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A R T I C L E I N F O                   A B S T R A C T 

Introduction: Exposure to the microgravity environment could cause human physiological 

abnormalities that include fluid shift, anemia, osteoporosis, immunosuppression, etc. 

Monocytes and macrophages are important components of the immune system and could 

serve as precursors of osteoclasts. A direct effect of microgravity on monocytes and/or 

macrophages may contribute to immunosuppression and osteoporosis. Methods: To test 

this hypothesis, we reviewed the studies concerning the direct effects of microgravity on 

the monocyte/macrophage physiology and discussed the links of these effects to the human 

physiological abnormalities caused by microgravity. Results: Inhibited development and 

proliferation, reduced production of reactive oxygen species and proinflammatory 

cytokines and inhibited cell locomotion were observed in monocyte/macrophages under 

microgravity. These microgravity effects may lead to immunosuppression. Enhanced 

osteoclastogenesis was observed in monocyte/macrophages under microgravity. This 

microgravity effect may lead to osteoporosis. The molecular mechanisms underlying these 

microgravity effects were also presented. For example, the mechanisms of the inhibited cell 

locomotion under microgravity include: reduced β-actin expression, abnormality in the 

structure of focal adhesions and impaired protein kinase C signaling. Conclusion: The 

elucidation of the molecular mechanisms by which microgravity interferes with the 

monocyte/macrophage physiology may favor the identification of potential drug targets to 

reverse the deleterious effects of microgravity. Furthermore, due to the fact that 

macrophages are professional antigen-presenting cells, we propose that microgravity might 

modulate the efficacy of antigen presentation by macrophages in the immune response to 

vaccines. 

 

Citaion: 
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the Potential Implication in Immune Responses to Vaccines. vacres. 2019; 6 (2) :47-52. DOI: 

10.29252/vacres.6.2.47 

 
INTRODUCTION 

To travel into the space, humans need to adapt to 

microgravity in space. Unfortunately, exposure to the 

microgravity environment could cause severe abnormalities in 

the human physiology, which include fluid shift, anemia, 

osteoporosis, immunosuppression, etc [1, 2]. Monocytes and 

macrophages are important components of the immune system 

and could serve as precursors of osteoclasts that are responsible 

for the bone resorption. Modulation of the 

monocyte/macrophage physiology by microgravity might 

underlie the immunosuppression and osteoporosis of humans in 

space. In the present review, we summarize the effects of 

microgravity on the development, general physiology, immune-

related functions and osteoclast-directed differentiation of 

monocyte/macrophages, and discuss the links of these effects to 

the human physiological abnormalities caused by microgravity. 

Considering that macrophages are professional antigen-

presenting cells, microgravity might also affect their efficacy of 

antigen presentation during the immune response to vaccines. 

MATERIALS and METHODS 

In the search box of PubMed, the following terms were 

typed: ("Weightlessness Simulation"[Mesh] OR 

"Weightlessness"[Mesh]) AND ("Macrophages"[Mesh] OR 

"Monocytes"[Mesh]). PubMed Search was run. Studies 

concerning the direct effects of microgravity on the 

monocyte/macrophage physiology were selected. These 

microgravity effects were classified in 5 sections: 

“Development and general physiology”, “Cytokine secretion”, 

“Production of reactive oxygen species (ROS)”, “Cell 

migration”, and “Osteoclastogenesis”. The molecular 
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mechanisms underlying these microgravity effects were 

presented as well. 

RESULTS 

Development and General Physiology 

Monocytes and macrophages are derived from 

hematopoietic stem cells. Macrophage colony-stimulating 

factor (M-CSF) could induce the differentiation of bone 

marrow cells into macrophages. This differentiation process are 

reported to be inhibited in space [3]. Furthermore, the total 

Kupffer cell (liver macrophage) population in spaceflight rats 

appear to be reduced [4]. These data suggest that microgravity 

might impair macrophage development. In the macrophages 

differentiated from bone marrow cells under microgravity, the 

expressions of genes in the RAS/ERK/NF-KappaB signaling 

pathway are shown to be down-regulated [5]. Furthermore, both 

an ERK agonist and an NF-KappaB agonist can rescue the 

impaired macrophage development under microgravity [5]. 

Thus, microgravity might impair macrophage development 

through down-regulating the expression of genes in the ERK 

and NF-KappaB signaling pathways. 

Cytoskeleton structures of microfilaments, microtubules 

and focal adhesion plaques are reported to be altered in J111 

cells (a human monocyte/macrophage cell line) cultured under 

no matter real or simulated microgravity [6, 7]. In addition, the 

intensity of F-actin and β-tubulin immunofluorescence is shown 

to be reduced in the microgravity-exposed J111 cells [6]. 

Consistently, the amount of β-actin, which is a major 

component of the F-actin microfilaments, is reduced in U937 

cells (a human monocytic cell line) cultured under simulated 

microgravity [8]; and the amount of α-tubulin, which 

heterodimerizes with β-tubulin to form the basic unit of 

microtubules, is reduced in FLG 29.1 cells (a human monocytic 

cell line that could be induced to differentiate into osteoclast-

like cells [9]) cultured under simulated microgravity [10]. 

Interestingly, the expression of vimentin, an intermediate 

filament protein, is shown to be increased in the microgravity-

exposed FLG 29.1 cells [10]. The functional significance of the 

increased vimentin expression under microgravity requires 

further investigation. 

When exposed to no matter real or simulated microgravity, 

U937 cells grow slower [11, 12, 8]. The protein amount of 

cdc25B, a cell cycle regulator essential for the G2/M phase 

transition in human cells [13], is documented to be significantly 

decreased in U937 cells cultured under simulated microgravity 

[8]. This might lead to growth retard of U937 cells at the G2 

phase under simulated microgravity [8]. Furthermore, 

microtubules and microfilaments play important roles in cell 

cycle progression, which are responsible for the alignment and 

segregation of chromosomes [14], and the contraction and 

abscission at the cell division plane (cytokinesis) [15], 

respectively. Abnormalities in the expression and structure of 

microfilaments and microtubules as mentioned above, may also 

contribute to the reduced growth under microgravity. 

Unlike lymphocytes, U937 cells cultured under simulated 

microgravity do not undergo apoptosis [16, 8]. Activation of 5-

LOX (5-lipoxygenase) is found to be the cause of lymphocyte 

apoptosis under the microgravity environment. Lack of 5-LOX 

expression may protect U937 cells from apoptosis under 

microgravity [16]. In addition, the major stress protein Hsp70 

(the 70 kilodalton heat shock proteins) is shown to be up-

regulated in U937 cells, under microgravity which could also 

protect the cells from apoptosis [8]. However, culturing the 

preosteoclastic FLG 29.1 cells with bone slices under 

microgravity results in a marked increase in apoptosis 

compared with under 1*g condition [10]. It is possible that the 

bone slices in the culture could influence the expression of 5-

LOX and/or Hsp70 in FLG 29.1 cells and sensitize the cells to 

microgravity-mediated apoptosis. 

The cell-surface protein, Intercellular Adhesion Molecule-

1 (ICAM-1), is found to be a gravity-regulated molecule in 

macrophage cells. Its expression in murine BV-2 microglial 

cells is shown to be down-regulated by microgravity. 

Furthermore, the ICAM-1 expression in the macrophage-like 

differentiated human U937 cells is up-regulated by 

microgravity [17]. Recently, we found that the Major 

Histocompatibility Complex (MHC) class II molecule, I-A
b
, in 

primary mouse macrophages is down-regulated by simulated 

microgravity. This was caused, at least partly, by decreased 

histone acetylation in macrophages under simulated 

microgravity [18]. 

The abundance of several metabolites in the cell culture 

supernatant of primary human macrophages is found to change 

under microgravity. Higher levels of 3-methyl-2-oxovaleric 

acid (3-methyl-2-pentanoic acid), benzoic acid, glycerol-3-

phosphate, ketoleucine (4-methyl-2-pentanoic acid) and fucose, 

and lower level of N-acetyltryptophan are found in the 

microgravity condition, compared with the 1*g control 

condition [19]. 

Cytokine Secretion 

Cytokines are secretable proteins that function as the 

mediators and regulators of immune responses and the 

stimulators of hematopoiesis. Increased secretion of cytokines 

(e.g. IL-1β, IL-2, IL-8, MCP-1, M-CSF, TGF-β1, etc.) has been 

found in U937 cells cultured under simulated microgravity. The 

underlying mechanisms might involve an inhibition of 

intracellular cytokine degradation, as the proteasome activity in 

U937 cells under simulated microgravity has been shown to be 

reduced [8]. Increased NF-KappaB activity under microgravity 

may represent an additional mechanism. NF-KappaB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) activates 

the transcription of cytokine genes [20]. When the murine 

macrophage cell line, RAW 264.7, was cultured under 

simulated microgravity, the concentration of nuclear NF-

KappaB has been reported to be increased [21]. 

Less IL-1β (Interleukin-1β) is produced when the human 

monocytic cell lines, THP1 and U937, are stimulated with 

phorbol esters in space [22, 23]. Protein kinase C (PKC) is 

known to be a cellular target of phorbol esters. When bound by 

Phorbol esters, PKC translocates from cytosol to cell 

membranes to acquire an active state and initiate downstream 

signaling [24], which may increase the expression of IL-1β 

[25]. PKC translocation from the cytosol fraction to the 

particulate fraction (which includes the nucleus, membrane, and 

insoluble cytoskeleton) in phorbol esters-stimulated U937 cells 

has been found to be inhibited in space [11, 25]. This may at 

least partly account for the reduced phorbol esters-induced IL-

1β production in space. 

When RAW 264.7 macrophage cells are treated with LPS 

(lipopolysaccharides; constituents of the outer membrane of 

Gram-negative bacteria) plus IFN-γ (Interferon-gamma) under 

simulated microgravity, less NO (nitric oxide), TNF (Tumor 

Necrosis Factor)-α, IL-6 and IL-12 were shown to be secreted, 

compared with under 1*g condition [26]. In our recent study, 

consistent results were found. The LPS-induced TNF-α 
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expression in RAW 264.7 cells and primary mouse 

macrophages were decreased under simulated microgravity 

[27]. Molecular mechanism investigation revealed that neither 

TLR4 (Toll-like receptor 4, the receptor for LPS) expression 

nor the signal transduction downstream of TLR4 was inhibited 

under simulated microgravity. Furthermore, TNF-α mRNA 

stability did not decrease under simulated microgravity. Instead, 

we found that heat shock factor-1 (HSF1), a known repressor of 

TNF-α promoter, was markedly activated under simulated 

microgravity. Microgravity inhibition of LPS-induced TNF-α 

expression may be mediated by the microgravity-activated 

HSF1 [27]. In another study, we found that the LPS-induced 

IL-12B expression in primary mouse macrophages was 

decreased under simulated microgravity, in which activation of 

the p38 MAPK-C/EBPβ pathway may play a role since C/EBPβ 

is a negative regulator of IL-12B transcription [28]. 

Production of reactive oxygen species (ROS) 

Upon exposure to microbes, macrophages produce large 

amounts of ROS which have microbicidal effects [29]. When 

NR8383 macrophage cells were treated with zymosan (a 

component of fungal cell wall) under simulated microgravity, 

less ROS were reported to be produced, compared with under 

1*g condition [30]. This was suggested to be caused by 

diminished Syk phosphorylation under simulated microgravity 

[30], because Syk tyrosine kinase is a key signaling molecule 

for the zymosan-induced production of ROS by macrophages 

[31, 32]. Reduced ROS production by macrophages under 

microgravity has also been observed when opsonized zymosan 

particles were used to stimulate the macrophage cells [33]. 

However, the inhibitory effect of microgravity on ROS 

production in macrophages is reported to only last for a short 

period (less than one minute) [34]. 

Cell Migration 

Monocytes are derived from progenitors in the bone 

marrow and traffic via the blood stream to peripheral tissues, 

where they differentiate into macrophages and dendritic cells. 

In the condition of local inflammation, monocytes in the blood 

stream migrate to the site of inflammation and participate in 

local immune responses. Locomotion of J111 cells on gold 

particle-coated glass slides was shown to be reduced under no 

matter real or simulated microgravity [6, 7]. In general, cell 

locomotion comprises three components, namely, protrusion of 

the leading edge, adhesion of the leading edge followed by 

deadhesion at the rear of the cell, and cytoskeletal contraction 

to pull the cell forward [35]. As the protrusion of the leading 

edge is driven by actin polymerization, the reduced β-actin 

expression under microgravity [8] might decelerate actin 

polymerization and partly account for the impaired cell 

locomotion in this environment. Secondly, the adhesion of the 

leading edge functions in preventing the retraction of the 

leading edge; the abnormality in the structure of focal adhesions 

[6, 7] suggests that the mechanic properties of focal adhesions 

might have defects, which could impair the firm adhesion of the 

leading edge and decrease cell motility. This inference is 

consistent with the observation that J111 cells under 

microgravity have shorter protrusions than under 1*g [6, 7]. 

Lastly, PKC (protein kinase C) signaling plays a non-redundant 

role in cell locomotion [36]; the impaired PKC signaling under 

microgravity [11, 25] might also contribute to the decreased 

cell motility. 

 

Osteoclastogenesis 

More osteoclast-like plurinucleated cells are shown to be 

formed when the preosteoclastic FLG 29.1 cells are cultured 

with bone slices under simulated microgravity compared with 

under 1*g. The expression of TRAP (tartrate resistant acid 

phosphatase), an osteoclast-specific enzyme, is reported to be 

higher in the cells cultured under simulated microgravity [10]. 

Similarly, when bone marrow macrophages were cultured with 

bonelike scaffolds, M-CSF (Macrophage colony-stimulating 

factor) and RANKL (Receptor activator of nuclear factor 

kappa-B ligand) in space, more numerous and larger osteoclasts 

were formed compared with the ground control. The cells 

cultured in space expressed higher levels of TRAP and 

cathepsin K, which are osteoclast-specific enzymes [37]. These 

findings suggest that the microgravity environment could 

enhance osteoclastogenesis. Consistently, the number of 

osteoclasts per square millimeter of the trabecular surface is 

documented to be significantly increased in spaceflight rats 

[38]. 

Higher S100A8 expression is found in RAW 264.7 cells 

undergoing RANKL-stimulated osteoclastogenesis under 

simulated microgravity, compared with under 1*g condition. 

siRNA knockdown of S100A8 expression in the RAW 264.7 

cells under simulated microgravity is shown to inhibit RANKL-

stimulated osteoclastogenesis, indicating that microgravity can 

enhance osteoclastogenesis through S100A8 up-regulation [39]. 

It has been shown that murine S100A8 could be secreted by 

activated monocytes and macrophages and has potent 

chemotactic activity for monocytes [40]. Therefore, the 

microgravity-induced S100A8 overexpression might enhance 

osteoclastogenesis through promoting cell gathering and fusion. 

In addition, the fusion protein, Syncytin-1, is up-regulated by 

simulated microgravity. siRNA knockdown of Syncytin-1 

expression in the RAW 264.7 cells under simulated 

microgravity inhibit RANKL-stimulated osteoclastogenesis, 

indicating that microgravity can enhance osteoclastogenesis 

through Syncytin-1 up-regulation as well [41]. 

Higher cytosolic calcium (Ca
2+

) level and increased 

activation of the transcription factors, CREB (c-AMP 

responsive element-binding protein) and NFATc1 (Nuclear 

factor of activated T-cells, cytoplasmic 1), have been found in 

RAW 264.7 cells under simulated microgravity [39, 42]. These 

results indicate that the Ca
2+-

Calmodulin kinases-CREB and 

Ca
2+

-Calcineurin-NFATc1 pathways are hyperactivated under 

simulated microgravity, which may increase the expression of 

osteoclast-specific genes and enhance osteoclastogenesis [43]. 

In addition, activation of MAP kinases (p38 and ERK) and NF-

KappaB has been found in RAW 264.7 cells under simulated 

microgravity [42, 21]. The activation of NF-KappaB and 

MAPK (Mitogen-activated protein kinases) signaling pathways 

is involved in the driving of osteoclastogenesis [44]. Therefore, 

microgravity might enhance osteoclastogenesis through 

increasing the activation of NF-KappaB and MAPK signaling 

pathways. 

Tumor necrosis factor-related apoptosis inducing ligand 

(TRAIL) has been shown to increase osteoclastogenesis 

through a TRAF6 (TNF receptor associated factor 6) dependent 

signaling pathway. The expression of TRAIL in RAW 264.7 

cells is reported to be up-regulated by simulated microgravity. 

A neutralizing antibody against TRAIL has been shown to 

reduce RANKL-stimulated osteoclastogenesis significantly 

under simulated microgravity, indicating that microgravity can 

enhance osteoclastogenesis through TRAIL up-regulation [45]. 
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DISCUSSION 

Previous studies concerning the microgravity effects on 

monocyte/macrophage physiology have revealed several 

dysfunctions of these cell types under microgravity (Table 1), 

which have implications for the human health in space. The 

inhibited development and proliferation under microgravity 

may reduce the normal reservoir of these cell types. The 

reduced production of ROS and proinflammatory cytokines by 

activated monocyte/macrophages under microgravity may limit 

the extent of both innate and adaptive immune responses in the 

context of bacteria or fungi infection, which could result in 

failure of pathogen control. The inhibited cell locomotion under 

microgravity may delay the recruitment of these cells to sites of 

local inflammation, which could result in delayed resolution of 

the inflammation. The enhanced osteoclastogenesis under 

microgravity, in combination with the enhanced bone 

resorption function of osteoclasts under microgravity [46, 37], 

may underlie the observed osteoporosis in space.  

Moreover, considering that macrophages are professional 

antigen-presenting cells [47], it should be noted that 

microgravity might modulate the efficacy of antigen 

presentation by macrophages in the immune response to 

vaccines in several aspects, as follws. Firstly, microgravity may 

reduce the normal reservoir of macrophages. Secondly, 

microgravity may delay the recruitment of macrophages to the 

site of immune reaction to vaccines. Thirdly, microgravity may 

decrease the expression of MHC II molecules in macrophages, 

which may potentially decrease the efficacy of antigen 

presentation by macrophages.  

More studies are required to fully elucidate the molecular 

mechanisms by which microgravity interferes with the 

monocyte/macrophage physiology as well as to what extent the 

immune responses to different vaccines would be affected in 

the microgravity environment, and to find measures that could 

counteract such adverse effects. 

 
Table 1. Summary of the microgravity effects on monocyte/macrophage physiology 

Effects  Molecular mechanisms1  References 

1. Impaired development  Reduced expression of genes in the ERK and NF-KappaB signaling pathways  [3-5] 

2. Altered cytoskeleton 

structures 

 -*  [6, 7] 

3. Inhibited growth  Reduced cdc25B expression; Abnormalities in the expression and structure of 

microfilaments and microtubules 

 [6-8, 10-12] 

4. Decreased MHC II 

expression 

 Decreased histone acetylation  [18] 

5. Increased secretion of 

cytokines at the steady state 

 Inhibition of intracellular cytokine degradation; Increased NF-KappaB activity  [8, 21] 

6. Decrease in phorbol esters-

induced IL-1 production 

 Impaired PKC signaling  [11, 22, 23, 25] 

7. Decrease in LPS-induced 

TNF-α expression 

 Activation of heat shock factor-1 (a repressor of TNF-α promoter)  [27] 

8. Decrease in LPS-induced 

IL-12B expression 

 Activation of the p38 MAPK-C/EBPβ pathway  [28] 

9. Decrease in LPS plus IFN-

γ-induced production of NO 

(nitric oxide) and IL-6 

 -  [26] 

10. Decrease in zymosan-

induced production of reactive 

oxygen species (ROS) 

 Diminished Syk phosphorylation  [29, 30, 33] 

11. Inhibited cell locomotion  Reduced β-actin expression; The abnormality in the structure of focal adhesions; 

Impaired PKC signaling 

 [6-8, 11, 25] 

12. Enhanced 

osteoclastogenesis 

 S100A8 overexpression; Syncytin-1 overexpression; Activation of Ca2+-

Calmodulin kinases-CREB and Ca2+-Calcineurin-NFATc1 pathways; Activation 

of NF-KappaB and MAPK (Mitogen-activated protein kinases) signaling 

pathways; TRAIL overexpression 

 [10, 21, 37, 38, 

39, 41, 42, 45] 

*The “-” symbols indicate unknown mechanisms 
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