marrow cells of
spaceflight rats formed fewer CFU-e than ground control rats, which is consistent
with previous results conducted on SLS-1 but contradict with the experiments on SL-
3 (Lange et al. 1987; Udden et al. 1995). Furthermore, rats in hypergravity formed
more CFU-e than ground control rats, which suggested that the decreased prolifera-
tive potential directly produced by microgravity could be reversed by hypergravity
(Lange et al. 1994).

Consistently, Vacek et al. found the decreased colony forming of hematopoietic
cells during spaceflight was caused by specific factor, mainly microgravity. To prove
and differentiate the effects of specific and unspecific spaceflight factors on the
hemopoietic tissue, researches designed three groups of animals, including the flight
group (F), the synchronous control group (SC) and the vivarium ground control
group (VC). The flight group was exposed to the entire spaceflight factors (specific
and unspecific) aboard the satellite; the synchronous control group was exposed to
unspecific spaceflight factors simulated on land; the vivarium control group was
kept under normal laboratory conditions. Researchers found the number of CFU-s
decreased significantly in bone marrow, spleen, and liver of flown rats on Cosmos-
1129, Cosmos-1514, Cosmos-1667 and Cosmos-1887, and the phenomenon was
irrespective of sex of rats (Vacek et al. 1985; Domaratskaya et al. 2002). These results
revealed that the numbers of CFU-s in bone marrow of flight group rats significantly
decreased compared to that of SC and VC group rats. Therefore, it was the effect
of specific spaceflight factors lead to the decrease of CFU-s content in the bone
marrow. Meanwhile, the numbers of CFU-s contents in the spleen of flight group
rats were comparable to those in SC rats. So, the changes of CFU-s content in the
spleen of flight group to vivarium control group were caused by unspecific factors.
It also demonstrated the decrease of CFU-s content in the main hemopoietic organ
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of adult animals-bone marrow, was not because of the redistribution of these cells to
the spleen or liver. Vacek et al. also found that a significant decrease was revealed
in the contents of progenitor cells of the granulocyte and erythrocyte lineages in
the rat bone marrow after a 14-days spaceflight. The number of CFU-gm was about
3—6-fold lower, and the numbers of BFU-e and CFU-e was about of 2.5 and 1.5-fold
lower, respectively, than in rats of the VC and SC groups. Vacek et al. also found in
the bone marrow of F rats, the number of CFU-f (progenitors of stromal fibroblasts)
became almost 15-fold lower than in SC and VC rats, and no differences in this
parameter between the two control groups were revealed (Vacek et al. 1990). These
data suggest that bone marrow CFU-f is sensitive to the specific spaceflight factors.
Hodgson et al. thought that the number of CFU-s naturally decreases because of their
differentiation into more “advanced” cell forms, and it appears that the loss of CFU-s
during spaceflight is also not counter balanced by the input of “younger” and more
potent cells from the stem cell compartment (Hodgson and Bradley 1979).

Spaceflight/microgravity both impacts the proliferation and differentiation of
hematopoietic progenitor cells. Davis et al. found that spaceflight/microgravity
reduced proliferation and differentiation. During the space shuttle missions STS-
63 (Discovery) and STS-69 (Endeavour), researchers investigated the in vitro effects
of spaceflight on hematopoietic cell proliferation and differentiation (Davis et al.
1996). CD34* bone marrow progenitor cells were cultured in a culture system with
hematopoietic supportive stromal cells under microgravity/spaceflight or normal
gravity, respectively. After 11-13 days of culture, they found the total cell number
under microgravity/spaceflight was significantly less than that under normal gravity
(57-84% decrease). As for the specific progenitor cell types, microgravity/spaceflight
significantly decreased the number of myeloid progenitor cell number and erythroid
progenitor cell number, especially erythroid progenitor cell number. These results
indicate that spaceflight has a direct effect on hematopoietic progenitor cell pro-
liferation and differentiation and those specific aspects of in vitro hematopoiesis,
particularly erythropoiesis.

Besides human and rats, the effects of spaceflight/microgravity on hemopoietic
tissues and cells have also been proved on lower vertebrates. Michurina et al. adapted
the method of hemopoietic cell transplantation into irradiated recipients for analyz-
ing the effect of spaceflight factors on clonogenic hemopoietic cells of newts. On the
biosatellites Bion-10 and Bion-11, they first transplant hemopoietic cell into irradi-
ated recipients for analyzing the effect of spaceflight factors on clonogenic hemopoi-
etic cells. After newts were exposed on board the Bion 11 satellite, the hemopoietic
cells from these news were transplanted into irradiated recipients and were analyzed
after 22 days. Histological analysis results revealed the number and size of the foci of
poorly differentiated hemopoietic cells in the spleens of recipients received and the
liver hemopoietic cells of flight group newts were significantly smaller compared to
that in spleens of recipients received the liver hemopoietic cells of SC group newts.
The absence of hemopoietic recovery in the liver, and the decreased size and number
of spleen colonies in the recipients of hemopoietic cells was reported from newts
of the group flown. This suggest that spaceflight factors have a specific effect on
colony-forming (clonogenic) hemopoietic cells of newts (Michurina et al. 1996).
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Analysis of morphologically unrecognizable clonogenic hemopoietic cells in lower
vertebrates is possible to perform and newts can be adequately used as experimental
animals for studying the effects of spaceflight factors on hemopoiesis on board a
biosatellite.

Nevertheless, there are studies showed spaceflight and microgravity didn’t impact
the properties of hematopoietic cells and the hematopoietic generating potential.
Kozinets et al. use morphological, interferometric and electron microscopic tech-
niques examined the morphofunctional properties of peripheral blood cells of
Cosmos-936 rats and found the changes of microgravity on rat bone morrow cell
composition; cell structure and function were reversible. Rats showed symptoms of
a stress reaction immediately at landing and disappeared after three days. The per-
centage of bone marrow cell distribution was shifted towards enhanced myelopoiesis
and diminished erythropoiesis. However, after the readaptation period the ratio of
bone marrow cell composition returned to the normal level, which seems spaceflight
and microgravity seems doesn’t intrinsically change properties of hematopoietic sys-
tem (Kozinets et al. 1983).

Besides the effects of spaceflight/microgravity on bone marrow and hemopoietic
system, researchers also investigated the effects of non-specific spaceflight factors
on HSCs. An experiment conducted onboard the biosatellite Cosmos-1514 demon-
strated that the effects of spaceflight on the proliferative capacity of HSCs also partly
owing to the non-specific flight factors, such as launching effect and landing effect
(Vacek et al. 1985). After a 5-day stay under microgravity onboard Cosmos-1514,
Vacek et al. found synchronous rats also exhibited a decrease in the number of
haemopoietic stem cells (CFUs) in bone marrow and spleens compared to ground
control rats. This suggested that non-specific flight factors also decrease the num-
ber of CFU-s in the spleens of flight in the experiments conducted onboard the
Cosmos-2044 Biosatellite of 14-day flight, Vacek et al. investigated the effects of
microgravity on the proliferation ability of progenitors in bone marrow. The results
of clonal assay demonstrated that the number of progenitors of erythrocytes (ery-
throid burst-forming units, BFU-e) and of granulocytes and macrophages (colony
forming units-granulocyte macrophage, CFU-GM) in bone marrow was decreased
in flight rats exposed to microgravity during a 14-day flight onboard the Cosmos-
2044 biosatellite when compared to ground control rats. However, the number of
progenitors of both lineages of haemopoiesis was also decreased in synchronous
control rats, thus suggesting that the pool of progenitors is influenced also by the
action of the nonspecific space flight factors (Vacek et al. 1991). The results are
similar with previously results conducted on biosatellite Cosmos-1514 (Vacek et al.
1985).

However, there are fewer studies about the mechanisms of the effects of space-
flight/microgravity on hematopoietic system and cells. The reasons that lead to
the suppression of hemopoiesis in animals during the post flight period can be
attributed to not only the decreased number of different clonogenic hemopoietic
cells, but also to changes in the stroma of hemopoietic organs, such as bone mar-
row, which provide suitable environment for hemopoiesis (Davis et al. 1996). For
spaceflight/microgravity could decrease in the number of fibroblast progenitor cells
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(CFU-f) was accompanied by a simultaneous reduction in the number of hemopoi-
etic progenitors of granulocytic and macrophagal lineages, which depend on the
cytokine (CSF-gm) produced by fibroblasts. Therefore, spaceflight factors may have
an adverse effect on the stem cells of both hemopoietic and stromal tissues.

4 The Effects of Simulated Microgravity on Hematopoietic
Cells

Human space flight missions have resulted in some hematologic anomalies. There-
fore, the effects of microgravity on the hematologic function have drawn the atten-
tion of researchers to the health of astronauts. However, because of the rare less
chances and very expensive price of spaceflight experiments, researchers imagining
conduct experiments to simulate the microgravity effects in spaceflight on ground.
NASA designed a rotating wall vessel (RWYV) bioreactor that could produce simu-
lated microgravity on ground. Researchers always adopt NASA’s RWV bioreactor
to investigate the effects of microgravity on cells. The RWYV bioreactor rotates the
vessel wall and cell culture media at the same speed, which continuously random-
ized the gravitational vector and maintaining the cells relatively motionless in the
fluid and produced the effect of simulated microgravity (Schwarz et al. 1992; Tsao
et al. 1992). Simulated microgravity provides a methodology for researching the
effects of microgravity on various kinds of cells. Over the past few decades, there
are many studies targeting the effects of simulated microgravity on these proper-
ties of hematopoietic cells. These researches revealed that simulated microgravity
extensively impact the properties of hematopoietic cells, not only the proliferation
capacity, but also the differentiation and migration.

CD34 antigen is surface glycophospho protein expressed on developmentally
early lymph hematopoietic stem and progenitor cells and is known as hematopoi-
etic progenitor cell antigen (Krause et al. 1996). Bone marrow CD34* cells contain
hematopoietic stem and progenitor cells and they could differentiate into all the var-
ious blood cell types. Plett et al. cultured adult human BM CD34* cells in RWV
bioreactors under either stationary state (1 x g control) or rotated-produced simu-
lated microgravity for 4-6 days. They examined cellular expansion, hematopoietic
potential, retention of primitive cell phenotype, apoptotic cell content and adhesion
molecule status of these BM CD34* cells. The results showed that the number of
CD34* cells nearly didn’t increased when cultured under simulated microgravity,
while cells cultured under normal gravity proliferated up to 3 fold, which demon-
strated that simulated microgravity could significantly decreased the proliferative
ability of BM CD34" cells. One possible explanation maybe that simulated micro-
gravity decreased the exit GO/G1 phase of cell cycle and made these BM CD34* cells
at a greater degree of hematopoietic potential. Meanwhile, compared cells cultured
under normal gravity, BM CD34* cells under simulated microgravity condition pro-
duced greater numbers of cells and progenitors, and these cells keep survival for a
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longer time. However, simulated microgravity did not affect expression of adhesion
molecules and induction of apoptosis of BM CD34* cells (Plett et al. 2001). Fur-
ther, they also investigated the effects of simulated microgravity on the migration
potential, cell-cycle kinetics and progenitor differentiation of BM CD34" cells and
found that simulated microgravity significantly inhibits the migration potential, cell-
cycle progression, and differentiation patterns of primitive BM CD34* cells (Plett
et al. 2004). BM CD34* cells were cultured under simulated microgravity (pg) by
using rotating wall vessels (RWV) or under normal gravity in control cultures for
2-18 days. Simulated microgravity significantly decreased the migration potential
and this effect may be caused by a significant reduction of stromal cell-derived factor
1 (SDF-1a), which correlated with decreased expression of F-actin and important
for cell-directed migration. Simulated microgravity also altered cell-cycle kinetics
by prolonged S phase and reduced cyclin A expression. Compared to be cultured
under normal gravity, BM CD34" cells cultured under simulated microgravity con-
dition favored differentiated into more CD33* myeloid cells (65.8% vs. 6.9%) and
less Gly-A* erythroid cells (26.0% vs. 61.4%). Chiu et al. investigated the effects
of simulated microgravity on the differentiation and proliferation human umbilical
cord blood stem cells (CBSC). CD34* mononuclear cells were isolated from waste
human umbilical cord blood samples and stimulated with vascular endothelial growth
factor (VEGF) under simulated microgravity for 14 days. Simulated microgravity
significantly increased cellular proliferation with three-dimensional (3D) tissue-like
aggregates. Meanwhile, CD34" cells cultured under microgravity without microcar-
rier beads (MCB) developed vascular tubular assemblies and exhibited endothelial
phenotypic markers. These results suggest that CD34* human umbilical cord blood
progenitors are capable of trans-differentiation into vascular endothelial cell pheno-
type and assemble into 3D tissue structures (Chiu et al. 2005).

Simulated microgravity also significantly influences properties of erythroid
progenitor-like K562 leukemia cells. Yi et al. investigated effects of simulated micro-
gravity on proliferation, cell death, cell cycle progress and cytoskeleton of erythroid
progenitor-like K562 leukemia cells. The results showed the cell densities cultured
in Rotary Cell Culture System (RCCS) were only 55.5%, 54.3%, 67.2% and 66.4%
of the flask-cultured control cells when cultured for 24 h, 48 h, 72 h, and 96 h,
respectively. RCCS culture induced an accumulation of cell number at S phase and a
decrease at GO/G1 and G2/M phases at 12 h, which concomitant with the changes of
intercellular cyclins levels that with a decrease in cyclin A and a decrease in cyclin B,
D1 and E. However, simulated microgravity seemed didn’t impact apoptosis in their
experiments (Yi et al. 2009). Consistently, Long et al. found simulated microgravity
environment significantly decreased the proliferation rate of K562 cells. Consistently,
simulated microgravity environment also significantly inhibited cell cycle progres-
sion and made the cell cycle arrested in GO/G1 phase. Further mechanism study
suggested that the decreased proliferation rate and the cell cycle arrested in GO/G1
phase under simulated microgravity environment may be caused by decreased expres-
sion of ERK1/2 phosphorylation (Long et al. 2011). These results demonstrated that
simulated microgravity inhibit proliferation and cell cycle of K562 leukemia cells.
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Migration, proliferation, and differentiation of bone marrow (BM) hematopoietic
stem cells (HSC) are important factors in maintaining hematopoietic homeostasis.
Besides impact the proliferation, differentiation and migration of BM HSCs and ery-
throid progenitor-like K562 leukemia cells, simulated microgravity also change the
properties of erythroid lineage. Arthur J. Sytkowski and Kerry L. Davis reported sim-
ulated microgravity significantly inhibit erythroid growth and erythropoietin (Epo)-
induced differentiation. Logarithmic growth of rauscher murine erythroleukemia
cells was observed when cultured under normal gravity or simulated microgravity
condition by using RWA bioreactor (Sytkowski and Davis 2001). Cells in simulated
microgravity grew more slowly and its doubling time was nearly two times of cells
cultured under normal gravity (24 h vs. 14.4 h). The percentage of Epo-induced cell
differentiation under simulated microgravity was significantly lower than cells cul-
tured under normal gravity (25% vs. 12%). However, simulated microgravity didn’t
impact cell apoptosis, which are consistent with the result that simulated micrograv-
ity had no effect on apoptosis of BM CD34* cells (Plett et al. 2001). Zou et al. found
simulated microgravity not only significantly inhibit cellular proliferation rate but
also induced cell apoptosis of the human erythropoietin (EPO)-dependent megakary-
oblastic leukemia cell line UT-7/EPO. Meanwhile, simulated microgravity could
downregulated the expression of erythropoietin receptor (EPOR), which is crucial
for the survival, proliferation, and differentiation of erythroid progenitors (Sytkowski
and Davis 2001). Further, when transferred human EPOR gene into UT-7/EPO cells,
which increased the expression (approximately 61%) of EPOR on the surface of UT-
7/EPO cells, they found that simulated microgravity-induced apoptosis markedly
decreased in these UT-7/EPO-EPOR cells (Zou et al. 2011).

Migration, proliferation, and differentiation of bone marrow (BM) hematopoietic
stem cells (HSC) are important factors in maintaining hematopoietic homeostasis.
Simulated microgravity have a board impact on hematopoietic homeostasis. The
results obtained from simulated microgravity may partly reflect the effects of micro-
gravity/spaceflight on hemopoietic cells and hemopoietic system. Simulated micro-
gravity provides an effective alternative method to carry out microgravity experi-
ments for majority of researchers. All these results provided some possible expla-
nation of the hematologic abnormalities observed in humans during space flight.
However, the mechanistic of simulated microgravity on hemopoietic system has not
been clarified and further researches are needed.

5 Regulation of HSCs Self-renewal in BM

5.1 Stem Cells

Stem cells are a kind of undifferentiated biological cells. They possess two primary
characteristics: self-renew and differentiation. They can both experience indefinite
cycles of cell division while maintaining the undifferentiated state and differenti-
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ate into one or more kinds of functionally mature cells of particular tissues, such
as cardiomyocytes, haematopoietic cells, chondrocytes, adipocytes and endothelial
cells. Based on the differentiation potential, also known as the number of mature cell
types to which they can give rise, stem cells can be divide into totipotent stem cells,
pluripotent stem cells, multipotent stem cells, oligopotent stem cells and unipo-
tent cells (Hans 2007). Totipotent stem cells can differentiate into embryonic and
extraembryonic cell types. Pluripotent stem cells are the descendants of totipotent
cells and can differentiate into nearly all cells. Multipotent stem cells can differen-
tiate into a number of cell types. Oligopotent stem cells can differentiate into only a
few cell types. Unipotent cells are cells with lowest differentiation capacity, which
can produce only one cell type, their own. However, they have the property of self-
renewal, which distinguishes them from non-stem cells, such as progenitor cells.
According to the developmental stages, stem cells could be divided into two types
in mammals: embryonic stem cells and adult stem cells. Embryonic stem (ES) cells
are isolated from the inner cell mass of pre-implantation blastocyst of mammals,
the properties of ES cells identified them as being highly suitable for the generation
in vitro of specific cell lineages. While adult stem cells, also named tissue-specific
stem cells, are existed in various niches throughout the body, such as bone marrow,
brain, liver and skin. Adult stem cells including neural stem cells, hematopoietic
stem cells, mesenchymal stem cells, epidermal stem cells and so on. They primarily
perform functions as tissue maintenance, growth and repair in later life (Rippon and
Bishop 2004; Bishop et al. 2002). Because stem cells process plasticity, so theoret-
ically, adult stem cells could be obtained from patients, then differentiated in vitro
and transplanted back to the same individual for tissue repair without the need for
immunosuppression (Hans 2007). Stem cells can provide appropriate cell source for
tissue engineering and therapeutic application.

5.2 Hematopoietic Stem Cells

Hematopoietic stem cells (HSCs) are a kind of pluripotent stem cells, which can
give rise to all the other blood cells through the process of haematopoiesis and
maintain the homeostasis of organism. HSCs can produce adequate production of
blood cells, including all myeloid lineages blood cells (monocytes, macrophages,
neutrophils, basophils, eosinophils, erythrocytes, dendritic cells, and megakaryocytes
or platelets) and lymphoid lineages blood cells (include T cells, B cells, and natural
killer cells). Most blood cells have relatively short lifespans after birth, from several
hours like granulocytes to several years like memory T cells. Hence, in order to
maintain haematopoiesis, HSCs continuously differentiate into multiple lineages of
different types of blood cell and are responsible for blood cell renewal. HSCs are
rare in organism. In adult mammals, most of these cells are derived from mesoderm



218 P. Wang et al.

and located in the red bone marrow (BM), which is contained in the core of most
bones. In bone marrow, HSCs are at a very low percentage, generally from 0.01
to 0.05%. In fetal, HSCs predominantly reside in fetal liver (FL). Besides, a small
number of HSCs can also be found in the peripheral blood (PB) and umbilical cord
blood (UCB).

5.3 Types of HSCs

Generally, HSCs can be divided into three types: long-term self-renewing HSCs
(LT-HSCs), short-term self-renewing HSCs (ST-HSCs) and multipotent progeni-
tors (MPPs). In the three types of HSCs, LT-HSCs are thought to self-renew for
the whole lifespan of an organism, which have an ability to engraft and repopu-
late a host hematopoietic system. ST-HSCs and MPPs have a shorter duration, and
are able to restore hematopoiesis in a lethally irradiated mouse only for up to four
months. Meanwhile, MPPs are not with the ability to self-renewing (Reya et al.
2001). When LT-HSCs differentiated to ST-HSCs and then to MPPs, the ability of
self-renewal lost gradually and the ability of mitotic activity increased slowly. After
LT-HSCs becomes the non-self-renewing MPPs, these cells continue differentiated to
either one of the two hematopoietic lineages, including common lymphoid progenitor
(CLP) and common myeloid progenitor (CMP). During the process of differentiation,
HSC:s first loses self-renewal capacity, and then lose lineage potential step-by-step.
CLP finally give raise to mature functional lymphoid lineage cells, including mature
nature killer (NK) cells, B cells, T cells and dendritic cells (DCs). Meanwhile, CMP
finally differentiated into functional myeloid lineage cells, including eosinophils,
basophils, neutrophils and monocytes/macrophages, erythrocytes, megakaryocytes
and platelets (Forsberg et al. 2006; Cabrita et al. 2003). CMP can also differentiated
into mature DCs (Seita and Weissman 2010). Through differentiation, HSCs can
give raise to all kinds of blood cells (Fig. 1). With the advancement of new tech-
nologies of multi-color fluorescence flow cytometry, the phenotypes of these cells in
the process of HSCs differentiation are defined by lots of specific surface molecular
markers, which make it possible to identify and separate them from organism, and
these molecular markers are listed in Table 1.

5.4 Molecular Mechanisms Regulating HSCs Self-renewal
in BM

In order to maintain the life-long haematopoiesis and homeostasis of mammalian
organism, HSCs must replicate themselves to maintain the constant HSCs pool
in BM. The process of HSCs replication through mitosis is called self-renewal.
Recently, lots of advanced have been achieved about the molecular signature to define
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Fig. 1 The hematopoietic lineages of differentiation. The curved arrow indicated self-renewing
ability. The LT-HSCs resides at the top of the hierarchy, which are defined as the cells that have both
the self-renewal capacity and the potential to give rise to all other hematopoietic cell types. Through
differentiation, HSCs first lose self-renewal capacity, then loses lineage potential step-by-step as
them commit to become all mature functional blood cells. CLP: common lymphoid progenitor,
CMP: common myeloid progenitor, MEP: Megakaryocyte/erythrocyte progenitor, GMP: granu-
locyte/macrophage progenitor, MkP: Megakaryocyte progenitor, EP: erythrocyte progenitor, GP:
granulocyte progenitor, MacP: macrophage progenitor, DC: dendritic cell, NK: natural killer

Table 1 The phenotypes of HSCs and other cells in the process of HSCs differentiation

Populations Mouse HSCs markers Human HSCs markers

LT-HSC Lin~cKit*Scal *FIk2~CD34~ Slamf1* | Lin-CD34*CD38~CD90*CD45RA~
ST-HSC MPP | Lin~ cKit*Scal*CD34~ Lin~ CD34*CD38~ CD90~ CD45RA™
CLP Lin~FIk2*IL7Ra*CD27* Lin~CD34*CD38*CD10*

CMP Lin~cKit*Scal 7°CD34*FcgR'®" | LinCD34*CD38*IL3Ra®"CD45RA~
MEP Lin~cKit*Scal “CD34~ FcgR ™ Lin~CD34*CD38*IL3Ra~ CD45RA™
GMP Lin~cKit*Scal “"CD34*FcgR* Lin~ CD34*CD38*IL3Ra*CD45RA™

Note Lin stands for lineage markers
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the stemness and self-renewal of stem cells and HSCs. The fate choice of HSCs to
either self-renew or differentiate is determined by a complex interplay between intrin-
sic mechanisms and extrinsic signals from the surrounding environment or stem cell
niches (Moore and Lemischka 2006).

In adult BM, the number of HSCs stays relatively constant and BM HSCs are
retaining quiescent under normal conditions. Previous results showed the majority of
BM HSC:s slowly, constant incorporation of nucleotide analogues, and demonstrated
that the majority of these cells divide regularly (Bradford et al. 1997; Cheshier et al.
1999). It seems that the cell-cycle state of HSCs correlates to their multipotency.
When LT-HSCs were engrafted to irradiated recipients, these cells are in the GO
phase of the cell cycle (Passegue et al. 2005). It is widely assumed that the dividing
HSCs in BM undergo asymmetric cell division, in which an individual HSC gives rise
to a non-identical daughter cell (keeping the HSC identity) and the other becoming
a differentiated progenitor cell.

External environmental signals integrate with intrinsic molecular pathways con-
trolled the fates of HSCs. Gain and loss of functional studies have found several
transcription factors are implicated in there gulation of HSCs self-renewal. The tran-
scription factor translocation Ets leukemia (Tel) has been demonstrated to be required
HSCs self-renewal. Inactivation of Tel leads to the depletion of HSCs in BM without
influencing their committed progenitors (Hock et al. 2004b). HoxB4, a member of
the homeobox gene family, encodes a set of transcription factors which usually regu-
late embryonic body patterning and organogenesis. Sauvageau has proved that both
in vitro and in vivo, overexpression of HoxB4 in HSCs has been shown to enhance the
self-renewal of HSCs (Sauvageau et al. 2004). Furthermore, it has been described that
there is a remarkable growth advantage in HoxB4-transduced HSCs over untrans-
duced ones when cultured in vitro (Antonchuk et al. 2002). While HoxB4 knockout
mice only exhibit a mild defect in the proliferative potential of HSCs and normal
hematopoiesis. The discrepancy may due to the redundant function of other Hox fam-
ily members (Brun et al. 2004). Two studies independently identified Growth factor
independence 1 (Gfil), which is a zinc finger-containing transcriptional repressor, as
a positive regulator of HSCs self-renewal that functions by restraining HSC prolifer-
ation. Gfil knockout HSCs exhibit increased proliferation and decreased capability
for repopulation of irradiated recipients (Zeng et al. 2004; Hock et al. 2004a). Gfil
might function through upregulating the cell-cycle inhibitor p21, since p21 expres-
sion is greatly decreased in Gfil knockout HSCs. Consistent with this hypothesis is
the observation that p21-deficient HSCs also show impaired repopulation capability
compared to wild-type HSCs (Cheng et al. 2000). p18, which is another cell-cycle
inhibitor, has an opposite effect on HSCs self-renewal compared to p21. Compared to
wild-type HSCs, p18-deficient HSCs increased their repopulation capability (Yuan
etal. 2004; Yu et al. 2006). c-Myc protein plays an important role in the homeostasis
of HSCs. Conditional decreased the activity of c-Myc in the bone marrow (BM)
results in severe cytopenia and accumulation of HSCs in situ, which were caused by
HSCs couldn’t initiate their normal differentiation. While enforced c-Myc expres-
sion in HSCs leading to loss of self-renewal activity at the expense of differentiation
(Wilson et al. 2004). Gain and loss of function studies have shown that both Stat5
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and Stat3 are important to HSCs self-renewal. They are positive regulator and can
promote the ability of self-renewal of HSCs (Kato et al. 2005; Chung et al. 2006).
These results indicate that HSCs self-renewal is delicate controlled by lots of tran-
scription factors and molecular pathways regulating cell proliferation and cell-cycle
repression.

Besides transcription factors, other proteins also have been found can regulate
HSCs self-renewal. Bmi-1, which is polycomb group (PcG) protein that forms the
Polycomb repression complex 1 (PRCI) with other members of the PcG family
and can modulate gene expression, have been reported could regulate HSCs self-
renewal. Bmil-deficient mice have exhibited the progressive hematopoietic defect
with increase of age (Lessard and Sauvageau 2003). In BM HSCs, knockout Bmi-
1 can destruct the long-term proliferate ability, while overexpress of Bmi-1 can
strengthen the expansion ability of HSCs in vitro and enhance the proliferate ability
in vivo (Iwama et al. 2004; Park et al. 2003). All this demonstrated Bmil plays a
crucial role in maintenance of proliferation capacities of HSCs and progenitors.

Environmental signals, such as Notch, Wnt, BMP and Sonic hedgehog (Shh) sig-
nals, also play important roles in regulate the gene expression related with HSCs
self-renewal. Duncan reported that Notch signaling is active in HSCs, and its expres-
sion was downregulated after HSCs differentiation. It has been reported Notch sig-
naling played important role in lymphoid lineage commitment between T cell and B
cell. Notch signaling pathway is always active in HSCs, and the activity is attenuated
when HSC:s differentiate. When HSCs was treated with Notch signaling inhibitor, the
differentiation ability of HSCs was increased and the number of HSCs was decreased
(Duncan et al. 2005). Besides, overexpress Notch1 in HSCs increased self-renewal
capability (Stier et al. 2002). However, who found that the self-renewal ability of
HSCs was not affected when Notchl signaling was deficient in BM-HSCs (Mancini
etal. 2005). Wnt signaling has also been found in the regulation of HSCs self-renewal.
Wnt family includes several secreted protein and the receptors of Wnt proteins are
the Frizzled family and LDL-receptor-related proteins. Several Wnt proteins have
been successfully purified and Wnt3a protein has thus been shown to act on HSCs
as a growth factor (Willert et al. 2003). B-catenin is one of the most target molecular
downstream of Wnt signal. Reya found that overexpression of activated f-catenin in
HSCs lead to expansion of the pool of immature cells in vitro, which can reconsti-
tute irradiated recipients (Reya et al. 2003). The in vivo repopulation capability of
HSCs was lost when treated with Wnt signaling inhibitor. Wnt3A has been found
to promote self-renewal of HSCs (Willert et al. 2003). However, who found that
B-catenin-deficient mice had no defects on HSCs and the self-renewal capability of
B-catenin-deficient HSCs was normal (Cobas et al. 2004).
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6 Molecular Mechanisms Regulating Differentiation
of HSCs to Microphage

Besides the potent proliferative and self-renewal capacity to produce new hematopoi-
etic cells, HSCs can give raise to various lineages of function cells of blood. As
showed in Fig. 1, HSCs differentiated macrophages should experience a few selec-
tions. The first choice should be experienced is to differentiate into myeloid or lym-
phoid lineage cells. After they have become CMPs, they will face the second choice
that whether to differentiate into GMPs or MEPs. Only when they have differen-
tiate into GMPs, then they can finally differentiate into macrophage. Before they
eventually become macrophages, they should experience the stages of CMPs and
GMPs. During this process, several transcription factors and molecular pathways
have been reported played important roles in this process: the commitment of mono-
cytes/macrophages from HSCs.

During the process of differentiation, primitive HSCs continuously divide and give
raise to differentiated daughter cells, and these cells will become a single lineage
that possess a fixed genetic program. Differential expression of transcription factors
triggers the determination of HSCs fate: commitment to either CLPs or CMPs. With
the development of lots of biotechnologies, several candidate transcription factors
determine the initial destiny of primitive HSCs have been found, including. But these
transcription factors have not been tested in clearly interpretable in vivo models.

PU.1, which is an Ets family transcription factor, plays an important role in both
innate and adaptive immune system, it can control the development of granulocytes,
macrophages, B cells and T cells in a cell-intrinsic manner. PU.1 is highly expressed
in HSCs, CLPs and a part of CMPs (Nutt et al. 2005), which is accordance with its
important roles in the development and differentiation of HSCs.

The transcription factor PU.1 is the most studied transcription factor during the
initial differentiation of primitive HSCs. In all the studied transcription factors during
this process, the most studied transcription factor is PU.1. The expression of PU.1
is one of the earliest events controlling HSCs to lineage commitment. Conditional
disruption of PU.1 in bone marrow HSCs inhibit the transition of HSCs to CLP and
CMPs, which means PU.1 is important for the generation of initial myeloid and
lymphoid progenitors from HSCs (Iwasaki et al. 2005). HSCs upregulated PU.1 and
GATA-1 will differentiate into CMPs. Meanwhile, PU.1 is also vital for CLPs for it
is consistently expressed in CLPs (Scott et al. 1994). Further, PU.1 can regulate the
mRNA expression of IL-7 receptor and M-CSF receptor, which are important for
normal developments of lymphoid and myeloid lineages, respectively (DeKoter and
Singh 2000; DeKoter et al. 1998). Overexpression of PU.1 in HSCs has been shown to
be able to commit multipotent hematopoietic progenitors to monocytic/granulocytic
direction (Nerlov and Graf 1998). It seems that expression level of PU.1 determine the
differentiation of HSCs. DeKoter found that PU.1 controlled the lineage commitment
of HSCs to myeloid or lymphoid cells are dosage-related, for a higher concentration
favoring HSCs commitment to myeloid cells (DeKoter and Singh 2000). However,
the molecular mechanisms regulating the expression of key transcription factors PU.1
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are nearly unknown. The ‘extrinsic theory’ consider that the stable expression of
transcriptional programs might be subject to instruction from outside signals, which
has been proved that exogenous anti-TGF-f 1 antibody could significantly upregulate
PU.1 and GATA-1 expression level in the in vitro culture system of human CLRPP
(cytokine low-responding proliferating progenitors) cells.

Kondo found low but detectable level of GM-CSF receptors were expressed on
HSCs but not CLPs. It seems that the expression of GM-CSF receptor was down-
regulated during the process of HSCs differentiated into CLPs. When GM-CSF or
M-CSF receptor was overexpressed in CLPs, these cells were reprogramed to mono-
cytes or granulocyts by GM-CSF or M-CSF in vitro (Kondo et al. 2000). Further,
Evans found that signals mediated by cytoplasmic domain of GM-CSFR induced
multipotent FDCP-mix cells differentiated into granulocytic/monocytic cells (Evans
et al. 1999).

Meanwhile, during the differentiation process, how these differentiation-inducing
transcription factors predominate over self-renewal-maintaining factors is also
unknown. The expression of intrinsic transcription factors controlling the differentia-
tion of HSCs might be instructed by outside signals. Kondo found low but detectable
levels of GM-CSF receptor were expressed on HSCs but not CLPs. During the pro-
cess of HSCs differentiated into CLPs, the expression of GM-CSF receptor was
down-regulated. When GM-CSF or M-CSF receptor was overexpressed in CLPs,
these cells were reprogramed to monocytes or granulocyts by GM-CSF or M-CSF
in vitro (Kondo et al. 2000).

After the cells have differentiated into CMPs, these cells will experience the sec-
ond choice that differentiated into MEPs or GMPs. PU.1 and GATA-1 play important
roles in controlling this process, for they are co-expressed in CMPs and one of them
exclusively expressed will determine the direction of differentiation. It has been
proved that PU.1 is vital for monocytic and B lymphocytic development. During
the process of CMPs differentiated to GMPs, PU.1 can inhibit the transcriptional
activity of GATA-1, which predominately regulate CMPs differentiate into erythroid
and megakaryocytic development. Overexpress of PU.1 could inhibit the binding of
GATA-1 to its target gene promoter (Zhang et al. 2000). Matsumura found ectopic
express PU.1 in erythroid/megakaryocytic leukemia cell K562 could redirect them to
differentiate into granulocytes and monocytes, while overexpression of GATA-1 in
granulocytic progenitor 32D cells redirects them to megakaryopoiesis (Matsumura
etal.2000). Similarly, Iwasaki found disruption of PU.1 in CMPs blocks myelomono-
cytic differentiation in vitro (Iwasaki et al. 2005). PU.1 functions may through reg-
ulate the expression of M-CSF/M-CSFR or GM-CSF/GM-CSFR, for it has been
reported that PU.1 can regulate the expression of M-CSFRa and GM-CSFR (DeKoter
et al. 1998; Anderson et al. 1998). Further, M-CSF receptor ectopically expressed
in murine multiple-potent EML cells can increase their differentiation potential to
granulocyte/monocyte and decrease their differentiation potential to erythroid lin-
eage (Pawlak et al. 2000). However, other transcription factors may also function in
this process. Overexpression of c-Myb could reprogram the K562 cells differenti-
ate to granulocytic/monocytic lineage (Matsumura et al. 2000). Egr-1 (early growth
response gene-1) was found to promote macrophage production in the expense of ery-



224 P. Wang et al.

throid and granulocytic development (Krishnaraju et al. 2001). However, SCL could
promote productions of erythroid and megakaryocytic colonies when expressed in
CD34* cells (Elwood et al. 1998). TGF-B1 signal could enhance the commitment
of erythroid while inhibit the development of granulocyte/monocyte (Drexler et al.
1998; Krystal et al. 1994).

After CMPs have differentiated into GMPs, these bipotent precursor will choice
whether to differentiate into granulocytes or monocytes/macrophages. Several tran-
scription factors have been found play important roles in this process. PU.1 plays
important regulatory roles in the HSCs differentiation. Rodney et al. found mutation
of PU.1 gene could cause a severe reduction in myeloid (granulocyte/macrophage)
progenitors. PU.1-deficiency myeloid progenitors can proliferate in vitro in response
to the multilineage cytokines interleukin-3 (IL-3), IL-6 and stem cell factor but
are unresponsive to the myeloid-specific cytokines granulocyte-macrophage colony-
stimulating factor (GM-CSF), G-CSF and M-CSF. PU.1-deficiency myeloid pro-
genitors could not induce detectable macrophage differentiation. Retroviral trans-
duction of PU.1 into mutant progenitors restores responsiveness to myeloid-specific
cytokines and development of mature granulocytes and macrophages (DeKoter et al.
1998). PU.1 disruption in GMPs resulting in only myeloblast colony formation, and
these myeloblast colonies did not express CD11b (Iwasaki et al. 2005).

Overexpress Egr-1 (early growth response gene-1), also known as Zif268, in
myeloid-enriched cells could promote macrophage differentiation and inhibit gran-
ulocyte differentiation (Krishnaraju et al. 2001). The interferon consensus sequence
binding protein (ICSBP/IRF-8), which can interact with PU.1, was found could
inhibit the production of neutrophils from GMCSF-dependent ICSBP~/~ cell line
Tot2 and granulocytic progenitor 32D cells (Tamura et al. 2000). Meanwhile, express
of ICSBP into Tot2 cells could also upregulate the expression of transcription factor
Egr-1. ICSBP~'~mice developed granulocytosis along with atypical macrophages,
which resemble a chronic myelogenous leukemia (CML) -like disease (Holtschke
et al. 1996). Furthermore, overexpress ICSBP also could inhibit myelo proliferation
both in vitro and in vivo (Hao and Ren 2000; Schmidt et al. 1998).

When multipotent progenitor cells differentiated to macrophage, Maf B, the bZip
transcription factor, was upregulated successively. Meanwhile, overexpress Maf B in
transformed myeloblasts could lead to the differentiation of monocytes/macrophages
independent of overexpression of PU.1 (Kelly et al. 2000).

Tamura et al. found a specific protein FMIP, which could interact with the cytoplas-
mic domain of M-CSF receptor c-fms and inhibit the c-fms signaling. Overexpression
of FMIP in bipotent FDC-P1Mac11 could prevent the M-CSF-induced monocytic
differentiation and made all cells differentiated into granulocytes (Tamura et al.
1999). They also found ICSBP could induce macrophage differentiation (Tamura
et al. 2000). HoxA10 have been proved could regulate monocytic differentiation.
When HoxA10 was overexpressed in U937 cells, it could activate p21 and induced
cell cycle arrest, which could promote monocytic differentiation from U937 cells
(Bromleigh and Freedman 2000). Overexpression of GATA-2 in FDCP cell line
could also induce these cells to monocytic differentiation and accompanied with cell
cycle arrest (Heyworth et al. 1999).
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Besides, DNA methyltransferases Dnmt3a and Dnmt3b have been proved that
they could promote the differentiation of embryonic stem cells. Recently, Grant et al.
found Dnmt3a played an important role in HSCs self-renewal and differentiation.
Dnmt3a loss progressively impairs HSCs differentiation over serial transplantation,
while simultaneously expanding HSCs number in the bone marrow. Meanwhile,
Dnmt3a-null HSCs upregulate multipotency genes and downregulate differentiation
factors (Dnmt3a is essential for hematopoietic stem cell differentiation).

7 The Scientific Achievements in SJ-10 Satellite Research

SJ-10 recoverable satellite is the first microgravity scientific satellite of China,
which was launched on April 6, 2016 and mainly carries out microgravity science and
space life science. During the 12 days spaceflight, we studied the effects and mech-
anisms of spaceflight/microgravity on the proliferation of HSPCs and macrophage
differentiation. Meanwhile, we also investigated the effects and simulated micro-
gravity of simulated microgravity on the proliferation and macrophage differen-
tiation by using the RWV bioreactor (Fig. 2). About the proliferation of murine
hematopoietic stem/progenitor cells, we found that both spaceflight/microgravity
and simulated microgravity inhibited the proliferation of HSPCs. Meanwhile, cell
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cycle analysis demonstrated simulated microgravity inhibited the G1/S transition.
RNA-seq and bioinformatics analysis revealed microgravity inhibited proliferation
of HSPCs through regulating cell proliferation and cell apoptosis signaling pathway.
Further, we also found that HSPCs proliferated under simulated microgravity for
12 days could re-differentiate into more macrophages. About macrophage differen-
tiation, we elucidate the cellular and molecular mechanism of microgravity-affected
macrophage differentiation. We found that microgravity significantly inhibits mat-
uration of macrophages and impedes their further M1/2 polarization after in vitro
differentiation comparing with the normal gravity. We firstly propose that the two
microgravity-driven signaling pathways and metabolic alteration are important in
macrophage differentiation affected by microgravity (Fig. 5).

7.1 Spaceflight/Microgravity Decreased the Proliferation
of Murine Hematopoietic Stem/Progenitor Cells

Exposure to spaceflight/microgravity can cause a series of physiological and psy-
chological changes, such as bone loss, cardiovascular dysfunction, and immune dys-
function. Anemia and hematopoietic disorder are always observed in astronauts when
experienced short- or long-duration of spaceflight. Hematopoietic stem and progen-
itor cells (HSPCs), which could self-renew and give rise to all the other blood cells,
play vital role in the haematopoiesis and homeostasis. However, the effects and
mechanism of microgravity on the proliferation of HSPCs are remaining unclear. To
study the effect and mechanism of spaceflight/microgravity and simulated micro-
gravity on the proliferation of HSPCs, HSPCs were cultured in incubator which
experienced a 12-days spaceflight on SJ-10 satellite (with cell unit in Fig. 3a) and
Tianzhou-1 cargo ship (with cell unit in Fig. 3b), and in rotating wall vessel (RWYV)
bioreactor, respectively. Both spaceflight and simulated all significantly decreased
the number of proliferated HSPCs (Fig. 4). Simulated microgravity blocked the cell
cycle of HSPCs at G1/S transition and promoted cell apoptosis. RNA-Seq and bioin-
formatics analysis revealed that microgravity inhibited proliferation and promote
apoptosis of HSPCs through regulating cell proliferation and cell apoptosis signal-
ing pathways-associated genes. Meanwhile, microgravity through CSF and cAMP
pathways regulated cell proliferation and cell cycle. Furthermore, HSPCs prolifer-
ated under simulated microgravity had the same the ability to re-differentiated into
macrophages as that cultured under normal gravity. These results directly proved the
inhibitory effect of microgravity on proliferation of HSPCs in vitro and preliminary
revealed the regulatory mechanism of inhibition of microgravity on proliferation of
HSPCs.
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Fig. 3 Cell culture systems during space flight and control experiment. a Cell culture unit used in
SJ-10 satellite, in which 2 x 109 cells with 2.5 ml medium were placed in the cell culture chamber
separated by two pieces of polycarbonate filter membrane in each end of the unit. The nutrient
solution enters the culture unit from the nutrient bag connected at one end, infiltrates the filter
membrane, enters the cell culture chamber, and then passes from the other end of the culture unit to
the waste liquid bag. The cells cultured in this unit will eventually return to the ground for recycling
and further analysis. b Cell observation unit used in Tianzhou-1 cargo ship, in which cells attached
to micro-carriers were cultured with 1.8 ml medium in the middle cell culture chamber of the unit.
The camera photographed cells from the glass observation window in the unit and collected the
image information. Two units are connected in series, one is 10x magnifications of cells for images
collection, and the other is 20x. The nutrient flows from one end of the nutrient solution bag to the
other end of the waste liquid bag, and provides nutrient for cells in the cell culture chamber
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Fig. 4 Cell number and morphology of hematopoietic stem cells (HSPCs) after culturing in dif-
ferent gravity conditions for 12 days. a The number change of HSPCs in 12 days culturing in
normal gravity and modeled microgravity. b Cell morphology of HSPCs after culturing in normal
gravity and modeled microgravity for 12 days, observed in microscope at low magnification and
magnification
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Fig. 5 Schematic view for the relationship and influence of all microgravity-response signaling
pathways. The blue circle shows a macrophage under microgravity. White words indicate the impor-
tant microgravity-response signaling pathways and black words indicate their consequence

7.2 Microgravity Suppresses Macrophage Differentiation

Space flight-associated immune system weakening ultimately precludes the expan-
sion of human presence beyond the Earth’s orbit, so it is an urgent need to
understand the relevant mechanisms caused by microgravity. To figure out the effect
of microgravity on the microgravity-caused changes of cell state and transcriptome
profiling during the differentiation of macrophages, we differentiated hematopoietic
progenitor cells (HPCs) of mouse bone marrow in the presence of macrophage
colony stimulating factor (M-CSF) for 12 days under spaceflight and simulated
microgravity conditions, respectively, and performed gene expression analysis by
next-generation sequencing (NGS). Results showed that microgravity significantly
reduced the proliferation and differentiation of macrophages and even potentially
impaired functional polarization of those macrophages. RNA-Seq data indicated
that the genes related cell proliferation and macrophage differentiation were down-
regulated while the genes related apoptosis and repair process were up-regulated
under microgravity. Among paramount gene signature, we identified the major
microgravity-regulated pathways during macrophage development (Fig. 5).
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