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ABSTRACT
Future plans in space exploration have outlined missions to both asteroids and planets such as 
Mars. Extended spaceflight has long been associated with immunosuppressive effects. A grow-
ing body of evidence suggests that microgravity plays an important role in astronaut immune 
dysfunction through its interactions with the cytoskeleton. This review summarizes the current 
understanding of the effects of microgravity on both adaptive and innate immunity, while dis-
cussing the implications of cytoskeletal alterations in the search of a primary mechanism for 
gravity sensing. We conclude by addressing the need for more thorough investigation in order 
to fully understand the long-term consequences of cellular adaptation to low gravity conditions 
during extended spaceflight.   
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Muscle atrophy and loss of bone density are 
among the topics best known by the public 
and scientists. However, serious concerns 
have been raised about impaired eyesight, 
psychological and physical stress, ionizing 
radiation, as well as latent viral reactivation 
and alterations to the immune system. The 
�¿�U�V�W���L�P�P�X�Q�R�O�R�J�L�F�D�O�O�\���U�H�O�H�Y�D�Q�W���F�R�Q�F�H�U�Q�V���Z�H�U�H��
documented by the Apollo missions, which 
reported symptoms of “infectious illness” in 
50% - 60% of crewmembers (1). To mini-
mize this health risk NASA implemented 
the Health Stabilization Program starting 
with the Apollo 14 mission. This program 
�V�L�J�Q�L�¿�F�D�Q�W�O�\���U�H�G�X�F�H�G���W�K�H���I�U�H�T�X�H�Q�F�\���R�I���V�\�P�S-
toms by enforcing light quarantine on crew-
members prior to launch. A summary of post 
�À�L�J�K�W���G�H�E�U�L�H�I�V���L�Q�����������V�K�X�W�W�O�H���P�L�V�V�L�R�Q�V���U�H�S�R�U�W�V��
29 incidents of infectious disease out of 742 

The technical limitations of launch, navi-
gation and safe landing are not the only 
obstacles for placing humans in orbit or on 
celestial bodies. Research on space-faring hu-
mans, cell cultures, and model organisms has 
shown that there are a great number of physi-
ological changes that accompany this event. 

Since the beginning of time humans have 
gazed unto the heavens with curiosity 

and awe. In ancient times the stars guided 
farmers to the seasons and sailors across 
oceans. More recently, we have been inspired 
�W�R���W�D�N�H���W�K�H���¿�U�V�W���V�W�H�S�V���L�Q���H�[�S�O�R�U�D�W�L�R�Q���R�I���W�K�H���¿-
nal frontier. We have sent a rover to Mars, 
landed the Philae probe on an asteroid, and 
for the past 15 years, through international 
cooperation, have maintained the orbital re-
search lab known as the International Space 
Station (ISS).
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microgravity conditions. In a series of experi-
ments performed onboard MASER flights 3 
and 4, as well as the MAXUS 2 flight, the 
binding of mitogen Con A to glycoproteins 
on the cell membrane was used as a mimic 
of signal 1 in order to assess the effects of 
microgravity on T cell functionality (7, 8, 3). 
Although the patching of Con A glycopro-
teins after binding is significantly inhibited 
in microgravity in comparison to 1g-onboard 
and ground centrifuge controls, researchers 
concluded that the overall influence in such 
a rapid process was small, and unlikely to ac-
count for the documented large scale inhibi-
tion of T cell activation (9). In another exper-
iment human peripheral blood lymphocytes, 
which include both T cells and APCs, formed 
progressively larger aggregate clusters 12-78 
hours after stimulation with Con A indicating 
that physical contact between cells can occur 
under microgravity conditions (10).

Experiments modeling microgravity in the 
Random Positioning Machine (RPM) have 
found a significant dysfunction in the tran-
scription of IL-2 and IL-2R alpha genes in 
lymphocytes stimulated with Con A (9). This 
confirms previous reports of decreased IL-2 
and IL-2R in peripheral blood lymphocytes 
exposed to Con A in real microgravity on 
board Spacelab SLS-1 (4). As IL-2R and IL-2 
production are the primary targets of signal 
1 and 2 signaling cascades, their decrease 
could indicate incomplete or inefficient func-
tion of signals 1 and 2. Regardless of the 
cause-and-effect relationship, the outcome is 
interference with signal 3 followed by T cell 
inactivation as a result of gravity unloading.

Comparisons of peripheral leukocyte sub-
sets in crewmembers after short and long 
duration spaceflight missions have been per-
formed, revealing time spent in microgravity 
to be an important factor in the analysis of 
immune adaptation to spaceflight (11). CD69 
cell surface expression, a marker of early T 
cell activation, was elevated after stimulation 
with mitogens in short duration shuttle crew-
members after landing, however production 
of Interferon-gamma (IFN-γ) was decreased. 
In contrast, long duration ISS crewmembers 

displayed significant reduction in CD69 ex-
pression, and unchanged production of IFN-γ. 
Both groups showed a decrease in IL-2 pro-
duction, as well as a decrease in INF- γ:IL-10 
ratio, suggesting a detectable T-helper type 2 
(Th2) cytokine shift (11). 

To start revealing the molecular mecha-
nism behind the dysregulation of T cell 
function, experiments on board the ISS in-
vestigated patterns of early gene expression 
between microgravity exposed T cells and 1g 
controls after 1.5 and 4 hours of stimulation 
with Con A and anti-CD28 (12). Researchers 
found 47 significantly down-regulated genes 
in the microgravity group at the 1.5 hour 
mark, including down-regulated key imme-
diate early genes and their targets, such as 
transcription factors Rel/NF-kB, CREB, and 
Serum Response Factor (SRF). This confirms 
earlier reports of NF-kB and CREB pathway 
dysregulation, which was attributed to down-
regulation of protein kinase A but not protein 
kinase C (13). The transcription of cREL and 
its gene targets were significantly reduced as 
well, and downstream Tumor Necrosis Factor 
(TNF) effector functions were identified as 
particularly gravity sensitive after genetic 
pathway analysis (12). Induction of NF-kB is 
a result of the costimulatory signals 2 and 3, 
and in the absence of this signaling cascade 
the cell can become anergic. Therefore, the 
alterations observed in the gene expression of 
T cells activated in microgravity is concern-
ing because it might lead to immunosuppres-
sion in astronauts. CREB plays an important 
role in the production of IL-2, IFN-γ, and the 
induction of T cell proliferation (14). The 
dysregulation of this pathway might there-
fore explain the reduced IL-2 levels and the 
Th2 cytokine shift observed in previous ex-
periments. Even with a transcriptionally per-
missive methylation of the IFN-γ promoter, 
if CREB activity is reduced the production 
of IFN-γ might not be sufficient to promote a 
Th1 response, resulting in a cytokine shift and 
immunosuppression (15). Analysis at 4 hours 
identified 98 other genes down-regulated in 
microgravity, illustrating the interaction be-
tween primary and secondary microgravity 
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Cell type Effects References 

 
 
 

T lymphocytes 

● disruption of activation  
(long term exposure) 
 

● increase in activation 
(short term exposure), 
short-term decrease in 
INF-ɤ, decrease in INF-
ɤ:IL -10 ratio 
 

● increase in motility 
● decrease in transcription 

of IL-2 and IL-2R alpha 
 

● down-regulation of 47 
early gene targets, 
including Rel/NF-kB, 
CREB, SRF, PKA, and 
cREL 

Konstantinova et al 1993 (2) , 
Cogoli et al 1988 (3), Cogoli et al 

1993 (4), Pipia et al 1996 (5) 
 

Crucian et al 2008 (11) 
 
 
 
 

Cogoli-Greuter et al 1996 (10) 
Cogoli-Greuter 2004 (9) 

 
 

Chang et al 2012 (12),  
Boonyaratanakronkit et al 2005 

(13) 

B lymphocytes ● some increase in IgM and 
IgA levels 

Rykova et al 2008 (21),  
Konstantinova et al 1993 (2) 

 
 
  

Table 1. Summary of the Relation between Microgravity and the Adaptive Immune System !"#$%&'(&6-<<40?&/"&$.!&7!54$2/1&9!$G!!1&D2#0/;04A2$?&41:&$.!&,:43$2A!&L<<-1!&6?%$!<

4



32

!"#$"$% &'% (#)*+% ,-".% /!-0.$% !".1% 2-% "/3
2#&.+/!%4+/5%6#72-4/8%0/"60.%&+-)#45"4/8%#*$%#%
/2#*$#4$%6-4%7-)1#4+/-*%9!"*%)"#/04+*:%2!"%
"66"72/% -6% /24"//;%<!"/"% 4"/0.2/% +*$+7#2"% 2!#2%
!0)-4#.%+))0*"%4"/1-*/"%+/%*-2%.+5".'%2-%&"%
#%14+)"%4+/5%6#72-4%6-4%"=1.-4#2+-*%7.#//%)+/3
/+-*/8%/07!%#/%#%>#4/%)+//+-*8%!-9"?"4%#*'%
0*"=1"72"$%7-)1.+7#2+-*/%2!#2%#4+/"%7-0.$%&"%
0*24"#2#&."%#*$%1.#7"%2!"%74"9%#*$%)+//+-*%#2%
/"?"4"%4+/5%@AB;%

!""#$%&!''("!$)

"*+,-*.&/0..1-&21..3

(C% 7"../% 7-)14+/"% 2!"% 2!+4$% .')1!-7'2"%
.+*"#:"% #*$% 1.#'% #*% +)1-42#*2% 4-."% +*% 2!"%
$"6"*/"%-6%2!"%!-/2%#:#+*/2%?+40/"/%#*$%+*24#3
7"..0.#4%&#72"4+#%@DEB;%<!"/"%7"../%#4"%*#)"$%
F*#204#.% 5+.."4G% &"7#0/"% 0*.+5"% 2!"% -2!"4%
7"../%-6%2!"%.')1!-7'2"%.+*"#:"%2!"'%4"H0+4"%
*-%IJK%6-4%#72+?#2+-*;%(C%7"../%#4"%#&."%2-%
4"7-:*+L"%.+:#*$/%-*%2!"%/046#7"%-6%+*6"72"$%
7"../8% /24"//"$% 7"../8% #*$% 2!-/"% .#75+*:% /".63
1"12+$"/% 14"/"*2"$% -*% >MK3N% 2-% H0+75.'%
+$"*2+6'%2!4"#2/%#*$%4"/1-*$%&'%.'/+*:%2#4:"2%
7"../% #/% #% 14+)#4'% $"6"*/"% #:#+*/2% +*?#$"4/%
@DEB;% <!+/% +**#2"% $"6"*/"% 14-?+$"$% &'% 2!"%
(C%7"..%#..-9/%2+)"%6-4%2!"%#$#12+?"%+))0*"%
4"/1-*/"%2-%7.-*#..'%"=1#*$%#*$%4"/1-*$%2-%
2!"%+*6"72+-*%/!-0.$%+2%*-2%&"%"4#$+7#2"$%&'%
2!"% +**#2"% +))0*"% 4"/1-*/"% @DEB;% O+2!% 2!"%
-&/"4?"$%?+4#.%4"#72+?#2+-*%#)-*:%)#*'%#/3
24-*#02/%#*$%2!"%0*5*-9*%?+40."*7"%-6%)#*'%
&#72"4+#.%/24#+*/%+*%)+74-:4#?+2'8%+2%&"7-)"/%#%
14+-4+2'%2-%$"2"4)+*"%2!"%#&+.+2'%-6%(C%7"../%
2-%)#+*2#+*%60*72+-*#.%7'2-.'2+7%#72+?+2';%

P#2#%#*#.'/+/%-6%(C%7"../%"=24#72"$%64-)%
2!"%1"4+1!"4#.%&.--$%-6%EE%7-/)-*#02/%#62"4%
4"204*+*:%64-)%.-*:%2"4)%)+//+-*/%4"?"#."$%
�W�Z�R���S�K�H�Q�R�W�\�S�H�V�����7�K�H���¿�U�V�W���R�I���W�K�H�V�H���S�K�H�Q�R�W�\�S�H�V��
9#/% 7!#4#72"4+L"$% &'% #% /2#2+7% -4% +*74"#/"$%
1"47"*2#:"%-6%KPQ3RKPSTURKPATU%.')1!-3
�F�\�W�H�V�� �F�R�P�S�D�U�H�G�� �W�R�� �S�U�H�À�L�J�K�W���� �Z�L�W�K�� �U�H�G�X�F�H�G��
7'2-2-=+7%#72+?+2'%-6%2!"%(C%1-10.#2+-*;%<!"%
�V�H�F�R�Q�G���S�K�H�Q�R�W�\�S�H���G�H�P�R�Q�V�W�U�D�W�H�G���V�L�J�Q�L�¿�F�D�Q�W�O�\��
4"$07"$% 64#72+-*% -6% KPQ3RKPSTURKPATU%
�O�\�P�S�K�R�F�\�W�H�V���E�X�W���V�L�J�Q�L�¿�F�D�Q�W�O�\���K�L�J�K�H�U���1�.���F�H�O�O��
7'2-2-=+7%#72+?+2'%@DVB;%I%14"?+-0/%/20$'%-*%

-6%2!"%+))0*-:.-&0.+*%+/-2'1"/%2#5"*%64-)%
)#*'%#/24-*#02/%/0::"/2%.+22."%7.+*+7#.%4+/5%-6%
#%$'/60*72+-*#.%!0)-4#.%4"/1-*/"%-6%2!"%+)3
)0*"%/'/2");%,+?"*%*-%7!#*:"%2-%#*2+&-$'%
�E�L�Q�G�L�Q�J�� �L�Q�� �P�L�F�U�R�J�U�D�Y�L�W�\�� �D�Q�G�� �Q�R�� �V�L�J�Q�L�¿�F�D�Q�W��
7!#*:"% +*% /"40)% ."?"./% 6-4% "#7!% -6% 2!"% +)3
)0*-:.-&0.+*/% N:,8% N:>8% N:I8% N:P8% W% N:X%
2!"%4+/5%+*%/!-42%2"4)%)+//+-*/%.#/2+*:%#4-0*$%
2"*%$#'/%+/%*":.+:+&."%@D8%DY8%DAB;

N2% +/% ."//% 7."#4% 9!#2% 2!"% 7.+*+7#.% 4+/5/% #4"%
6-4%.-*:"4%)+//+-*/%/07!%#/%2!-/"%.#/2+*:%ADS%
$#'/%-4%.-*:"4;%<!"%24"*$%/"")/%2-%+*$+7#2"%
#%)#+*2"*#*7"%-6%N:%9+2!+*%/2#*$#4$%."?"./Z%
!-9"?"48%7#/"/%!#?"%&""*%$-70)"*2"$%9!"4"%
7-/)-*#02/%"=1"4+"*7"$%#*%+*74"#/"%+*%&-2!%
2!"+4% N:>% #*$% N:I% ."?"./% $04+*:% .-*:% 2"4)%
�À�L�J�K�W�� �������� ���������� �,�Q�W�H�U�H�V�W�L�Q�J�O�\�� �D�I�W�H�U�� ���� �P�R�Q�W�K�V��
+*%/1#7"8%2!"%*"928%J."04-$"."/%9#.2.8%-*"%-6%
2!"%6"9%?"42"&4#2"%#*+)#./%2-%&"%+))0*+L"$%
+*%/1#7"8%$")-*/24#2"$%#%Q;S%6-.$%+*74"#/"%+*%
N:[%!"#?'%7!#+*%24#*/74+12+-*8%2!"%"H0+?#."*2%
-6%!0)#*%N:I%@DDB;%N2%+/%0*7."#4%9!"2!"4%)+3
74-:4#?+2'%+/%2!"%$+4"72%6#72-4%4"/1-*/+&."%6-4%
2!+/% #/% 2!"% 4"/"#47!"4/% 9"4"% 0*#&."% 2-% 7-*3
24-.% 6-4% 4#$+#2+-*% #*$% /24"//% 4"/1-*/"/% @DDB;%
M-9"?"48%2!"%#&+.+2'%2-%7.#//% /9+27!%2-%N:[%
+/%7-*/+/2"*2%9+2!%2!"%$"/74+&"$%<!D%7'2-5+*"%
/!+62;

\#."4+% \.#$+)+4-?+7!% J-.'#5-?% !-.$/%
�W�K�H�� �F�X�U�U�H�Q�W�� �U�H�F�R�U�G�� �I�R�U�� �O�R�Q�J�H�V�W�� �V�S�D�F�H�À�L�J�K�W���� �D��
7-*/"702+?"% ]QE% $#'/% @DQB;% (-% )#^-4% 7-)3
1.+7#2+-*/% $0"% 2-% #.2"4"$% +))0*"% 4"/1-*/"%
$"?".-1"$% $04+*:% !+/% 2+)"% +*% /1#7";% \+4#.%
4"#72+?#2+-*%!#/%&""*%-&/"4?"$%+*%#%*0)&"4%
-6%/0&^"72/Z%!-9"?"48%2!+/%!#/%*-2%."$%2-%#*'%
�V�L�J�Q�L�¿�F�D�Q�W�� �K�H�D�O�W�K�� �W�K�U�H�D�W�� ������������ �,�W�� �L�V�� �S�R�V�V�L�E�O�H��
2!+/% 4"#72+?#2+-*% 7#*% &"% #224+&02"$% 2-% /24"//%
+*$07"$% /0114"//+-*% -6% 2!"% 7"..% )"$+#2"$%
&4#*7!% -6% 2!"% +))0*"% /'/2")% #/% 2"/2/% 7-*3
$072"$% +*% 2!"% I472+7% O+*2"4% _?"4% )+//+-*/%
#*$% 2!"% M#0:!2-*% >#4/% J4-^"72% @7-*$072"$%
-*% P"?-*% N/.#*$% +*% 2!"% K#*#$+#*% !+:!% #473
2+7B% $")-*/24#2"$% /+)+.#4% ?+4#.% 4"#72+?#2+-*%
9+2!%4"$07"$%<%7"..%#72+?+2'%#*$%60*72+-*%@A8%
DS8%DT8%D`B;%<!"%M0)#*%a"/"#47!%a-#$)#1%
2#/5/% FN*$+?+$0#.+L"$% b24"//% P"2"72+-*%
b'/2")G% !"#$"$% &'% P#*+".% >-..+7-*"% #*$%
Fc+-)#45"4/% #/% J4"$+72-4/% -6% a"/+.+"*7'%
�D�Q�G�� �6�X�V�F�H�S�W�L�E�L�O�L�W�\�� �W�R�� �6�W�U�H�V�V�� �L�Q�� �6�S�D�F�H�À�L�J�K�W�´��

Explorations |Biological Sciences

5



33

!""#$%&'(&()&%*#+,-#*./001&#(&()&%*2#13,4#
+,-# *.3%0# -/%+053,# (5**53,*# %&*6&$057&182#
found a significant reduction in NK cell 
,/()&%*# '.5$.#6&%*5*0&-#+0#1&+*0#0.%&&#-+8*#
post flight, unfortunately no functional ac9
057508#'+*#(&+*/%&-#5,#0.5*#&:6&%5(&,0#;<<=>#
?/%0.&%#*0/-5&*#*.3/1-#*&&@#03#/,-&%*0+,-#0.&#
(&$.+,5*(#)&.5,-#0.&*&#0'3#-5*05,$0#6.&,39
086&*>#A&13'#'&#-5*$/**#*3(&#5,#750%3#*0/-5&*#
0.+0#+--%&**&-#0.&*&#5**/&*>

!,505+1#*0/-5&*#/*5,4#0'39-5(&,*53,+1#;BC=#
$15,3*0+0# +,-# DEF# *&&(&-# 03# 5,-5$+0&# 0.+0#
*5(/1+0&-#(5$%34%+7508#.+-#,3#&GG&$0#3,#0.&#
$8031805$#+$057508#3G#HI#$&11*#;JK2#J<=>#L.5*#
'3/1-#*&&(#03#*/44&*0#0.+0#0.&#6%5(+%8#$+/*&#
3G#0.&#$.+,4&*#*&&,#5,#./(+,#HI#$&11*#G%3(#
6&%56.&%+1#)133-#3G#+*0%3,+/0*#5*#(3%&#15@&18#
-/&#03#+#$3()5,+053,#3G#%+-5+053,#+,-#*0%&**#
%&*63,*&*>#M3'&7&%2#0.&*&#5,505+1#*0/-5&*#3G9
0&,#3,18#0&*0&-#5,$/)+053,#6&%53-*# /6#03#BN#
.3/%*># O.&,# 0.&# 05(&# '+*# &:0&,-&-# 03# NP#
hours there was a significant reduction in 
0.&#+)51508#3G#HI#$&11*#03#18*&#0+%4&0#FMQ9
,&4+057&#IRSB#$&11*#+,-#0.5*#5,.5)5053,# '+*#
even more significant at 72 hours (31). When 
./(+,#HI#$&11*#'&%&#5,$/)+0&-#/,-&%#0.&*&#
same conditions, expression of IFN-γ, perfo9
%5,2#+,-#0.&#%&$&603%*#HITBC#+,-#HITBU#
were significantly reduced after 48 hours 
;J<=>#U--5053,+118#./(+,#HI#$&11*#&:63*&-#
03#*5(/1+0&-#(5$%34%+7508#G3%#NP#.3/%*#'&%&#
G3/,-#03#.+7&#+,#5,$%&+*&-#%+0&#3G#&+%18#+,-#
1+0&# +63603*5*# 5,# $3(6+%5*3,# '50.# <4# +,-#
7&%05$+1#%30+053,+1#$3,0%31*#+G0&%#U,,&:5,#VW
Propidium Iodide flow cytometry (31). In 
$3,0%+*02#T%+,X8(&9A#1&7&1*#+,-#0.&#%&$&69
03%*#HI6JK#+,-#HI6NN#'&%&#/,+GG&$0&-#;J<=>#
This decrease in receptor, IFN-γ and perforin 
1&7&1*#+,-#0.&#5,$%&+*&-#%+0&#3G#+63603*5*#5*#
5,-5$+057&#3G#+#13'&%&-#+$057508#*0+0&#3G#0.&#
HI#636/1+053,2#+,-#(54.0#&:61+5,#0.&#%&-/$9
053,# 5,# $8031805$# +)51508# +G0&%# 5,$/)+053,# 5,#
*5(/1+0&-# (5$%34%+7508># ?/%0.&%# &:6&%5(&,9
0+053,#%&7&+1&-#!Y9<R#+13,&#3%#5,#$3()5,+053,#
'50.#!Y9<B#$+,#%&*$/&#0.5*#*/66%&**&-#$8039
03:5$508#;J<=>#

C&*650&#0.&*&#-&7&136(&,0*#50#*0511#%&(+5,*#
/,$1&+%#03#'.+0#&:0&,0#0.&#$.+,4&*#3)*&%7&-#
5,# 0.&# HI# $&11#636/1+053,#3G# +*0%3,+/0*# +%&#

specifically due to each of the factors of mi9
$%34%+75082# *0%&**2# +,-# %+-5+053,># M3'&7&%2#
*.3/1-#0.&#%5*@#3G#%&-/$&-#HI#$&11#G/,$053,#
be sufficient for clinical intervention the ad9
(5,5*0%+053,#3G#!Y9<B#+,-# !Y9<R#6%&*&,0*#+*#
3,&#63**5)1&#*31/053,#;J<=>

!"#"$%&'()*)!+$,"-.+/'(

E%&$/%*3%*# 03# (+$%36.+4&*# +,-# -&,-%505$#
$&11*2# (3,3$80&*# +%&# 1+%4&2# 4%+,/1+%2# (3,39
,/$1&+%#$&11*#0.+0#$5%$/1+0&#0.&#)133-#/,051#05*9
sue damage or inflammatory signals recruit 
0.&(#03#&:0%+7+*+0&#+,-#-5GG&%&,05+0&#5,03#&G9
G&$03%#6%34&,8#;JB=>#F+$%36.+4&*#+%&#05**/&#
%&*5-&,0#+,-#13,4#1+*05,42#0.&8#&,4/1G#6+0.39
4&,*# 03# 6%&*&,0# 6%3$&**&-# 6&605-&*# 3,# 0.&5%#
*/%G+$&*#'.5$.#$+,#)&#%&$34,5X&-#03#+$057+0&#
0.&#+-+6057&#5((/,&#*8*0&(#;BP=>#L.&#4%+,9
/1&*#6%&*&,0#5,#0.&*&#$&11*#$+,#+1*3#)&#/*&-#03#
+$057+0&# 3:5-+057&# )/%*0# %&+$053,*# 03# -5*%/60#
+,-#-&*0%38#6+0.34&,*#;BP=>#!0#5*#&**&,05+1#0.+0#
0.&# 6%3$&**&*# 5,7317&-# 5,# $&11# (3051508# +,-#
*54,+15,4#%&(+5,#/,5(6+5%&-#G3%#+#G/,$053,+1#
5,,+0&#5((/,&#*8*0&(2#/,G3%0/,+0&18#%&*/10*#
seem to indicate microgravity significantly 
5(6+5%*# )30.# 3G# 0.&*&# +*6&$0*# 3G# (3,3$80&#
+,-#(+$%36.+4&#G/,$053,>

F3,3$80&*# 3)0+5,&-# G%3(# )133-# *+(9
61&*# 3G# .&+10.8# 731/,0&&%*# '&%&# +$057+0&-#
'50.#YE"#$3,0+5,5,4#*31/053,#+0#6%&*&0#05(&#
635,0*2#+0#<4#+,-#K4*Z#.3'&7&%2#3,18#J<#3G#[S#
61+,,&-#*+(61&*#'&%&#*/50&-#G3%#+,+18*5*#-/&#
03# 0&$.,5$+1# G+51/%&*# ;JJ=># D&*/10*# 3)0+5,&-#
indicated an increasing trend but no signifi9
$+,0#$.+,4&#5,#6JP#FUE#I5,+*&#+$0575082#+*#
determined by the differences in mean fluo9
%&*$&,0#5,0&,*5082# )&0'&&,#&:6&%5(&,0+1#+,-#
$3,0%31# $3,-5053,*# ;JJ=># !,# $3,0%+*0# \/,9H9
terminal kinase (JNK) activation is signifi9
cantly reduced under spaceflight micrograv9
508#$3,-5053,*2#0.3/4.#,3#$.+,4&*#5,#,/$1&+%#
13$+15X+053,# '&%&# ,30&-# ;JJ=># !,0&%&*05,4182#
$3+$057+053,#3G#6JP#FUEI#+,-#\HI#)8#5,9
flammatory signals occurs through distinct 
/6*0%&+(# @5,+*&*2# FIIJWS# +,-# FIINW]#
%&*6&$057&18# '.5$.#$3/1-#&:61+5,#0.&#-5GG&%9
&,05+1#&GG&$0#3G#(5$%34%+7508#3,#0.&*&#@5,+*&*#
;JJ=># ^DI2# &:0%+$&11/1+%# %&4/1+0&-# @5,+*&2#

Sejiro Littleton and Dylan Ludwick
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was also inhibited by microgravity albeit to a 
lesser degree than JNK, this was corroborated 
by results from another study which showed 
that microgravity affected phosphorylation in 
Jurkat T cells (33, 34). One should note the 
p38 MAPK pathway is implicated in early 
bacterial response whereas JNK has a role 
in the chronic inflammatory response and 
the mediation of Reactive Oxygen Species 
(ROS) to induce apoptosis and necrosis (33, 
35). These results illustrate the differential 
effect of microgravity on kinases within cell 
populations and raises the question of what 
mechanism leads to these opposing effects.

Another important feature of macrophages 
affected by microgravity is their ability to 
initiate oxidative bursts in response to patho-
gens. The production of ROS in NR8383 rat 
alveolar macrophages was shown to be sig-
nificantly affected by changes in micrograv-
ity, specifically reduced in microgravity and 
enhanced in hypergravity. These changes ap-
pear to be both rapid and reversible within 
seconds (36).  Studies were conducted in 
parabolic flight and 2D clinostats, thus de-
spite the significance of the rapidly revers-
ible changes, more studies are needed about 
the long term effects of microgravity expe-
rienced during exploration class missions on 
tissue resident macrophages. 

The steps in generation of ROS most likely 
to be gravity sensitive are those involved in 
the initial activation of a burst reaction. The 
spleen tyrosine kinase, Syk, plays an impor-
tant role in the signaling pathway initiated by 
the binding of Pattern Recognition Receptors 
(PRRs) leading to oxidative burst and release 
of ROS. Phosphorylation of ITAMs by Src 
family kinases and recruitment and activation 
of Syk relies on adaptor proteins and occurs 
early in the pathway initiating oxidative burst 
(37, 38). Because the changes to ROS pro-
duction are rapid and reversible, and down-
stream NF-kB translocation and binding to 
DNA in the nucleus is largely unaffected, 
it is plausible that NF-kB can be compen-
sated through some other signaling pathway, 
whereas the early signaling steps near the cell 
surface involving integrins and cytoskeletal 

Explorations#$%&'(')&*+(#,*&-.*-/

transport components for Syk phosphoryla-
tion and ROS production are disrupted in 
microgravity (38). While not a cause in the 
experiments conducted in simulated micro-
gravity, ionizing radiation has been shown to 
activate NF-kB through a Poly(ADP-ribose) 
Polymerase (PARP-1) (39). 

An outcome of macrophage activation is 
the production of TNF-α and other pro-in-
flammatory cytokines, yet another function 
that has been reported to be altered by mi-
crogravity. Mouse macrophages stimulated 
with LPS and exposed to simulated gravity 
via Rotary Cell Culture System-1 (RCCS-1) 
for 24 hours resulted in significant depression 
TNF-α expression (40). Consistent with the 
results of Brungs et al., no effect was seen 
on translocation or DNA binding of NF-kB; 
however, no differences were observed in 
JNK or IKK phosphorylation. Researchers 
did note that heat shock factor 1 was acti-
vated under these conditions and it is possible 
that stress responses could offer an alternate 
explanation to the reduced TNF-α expression 
(40). 

Results from experiments analyzing the 
Toll-Like Receptors (TLR) of 14 ISS mem-
bers demonstrate opposing and variable 
trends but also implicate heat shock factors 
in immune system shifts (29). In five cosmo-
nauts the relative number TLR-expressing 
monocytes and neutrophilic granulocytes in 
peripheral blood on the 1st day after return 
from spaceflight was found to be signifi-
cantly increased. In the remaining nine cos-
monauts the opposite trend was observed by 
decreased representation of these cells. An 
increase in heat shock proteins was shown 
to be significant on the first day of landing. 
Ligands of the TLRs 2 and 4, these proteins 
are known to undergo significant increase in 
production and release from necrotic cells 
when an organism is exposed to biological, 
psychological or physical stressors, all of 
which an astronaut is known to experience 
(41). This protein production could have a 
protective effect on the innate immune cells 
expressing the proper receptors (29). The loss 
of bone density, thereby bone marrow and 
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Cell type Effects References 

Natural killer cells ��  phenotypic 
differentiation featuring 
both reduced and 
enhanced functional 
activity levels 
 

��  reduction in cell numbers 
(long term exposure) 
 

��  decrease in expression of 
IFN-y, perforin, and the 
receptors NKG2D and 
NKG2A 

Rykova 2013 (29) 
 
 
 
 
 

Crucian et al 2008 (11) 
 

 
Li et al 2013 (31) 

 
Monocytes 

 

��  reduction in motility 
��  disruption in Jun-N-

terminal kinase activation 
 

��  activation of p38 MAPK 
pathway 

Meloni et al 2011 (17), 2006 (18) 
 
 
 

Verhaar et al 2014 (33) 

 
 

 
 

Macrophages 

��  rapid and reversible 
reduction in ROS 
production 
 

��  decrease in Syk 
phosphorylation 

 
��  depression of TNF-�� 

expression, activation of 
heat shock factor 1 

 
��  Activation of p38 MAPK 

pathway, increased IL-6 
production, decreased IL-
12B production 

Adrian et al 2013 (36) 
 
 
 

Brungs et al 2015 (38) 
 
 

Wang et al 2014 (40) 
 
 
 

Wang et al 2015 (42) 

 
  

Table 2. Summary of the Relation between Microgravity and the Innate Immune System Table 2. Summary of the Relation between Microgravity and the Innate Immune System

�$�F�W�L�Q���¿�O�D�P�H�Q�W�V���L�Q���R�V�W�H�R�E�O�D�V�W�V���H�[�S�H�U�L�H�Q�F�L�Q�J������
days of microgravity aboard the space trans-
�S�R�U�W�� �V�\�V�W�H�P�� �6�7�6�������� �V�K�X�W�W�O�H�� �À�L�J�K�W�� �D�O�V�R�� �G�H�P-
onstrated notable disorganization, as well as a 
�U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���Q�X�P�E�H�U���R�I���V�W�U�H�V�V���¿�E�H�U�V������������

�/�H�Z�L�V���H�W���D�O�����¿�U�V�W���U�H�S�R�U�W�H�G���G�L�V�U�X�S�W�L�R�Q�V���R�I���W�K�H��
microtubule organizing center in nonadherent 
Jurkat cells within four hours of micrograv-
ity (52). These changes reverted within 48 
hours. Researchers noted that this effect was 
also seen in the on-board 1g control, and thus 
attributed it to vibrations from launch as op-
posed to a real microgravity effect. Human T 
�O�\�P�S�K�R�F�\�W�H�V���À�R�Z�Q���R�Q���0�$�6�(�5���������V�X�E�R�U�E�L�W�D�O��

�V�S�D�F�H���À�L�J�K�W���P�L�V�V�L�R�Q���� �K�R�Z�H�Y�H�U���� �G�H�P�R�Q�V�W�U�D�W�H�G��
�V�L�J�Q�L�¿�F�D�Q�W�O�\�� �L�Q�F�U�H�D�V�H�G�� �E�H�W�D���W�X�E�X�O�L�Q�� �H�[�S�U�H�V-
sion during the microgravity phase, which 
did not occur in the on-board 1g control (34). 
Meloni’s experiment with J-111 cells in real 
microgravity revealed highly disorganized 
b-tubulin architecture, with thickening in a 
perinuclear position which was not seen in 
on-board 1g or ground controls as well (16). 
Additionally, self-organization of microtu-
bules in vitro largely failed to occur in sam-
ples exposed to 13 minutes of weightlessness 
(53).  

�6�W�X�G�L�H�V���I�R�F�X�V�L�Q�J���R�Q���L�Q�W�H�U�P�H�G�L�D�W�H���¿�O�D�P�H�Q�W�V��

!"#$%&'()%*+#$%&'(')&*+(#,*&-.*-/
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Cytoskeletal 
Component 

Effects Cell Types References 

Actin ● decrease in density of F-
actin filaments 
 

● disorganization of actin 
filaments 

● reduction in number of 
actin stress fibers 

J-111 monocytes 
 
 

Osteoblasts 

Meloni et al 2011 (17),  
Crucian et al 2008 (11) 

 
Hughes-Fulford and Lewis 1996 

(51)  
 

Tubulin ● disorganization of b-
tubulin architecture 
 

● increase in b-tubulin 
expression 

J-111 monocytes 
 
 

T lymphocytes 

Meloni et al 2011 (17),  
Crucian et al 2008 (11) 

 
Tauber et al 2013 (34) 

Intermediate 
Filaments 

● thickening of vinculin, 
reorganized parallel to cell 
membrane 
 

● reorganization of vimentin 
into thick bundles 

 
● increase in integrin protein 

subunit expression 
 

● increase in Fibronectin and 
E-cadherin mRNA levels 

J-111 monocytes 
 
 
 

Jurkat cells, 
Breast cancer cells 

 
Mesenchymal stem 

cells 
 

WB-F344 cells 

Meloni et al 2011 (17), 
Crucian et al 2008 (11) 

 
 

Cogoli et al 1988 (3), 
Masiello et al 2014 (54) 

 
Meyers et al 2004 (56) 

 
 

Qu et al 2006 (57) 

Functional 
Structures 

● disorganization of complex 
cytosolic network 

● reduction in number and 
size of focal adhesions  
 

● reduction in number size of 
focal adhesions 

 
● reversible disruption of 

microtubule organizing 
center 

 
● reduction in 

phosphorylation of focal 
adhesion-associated 
kinases 

J-111 monocytes 
 
 
 
 
 

Osteoblasts 
 
 

Jurkat cells 
 
 
 

Mesenchymal stem 
cells 

Meloni et al 2011 (17), 
 Crucian et al 2008 (11) 

 
 
 

 
Guignandon et al 1997 (55) 

 
 

Lewis et al 1998 (52) 
 
 
 

Meyers et al 2004 (56) 

 

Table 3. Summary of the Relation between Microgravity and the Cytoskeleton 
  

!"#$%&'(!"#$$%&'!()!*+,!-,.%*/(0!1,*2,,0!3/4&(5&%6/*'!%07!*+,!8'*(9:,.,*(0

%&,! ./$/*,7;! +(2,6,&! %0! ,<=,&/$,0*! =,&>
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Figure 1. A working model of the cytoskeleton at zero gravity and its relation to immune 
dysfunction. 
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