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38 Abstract 
39
40 Numerous scientific experiments have been conducted in space. However, the precise 

41 mechanisms mediating successful human body adaption to the hostile space environment are 

42 still not delineated. The cost and logistic challenges of sending biological payloads to 

43 International Space Station are forcing scientists to find alternative research platforms. In this 

44 study, we investigated whether brief exposure to microgravity during the suborbital flight aboard 

45 Blue Origin’s New Shepard rocket modulated the behavior of the gravity-sensitive murine T 

46 cells. We assessed the effect of suborbital environment on different T cell subsets, activation 

47 markers, functionality, and cytokine secretion capabilities. Thus, to optimize the potential 

48 response of T cells, we cultured them in interleukin IL-2 alone or combined with IL-12. We found 

49 that exposure to microgravity decreased the expression of T cells with CD4+ cells being more 

50 sensitive to suborbital flight as compared to CD8+ cells. Our data indicate that the functional 

51 capabilities of flown T cells were reduced. Also, our findings suggest that supplementing cells 

52 with IL-2 and IL-12 cytokines may restore microgravity-mediated cellular alterations. Finally, our 

53 study provides insights on the microgravity effect on the murine T cells by utilizing a novel 

54 suborbital research platform. 
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70 Introduction
71
72 There has been an escalated interest over the past few years by NASA and other private 

73 stakeholders to pursue human spaceflight missions to the moon (e.g., ARTEMIS mission) and 

74 beyond [1], [2], [3]. However, space is a hostile environment associated with numerous health 

75 hazards, including dysregulation of the immune system [4], [5], [6], [2]. The body of research 

76 conducted in this field is quite substantial, but with conflicting findings and unclear mechanisms 

77 on how spaceflight induces immune system alterations. Therefore, more research is needed to 

78 facilitate more definite conclusions and to set up basis for interventions [7]. Research findings 

79 derived from sampling astronauts and conducting in-vitro and in-vivo experiments reveal that 

80 spaceflight affects several immune parameters including reduced production of cytokines, 

81 decreased proliferation rates, and suppressed functional capabilities of different types of 

82 immune cells [8]. However, several studies conducted in the 90s showed that spaceflight 

83 enhanced the production of certain cytokines [9], [10] and had conflicting effects on T cell 

84 subpopulations with several studies demonstrating a decreased expression of CD4+ (helper 

85 cytokine production) and CD8+ (cytotoxic activity) cells [11], [12] while others showing an 

86 increased expression of CD4+ cells post flight [13]. This may be attributed to methodological 

87 alterations, such as the use of different stimulants (e.g., ConA, phytohemagglutinin, PMA/I), 

88 diverse animal models, and the specific flight profiles of different space missions. One of the 

89 mechanisms leading to dysregulated immune system during or after space travel is 

90 susceptibility to infections and viruses [14]. The main defense machinery to fight infections is 

91 through T lymphocytes (T cells). They coordinate the host response against microbial and 

92 cancerous developments leading to elimination and long-term protection [15]. At first, naive T 

93 lymphocytes need to be activated so that they can differentiate into effector cells to perform their 

94 immune functions. This requires engagement of TCR (T Cell Receptor) by the peptide/major 

95 histocompatibility complex (MHC) and the costimulatory signal provided by the interaction 
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96 between accessory molecules, such as CD28 and CD3 on the surface of T cells [16]. Upon 

97 activation, T cells proliferate and differentiate into effector T cells driven by autocrine interleukin-

98 2 (IL-2) and other cytokines. T cells treated with various concentrations of interleukins IL-2 and 

99 IL-12 can have different responses for mediating inflammation and other infectious events. The 

100 ideal environment to study microgravity induced alterations on the immune system is the 

101 International Space Station (ISS). However, because of the cost and long launch preparation 

102 times, novel research platforms exist to enhance our understanding of the impact of microgravity 

103 on immunity. Those platforms include terrestrial spaceflight simulations, parabolic flights, 

104 balloons, clinostats, rotating wall vessels, random position machines, etc. However, it is 

105 necessary to distinguish the extent to which these models mimic microgravity. Currently, there 

106 are a very few accessible U.S. national space research platforms (Blue Origin’s New Shepard, 

107 Virgin Galactic’s Space Ship Two, Exos’s SARGE-1 rocket from Aerospace Systems and 

108 Technologies) providing yearly launches with a quick turnaround payload recovery and high 

109 quality continuous microgravity time of about 3-5 minutes depending of the flight provider and 

110 respective rocket flight profile (~100-120 km) as well as other European vehicles (MASER 14 –

111 suborbital express) that can reach apogee altitude of about 240 km providing approximately 6 

112 minutes of microgravity. These different companies and their vehicles give scientists 

113 opportunities to fly payloads at various apogees and diverse microgravity exposure times [17]. 

114 See table 1. 

115

116

117

118

119

120
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121 Table 1: Different microgravity research platforms. 

122

123 Thus, suborbital flights provide researchers the opportunity to design experiments, refine 

124 hypotheses and collect preliminary data, which could be further tested using orbital platforms 

125 after having matured the technologies. Furthermore, this unique research platform allows for a 

126 more controlled experimental design because of its larger flexibility and shorter sample retrieval 

127 time. In this study, we investigated the influence of altered gravity on murine T cells during the 

128 suborbital mission aboard Blue Origin’s New Shepard rocket. Given T cells are sensitive to 

129 environmental changes and acknowledging microgravity induced immune changes 

130 demonstrated by other researchers, we hypothesized that even a brief exposure to microgravity 

131 during the suborbital space flight would lead to alterations of T cell behavior and function. 

132 Further, we added IL-2 and IL-12 alone or combined at different time-points to the T cell 

133 cultures. Our findings demonstrate that even a brief exposure of about 3.2 minutes to 

Platform Microgravity 
level (g)

Duration Volume 
(m3)

Waiting 
Time

Cost/Experiment
($)

Free fall 
towers

10-3 – 10-6 < 5 s < 1 months 5 k$

Parabolic 
flights

10-2– 10-3 ~ 20-25 s > 10 Months -1 
year

125 k$

Sounding 
rockets

10-4 – 10-5 5-13 min < 1 > 2 years > 400 k$

ISS 10-2 – 10-5 weeks, 
months to 

years

> 1 > 5 years 1-5 M$

Blue 
Origin’s 

New 
Shepard

10-2– 10-3 3.2-3.4 
min

NanoLab (0.5 kg) 
(10cmx10cmx20cm)

6 months 
to 1year

~8,000-16,000 

Blue 
Origin’s 

New 
Shepard

10-2– 10-3 3.2-3.4 
min

0.0489 (11.34 kg) 6 months 
to 1year

≥100 k$ 

Exos’ 
SARGE -1

~0.005 3-4 min 1U 
(10cmx10cmx10cm) 

to 2U 

6 months 
to 1 year

 ~ 5-10 k$

MASER-14 ≤ 10-4 ~ 6 min <1
(10cmx10cmx20cm)

1 year to 2 
years

≥ 25 k$
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134 microgravity modulated the activity of T cells as measured by the alterations in different T cell 

135 subsets, cell surface markers’ expression, functional, and cytokine secretion capabilities.

136

137 Materials and Methods

138 Splenocytes Isolation and T cell Activation

139 Spleens were dissected from euthanized C57BL/6 healthy mice, derived from the breeding 

140 colony (2013044AR) which were maintained in UT Health Science Center (UTHSCSA) at 

141 specific pathogen-free facility according to the Institutional Animal Use and Care Committee 

142 (IACUC) standards. T cells were separated from the already euthanized animals derived from 

143 the breeding colony with the following UT Health IACUC committee approved protocol 

144 #2013044AR. Euthanasia was administered in a bell jar with isoflurane as the inhalation for 

145 induction or as a route of isoflurane administration.

146 Spleens from female mice (n = 3) with age of 6-8 months were used to set up primary cultures. 

147 Single cell-suspensions of lymphocytes were achieved by sterile dissociation of whole spleens 

148 with syringe plunger through cell strainer and by lysing red blood cells with the ACK 

149 (Ammonium-Chloride-Potassium) lysing buffer (Life Technologies). Isolated splenocytes were 

150 pooled together and placed in 24-well plates at 106 cells per ml concentration in 1.5 ml and 

151 activated with anti-CD3 mAb (145-2C11 clone, plate-bound, 1 µg/ml) and anti-CD28 mAb (37.51 

152 clone, soluble, 2 µg/ml) from Bio X Cell in RPMI media for 48 hours with or without human (h) 

153 IL-2 (200 ng/ml, recombinant human interleukin-2 (rIL-2)) from NCI at Frederick Repository. 

154 After 48 h, cells were washed twice and supplemented either with no cytokines or with human 

155 (h) IL-2 (200 ng/ml) and mouse (m) mIL-12 (10 ng/ml) from Shenandoah Biotechnology alone or 

156 in combination every three days. 

157
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158 Transportation of T cells and maintenance at West Texas 

159 Launch Facility

160 T cells were transported during a six-hour drive from UT Health to Van Horn (Texas) to the 

161 Payload Processing Facility (PPF) in West Texas Launch Site (WTLS). Detailed description of 

162 the transportation procedures and conditions at PPF and WTLS were described in a previous 

163 manuscript [18]. Briefly, T cells were kept at 34 °C to 35 °C during transportation and in a self-

164 made incubator assembled (L-3 days) from the heated box with the tubing attached to the life 

165 support system containing 5% carbon dioxide, 21% oxygen, and the rest was balanced with 

166 nitrogen. At L-2, 1 days, T cells were kept at about 25.5 °C during the day and at about 28.0 °C 

167 overnight in the Fisher Scientific electrical heater. The launch was scrubbed for one day. 

168

169 Flight Conditions and Ground Controls 

170 Initial estimation of the payload weight allowed the housing of nine 5 mL Eppendorf tubes in the 

171 NanoLab including (in duplicate): T cells with no cytokines, T cells with IL-2, T cells with IL-12, T 

172 cells with IL-2/IL-12, and T cells primed with IL-2 since day 0, during activation process (not in 

173 duplicate). The same conditions pertained to the ground controls. After preliminary payload 

174 integration into the NanoLab, the team estimated to have additional space and therefore 

175 included three additional tubes containing cells supplemented with an extra dose of IL-2, IL-12, 

176 and IL-2/IL-12 added one hour before handing off the payload to the NanoRacks team or about 

177 10 hours before the flight. Those conditions lacked ground controls and were referred as IL-2, 

178 IL-12, IL-2/IL-12 before flight. 

179 The diagram below (diagram 1) illustrates the different timeline when cytokines were added.

180

181
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182 Diagram 1: Diagram of T cell culture supplementation with different cytokines. 

Condition 
During 48 h 
initial Activation Timeline post 48 h 

Flight:
no cytokines (0)  -  -
IL-2  - continuously
IL-2 day 0 onward IL-2 continuously
IL-12  - continuously
IL-2/-IL-12  - continuously
IL-2 before flight  - continuously & before flight
IL-12 before flight  - continuously & before flight
IL-2/IL-12 before flight  - continuously & before flight

Ground:
no cytokines (0)  -  -
IL-2  - continuously
IL-2 day 0 onward IL-2 continuously
IL-12  - continuously
IL-2/IL-12  - continuously

183

184

185 Flow Cytometry

186 Cells were analyzed by flow cytometry using standard procedures as previously described [19].  

187 Briefly, cells were washed in staining buffer (PBS, 2% bovine growth serum and 0.01% sodium 

188 azide) and stained with fluorescently labelled antibodies. The fluorescently conjugated 

189 monoclonal antibodies (mAb) used in this study included:  anti-mouse (m) CD4 mAb (RM4-5, 

190 dilution 1/500), anti-mCD279 (PD-1) mAb (J43, dilution 1/250)  from eBiosience; anti-mCD8 

191 mAb (53-6.7, dilution 1/500), anti-mCD25 mAb (PC61, dilution 1/250), anti-mIFNγ mAb 

192 (XMG1.2, dilution 1/250), anti-mCD71 mAb (RI7217, dilution 1/250) and anti-mTNFα mAb 

193 (MP6-XT722, dilution 1/250) from Biolegend; anti-mCD69 mAb (H1.2F3, dilution 1/250) from BD 

194 Biosciences. For intracellular cytokine expression, we used the BD Cytofix/Cytoperm Kit (BD 

195 Biosciences, San Jose, CA, USA). Samples were acquired on Celesta and data were analyzed 

196 using the FloJo software (Tree Star, Ashland, OR, US). 

197

198
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199 FITC Annexin V/Dead Cell Apoptosis Assay 

200 T cells were stained with FITC Anenxin V/PI (Invitrogen) following manufacturer’s instructions 

201 and different apoptosis stages were determined by flow cytometry. The amount of total 

202 apoptosis (%) was calculated by taking the percentage of cells positive for early and late 

203 apoptotic markers. 

204

205 T cell Functional Assays

206 To assay the ability of T cells to respond functionally to antigen, we cultured cells for 6 h with 

207 either PMA (100 ng/ml, Sigma), Ionomycin (1 µM, Sigma), and Golgistop (BD) or with hTyr 

208 peptide (1 µg/ml) (YMDGTMSQV, American Peptide Company). Cultures were set up with in a 

209 flat-bottom 96-well plates. After incubation at 37 °C, cells were stained for intracellular cytokines 

210 and assayed by flow cytometry.

211

212 Multiplex Immunoassay

213 Cell culture supernatants were collected from flown T cells and ground controls and stored at -

214 80 °C until further processing. The supernatants were analyzed simultaneously for 5 cytokines, 

215 including mouse IL-12, IL-2, IL-4, IL-6, and IL-10 employing a bead-based sandwich 

216 immunoassay. For the detection of multiple cytokines, a monoclonal antibody specific for each 

217 cytokine was coupled to a particular set of beads with known internal fluorescence. Cytokine 

218 secretion assay was performed using ThermoFisher ProcartaPlex Multiplex Custom Made 

219 mouse cytokine 5-plex assay kit following manufacturer’s instructions and analyzed with the Bio-

220 Plex 200 Luminex-based multiplex analysis system (Bio-Rad, Hercules, CA). All samples were 

221 analyzed using technical duplicates. The expression of different cytokines was determined by 

222 the fluorescence intensity (FI). 
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223

224 Statistical Analysis

225 Data were graphically displayed using prism 6 software. Differences in various markers 

226 expressions across different conditions were determined and compared using unpaired t-tests 

227 with a two-sided alpha of 0.05/0.01 or a two-way ANOVA. Data are represented as mean ± 

228 standard error mean (SEM) or ± standard deviation (SD). 

229

230 Results
231

232 Description of the Blue Origin suborbital M7 mission, sample 
233 recovery and processing. 
234
235 Launching this scientific payload entitled Cell Research Experiment in Microgravity (CRExIM) 

236 aboard Blue Origin’s New Shepard Mission 7 was part of the multidisciplinary project between 

237 different United States universities as a collaborative effort to advance the knowledge of 

238 microgravity induced T cell alterations. Blue Origin’s New Shepard is the reusable suborbital 

239 rocket designed to fly prospective astronauts and research payloads past the Kármán line. It is 

240 a vertical takeoff and landing (VTVL) space vehicle. The system consists of an updated 

241 pressurized capsule, New Shepard 2.0, atop a booster. It accelerates for approximately two and 

242 a half minutes before the main engine cut off. The capsule then separates from the booster to 

243 coast into suborbital space. After one minute of free fall, the booster performs an autonomously 

244 controlled rocket-powered vertical landing, while the capsule lands under parachutes after about 

245 10 minutes of flight. For the M7 mission with our payload aboard, the New Shepard vehicle 

246 reached a maximum altitude of about 322,440 feet (98.3 km), and experienced microgravity for 

247 about 3.2 minutes, landing within one mile of the launch pad after takeoff (Fig 1).  

248
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249 Fig 1. Representation of the M7 mission profile and corresponding pre-flight and post-

250 flight procedures. From left to right indicate the timeline (hours) and the activity/procedures 

251 taken in regard to the suborbital launch (L). Minus (-) indicates prior to the launch, while (+) 

252 indicates post-launch time point.

253 The NanoLab was recovered 6 hours after liftoff. The temperature inside the NanoLab was 

254 tracked during pre-flight (6-8 hours before liftoff), flight (10 minutes 10 seconds), and post-flight 

255 operations (6 hours after liftoff and before being delivered to our team). While in the Payload 

256 Processing Facility (PPF), T cells were kept at 27 °C before integration into the vehicle. The 

257 reason to keep T cells at this temperature and not at 37 °C, which is the standard temperature 

258 for culturing cells, was to avoid exposing the T cells to a temperature shock given the freezing 

259 conditions in the desert at West Texas with temperatures as low as 2 °C to -4 °C at night. Also, 

260 we knew that the thermal conditions inside the capsule were going to be near 20 °C as 

261 communicated by the Blue Origin team in their payload’s guide [20]. A thermal sensor was 

262 placed inside one of the sides of the NanoLab while the 5 mL Eppendorf tubes that contained 

263 the T cells were inside a foam structure to protect them from structural vibrations and as a layer 

264 of containment. The temperature of the flown cells was about 23 °C during the 10-minute 

265 suborbital flight and recovered 6 hours later at about 25 °C [18].

266

267 Microgravity alters expression of CD8+ and especially CD4+ 

268 T cell subsets.  

269 To investigate whether brief exposure to microgravity leads to alterations in CD8+ and CD4+ 

270 subsets, we stained cells with fluorescently labelled antibodies for these markers. Table 2 

271 shows the cell population for CD4+, CD8+, total apoptosis, live cells, and dead cells and their 

272 corresponding means, mean differences, standard error (SE), and the relative error (RE) of the 

273 means for both control (ground) and flight conditions indicating that the RE is higher for CD4+ 
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274 than for CD+8 subsets. Consistent with findings from other groups [21], our data also indicate 

275 that exposure to microgravity leads to altered expression of CD8 and CD4 positive cells (Figs 

276 2A, 2B). 

277

278 Fig 2. Brief exposure to microgravity decreases the expression of CD4+ and CD8+ 

279 subsets. Cells were assessed for CD8+ and CD4+ expression (%) by staining cells with 

280 fluorescently labeled antibodies for CD8 and CD4 by flow cytometry. (a) Indicates CD8+ and (b) 

281 CD4+ expression in culturing cells with or without cytokines (condition 0) across ground and 

282 flight conditions. (c) Displays CD4/CD8 subpopulation ratio in both flight and ground conditions. 

283 (d) Shows expression in additional flight conditions. (d) Gating strategy included drawing a gate 

284 around live cell population based on the FSC-A/SSC-A plot followed by the histograms of 

285 fluorescence peak heights for CD4+ and CD8+ expression. Data represented as means and 

286 means ±SEM. ** p<0.01, * p<0.05. Significance was determined by using t-tests. Black color 

287 represents ground conditions, while grey color indicates flight conditions.

288

289 More specifically, we found a slight decrease in CD8+ and CD4+ populations in all flight 

290 conditions with the most significant difference observed in cells cultured in both cytokines 

291 (p<0.05) (Fig 2B). Our data revealed that T cells exposed to suborbital flight had a decreased 

292 CD4+/CD8+ ratio in all conditions with the most profound differences observed in cells cultured 

293 in IL-2 (p<0.01) and IL-12 (p<0.05) (Fig 2C). This suggests that culturing T cells with cytokines 

294 have influence on the distribution of CD4+ and CD8+ expression. There was almost no variation 

295 in the ratios of CD4+ to CD8+ when no cytokines were added. The latter is consistent with some 

296 previous studies [22] which reported no difference between the CD4+ and CD8+ ratios. 

297 However, there was a profound change (near 12.2. % decrease) of this ratio when the IL-2 

298 cytokine was supplied from day zero between the ground and flight conditions. Given we did not 

299 have this condition in duplicate and only one tube of cells was exposed to flight, the difference 
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300 of expression did not reach significance. Finally, adding cytokines 10 hours prior to suborbital 

301 flight led to decreased expression of CD8+ CD4+ cell populations. Thus, our data indicate that 

302 CD4+ subset of cells cultured in IL-2 from day 0 throughout the whole duration of the 

303 experiment decreased the expression of CD4 positive cells when compared to all other 

304 conditions (Fig 2D). In alignment with previous reports [23], our results indicate that CD4+ 

305 subset might be more sensitive to microgravity exposure than CD8+ cells.

306

307 Table 2: T cell Population Analysis of Means. 

Cell Population Ground Mean Flight Mean Diff ± SE Relative Error 
Means

CD4+ 75.57 70.27 5.3 ± 0.5 7.0
CD8+ 64.3 62.9 1.4 ± 0.3 2.1

Total Apoptosis 35.0 39.2 -4.2 ± 1.0 12
Live Cells 48.1 50.2 -2.1 ± 0.1 4.4
Dead Cells 16.1 10.6 5.5 ± 0.1 34.2

308

309 Column 1 shows the cell population for CD4+, CD8+, total apoptosis, live cells, and dead cells. 

310 Column 2 corresponds to the means of the ground samples for each of the previous 

311 populations. Column 3 depicts the means of the flight samples for each of the previous 

312 populations. Column 4 displays the difference between the means of control and flight 

313 conditions and its associated standard error (SE). Column 5 depicts the relative error (RE) of 

314 the means for both control (theoretical) and flight (measured) conditions indicating that the RE is 

315 higher for CD4+ than for CD+8 subsets. Numbers represent means (%) of indicated T cell 

316 populations. Data were obtained using fluorescence-labeled monoclonal antibodies and flow 

317 cytometry. Ground indicates ground conditions including cells cultured in the following: no 

318 cytokines, IL-2, IL-12, IL-2/IL-12, IL-2 from day 0 onward; flight indicates flight conditions 

319 cultured in the same manner as ground conditions. One-way ANOVA test was used to compute 

320 the SE and RE means.
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321 Microgravity decreases the expression of the T cell activation 

322 marker CD71 and T cell exhaustion marker PD-1. 

323 We next sought to determine whether T cells exposed to suborbital flight condition would have a 

324 decreased expression of early (CD69) mid-late (CD71) and late (CD25) activation markers as 

325 well as the alteration in the checkpoint programmed death-1 PD-1 marker, also known as T cell 

326 exhaustion indicator (Fig 3). 

327

328 Fig 3. T cells exposed to microgravity exhibit either decreased or maintain similar 

329 expression of activation markers, except for cells cultured in IL-12, which have elevated 

330 levels of CD69. Flight conditions show a decreased expression of exhaustion marker 

331 PD1. T cells were stimulated with PMA and ionomycin for 6 hours. Then cells were washed and 

332 stained with fluorescently labeled indicated markers and assessed by flow cytometry. The 

333 percentage for CD69 (a), CD71 (b), CD25 (c), and PD1 (d) was determined by gating on live 

334 cells. (%). Data represented as means ±SEM. * p<0.05. Significance was determined by using 

335 the T-test. Black color represents ground conditions, while grey shows flight conditions.

336

337 T cell activation plays a significant role in cellular immune responses. Activated T cells express 

338 a variety of surface markers and they secrete Th1 cytokines interleukin-2 (IL-2) and interferon-γ 

339 (IFNγ). Although most previous microgravity related studies demonstrated the suppressed 

340 expression of activation markers in both rodents and humans, many studies could not rule out 

341 the influence of other confounders, such as cosmic radiation, variability in mission profiles and 

342 experimental methodologies [23]. 

343 Our data indicate that for CD69, flight cells cultured in IL-2 had a 7.2 % decrease, 

344 whereas flight cells cultured in IL-12 had a significant (p<0.05) increase in CD69 expression (Fig 

345 3A). Thus, adding IL-2 before the flight also increased the expression of CD69 by about 21% 
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346 when compared to IL-2 flight condition. CD69 is a classical early marker of lymphocyte 

347 activation due to its rapid appearance on the surface of the plasma membrane after stimulation. 

348 Given that CD69 regulates the secretion of IFNɣ whose expression is also influenced by the IL-

349 12 cytokine, it is not surprising to see elevation of this marker in IL-12 condition. This suggests 

350 that culturing T cells in IL-12 might be a good strategy to increase the expression of CD69. 

351 However, it is interesting to observe this effect in flight condition only, but not in ground control. 

352 Previous studies indicated that the duration of the mission played a significant role in CD69 

353 expression which was elevated in short duration shuttle crewmembers, but it was significantly 

354 reduced in long duration mission crewmembers [24]. 

355 CD71 expression across flight conditions were slightly reduced except for cells cultured 

356 in IL-2 from day 0 onward (Fig 3B). Thus, adding extra cytokines before the flight increased the 

357 expression of CD71 in IL-2 (7.5 %) and IL-12 (2.8 %) flight conditions (Fig 3B). This suggests 

358 that supplementing cells with these cytokines prior to the flight may restore the expression of 

359 CD71. CD25 expression remained similar among different flight and ground conditions with a 

360 slight increase (3%) in cells supplemented with additional IL-2 dose before the flight (Fig 3C). 

361 Since CD71 expression was downregulated in most flight conditions, it may be that this marker 

362 is more sensitive to microgravity than CD69 and CD25 markers. In addition, we observed that 

363 cells not cultured in cytokines led to the increase of about 11% of CD69 and CD25 activation 

364 markers, and a slight decrease of less than 3% for CD71 marker. Our data agree with findings 

365 from other researchers which showed the decrease expression of activation markers in flight 

366 conditions [15] and reduced proliferation capacity of lymphocytes [25]. Our experiments 

367 complement previous findings with additional insights on how culturing T cells using different 

368 cytokines affects the expression of activation markers, especially after supplementing cells with 

369 extra doses of cytokines just prior the suborbital flight. Differences in T cell activation markers 

370 observed across different conditions could indicate incomplete or inefficient function of signals 
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371 required for full T cell activation or a longer exposure time needed to detect more significant 

372 changes.

373 Finally, we assessed the effect of microgravity on PD-1 expression (Fig 3D). PD-1 

374 mediated- inhibitory signals play a major role in T cell exhaustion during chronic infections and 

375 cancers, which makes PD-1 a valuable target of checkpoint blockade in cancer immunotherapy. 

376 Given that T cells become exhausted in large tumors, we hypothesized that T cells could also 

377 become exhausted under microgravity conditions and this marker could be used as an 

378 indication of decreased T cell activity in microgravity studies. However, PD-1 is also considered 

379 an activation marker of CD4+ and CD8+ T cells and similar to CTLA-4 (cytotoxic T-lymphocyte-

380 associated protein 4), may be upregulated early to potentially prime negative regulatory 

381 feedback mechanisms to limit inflammation [26]. Our results indicate that PD-1 expression was 

382 decreased in all conditions exposed to suborbital flight as compared to ground controls with the 

383 most significant effect in cells cultured in IL2/IL-12 (p<0.05) (Fig 3D). Furthermore, in agreement 

384 with the literature [27] which suggests that many cytokines can up-regulate PD-1 expression, we 

385 also observed this increased expression in all ground and flight conditions as compared to cells 

386 with no cytokines. There is some evidence to draw parallels between T cells in microgravity and 

387 in cancer. As such, our data demonstrated that T cells exposed to microgravity resulted in 

388 decreased expression of PD-1 whose expression is proportional to the strength of TCR 

389 signaling to compensate T cell activation and to control immune response [28]. Thus, it is also 

390 well-established that PD-1 expression on antigen-specific T cells reflects the functional avidity 

391 and anti-tumor reactivity of these cells [28]. Therefore, the importance of PD-1 on human 

392 immunity makes this molecule a valuable marker to explore its role in microgravity for 

393 immunotherapy purposes, especially given that slow immune response in space could put 

394 astronauts at risk for developing various infectious or accelerate the process of cancerous 

395 lesions. Given our observation of decreased expression of this marker across all flight 

396 conditions, this indicates that PD-1 might be sensitive to exposure to microgravity and could be 
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397 used for future studies to examine T cell exhaustion under microgravity conditions. However, 

398 future studies should assess the expression of PD-1 at the protein level as well as after longer 

399 exposure to microgravity as suborbital flight might be too short period to detect the exhaustion 

400 of T cells. 

401

402 Microgravity drives cells to more apoptotic phenotype but 

403 decreases the expression of dead cells in flight conditions. 

404 Thus, culturing cells in IL-2 decreases the levels of 

405 apoptosis.

406 After observing that brief exposure to microgravity can affect T cell markers of activation, we 

407 next investigated the levels of apoptosis (Table 2, Fig 4). 

408

409 Fig 4. Brief exposure to microgravity drives cells to more apoptotic phenotype. However, 

410 culturing cells in different cytokines profoundly decreases the percentage of dead cells 

411 in flight conditions. Rates of total apoptosis (%) including early and late (a), live (b), dead (c), 

412 and additional flight conditions (d) were determined by staining cells with Annexin-V/PI and 

413 performing flow cytometric analysis. Columns indicate T cell culture conditions, while rows 

414 correspond to ground (top), flight (middle) and additional flight (bottom) conditions. Data 

415 represented as means ±SD. * p<0.05. Black color represents ground conditions, while grey 

416 color indicates flight conditions; green color shows the percentage of total apoptosis, light blue – 

417 live cells, while pink – dead cells. 

418

419
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420 We stained cells with AnnexinV/PI dyes and assessed the percentage of total apoptosis (early 

421 and late), as well as live and dead cell populations. Propidium iodide (PI) is a nucleic acid 

422 binding dye which is impermeable to live cells and apoptotic cells, but stains dead cells, binding 

423 tightly to the nucleic acids in the cells. Combining PI with Annexin V FITC antibody allows a 

424 clear distinction of different phases of apoptosis where apoptotic cells should express high 

425 levels of Annexin V, whereas dead cells should have high expression of both PI and Annexin V 

426 with live cells showing little or no fluorescence. Our data revealed that brief exposure to 

427 microgravity led to the increased levels of cell death in all conditions except for the cells primed 

428 with IL-2, with the most profound effect observed in cells with no cytokines (27%) and cells 

429 cultured in both cytokines (20%) (Fig 4A). Although IL-12 is a promising candidate for cancer 

430 immunotherapy, it is however, associated with some level of toxicity [29] which is reflected in 

431 our study by an increased level of apoptosis. Given that IL-12 may induce toxicity, our data also 

432 revealed that the highest apoptosis rate was observed in conditions with IL-12 alone or in 

433 combination with IL-2 (Fig 4A). Furthermore, our data showed that these conditions also had 

434 higher expression of PD-1 (Fig 3D) suggesting the correlation between PD-1 and apoptosis [30]. 

435 It has been reported in the literature [31] that up-regulation of PD-1 could promote T cell 

436 apoptosis in certain types of cancer. In addition, our results indicate that adding IL-2 and IL-12 

437 to flown T cell cultures increases the percentage of live cells (Fig 4B). Compared to ground 

438 controls, flown cells had fewer dead cells in all flight conditions (Fig 4C). This suggests that 

439 microgravity may drive T cells into more apoptotic phenotype but may save them from dying. 

440 Notably, adding cytokines before the flight did not decrease the apoptosis nor increased the 

441 number of live cells, except in cells primed with IL-2 which resulted in decrease number of dead 

442 cells (Fig 4D). This suggests that IL-2 cytokine may be a good candidate to increase the live 

443 cells populations under microgravity exposure. Microgravity induced apoptosis was reported 

444 previously [32] in space flown lymphocytes (Jurkat).  

445
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446 Microgravity leads to decreased functional ability of T cells 

447 as measured by decreased expression of IFNɣ and TNFα. 

448 To determine if brief exposure to microgravity affects the functional ability of T cells, we 

449 stimulated them with either PMA/I (Fig 5) or hTyr peptide (data not shown) for 6 hours and 

450 assessed their functional capabilities by staining for intracellular IFNγ and TNFα expression. 

451

452 Fig 5. Brief exposure to microgravity leads to decreased expression of TNFα and IFNɣ, 

453 except for T cells cultured in IL-12, which exhibit greater levels of IFNɣ. Cells were 

454 incubated with PMA (100 ng/ml)/Ionomycin (1 µM) for 6h. Afterwards they were washed and 

455 stained for intracellular TNFα (a) and IFNɣ (b) expression. Green color represents ground 

456 conditions, blue color indicates flight conditions. Data represented as means ±SD. (c) Shows 

457 graphical representation of functional assessment of T cells after stimulation with hTyr peptide 

458 for 6 hours with expression of IFNɣ-PE (x axis) and TNFα-APC (y axis). Columns indicate T cell 

459 culture conditions, while rows correspond to flight (top), ground (middle) and additional flight 

460 (bottom) conditions. (d) Gating strategy included drawing a gate around live cell population 

461 based on the FSC-A/SSC-A plot followed by the histograms of fluorescence peak heights for 

462 IFNɣ + and TNFα+ expression.

463 Our data revealed that stimulation with cytokines led to increased expression of these two 

464 markers in all conditions (Figs 5A, 5B) as compared to no stimulation. However, there were 

465 differences observed across different cytokines used. There was a reduction in TNFα levels in 

466 all flight conditions when compared to ground controls, especially in cells treated with IL-2 

467 (p<0.05) either regularly or continuously from day 0 (Fig 5A). However, there was an increase 

468 (10%) in TNFα additional IL-2/IL-12 cytokines were added before the flight in comparison to 

469 cells cultured in these cytokines continuously. For the IFNγ expression, there was about 6.3 % 

470 increase in flown cells cultured in IL-12 and a 10% increase in cells supplemented with extra 
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471 dose of IL-2 just before the flight (Fig 5B). Culturing cells with IL-12 alone led to overall the 

472 highest expression of TNFα and IFNɣ among all flight conditions. This suggests that using this 

473 cytokine may elicit T helper (h) cells Th1 response, which is characterized by the generation of 

474 large amounts of IFNγ and TNFα. However, when compared flight IL-12 condition to ground 

475 control, there was a decrease in TNFα expression (about 4%), while we found an increase in 

476 IFNɣ expression (about 6%). Given that one of the roles of IL-12 cytokine is to induce IFNɣ, it is 

477 not surprising that cells cultured in IL-12 had the highest expression of IFN in flight conditions. 

478 A central mediator of IL-12-induced responses is IFNγ, which is secreted upon IL-12 stimulation 

479 alone or with synergizing factors such as IL-2 and IL-18. We stimulated cells with both (PMA/I) 

480 (Figs 5C, 5D) and peptide (data not shown). We did not observe a profound difference between 

481 these two stimulants suggesting that using either of these methods yields consistent results. 

482

483 Exposure to microgravity alters the expression of multiple 

484 cytokines detected in T cell culture supernatants.

485 We collected supernatants from cells flown aboard Blue Origin’s New Shepard as well 

486 as from ground controls to perform cytokine secretion analysis using Multiplex Immunoassay kit.  

487 This extremely sensitive assay was chosen to detect the expression of five analytes in our T cell 

488 cultures including IL-2, IL-4, IL-6, IL-10, and IL-12 (Table 3).

489

490

491

492

493

494

495

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 13, 2021. ; https://doi.org/10.1101/2021.05.13.443970doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.13.443970
http://creativecommons.org/licenses/by/4.0/


21

496 Table 3: Cytokine Expression Analysis from T Cell Culture Supernatants.

Condition
Ground

Mean ± SD
Flight

Mean ± SD
Relative 

Error 
Means

Ground
% CV

Flight
% CV

IL-2 Expression
Control 92.0 ± 0.0 92.9 ± 17.9 0.96 0.0 19.2

IL-2 149.5 ± 3.5 246.6 ± 102.0 37.87 2.4 41.4
IL-12 67.5 ± 4.24 87.0 ± 12.0 265.38 6.3 13.8

IL-2/IL-12 506.3 ± 22.3 513.5 ± 44.6 82.81 4.4 15,338.7
IL-2 day 0 641.3 ± 117.0 590.5 ± 90.5 19.92 18.3 8,4615.3

IL-12 Expression
Control 510.0 ± 205.1 712.5 ± 198.7 39.71 40.2 27.9

IL-2 343.8 ± 65.4 573.9 ± 90.7 66.95 19.0 15.8
IL-12 10,313.0 ± 154.2 18,457.8 ± 891.3 78.98 1.5 4.8

IL-2/IL-12 7,331.3 ± 452.9 14,336.5 ±  
881.8 95.55 6.2 6.2

IL-2 day 0 738.8 ± 42.1 689.5 ± 67.9 6.66 5.7 9.5
IL-4 Expression

Control 718.0 ± 101.8 760.3 ± 225.2 5.88 14.2 29.6

IL-2 995.8 ± 109.9 1,917.9 ± 
1,062.3 92.61 11.0 55.4

IL-12 624.8 ± 6.7 615.0 ± 202.9 1.56 1.1 33.0
IL-2/IL-12 1,517.3 ± 190.6 1,194.0 ± 244.0 21.30 12.5 20.4
IL-2 day 0 1,057.8 ± 274.0 897.0 ± 200.8 15.20 25.9 22.4

IL-6 Expression (main inflammation marker)
Control 182.8 ± 35.0 177.9 ± 37.3 2.67 19.2 20.9

IL-2 123.5 ± 10.6 183.9 ± 83.6 48.89 8.6 45.6
IL-12 78.5 ± 3.5 70.3 ± 8.8 10.51 4.5 12.6

IL-2/IL-12 505.0 ± 33.9 443.5 ± 77.1 12.18 6.7 17.4
IL-2 day 0 569.0 ± 175.4 447.3 ± 71.8 21.40 30.8 16.1

IL-10 Expression
Control 73.0 ± 9.2 75.0 ± 10.6 2.04 12.51 14.1

IL-2 946.5 ± 174.7 1,737.9 ± 
1,902.3 83.61 18.45 109.5

IL-12 8,304.0 ± 708.5 1,175.8 ± 693.3 85.84 8.53 58.9

IL-2/IL-12 12,956.5 ± 
1,637.0 4,782.8 ± 614.8 63.09 12.63 12.8

IL-2 day 0 579.5 ± 231.2 349.3 ± 150.3 39.73 39.90 43.0
497

498 Table 3 has 6 columns, the first column is the condition (control, IL-2, IL-12, IL-2 and IL-12 

499 combined, IL-2 from day 0), the second and third columns display the means of the ground and 

500 flight samples with their corresponding standard deviations (SD), respectively; the fourth column 

501 depicts the relative error (RE) of ground and flight samples; and the fifth and sixth columns are 

502 the percentage of the coefficient of variability  (CV) for ground and flight samples, respectively. 
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503 Table 2 shows the absolute value of the relative error (RE) across different conditions. Small 

504 differences with a RE of 0-33% are shown in light blue, RE between 33% and 66% are shown in 

505 orange, and large RE differences greater than 66% are shown in dark blue. Data were obtained 

506 from T cell culture supernatants from flown T cells (flight) and their matched ground controls 

507 (ground) after performing ProcartaPlex Multiplex Custom-Made mouse cytokine 5-plex 

508 immunoassay analysis.

509 Our findings indicate that adding cytokines to T cell cultures lead to altered expression of 

510 many cytokines among different ground and flight conditions (Fig 6A). 

511

512 Fig 6: Exposure to microgravity alters the expression of multiple cytokines detected from 

513 T cell culture supernatants. Supernatants of flown cells and grounds controls were collected 

514 post flight and assessed for IL-12, IL-2, IL-4, IL-6, and IL-10 expression (fluorescence intensity) 

515 by multiplex immunoassay. (a) Indicates the heat map of all conditions for all cytokines. (b) 

516 Shows IL-12 expression, (c) indicates IL-2 expression, (d) IL-4 expression, (e) IL-6 expression, 

517 and (f) IL-10 expression. Different y axis scales used to demonstrate the profound differences 

518 across different conditions.  Data represented as means ±SEM. ** p<0.01, * p<0.05. 

519 Significance was determined by using t-tests.  Black color indicates ground conditions, grey 

520 shows flight conditions. 

521

522 Specifically, our data show that the average value for each group (IL-2, IL-12, IL-4, IL-6, and IL-

523 10) is 81.39%, 57.57%, 27.31%, 19.13%, and 54.86%, respectively. Another interesting 

524 observation is that the % CV (control) is the largest for IL-2 day 0 for each block of IL-2, IL-4, IL-

525 6 and IL-10. Similarly, the % CV (flight) shows one of the largest values for IL-2 across each 

526 block in Table 3. We observed a significantly enhanced expression of IL-12 in flown T cells that 

527 were cultured in IL-12 alone (p < 0.01) or in combination with IL-2 (p < 0.01) as compared to 

528 ground controls (Fig 6B).  This increase in IL-12 is consistent with the functional data which 
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529 indicated the elevated expression of IFNɣ in T cells cultured in IL-12. Adding IL-12 before the 

530 flight increased the expression of IL-12 in T cells cultured in IL-12 alone or in combination with 

531 IL-2. However, cells exposed to suborbital flight and cultured in IL-2 from day 0 had a lower 

532 expression of IL-12 (Fig 6B). Analysis of IL-2 expression revealed that this cytokine was slightly 

533 elevated in all flown T cell conditions, except for cells cultured in IL-2 from day 0 when 

534 compared to ground controls (Fig 6C). However, the difference in expression was not significant 

535 among different ground and flight conditions. The same pattern was observed in IL-4 

536 expression, except for T cells cultured with IL-2/IL-12, which when exposed to suborbital flight 

537 had a lower expression of IL-4 as compared to ground controls (Fig 6D). The expression of 

538 cytokine IL-6 was reduced in all flight conditions except for the cells cultured in IL-2 (Fig 6E). 

539 Interleukin-6 is a pleiotropic cytokine mediating and facilitating the inflammatory responses. 

540 Literature suggests that IL-6 might promote T cell survival and proliferation [33, 34], although 

541 the precise mechanisms accounting for these effects are not well-delineated. Our data indicate 

542 that culturing T cells with IL-2/IL-12 and IL-2 from day 0 leads to the highest expression of IL-6 

543 across all conditions, but with lower expression in flight conditions, relative to ground controls. 

544 Given IL-6 may drive T cell survival, our data is in alignment with our other findings suggesting 

545 that microgravity may have a negative effect on T cell survival and proliferation. Finally, we saw 

546 a significant higher expression (p < 0.05) of IL-10 in flown T cells cultured in IL-2, but 

547 significantly reduced expression in flown cells supplemented with either IL-12 or both cytokines 

548 (Fig 6F). IL-10 is classified as an anti-inflammation marker involved in antibody production and 

549 regulation of inflammation. However, its role in modulating the immunological response might be 

550 quite complicated [35].  Our data show that microgravity significantly reduced the expression of 

551 IL-10, however culturing T cells in IL-12 may restore the expression of IL-10 to some degree, 

552 but not fully. Together, our data demonstrate that multiplex immunoassay is a sensitive assay 

553 capable of detecting different analytes in T cell cultures, exposed to microgravity. Furthermore, 

554 adding cytokines to T cell cultures may restore some of the antagonizing effects of microgravity, 
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555 such as an increase expression of IL-12 that has the ability to stimulate both innate and 

556 adaptive immune response and may play a role in the development of therapeutic modalities to 

557 repair immune dysfunctions.

558

559 Conclusions and discussion
560 The primary goal of this study was to investigate whether brief exposure to microgravity (3.2 

561 min) during suborbital space flight could affect the behavior and function of the activated murine 

562 T cells. Furthermore, our secondary objective was to determine whether culturing cells with 

563 cytokines IL-2 and IL-12 alone or in synergistic manner could reverse the suggestive 

564 antagonizing effect of microgravity. 

565 To show the microgravity induced T cell behavior alterations, we assayed several parameters, 

566 including T cells activation markers, cell viability and apoptosis, functional responsiveness to 

567 stimulants and cytokine secretion abilities. Overall, our data demonstrated that brief exposure to 

568 microgravity affected T cell behavior by altering CD8+ and CD4+ expression, reducing 

569 functional capabilities and inducing apoptosis in some conditions, but not in all. Given such a 

570 brief exposure to microgravity (3.2 minutes) and seeing a reduction of many parameters in flight 

571 conditions compared to ground controls, we can conclude that T cells might be sensitive to 

572 microgravity even at this short exposure. However, a much longer time exposure would be 

573 needed to observe a more robust effect. Culturing T cells with different cytokines exhibited 

574 differences in their responses to microgravity. As such, our data revealed that exposure to 

575 suborbital flight reduced the expression of CD4/CD8 ratio, with the highest difference observed 

576 in cells cultured with IL-2 from day 0. This could be explained by the IL-2 receptor signaling and 

577 its higher responsiveness to CD8 than to CD4 [36]. Also, our data show that brief exposure to 

578 microgravity alters the expression of activation markers CD69, CD71, and CD25 with the 

579 highest downregulation effect observed in CD71 expression. Supplementing T cells with IL-2 
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580 and IL-12 increased the expression of CD71. Also, our findings suggest that adding IL-12 to T 

581 cell cultures restores the expression of CD69. Consistent with previous reports, our study also 

582 demonstrate that microgravity might shift cells into more apoptotic phase, but cytokines could 

583 rescue them from dying, especially IL-2. The benefit of adding cytokines to T cell cultures were 

584 also demonstrated in increased functional capabilities. Finally, our study also provides additional 

585 insights on cytokine expression profiles derived from flown T cell supernatants and their 

586 matched ground controls. Also, it is important to note that due to limited weight allowance of the 

587 suborbital payload, some of our cells were not cultured in duplicate and therefore the difference 

588 observed between ground and flight conditions might have failed to reach significance. Taken 

589 together, our results demonstrate that even a brief exposure of about 3.2 minutes to 

590 microgravity leads to some alterations in cellular responses of T cells. Thus, our data suggest 

591 that adding IL-2 and IL-12 is a simple strategy to mitigate the downregulated effect of 

592 microgravity on some T cell cellular responses, but not in all. Our current work will be further 

593 tested using other space research platforms, such as the PLD Space’s Miura 1 rocket in 2022-

594 2023.

595 In general, the current knowledge of microgravity induced alterations in the immune system 

596 derives from multiple sources, such as leukocytes obtained from astronauts, cells obtained from 

597 flown animals (mostly mice and rats), and from in-vitro cell cultures. Therefore, comparison 

598 across these different model systems should be made with caution. Although it is quite difficult 

599 to compare our study’s results with other studies due to different microgravity subjects and 

600 models used and different assessment time points, our data supports findings from previous 

601 studies on microgravity induced alterations on the immune system. However, given that we 

602 manipulated T cells by culturing them in different cytokines, we supplemented current 

603 knowledge by providing additional insights on how T cells, derived from different culturing 

604 conditions, respond to microgravity. We cannot rule out the possibility that our results might be 

605 influenced by the temperature changes among flight and control conditions, limited number of 
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606 samples, or inability to fix our sample after microgravity phase in flight (samples returned about 

607 5 hours after launch). However, we attempted to mimic the physiological conditions of flown T 

608 cells to ground controls to the best of our abilities. More future studies are needed to delineate 

609 the mechanisms mediating microgravity effect on immunity. Thus, based on the most 

610 comprehensive experiment conducted in space, the NASA Twin Study, the time of the cytokine 

611 expression assessment could also play a role [37]. Therefore, future studies should aim to 

612 assess the behavior of T cell prior to, during and post flight time points. The exposure of T cells 

613 (non-activated human Jurkat T lymphocytic cells) to microgravity during suborbital flight was 

614 assessed before as part of the German Aerospace Center (DLR) gravitational biology 

615 experiment on a suborbital rocket (TEXUS-51) in 2017. T cells were subjected to vibrations and 

616 hypergravity levels and demonstrated the high levels of stability of gene expression [21]. 

617 However, more studies are needed to investigate the effect of microgravity on T cells behavior 

618 during the suborbital flight so that acquired data could be used to design comprehensive orbital 

619 space platform experiments. Our team hopes to replicate our findings on the next suborbital 

620 flight onboard the PLD Space’s Miura 1 rocket where we will extend our analysis to gene 

621 expression and signal transduction assays before moving on to orbital research platform. 

622 One of the major concerns of long space missions is a risk to develop cancer [38]. Due to 

623 limited data available, it is hard to estimate such risk for future space travelers. However, 

624 knowing that microgravity does induce immune downregulation which, coupled with radiation, 

625 alterations in circadian rhymes and other side effects, could place humans at a high risk to 

626 develop malignant diseases. Therefore, more studies are needed to explore the role of different 

627 cytokines known to modulate the immune response to microgravity. There are already 

628 technologies developed in space, such as microencapsulation for the new drug delivery system 

629 and light technology for the pain relief applications which assist in cancer therapies on Earth [8]. 

630 Thus, given that space environment is challenging and characterized by symptoms similar to 

631 those experienced by cancer patients (such as fatigue, disruption of circadian rhymes), 
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632 strategies to counteract these effects should be designed. The unique environment of 

633 microgravity coupled with advances in laboratory techniques serves a dual purpose: these help 

634 to gain insights into T cells behavior which in turn could help to design interventions to enhance 

635 the quality of life for those travelling to space and battling cancer on Earth. 

636
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