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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.

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

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

WR WDNH WKH ¢UVW VWH S YadladnHé S RURM LR QealliVat¥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).

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.

and alterations to the immune system. The
JUVW LPPXQRORJLFDOO\
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
VLIQL,;FDQWO\N UHGXFHG
toms by enforcing light quarantine on crew-
members prior to launch. A summary of post
ALJKW GHEULHIV LQ
29 incidents of infectious disease out of 742
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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 1L-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-y) was decreased.
In contrast, long duration ISS crewmembers

displayed significant reduction in CD69 ex-
pression, and unchanged production of IFN-y.
Both groups showed a decrease in IL-2 pro-
duction, as well as a decrease in INF- y: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-y, 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-y promoter,
if CREB activity is reduced the production
of IFN-y might not be sufficient to promote a
Thl 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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7-*"702+7"% JQE% $#'/% @DQB; % (-% P"-428'Pe ) *6"72+-*% /1-0.$% +2% *-2% &"% "4A#$+7#2"$%
1.+7#2+-*/% $0"% 2-% #.2"4"$% +))0*"% 4"/ RFO/G-**#2"% +))0*"% 4"/1-*/"% @DEB;% O+2!% 2!"%
$'?".-1"$% $04+*:9%0 1+/% 2+)"% +*% /1#T" ;Yo &H24E298% ?+4# %0 4" #712+2#2+-*% #)-* . UB)#H*' Yo #/
A HT2+2H2+-%0 1#% &% -&/" 47" $% +* % #YDYEOPIB0#*$% 2! "% 0*5*-9*% ?+40."* 7" %-6%0 )#* %
-6%/0&M"72/Z2%!-9"?"48% 2!+/%\#/%*-2% ." SBZF DA+ H#o%0/ 24#+*[Y%+* %) + 7 4-: 4#2+2'8%+2%&" 7-)"/
VLIQL{;FDQW KHDOWK WK UHBWW2%2-%$" W)\ B R 2D 168% (C%7".
21+/% 4"#72+2#2+-*% TH#*% &"% #224+8&02" QB T244/%60* 7 2+-*#.%7'2-." 2+ T%#72+?+2",%
+*$07"$% /0114"//+-*% -6% 2!"% 7"..% )"$+#PFUH% #*#.'[+/%-6% (C% 7"..1% "=24#72"$% 64-)%
&AH#*T1% -6% 2!"% +))0*"% ['/2")% #/% 2"R/% 24*% 1"4+11"4#.% &.--$% -6% EE% 7-/)-*#02/%#62"4Y
$072"$% +*% 2!"% 1472+7% O+*2"4% _?"4%H+204* %% 64-)% .-*:% 2"4)% )+//+-*/% 4"?"#."$%
#*$% 2!"% M#0:12-*% >#4/% J4-"N"72% @7-*$SWZFRHOSKHQRW\ISHYVY 7KH s UVW RI
-*0p P"?-*0 N/.#*$% +*%0 21"% K HS+H*B |+ 198BATT IHAHT 2" 4+1"$% &'V #% [2#2+7% -4% +*74"#]
2+7B% $")-*/24#2"$% [+)+.#4% ?+4#.% 4 "HTRATH2H*PH-6%KPQ3RKPSTURKPAT BA.") 1!-
9+21%4"$07"$%<%7"..%#72+?+2'%#*$% 60T RWRHBABR PSDUHG WR SUHALJK\
DS8%DT8%D B;%<!"%MO)#*%a"/"#4 7% a-FR2IL 7% #72+?+2'%-6%2!1"%(C%1-10.#2+-*,%<!"
2#/5/% FN*$+?2+$0#.+L"$% b24"1/% P 2VHEPRQG SKHQRW\SH GHPRQVWU
b'/2")G% I"#$"$% &'% P#*+".% >-..+7-*"% #*$95$07"$% 64#72+-*% -6% KPQ3RKPSTURKPATU
Fc+-)#45"41% #/% JA"$+72-4/% -6% a"/++PABSKRF\WHV EXW VLIJQL¢{FDQW:!
DQG 6XVFHSWLELOLW\ WR 7RV2G+7%¥7 2k T>2'66FIDN Bt % ALK P4-0/%/20$'Y
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Sejiro Littleton and Dylan Ludwick

""#P%& (& () &Yo*#+,-#*./001&#(& () &%6*2#1 3, 4fecifically due to each of the factors of mi9

+,-# *.3%0# -/%+053,# (5**53,*# %&*6&S0HPLEIBIH 75082# *0%&**2# +,-# %+-5+053,># M3'&7&%:

found a significant reduction in NK cell * 3/1-#0.8# %5*@# 3GH# %&-/$&-#HI# $&11#G/,$053,#

JO&Yo*#' .53 .#6&%*5*0&-# +0# 1&+*0# 0.%&&# stBidient for clinical intervention the ad9

post flight, unfortunately no functional ac9 (5,5*0%+053,#3G# ' YO<B# +,-#YO<R# 6%&*&,0*# +*#

057508# ' +*#(&+*/%&-#5,#0.5*# &:6&%5(&,08,8#63#5) 1 &#*31/053,#;J<=>

?2/%0.&%#*0/-5&*#* . 3/1-#*&& @#03#/,-&%*0+,-#0.&#

(&$.+,5%(#)&.5,-#0.&*&#0'3#-5*05,$0#6 K, 3 I"#"$%&'()*)!1+8$,"-.+/'(

086&*>#A&13'# &#-5*$/**#*3(&H5,#750%3#*0/-5&*#

0.+0#+--%&**&-#0.&*&#5**/&*> E%&$/%*3%*# 03# (+$%36.+4&*# +,-# -&,-%505%#
1,505+1#*0/-5&*#/*5,4#0'39-5(&,*53,+1#;BE&#1*2# (3,3$80&*# +%0&# 1+%4&2# 4%0r ,/1+%2# (3,3

$15,3*0+0%# +,-# DEF# *&&(&-# 03# 5,-5$+0&# PLLOHR6H#$& 1 1*#0.+0#$5%$/1 +0&#0.&#9133-#/,051#05*

*5(/1+0&-# (5$%34%+7508# . +-# ,3# & GG &3, #ihd#fe or inflammatory signals recruit

$8031805%# +$057508# 3GH# HI# $&11*#; IK26. BHOBE & B0+ 7 +*+0&# +,-#-5CGG&%& B5+0&#5,03#&G

'3/1-#*&&(#O3#*/44&*0#0.+0#0.&#6 %5 (+% 8HS &BBBY0# 6%34 &, 8#;IB=>#F+$%36. +4&*# +%&# 05**/&1

3GH#0.&#$.+,4& #*&& #5 #./(+ #HI# &1 1*# CYR(B-& 04 +,-#13,4#1+*05,42#0.&8# &,8/1G#6+0.3

6&%56.&%+1#)133-#3G#+*0%3, +/0*#5*# (3UR HAOEH &IBE* & ,0# 6%03B&**&-# 6&605-&*# 3,# 0.&5%#

-1&#03# +#$3()5,+053,#3G#%+-5+053,# +,-#*00RFSE#'. 58 #5+,#)&#%&$34,5X&-#03#+$057+0&#

%8&*63,*&*>H#M3'&78&%2#0.&*&# 5,505+ #*00-B&# 36057 &#5((/,&#*8*0&(#;BP=>#L K#4%+,

0&,#3,18# 0&*0&-#5,$/)+053,# 6 &%53-*# /6H DRHBIUE* &, 0#5,#0.&* &H &L 1 *#$+ #+1*3#) &#/*&-#03#

3/%*># O.&,# 0.&# 05(&# '+*# &:0&,-&-# 03#-NIPB7+08&# 3:5-+057 &# )/%*0# %&+3$053,*# 03# -5*%/601

hours there was a significant reduction in +,-#-&*0%38#6+0.34&,*#,BP=>#0#5*#&**&,05+1#0.+0#

0.&#+)51508# 3G# HI# $&11*# 03# 18*&# O+VEDBHARK*&*# 5,7317&-# 5,# $&11# (3051508# +,-#

,&4+057&# IRSB# $&11*# +,-#0.5*#5,.5)5053F4+45,4#%& (+5,#/,5(6 +5%&-#G3%#+#G/,$053,+1#

even more significant at 72 hours (31). When 5,,+0&#5((/,&#*8*0&(2#/,G3%0/,+0&18#%&*/10*#

J(+ H#HHIE#S&L1*#' &Y0&#5,$/)+0&-#/,-&%#0.&*%&¢m to indicate microgravity significantly

same conditions, expression of [FN-y, perfo9  5(6+5%*# )30.# 3G# 0.&*&# +*6&$0*# 3G# (3,3$80&#

%5,2# +,-#0.8# %&$&603%*# HITBCH# +,-# HIT BE#$%36.+4&#G/,$053,>

were significantly reduced after 48 hours F3,3$80&*# 3)0+5,&-# G%3(# )133-8 *+(

[ J<=>#U--5053,+118# ./(+ #HI# $&11*# &:63*1&*# 3G# .&+10.8# 731/,0&8%*# '&%&# +$057+0&-#

03#*5(/1+0&-#(5$%34%+7508# G 3%# NP# . 3804 WVHEH3,0+5,5,4#*31/053,# +0# 6%&*&0# 05(&#

G3/,-#03#.+78&#+#5,$%&+*&-#%+08&# 3CH# &BB D82 Ol <A+, -#KA*Z#.3'& 7 &%2#3,18#I<#3GH[SH#

1+0&# +63603*5*# 5,# $3(6+%5*3,# '50.# <MBil+,-&-#*+(61&*# &Y%0&#*/50&-#G 3%+, +18*5*#-/&#

78&%05%+1#%30+053,+1#$3,0%31*# +G0&WEH & D, 58N# G+51/%8&*# ;JJ=># D&*/10*# 3)0+5,&#

Propidium lodide flow cytometry (31). In indicated an increasing trend but no signifi9

$3,0%+*02# T%+,X8(&IAH 1&7&1*# +,-#0.&#BHQB&K6- 4&#5,# 6 IPH#FUEH15,+*&# +$0575082# +*#

03%*#HI6JK#+,-#HIBNN# &% &#/,+ GG &$0&-#dernied by the differences in mean fluo9

This decrease in receptor, IFN-y and perforin %&*$&,0#5,0&,*5082# )&0'&& # &:6&%5(&,0+1# +,-#

1&7&1*#+,-#0.&#5,3%8&+*&-# Y%+08&# 3G# +EB0B631# B34 -5053,*# ; JI=># | # $3,0%+*0# \/,9H9

5,-5$+057&%# 3G# +# 13'&%&-# +$057508# *OteDRith3 ki Oalet (INK) activation is signifi9

HI#636/1+053,2#+,-#(54.0#&:61+5,#0.88t%&e#ditly reduced under spaceflight micrograv9

053,# 5,# $8031805%# +)51508# +G0&%# 5, EN8EH3 #HMB3,*2#0.3/4.#,3#$.+,4& #5,# /91 &+%o#

*5(/1+0&-# (5$%34%+7508># ?/%0.&%0& .6 &IFHBEX+053,# '&%&# ,30&-# ;JI=># 1,0&%&*05,4182#

0+053,#%&7&+1&-#YI<R#+13,&#3%#5,#$ 3P0 $053#053,# 3G# 6 IP# FUEI# +,-#\HIB)8#5,

'50.#1Y9<B#$+,#%&*$/&#0.5*# */66% & I &-#EBORatory signals occurs through distinct

03:5$508#;J<=># [6*0%&+(# @5,+*&*2# FIIJWSH# +,-# FIINW]#
C&*6508&#0.&*&#-&7&136(&,0*#50#*051 1 4E&GTHEH7&18#'.53.# $3/1-# &:61+5,# &# -5GG &%

/,$1&+%#03#' . +0#&:0&,04#0.8#$.+,4&*# 3)* &NUIB+#H & GG &PO#3GH(5$%34%+7508#3,#0.&*&H @5, +*

5#0.&# HI# $&11# 636/1+053,# 3G# +*0%3, +IWHH0EH2# &:0%+$&11/1+%# %&A/1+0&-# @5,+*&24
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Exploratjons#$%&'(') &*+(#,*&-.*-/

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

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-a 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-a 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-a 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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#$%8&'()*&++,$+(-).-/)01,.-)*2/3845

I"#$%&' ()* 1+, $'-$" ./ Yo' +#1+*$*#0012$.+3"1$ I"HE%&! HH#!+
#A%0/+,$1"+1$ (H&H#1#1S +,$I"#$ ' *5I4$/,($
H)1&'%"+0$ 8HYH&!'+8H#S+ B I"HS 1#* ($3&) %S Hb *5I'LVHO#!" S +1$ /,$ +@#S$ /,(R(5
*1.'./)11$6789:$ J+*$ +1&/*#00)0/&$ #IB'&VS *.9%0'1#($ -$
L IH&S 1N (5$<5$="",3>#,$7/,33-)&!"#&$ WKUHH PDLQ W\SHV Rl SRO\PHU D
HA%0'&H(SI"#S*"], 3#1$+,()*#($<5$.+*&'I/@PLFURWXEXOHYV DQG LQWHUPHGI
+15$+,$. ) 1#$./*&'%"[3#H1$<5$+,*)</1+' $B+1"$ ='004#* 1+ @#052$ I"#1#$ % & 1#+,1$ /&#$S &#1%', 1+<0#$
CDAE$+,$/$F==GAH$-'&$7E$")&1:$I"#5$ &G I"#$ 11&)*)&/0$ '&3/,+>/1+',$ -$ *#00)0/&$
+,0*14+,$"-$1"#$ %IKS L;MNS %/1"B/SS H1A@ *,1#,11$+,$1%/*#2$%"51+*/0$/,($ <+*"#.+*/0$
+I5$('B,1!1&#/.$"-$!"#$!&/, 1*&+%!+ $-/*'&$=C", #*1+' 1S 'S I"#S #41#&,/0$ #, @ +&', . #,12$/1$
(%3 DQG VLIQL¢{FDQWO\ HBFON BFAH& ! +OH ¥IHEOA S/RF-,1&/*1+',1$
183+,/1#$ .FP;$ 1,($ %& 1#+,$ 6E79:$ I"+1$ +, &HW)+&H($-'&$. @#.#,1$/,($*"/,3#$"-$ 1"/%#$
FUHDVH RI 0$3. DFWLYLW)\ 6GED9% CR'Q /S RIDB/&S B&*#11#1$ 1)*'$ /1$
S *SI#1$/1$B#00$61J9:$=", 1+11#,I$B+!"$1"#$+3,/0$!1&/,1()*!1+', 2$3&'B!"2$3# #$#4%8#11+',2$
S+ 13 ] HS SIS TS+ 1S <IHR@#($+,$1"#&SD QG SUROLIHUDWLRQ DBWH DOO LG
#4%#&+ #,115 CDAQS %&'()*1+',$ +,*&#/ LH#H(SINHO#!/0$'&3/,+>/1+ $BESI:$ X @+(#,*#8 ."),!
CDAH7R$B/1$(#%&H#11#($6HH2SE79:$  +,35 @#&S$!"#$5#/8&1$1)33#111$!"/I$I"#SK5!'1VH#0
IS (HIH&.+ #S I"#S #--#41$ -$ +*&'3&/@+!58!", $%0/51$/$ V#5$ &'0#$ +,$ 1#,1+,38*"/,3#1$+,$
'S N IBHS (+--#&HI++.$ ' #S 11)(5$  38/@+5$/1$BH00$S6EQ2$1##$I/<0#$I2$U+3)&#SHO:
DQDO\]JHG WKH WUDQVFWLSWIQRRDGHSURRWHVIRYLMDFWR LQAX
&'%"/3#1$ (H&+@#($ -&'.$ < #$ J&&'B$ -$$ #*/,+*/0$ 1+3,/0$ .)1!$ <#$ *', @#&!H#(S I'$
=STRDOQS$ .+*#$ /- #&S HES (/51$ (+--#&#,| S %.+*/0$ 1+3,/0$ +,$ /$ %&*#11$ V,'B,$ /1$
+,$ I"H#$ %&H#1H *#$ -$ & LA=GUS 6&#* .<+,/18*"/1&1,1()*I1+':$ L#(+/+,3$ I"+1$ *, A
NS LIF&'%"3#$ ='0,5$ G!+.)0/1+,3%  @#&1+.$ I&H#S #*[,1#,1+1+@#$ 11&)*)&#12$
YDFWRU 3KHQRW\S L F DADRE/0P-$ B IR NORHE DHRQ WAL *+/1#($B+!"$
+ X&HAI1HS -$ I+ @S &Y I3HLS [,(B+, "#S*SIIVHOH#! S6ETI:SU0$/("#1+,12$1+1#1$
*QH1#($ #4%E&H#11+',$ 0#@#01$ -$ LTS (RADWWDFKPHQW EHWZHHQ DFWLQ
YPV PDUNHUV ZHUH IRXQG I'#Q**D0NOIS\HSRIFRH /AU Y IKBYSBI'S ") 1#$
1/.%0#$+,$*.%/&+1" $I'$I"#$38&"),($*,1&'0:$ 1#,1+' $1#,1+1+@#$+, 1#3&+,1$/,($@+,*)0+,$6EK:$
SHVHDUFKHUV LQWHU S UA WH@&&WIS 208,86 +,Q HOD)V/ED 1), 1+QL$
(+*1'&$'-$/$%'%)0/1+,$'-$ .4 &'%"/3#1$!"/1$  1™BS.#*"/,'1#,1+1+@+!5$/1$BH#00:$X@#,$/*1+,$
LV DOWHUQDWLYHO\ GLIIHUH@MPLHQWANG VD K\W A W HVCBYDHRH K IDIYKHV E H
QI$ IS #H#11/&+05$ +,"+<+I#(:$ L+&/&&IBH+ S 1#,1++@#$ 6E89:$ C,$ 1#/&*"+,35 -'&$ I"#$
[,/051+1$ -&'.$ I"+1$ #A%H#&+.#,1$ -),($ 3#,#1$,+1+/0$ #*"/,+1.619$"-$ 3&/@+!5$ 1#,1+,32$ I"#$
[11*+/1#($ B+I"$ I"#$ */3)0/1+", $ 1511#.2$ U*A *5I'"LVHOH! $/,($+11$/11*+/1#($SH0#.#,1 1B %
3.1 EHHUVEAH(+IHS %"/3*5I'1+12$ Yo#/&S!'S<HE!"#S.'1I$0+VHOSS*/,(+(/'#1:
#,('%0/1.+*$ &#14+%)0).$ 1I&#11$ /,($ 3&'B!"$ ="/,3#1$+ S!I"#$*5!I'LVHO#! S+ $&#1%", 1#S!'$
"&.' #$1+3,/0+,3$%/!"B/51$!'$<#$.'11$1A3  3&/@+!5%),0'/(+,3$/&#$B+(#05$&#%' & 1#($-'&$/00$
QL,;FDQWO\ UHGXFHG X QGHW KWKH MIIBAW R R4 PDFHRWY DPRQ.
3&/@+!5%+,$*.%/&+1" $I'$I"#$38&),($*',1&'0: %, 1$*#00$!5%0#1$6 SZ2$ 1##5I/<0#$I9$[)./ $\AHHHS
6SHFL,FDOO\ &&5 DQG WKH5HE GDVKY 'S &2/6$ .+*&'38&/@+!5$
S 0%$3. DQG )/7 ZHUH VAJQIEFDOWHKHH66 VKRZHG D VLJQLY¢
O)*#($6EJI9: LQ WKH GHQVLW\ RI (ODPHQWRXYV
$1)../85%'-$1"#$ +, /1#$+..) #$ 1511#.$ ) DFWLQ ZLWK ¢ODPHQWV ORFDOL
L(S!"#S /0H&N+',1$1"/1$ ) &S ), (H&S "#P¥-  %0/1./$ . #.<&/ #S/1$'%%' L#($!'S<#+,35'83/
#411$'-$.+4&'3&/@+!5$+,SPNS*#00123.', *51#1$#($ B+!"+,$ I"#$* . %0#4$*5!'1'0+*$ #IB'&VS
1,($.4&' %" 13#1$I&H#S+,*0) (#($+,SU<O#$7:  BHTO:$I"+1$ &#+, - &*#1$#/&O+#8S$ '<1#8&@/'+',1$"-$
+(#,144/0$ *"/, 3#1$ 1##,$ +,$ #0019 ),(#&3'+,3$
1+.)0/1#($ +*&'3&/@+!5$ +,$ I"#$ FML$ 6HKO:$
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Table 2. V"#HEM&' ()*+,"—,.$4/(0'1,*2, ,0'3/4%(54$6/*&'$07 *+, "800%*, "8##4"0, ' 1&9*, #

Cell type Effects References

Natural killer cells phenotypic
differentiation featuring
both reduced and
enhanced functional

activity levels

Rykova 201329)

reduction in cell number
(long term exposure)

Crucian et al 200811)

decrease iexpression of
IFN-y, perforin, and the
receptors NKG2D and
NKG2A

Li et al 2013(31)

reduction in motility
disruption in JurN-
terminal kinase activatio

Meloni et al 201417), 2006(18)
Monocytes

activation of p38 MAPK
pathway

Verhaar et al 201433)

rapid and reversible
reduction in ROS
production

Adrianet al 201336)

Macrophages decrease in Syk

phosphorylation

Brungs et al 201638)

depression of TNF
expression, activation of
heat shock factor 1

Wang et al 201440)

Activation of p38 MAPK
pathway, increased B
production, decreased-l
12B production

$FWLQ ¢ODPHQWYV LQ RVWHREDMH WVIKNE PUVNQRQQKRZHYH
7$89' ()" /M (SHS6/8'SL(SHT *+,'9:84,"4$09;  VLIQL(FDQWO\ LQFUHDVHG EHV
SRUW V\VWHP 676 VKXW WO H"H#T < WA R : G3EP2+/4+'
(0948*, 7'0(*$1. , '7/9(H5$0/<$+/(0="39'2,,.'$9'S"  7/7'0(* (44"¥'/0™+," (0; 1($47'H5"4 (0. BIFCY
UHGXFWLRQ LQ WKH QXP E HRJ,. R/ VLWHIHHOY R+ >EHHHY M9 /0", $."

IHZLV HW DO ¢UVW UHS R @MI3IS6/E 148 9. X7 SVB-LR TSI, W K H

Wang et al 201%42)

(1., (45$0/</05'4, 0%, #/0'0(0$7+, %, 0%
SUHRSH A, 9" 2P+0") (U + (149" ()' B4 (SHS6:
/& GABC) E+,9," 4+$05,9' 4,6, 4, 7' 2/++/0" FG'
F (O -, 9, $hA+ KO O(F, TS HH9' ), 4% 289"
$.9('9,,0/0%+,"(0; 1($47'H5'4(0"( ~$07"+"9"
$HH/1", 7 (611884 (09" Yh(# . $04+'$9" (-
20, 7H('$, $. HIAN(EHS6/8" ), 4" 1 "HS0'E"

O\PSKRF\WHV ARZQ RQ 0$6(56WX®ERVHRWOWLQJ RQ LQWHUF

13017 0" $ha+/*, 4%, = 2/++' *+/4?,0/05' /0" §'
2 W0"4. $K' 2 (9P(0 2+/4+ 2$9'0(*' 9, ,0' /0"
(0;1($H7"H5' (H'5H("07"4(0(.9'$9' 2, .. BHMCY'
N77/1(08..8" 9,.); (5$0/<$4/(0" ()" #/44(*";
1".,970"6/%( . $45, .&")$/., 7' (" (44"% 10 9$#;
2,0, L (9, T CHI#I0™,9'()'2, /5++.,990, 99"
BAJC"
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"#$%&I#S$%&' () 1*+,!-,.%*/(011,*2,,0!3/4& (5&%6/*'1%07!*+,18"*(9:,.,*(0

Cytoskeletal Effects Cell Types References
Component
Actin e decrease in densitf F- J111 monocytes Meloni et al 201417),
actin filaments Crucian et al 200811)
e disorganization of actin Osteoblasts HughesFulford and Lewis 199
filaments (51)

e reduction in number of
actin stress fibers

Tubulin e disorganization of b J111 monocytes Meloni et al 201417),
tubulin architecture Crucian et al 200811)
e increase in Hubulin T lymphocytes Tauber et al 201834)
expression
Intermediate e thickening of vinculin, J-111 monocytes Meloni et al 201417),
Filaments reorganized parallel to cell Crucian etal 2008(11)
membrane
e reorganization ofimentin Jurkat cells, Cogoli et al 198§3),
into thick bundles Breast cancer cells Masiello et al 201454)
e increase in integrin protein Mesenchymal sten Meyers et al 200456)
subunit expression cells
e increase in Fibronectin anc  WB-F344 cells Qu et al 200657)
E-cadherin mRNA levels
Functional e disorganization of comple» J-111 monocytes Meloni et al 201417),
Structures cytosolic network Crucian et al 200811)

e reduction in number and
size of focal adhesions

e reduction in number size o
focal adhesions Osteoblasts Guignandon et al 199B5)

e reversible disruption of
microtubule organizing Jurkat cells Lewis et al 199¢52)
center

e reduction in
phosphorylation of focal Mesenchymal sten Meyers et al 200456)
adhesiorassociated cells
kinases

%&,! I$/*7; +(2,6,&1 %0 <=,&/$,05 =&  4%(9:,.,*%.1&,%&&%05,$,0*9l!

)(&S$, 7121+ 2#8&: %14, ..91/01&,%.1$/4&(58%6/*13,4+%0(9,09/4/6, 9*&#A*#8&,9! %99(4/%* 7!
%1(%&7'3@AB"ICI&,4(&7,71%!9*&/:/05!&, (&FBY6+1*+,14%(9:,. *(019%&,1 1,1 14($=( >
QLIDWLRQ RI WKH LQW H¥ P B,G DM Ht. %8 D4 Qo0 (LIPS (GE66/*:!
*/01 0% (1 *+/4:1 1#07.,91 2/*+/0! DE! 9,4(079! ()! +(2,6,&!$(&,12(&:10,,79!%(11,17(0,/0Y(&7,&!
<=(9H&,;/014($=%6&/I(O1*(I*+,1++/010,*2(8&:9! *( }#.."| #07,&9*%07! *+,1 =&(4,99! %07! =.%',&9!
9,,0/0IF%&*+158%66/*'14(0*&(.9!GDHI1I& %9186, 71! 3,.(0/Q9! ?>RRR! $(0(4'+,9! 7,$>
4,814,..91#07,&5(/05! 9/$#.%*, 71 $/48&(5&%6/09*&Y%*, 7! *+/4:,0/05! ()! *+,1 )(4%.! %7+,9/(0!

101 %+,1 -K31 9+(2,7! 9/$/.%&! & %&&%05,$,0%9604+(&! =&(* /01 6/04#./01/01 &,%.1 $/48&(58&%66/*;]
()16/$,0*/0IGLMHIINO*,&,9%/05." 1%+ 9,14, 3917/ 2+/4+1 &,(&5%0/P, 71 =%&%.., | *(1*+,14,..1$,$
6,&5,7!/0%(1*2(10,%&." ,O#%.1=+,0(*=,91()! 1&%0,!GRSHIIT+,19/P,1%07!0#$1,&!()!)64%.1%7
DGKHUHQW FHOOV DQG |U H9/(GOR[2W,LIQW%9B4-DOTHA O; MIPBM(&
Y64+12/*+17/9(&5%0/P, 7! 1#410(*%1.17/)),& 06 DQFH ZLWK WKH UHGXFWLRQ RI D

1C
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I"H$%& BBHE () &*+(#,*&-.*-/

Cytoskeleton

Microgravity induced alterations

[\ S

Reduced Focal Disorganized Microtubule Vimentin
Adhesion F-actin Disruption Thickening
[ [ | J
v v v v
Cell Motility Altered Gene Disrupted Inhibited Cell
Changes Expression Signal Proliferation
Transduction

N | [ .~

Altered Immune Function at Zero Gravity

"#$%&' (1#$%&'()!1*$+,-1$.1/0,112/$3&,-,/$(14/'5,%9$!)%46'/2!4(+!'/3!%,-4/'$(30"7!/$!"**8(,!
+23.8(1/'$(9!"-/,%4/'$(3!/$!/0,112/$3&,-,/$(11483,!+'3%87/'$(!/$!4164%",/2!$.11,--1.8(1/'$(3!'(
1-8+'()*$/'-'/2;13")(4-1/%4(3+81/'$(;!11,--17%$-"., %4/ $(14(+"),(,!,<7%,33'$(9!=8,1/$!/0,1%,>8'%,
ment of immune cells to hone to a site of infection and respond according to specific stimulus it
'3138)),3/,+1/0,1104(),3!"(!/0,'12/$3&,-,/$(!-,4+1/$!I'"*74'%,+!"**8(,1.8(1/'$ ()" (!5,%%!)%46'/2!

(6'%S$(*,(/39
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Sejiro Littleton and Dylan Ludwick

7KLV LV FRQVLVWHQW ZLWKREDHOYEBW ISOQ\D ERROVB MR KWIKW [
I"#'$ %&" %! () $*(+(,"%$-.") &*$ ()$ /*#&/0," #B7)&S 18*17)-#(/)5$ W(+7,"#&!$ /;$ '%":(#8$
1/-"$"L.&*(/)*$ 23345$ 67+")$ +&*&)-.8+",$  #&-.)(X7&*$()$#.&BUY=-,)/*#"#$")I$HPZS$.":&$
H&+$-&,,*$ -7 #T%&!S 1/%$ 95 1"8*$ ()$ *(+7,"#EISS 1/%$ 1&#"(,&!$ -1+<"%(*)$ #/$ +/%&S
+(-%/'%":(#8$ *./;&!$ ()-%&"*&*$ ()$ (H&'W()F+<,(-"#&!$ *#T!(&*S ()$ %&"$ +(-%/'%":(#8$
SURWHLQ VXEXQLW H[SUH\DERDQUGEXDIW VERQLEFAIQWWY RU W
%&7-#(NS()$<.1*<.1%8,"#(/)SI1$ ;) #%&"+$ I1$ %&*&"Y%o-.$ (/S #.&$ &11&-#*$ /15 +(-%/'%":(#8$
1/-",$"L&*(N)="**-("#&!$>()"*&*$23?245% K78 HE $I8)" +(-$-&,,7," %S "<H# #(/) $<Yo/l-&**$
@!'(#())",,8A$ %"#$ BC=DEFF$ -&,*$ 7)&96$*&!$/1$ <%(+"%8$")!$*&-/)!"%8$ /¥
VLPXODWHG PLFURJU D Y=L W¥%& ESV/RED*GEH5S J. ABLSHOHLEH)S /,1*$ 'S
-)#,8$ ()-%8&"*&!$ ,&:&,*$ /1$ D(0%/)&#()$ " WX EVWDQWLDO LQAXHQEH RYHU \
G=-"1.8%()$ +HI@$ 23945% J.&*&$ &11&-#*SHIPES'&) &S &M<%&**())A$")I$<%/,(1&%"#(/)A$")!$
%&,"#&S #/$ /0*&%:"#(/)*$ 08%$ K&:&)0&%'S EHSPLAGES! (*%07<#(/)$*&&+*$H/$<%&-&&$+")8$/1$
(-8 %&:&"&IS S "THI%E'T,"#1%8$ *8*HEHBEP0*&%:&!$-.") &*$()B0/#.$""<H#(:&S$")tS()
.. &9&08S$ *#(+7,"#($ #.%/7'.$ -"1.&%()*$ /YBH&P(++7)(#8$2*&&ID (7% E&SRA5S)."#$0&()'$*"(IAS
LQWHJULQV VSHFL;FDO®6\ D3 -#3U$CHIASQMAS IR/ BIQMQM -#$+&-."
)-&IS#.&S1/%+"#()$/1$ (S +*/-("H&I$SH.& )(*+$/1$%": (#8$*&)*()'$%&+"()*$/0*-7%&5$].&$
*(:&$*HUNT-HT%&ESGH&)H(",,8A%;.8)$-&,=-8QIRWDEOH YDULDWLRQV £Q UHVXO)
8%&)-&S$ L7)-#(/)*$"%&S ()-%8& *&IAS -&,, = HTU QAR <&)!&)#S ) "#T%E&S /1S #.(*$ +(-%/ %" (#8=
1/-",$".8*()*$"%&$!&-%& *&1$")!$:(-&$: &Y B! ("H&IS <%/-&**A$"*$:&,,$ S #.&35 ;(1&=*-",&$
23N45$ J.(*$ I(-./#/+8% -/7,!$ 0&$ "$ </**(0,&$5'%(")-&*$ ()$ &M<&Y%(+&)#"$ +&#./!/,/'85%
*[7%-&$I1$:" % ("H#() $*&&)B()$-&,, 7,"%S$" "<t MU WDOHS #(+&*-" &*$ +T*#$ 0&$ T*&I$ )$ *&"%-.()'$
HIS+(-%/ %" (HBAS*T-.$"*$#.&$I 7", $-8H#/*>&, &H YIS #.&B <%&*&)-&$/1$")$ () (#(",$'%":(#8%*&)*/%AS$
<.&)#8<&*$*&8&)$()$#.&$0%E& *#3-")-8.%$-& ,; K, BEABEY0SH(+8&*-",8*$;(,,$0&$7*& 17, $OB! (*
1%$ #.&$ +/#(,(#8$ 1(118%8&)-&*$ 0&#;&8&)$ I® (BF(*.() $O&H; & &) $*.[%o#$H#&Y0+$")!$,/) $H&Yo+$
<./-8#&*$")I$+/)/-8#&*5$ "< ()", $ &11&-#5$ H.JOIP*8*$ "<<&" %S #/$
D()",,8A%"$%8&-&)#$%&: (& $<"<&%$ 08 KORSSBAH/+(*()'$-")!(I"#&SL/%ST<*#%&"=AS' %"
" 5$1&*-%(0&8!$./;$)&"%,8%", $/15#.&$-BH/*>QB=*&)* (H(:&S$ %&'T,"#/%*$ I1$ #.8$ -8#/*>& &#I)AS
EH"\$ -.") &S - ("H&IS ;(#.$ +(-%/'%":(#8% ")I$ KIT(*$ &#$ " 5B 17%#.8%$ <%&!(-#$ #.8&5 %/, &$ /15
-17,1$0&$" ##Y0(0TH#&ISHISH.&$+/,&-T,"%$;/%>QEPS 20IP &S @-#(:"#()'$ PL/#&()4$")!$ OGD$
[1$H./$ OIP"*&*5$].&$ "T#./%*$ .8</#.&*(Q&2D7"))&$ GM-.")'&$ D"-#/%4$ H./OIP"*&$
#.HS -&,, S &M</*&IS #/$ +(-%/'%": (#8S Yo&* QBT ,"#/%*$ 2(). (O(#/%*$")!$S"-#(:"#%o* A$ Y& *<&-
[(#.$18<%&*&ISH./@$"-#(:(#8$")1$ ()-%&"*88$:&,84% ()$ #.(*$ -&,,7,"%$ "I"<#"#(/)$ <%o/-&**$
H"-R$"-#((#8S)#(",,8A$;.(-.$-.") &*$#/$I& 23S45$D7#7%ES &M<&Y(+&)#*$ ()$ %&",$+(-%/'%":
<%&**&I$"-#(:(#8$/1$0/#.$<%/#&()*$ )$#.&4 N\ ZKLFK PRQLWRU WKHVH VSHFI
#&%+$ 23545% @!!(#(/)",,8A% O7()")!)$ &H#HS/)BBS/I1S&M</*T%&S;(,,$0&S$"$-%0(#(-",$) &MHS*#&<$
&S UT)IS#.H#$*(,&)-()'S /1S H./$ OIP"*&*$ ()$1&:&,/<()'$/7%$7)1&%0*#")!()'$/1$ %" (#8=
H"-R$")!1$#.&$ <%/#&()$ T!-FUAS07#$)/#$ H. I @AF$08$)/)=*<&-(",(Q&!$-&,,*5$
&11&-#(:8,8% -IT)H&Y"-#&I$ #.&% %&!T-#(/)$ B)G&SH.&$! (*V7<H#(:&$(+<"-#*$/1$+(-%/'%"
QXPEHU RI IRFDO DGKH VL R@8%)SHAH+} 7 BEBHAEDS YRS L\D6&)HAS+H %ES
*&&)$ ()3 [*#&J0, " #*$ &M</*&I$ #I$ %&"5S +(:06>$) &&*$#/$0&$!/) &S ()$/%! &% $#/$1&#&Yo+()&S
%" (#8$2?7VA5$@ #./7" . $#.&$() (H(", $+&.") (*HIE&SY&, "#(: &$Y0 (*>P(HS</*&*$L/%$S *HYl) " TH $&)""
11$'%":(#8$*&)*()'$.":&$ 8&#$#/$0&$175,85(LQJ LQ H[WHQGHG VSDFHALJKW &
+()"H&IAS (H$"<<&"%*$#."#$,&$+"850&$/) &S HELY'S (++7)&S$ 17)-#(/) ()'$ /1S "*#%/) " T#*$

- [*8YSHISH.8F*T%-&5 "HE %687, "%$ (H&Y:" *$ 17%()'$ ")!$ "1#8&%S$ /) &%S$
179%"#(N$ +(*(/)*$ "0/"%!$ #.8% [WWS ;(,,$ 0&S$
ISR &,<17,3 (S H.(*$ %&"%!5$ @)$/)/()'$ %6&*& %%-.$

+(*(NASH.ESIQW@SJ; () * SWHTIBAS(*$;/%>()'$
B&S$.":&$-/+&$"$,/)'$;"8$1%/+$/7%S()(H(" FHS" 1%&**$*/+ &S/ 1$#.8*&S$(**7&*$08$-/+<"%()'$
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I"H$%& BBHE () &*+(#,*&-.*-/

5"%451()-$-/)2#$%625H#&]" (%, 5#, %-22+1%-0"TUIBHE' Yo ()*+$#,"% $-.% /1#0),1% 2-&'),)-&(%
2-+1("%-=%-&"%1"#1%(4" &, %-&%, 5"%BCCYUBTROIER HS," "% /"&"% "341"(()-&% #&'%
I"("#125"1(% .)$$Y% 2-*4H#1"% 2-*4$" "Yo ["&-*"Vo" & 582" % 0)1+$"82"% 6789:% ;#1% *-1"06 I" ("#125%
("F+"&2)&I @ %" #<-$) 2% #IA"| (@ YoH &' YoH VB LB " HSYo #& 'V () *+$#," % *) 21-/1#0),1%.)$$%
-=0%-,5"19%'H# #%6/"&"H, " Yo=1-+9%"34"1)*" & (Yo-&IB6&." 2" (#11%, -%641-4" IS %ot 1" (%,5"%64-, "&, JH$%
G)A5#)$% H-1&)"&A-% #8&'% C2-,,% H"$$1% "=5&I%%6 -=% *)21-/1#0), 1% -8% *)21-<)#$%6 4#,5-
5")19%,)*"%)&%*)21-/1#0),1%.),5%C2-, |(%*-8&4"&)2), 1:% ?),5% =#2,-1(% (+25% #(% (,""(@% ($""4%
J1/-)2% ,.)8&% <!- 5"19% I" )"0 #(,1-&H+,% GHIAB)0H,)-8& @Yo #(% " S #(%6 (-$H1%6 #&'% 2-(*)2% I#
H"$$1%.5-%.)$$%!"*#) &%6-8Y0K#! 5Vt (Yot 8 R BB /" $1 Yo+ &#22-+&, " %o=-1@%*)2!-/1#0), 1%

L, %%"#(,%-&"%(,+ 1%(+//"(,(%,5#,%%) 24-I1#0) $$% <"% <+,%-&" % -=%*#8&1%4-,"&, J#$% 5+'$" (% #
), 1% *#1% #=="2,% 4#,5-I"&(% #(% ."$$@ Yo HEHHER )& Yod+(5"(%"0"1% """ 4"1%) &, -%, 550%6<"2A
)-+*0CHS*-&"$$#Y0, LAG)*+1)++%6/1- &Y6)&%<~BI&I%62-(*-(:

"#'1"$%"&

D:%M!+2)#&@%N:@%0:%P.%C,-."@%G:%M:%Q, @%R:%S:%N"2A"@% O:% T#"-&@% H:%L
CH*(:%8UUV:%0)(A%-=%M!".%L'0" ("% T"#$,5%K0"&,%W+"%,-%L$,"""%B**+&"% 0" (4-&(":

8:9% H-&(,#8.,)&-0#@% B:% X:@% G:% P:% O1A-0#@%L:% E:% S"(&1#A@% #&'% K:%L:% L&, 1-4-(
25HE&S" (Yo' +)&/%S-&>'+1#,)-&%*) () -BESBO&' (") ¥+ % Z[\%D]V>8UD:

Y:%M-/-$) @%L:@%N:%N"25%"1@%Q:%G+$3$"|@%#& % K:% T+8&J)&/":% DV]]: % K=="2,%-=0%*)2
45-21,"%#2,)0#,)-&"WB(&","/0.($+.1"234"5/6" 7% 1+*( .8, "2*9** :"5/<5=  0pA--I') A%
V>DUU:

[:%6M-/-8) @%L: @%N:%N"25%$"1@%G:%M-/-$)>"1"+,"l@%C:%N:%M!)(."$$@% T:%R-$$"1@% P: %!
#8'%Q:%Ga$$ " :%DVVY :%G),-/"&)2%()/8&H$%, 1#&('+2,)-&%) &IEYS1*45-21, NUHBHE)2!-/1#0), 1:%
)+ :%ZY\%Z7V>ZbZ:

Z:% P)44Y#@% P:@% S:% C2)-$#@% G:% M-/-$)>"1"+,"1@% G:%L:% G"$-&) @%L:% CA#&- @Y% #4
L2,)0#,)-8%()/8HS(Yo-=%E%S$1*45-21," (%) &%6*) 2B LYo :%[b\%8DZ>888:

7:% T#I)(@% ":% B:% #&'% ;:% O-&25"(":% DVVV:% E5"% O-$"% -=% Nb% 2@Q@%.)e8% )&% E>
2@ @%,'+"=$++'96b\%YU[>YDD:

b:%M-/-$) @%G: @%N:%N"25$"I@%L:%M-/-$) @%": %L!" &#@%C:%N#18) @%P:.%P)44)#@% %
G-&,):%DVVU:%S1*45-21,"(%-&%C-+&')&/%0- ER$R9G: " D"8>$"ES>"5%-'0$., /A@0'*%@"
DS (S, ($FS:$.-(>","10.($;"<-*$:8688V>8Y[:

1:%M-/-3) @%G: @%N:%N"25$"1 @ %L :%M-/-$) @%:%LI"&#@%C:%N#&) @ % P:%P)44)#@ % :%C
G-&,):%DVV8:%S1*45-21,"(%-&%(-+&) &/ % 6BEA(I06($"F$:%D8\%D[D>D[:

V:%M-/-$)>"1"+,"l@% G:%8UU[: % K=="2,%-=%/1#0),1%25#&/"(%-&%,5"%21,-(A"$",-&%) &% 5+*#
21,"(:98-.9*8A",B"/0.($")*"")%++$8* %Db\%8b:

13


13


#$%8&'()*&++,$+(-).-/)01,.-)*2/3845

I"HS% & &()*+ - ./- OS1HOS1HE2H S -(&3) 0$44$56) & (7T0RH$587 3&0$9#$9)88) 70$+#$1 &37680$73:52#$%.
I <H$1&=->-3/7$73:$)3/-, 76/)&3?$8@$(- A&BB/-2$)3$>)6, &7, Bi)lBéol#$CDESFD;*FGD#

#$ %,.6)730% HAES 1#0$ J#S S 5/&K-0$ L#S 4#$ 9)-,7&30% 73:$ %#$ MHS 57>7#$ F""G#S$ N>>.3-$ 5
Dysregulation Following Short- vs Long- Duration Spaceflight. Aviat Space Environ Med$D;E$
GOP#

IF#$%Q73'0$RASRAOSNH#$ST (/Q-,0$%0#SMH#S4)0$ THSH#SH&&3B7,7/737A&,3A)/0$+#$+7((-,) 0$ 1#$2
Pippia, A. Cogoli, and M. Hughes-Fulford. 2012. The Rel/NF-kB pathway and transcription
&@$)>>-1)7/-$-7,(B$'-3-7%)3BR$6-(($76/)=7/)&3%$7,-$)3Q)V)/-:$UB$>) & &k oe)HBHH; FES

NOO*!ICP#

IO#$H&&3B7,7/737A&,3A)/0$ THS HHOS24#$ %68 &()0S %S MHS 4) 0 RES56Q&88- 03 9$9)88) 70$+#$+
1-(&3)0$73:$14SV.'Q-7*M.(@8&, #SF"" PHSW-BS', 7=)/B*?-3?)/)=-$?)'37()3'$87/QK7B?$:,)=-$R$6-(($
76/)=7/)&FBcb j.$);ESF"F*F"FF#

ICH#$ S-30$ 24 XH0$ 57TAT>&/&0$ WHIHOS 73:$ 1)((-, 03 4#5HS F'I"HSRQ-$ ,&(-$ &@$/Q-$/,73?6,)8/)&3$
%JIH$)3$)>>.3-$@.36/)&B#nmunol$|GPE$S<CIOY<C!;#

IP#$X7380$5#0$+Q&2Q0$IHOSW.27U70$VA0SH.6QQ&(Z0$1#0$73:$4&3 &0SLHAHSF " O#S1@ @ -6/
>-/QB(7/)&3%$&3$/Q-$,-.(7/)&3$&@SNM[*7>>7$'"-3-$..)3'$)3$=)/,&$)) @ @-,-3/)7/)&3$&@$Q.>73$8-
)8Q-,7($U(&&:$R$6-((?$)3/8$7SRQF $8& () BIBIDIESFP!"Y FPI<#

I<#$W7/?6QOSWH#0$:-$T &3'0$5#TH0$2(U,-6Q/0$T#*%#0$5/-'- 0$T#0$+-3/QOSV#0$9&?-,30$+#0$73:4
F"IF#$26/)3*:-8-3:-3/$76/)=7/)&3%&@%$7?-,.>$,-?8&3?-$@76/&,$)33R$6-((?$UBS/Q-$=),7($&36&8,&/-
N8#Sell Communication and SignalingE$%%5$!"ESPY P#

ID#$1-(8&3)0S1HE2H0S+#S+7((-,) 0$+#$973)0$24$57U70$94$9)88) 70$73:$1HS%& &()*+ - /- HSF " IHS5E
M()'Q/$ 2@ @-6/2% 1&/)()/B$ 73:$ %B/&?A-(-/7($ 5/,.6/.,-2$)3% V.>73%$ 1&38&6B/-$ %-(($ 4)3-$ T*114$
&\WRVNHOHWRGESHFRERNHQ

IGH#$1-(83)0S 1HS2#0S +#$+7((-,) 0$H$9)88) 70$73:$ LHS & &()*+,-./- HEF"<#$YB/&?A-(-/&3$6Q73"-
73:$)>87),-:$>&/)()/B$& @$>&3&6B/-2$7/$>8&:-((-:$(&K P twdfBttSna FF,ESFCO*FC;#

L#$17.(-0$ THO$ 1A ME&'-(0$ 2#$ 5/--(-0$ [#$ S7)3K,) Q/0$ L#$ 4#39)-,7&30$ 73:$ L#S 5#$ L6W7BHS F""(
Antibody binding in altered gravity: implications for immunosorbent assay during space flight.

J. Gravit Physiol. $!"E$CD*PP#
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