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Abstract

INTRODUCTION: To date, 559 humans have been flown into space, but long-duration (>300
days) missions are rare (7= 8 total). Long-duration missions that will take humans to Mars and
beyond are planned by public and private entities for the 2020s and 2030s; therefore,
comprehensive studies are needed now to assess the impact of long-duration spaceflight on the
human body, brain, and overall physiology. The space environment is made harsh and challenging
by multiple factors, including confinement, isolation, and exposure to environmental stressors such
as microgravity, radiation, and noise. The selection of one of a pair of monozygotic (identical)
twin astronauts for NASA’s first 1-year mission enabled us to compare the impact of the
spaceflight environment on one twin to the simultaneous impact of the Earth environment on a
genetically matched subject.

RATIONALE: The known impacts of the spaceflight environment on human health and
performance, physiology, and cellular and molecular processes are numerous and include bone
density loss, effects on cognitive performance, microbial shifts, and alterations in gene regulation.
However, previous studies collected very limited data, did not integrate simultaneous effects on
multiple systems and data types in the same subject, or were restricted to 6-month missions.
Measurement of the same variables in an astronaut on a year-long mission and in his Earth-bound
twin indicated the biological measures that might be used to determine the effects of spaceflight.
Presented here is an integrated longitudinal, multidimensional description of the effects of a 340-
day mission onboard the International Space Station.
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RESULTS: Physiological, telomeric, transcriptomic, epigenetic, proteomic, metabolomic,
immune, microbiomic, cardiovascular, vision-related, and cognitive data were collected over 25
months. Some biological functions were not significantly affected by spaceflight, including the
immune response (T cell receptor repertoire) to the first test of a vaccination in flight. However,
significant changes in multiple data types were observed in association with the spaceflight period,;
the majority of these eventually returned to a preflight state within the time period of the study.
These included changes in telomere length, gene regulation measured in both epigenetic and
transcriptional data, gut microbiome composition, body weight, carotid artery dimensions,
subfoveal choroidal thickness and peripapillary total retinal thickness, and serum metabolites. In
addition, some factors were significantly affected by the stress of returning to Earth, including
inflammation cytokines and immune response gene networks, as well as cognitive performance.
For a few measures, persistent changes were observed even after 6 months on Earth, including
some genes’ expression levels, increased DNA damage from chromosomal inversions, increased
numbers of short telomeres, and attenuated cognitive function.

CONCLUSION: Given that the majority of the biological and human health variables remained
stable, or returned to baseline, after a 340-day space mission, these data suggest that human health
can be mostly sustained over this duration of spaceflight. The persistence of the molecular changes
(e.g., gene expression) and the extrapolation of the identified risk factors for longer missions (>1
year) remain estimates and should be demonstrated with these measures in future astronauts.
Finally, changes described in this study highlight pathways and mechanisms that may be
vulnerable to spaceflight and may require safeguards for longer space missions; thus, they serve as
a guide for targeted countermeasures or monitoring during future missions.

Abstract

To understand the health impact of long-duration spaceflight, one identical twin astronaut was
monitored before, during, and after a 1-year mission onboard the International Space Station; his
twin served as a genetically matched ground control. Longitudinal assessments identified
spaceflight-specific changes, including decreased body mass, telomere elongation, genome
instability, carotid artery distension and increased intima-media thickness, altered ocular structure,
transcriptional and metabolic changes, DNA methylation changes in immune and oxidative stress—
related pathways, gastrointestinal microbiota alterations, and some cognitive decline postflight.
Although average telomere length, global gene expression, and microbiome changes returned to
near preflight levels within 6 months after return to Earth, increased numbers of short telomeres
were observed and expression of some genes was still disrupted. These multiomic, molecular,
physiological, and behavioral datasets provide a valuable roadmap of the putative health risks for
future human spaceflight.

Graphical Abstract

Multidimensional, longitudinal assays of the NASA Twins Study. (Left and middle)
Genetically identical twin subjects (ground and flight) were characterized across 10 generalized
biomedical modalities before (preflight), during (inflight), and after flight (postflight) for a total of
25 months (circles indicate time points at which data were collected). (Right) Data were integrated
to guide biomedical metrics across various “-omes” for future missions (concentric circles
indicate, from inner to outer, cytokines, proteome, transcriptome, and methylome).
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Hundreds of humans have flown in space since 1961, providing insight into the effects of
environmental factors—including weightlessness, unloading, and radiation exposure—on
the physiological responses of the human body and their functional consequences. Human
physiological adaptation to short-duration (<1 month) and longer-duration (>4 months)
spaceflight have been described, particularly for the cardiovascular, musculoskeletal, and
sensorimotor systems (1). Some changes, such as headward fluid shift, are rapid and reach a
new steady state relatively quickly (within days). By contrast, the nature of change in
cardiovascular and muscular traits during longer missions is more pronounced, and their rate
of return to baseline after spaceflight is prolonged (2). The headward fluid shift occurs
immediately upon entry into weightlessness (3), resulting in a decrease in plasma and blood
volume during the first few days of a mission (4) that plateaus in the first 2 weeks of flight.
However, the decrease in plasma volume and red blood cells is not significantly different for
short- or long-duration missions (5). Conversely, cardiovascular adaptations (e.g., left
ventricular mass increase) and resulting downstream outcomes (e.g., orthostatic tolerance
and maximal oxygen consumption losses) become more pronounced with longer-duration
missions (5-8). Similarly, loss of muscle mass and strength are greater after longer-duration
spaceflight (9-11). The adverse effects of these adaptations are especially clear upon return
to Earth. Regular vigorous exercise, combined with adequate nutrition during spaceflight,
mitigate some of the spaceflight-induced muscle (9, 12) and bone loss (13) that occur during
both short- and long-duration missions. However, recent evidence suggests that long-
duration missions on the International Space Station (ISS) have resulted in some astronauts
developing ocular changes, including optic disc edema and choroidal folds (14, 15), termed
spaceflight-associated neuro-ocular syndrome (SANS) (16). The incidence and severity of
ocular symptoms varies, and the exact mechanism for the development of SANS is not well
understood, which has limited NASA’s ability to develop an effective countermeasure.

Although our understanding of the physiological and functional consequences of 4- to 6-
month missions has increased greatly over the 18 years of continuous human presence on the
ISS, there is almost no experience with spaceflight length greater than 6 months. Future
missions, however, could be as long as 3 years, including transit to and from Mars and
possible exploration of the planet, yet only four individuals have participated in spaceflight
missions lasting 1 year or more. Moreover, investigations have not consistently implemented
an integrated, cross-discipline study design or utilized multiomic approaches to biospecimen
analyses. Thus, we have limited knowledge of the full range of the interactions of molecular,
physiological, and cognitive dynamics that occur during long-duration spaceflight. Given the
increasing number of vehicles providing access to spaceflight (17) and proposed missions to
Mars, studies are needed to better understand the impact of prolonged spaceflight on human
biology and health. Genetic, immune system, and metabolic functions are of particular
concern given exposure to space radiations, restricted diet, reduced physical work
requirements, disrupted circadian rhythms, and weightlessness. Importantly, longitudinal
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Results

measures of biomarkers (such as genomic, epigenomic, biochemical, and physiological
alterations) can provide critical metrics for astronaut health that could aid in assessment of
increased risks and guide potential personalized interventions.

The NASA Twins Study investigators leveraged the opportunity to study identical twin
astronauts, one in space and one on Earth. Data were generated from specimens collected
and test protocols administered over 25 months, spanning time points before (preflight),
during (inflight), and after (postflight) spaceflight with an integrated sampling scheme (Fig.
1A), including a wide variety of biological samples as well as cognitive and physiological
measures (Fig. 1A and table S1). Our study also provides an example of inflight data and
sample collection strategies used to generate a comprehensive, longitudinal, molecular,
physiological, and cognitive profile, providing a scientific framework and baseline data for
future studies. It is important to note that with a single test subject in the spaceflight
environment for this particular set of measures, it is impossible to attribute causality to
spaceflight versus a coincidental event. Therefore, our study should be considered as
hypothesis-generating and framework-defining and must be complemented in the future by
studies of additional astronauts.

A pair of male monozygotic twins were studied, one of whom spent 340 days aboard the 1SS
(flight subject; TW), while his identical twin remained on Earth (ground subject; HR). The
subjects were 50 years of age at the time of study initiation and had accumulated different
amounts of prior spaceflight exposure (Table 1). TW had, over the course of 12 years, a total
of 180 days in space before the 1-year mission; there was a 4-year gap from the end of the
previous long-duration mission until the start of this study. By contrast, HR had a total of 54
days in space and, at the time of this study, had not flown in space for almost 4 years.

Collected samples (7= 317) from both subjects throughout the duration of the study
included stool, urine, and whole blood, which was also separated into peripheral blood
mononuclear cells (PBMCs), sorted immune cells, and plasma. These samples were assayed
for epigenomic, metabolomic, transcriptomic, proteomic, molecular, and microbiome
changes (Fig. 1A and table S1). Additionally, subjects participated in physiological and
cognitive tests in the laboratory during preflight and postflight ground-based testing and
onboard the ISS (inflight).

Extensive multisystem changes occur in spaceflight

Data were generated from fresh (FR) and ambient return (AR) whole blood or PBMCs that
were either directly processed and fractionated into subpopulations (T cells: CD4 and CDS8;
B cells: CD19; and lymphocyte depleted: LD) (fig. S1) or processed directly from frozen
PBMC:s. For fractionated subpopulations, the inflight collections were confounded by
ambient return (AR specimens were collected on the 1SS and returned to Earth via Soyuz
capsule at room temperature). To simulate this effect, independent samples were generated
to mimic FR and AR sample collection conditions and used for correction. Unsupervised
analysis of gene expression profiles segregated TW’s inflight from preflight and postflight
samples, as well as from HR specimens, for all cell populations examined (fig. S2, A to E).
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Similar expression changes were observed for all cell types assessed (Fig. 1B). Differentially
expressed genes (DEGs, DESeq2 multivariate negative binomial model, g < 0.01) were
identified across all samples and cell types (7 =9317) with HR as the control and a
particular focus on the differences that persisted postflight. In the LD cell population, of the
481 DEGs found inflight, compared with preflight, there were 112 (23.2%) that remained
differentially expressed postflight (Fig. 1B and table S2). Across all sorted cell types, only
811 of the inflight DEGs remained disrupted postflight. Concomitant with an overall shift in
mitochondrial RNA (mtRNA) levels (see below), far more DEGs (77 = 8564, DESeq2
multivariate negative binomial model, g < 0.01) were observed in the 6- to 12-month inflight
period compared with HR than in the 0- to 6-month inflight period (7= 1447) in PBMCs.
This large (6x) shift in overall gene regulation upon exposure in TW to a year-long
spaceflight suggests that overall gene regulation may be more affected by longer-duration
spaceflight.

To assess physiological and immune signaling changes, the metabolome, proteome, and
cytokine complement were measured using mass spectrometry and antibody-based methods.
Targeted and untargeted metabolomics and proteomics were performed on plasma and urine
samples, whereas cytokine profiling was performed only on plasma samples (fig. S3 and
table S1). Untargeted analysis was focused on a high-confidence set of 719 metabolites (out
of 4162 metabolic features) identified in plasma using a broad-spectrum liquid
chromatography—mass spectrometry (LC-MS) metabolomics platform (18). Linear models
demonstrate significant differences [false discovery rate (FDR) < 0.05] in the abundance of
245 metabolites among pre-, in-, and postflight samples between TW and HR, including
those specific to the earlier or later halves of the flight period as well as those associated
with time spent on the ISS (Fig. 1C and table S3). Additionally, 39 metabolites were
significantly different (FDR < 0.05) between TW and HR at baseline (table S3). Metabolites
indicative of genotoxic stress, inflammation, and altered amino acid metabolism were
increased in TW inflight (table S3). Targeted metabolomic analysis using gas
chromatography-tandem mass spectrometry (GC-MS/MS) was performed in plasma and
urine to quantify metabolites involved in the tricarboxylic acid (TCA) cycle, glycolysis, and
amino acid, fatty acid, ketone body, and pyrimidine metabolism. Of the 81 targeted
metabolites, 60 and 66 metabolites were detected in plasma and urine, respectively (table
S3). No significant changes were observed in plasma metabolites, but 32 urinary metabolites
were significantly altered inflight for TW [FDR: P < 0.05, analysis of variance (ANOVA)].
To assess the epigenetic contribution to the changes observed, whole-genome bisulfite
sequencing (WGBS) was performed on a subset of CD4 and CD8 samples from each
subject. Global DNA methylation changes in TW were within the range of variation seen in
HR throughout the study. However, ontology analysis of genes ranked on the basis of
epigenetic discordance, as quantified by average promoter Jensen-Shannon distance (JSD)
between samples, revealed distinct pathways enriched in TW when comparing preflight with
inflight samples (Fig. 1D and tables S4 and S5). For example, in CD8 cells, enrichment in
regulation of neutrophil activation or granulation was observed in TW [q < 0.01,
hypergeometric test (HGT)], but not in HR (Fig. 1D). Similarly, in CD4 cells, enrichment in
platelet aggregation (¢ =0.0002, HGT) was observed only in TW.
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To identify complex changes spanning diverse analyte classes that occur over time, the
different data types were combined and scaled, and ¢c-means clustering analysis was
performed. Although this analysis (Fig. 1E) revealed that physiological levels for a large
number of analytes were unaffected by spaceflight (Fig. 1E; clusters 1 and 2), several
notable patterns were identified. These included a cluster of features, including cognitive
performance, that for TW increased inflight and declined sharply upon return before
reaching baseline (Fig. 1E, cluster 3; and Fig. 1F); this cluster was enriched for analytes
involved in central carbon metabolism [¢ < 0.0002; integrated molecular pathway level
analysis (IMPaLA) combined pathway analysis, Fisher’s method]. Integrating gene
expression changes with the other analytes revealed additional complex biochemical
trajectories; for example, gene expression changes associated with neutrophil regulation
were enriched (g <1 x 10712; IMPaLLA combined pathway analysis, Fisher’s method) in
cluster 25 (fig. S5), illustrating an increase very early inflight followed by a steady decline,
until increasing again postflight.

Telomeres lengthened during spaceflight

Telomeres are repetitive features of chromosomal termini essential for maintaining genomic
integrity; they protect physical DNA ends from degradation and prevent them from
triggering inappropriate DNA damage responses (DDRs). Telomere length shortens with cell
division and thus with age, as well as with a variety of lifestyle factors, such as stress, and
environmental exposures, including air pollution and radiation. Here, average telomere
length was evaluated pre-, in-, and postflight (DNA; PBMCs) using quantitative real-time
polymerase chain reaction (QRT-PCR) (19, 20). Consistent with a strong genetic component
(21), HR and TW had similar telomere lengths at baseline (preflight £=0.942; one-way
ANOVA), and telomere lengths for HR remained relatively stable for the duration of the
study (Fig. 2A). Most notable was a significant increase in telomere length during flight for
TW (14.5%), as compared with his preflight and postflight measures as well as with those of
HR (P=10.048, 0.0003, and 0.0073, respectively; one-way ANOVA). TW’s increased
telomere length was observed at all inflight time points assessed [flight day (FD) 14 to
FD334; fig. S6A], as well as in sorted CD4, CD8, and LD cells, but not in CD19 cells (Fig.
2B and fig. S6B). These results are consistent with recently reported cell type-specific
responses to factors that contribute to telomere length regulation (22). Notably, telomere
length shortened rapidly upon TW’s return to Earth, within ~48 hours [FD340 ambient
return to R+0 (R+ days post return); fig. S6B] and stabilized to near preflight averages
within months.

Additionally, metaphase chromosomes were prepared from pre-, in-, and postflight samples
(stimulated T cells; ambient whole blood), and thousands of individual telomeres were
evaluated with telomere fluorescence in situ hybridization (Telo-FISH) (23, 24), an
independent measure that showed the same trends observed with gRT-PCR (fig. S6C).
Importantly, Telo-FISH cell-by-cell analyses also enabled generation of telomere length
distributions that confirmed HR’s relatively stable telomere lengths throughout the study
(Fig. 2C and fig. S6D). Consistent with TW’s increased average telomere length during
spaceflight, temporal shifts toward increased numbers of longer telomeres and concurrent
decreases in the numbers of shorter telomeres were also observed (fig. S6D); for example,
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there was a significant shift in TW’s inflight (FD259) telomere length distribution as
compared to his preflight (L-162; L— days before launch) distribution (P< 2.2 x 10716;
Mann-Whitney U test) (Fig. 2D). After returning to Earth (R+190), TW’s telomere length
distribution shifted back toward increased numbers of shorter telomeres, more closely
resembling his preflight distribution. However, an increased number of signal-free
chromosome ends, indicative of complete loss and/or critically short telomeres (i.e., below
our level of resolution), was also apparent (Fig. 2D). Spaceflight-specific shifts in telomere
length dynamics were also supported by gene expression results, in that when inflight,
TW’sdown-regulated DEGs were significantly enriched in packaging-of-telomere ends and
telomere-maintenance pathways, in both CD4 and CD8 cells [gene set enrichment analysis
(GSEA), all g<0.001] (table S2). Similarly, changes in DNA methylation of the gene
promoter for TERT, which encodes the regulatory subunit of telomerase, were observed
when comparing preflight with the late inflight time point in both CD4 and CD8 T cells
(JSD rank 248 and 32, respectively); by contrast, for HR, 7ERT was not highly ranked (428
or greater) (table S5).

Telomerase is the reverse transcriptase capable of de novo addition of species-specific
telomeric repeats onto the ends of newly replicated chromosomes (25). Telomerase activity
was evaluated pre-, in-, and postflight (PBMCs, ambient) with the gRT-PCR telomeric
repeat amplification protocol (TRAP) (24, 26). In general, TW had lower levels of
telomerase activity than HR throughout the study, whereas levels for the two individuals
were similar preflight and postflight (fig. S6E). Unfortunately, telomerase activity was lost
in all inflight samples collected onboard the ISS. Given the sensitivity of enzymatic activity
to sample handling conditions, we speculated that unavoidable transit time and/or
temperatures associated with ambient return (via Soyuz) destroyed telomerase activity. To
test this hypothesis, we compared ground control samples that had been in transit <24 hours
with those that had been in transit =48 hours, mimicking the transit time from the ISS to
Johnson Space Center. Loss of telomerase activity was observed in all blood samples
experiencing transit times =48 hours (£ = 0.002; Student’s t test); however, telomere length
and DNA integrity were unaffected (fig. S6, F to H).

DNA damage responses during spaceflight

Chromosome aberrations were analyzed in the same samples as above to evaluate potential
telomere-related instability (e.g., fusions) as well as to assess DDRs to ionizing radiation
(IR) exposure during spaceflight (27), specifically galactic cosmic ray (GCR)-induced
cytogenetic damage, as has been done previously in blood lymphocytes of astronauts (28).
Here, high-resolution directional genomic hybridization (dGH) paints (29) for chromosomes
1, 2, and 3 were used to enable simultaneous detection of interchromosomal translocations
and intrachromosomal inversions (Fig. 2E). Baseline frequencies of these structural variants
were similar for the two subjects, with inversions being more frequent than translocations
(Fig. 2F). TW’s inversion frequencies increased at a greater rate than translocations,
consistent with inflight IR exposure, particularly to high linear energy transfer (LET) space
radiation (30, 31). Indeed, a physical dosimeter dose of 76.18 milligrays and an effective
dose of 146.34 millisieverts were recorded by NASA. Also consistent with IR exposure,
genes whose expression was altered inflight were significantly enriched in pathways related
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to DNA damage responses in LD, CD4, CD8, and PBMCs [generalized linear model
(GLM), all g<0.002; table S2]. Furthermore, TW'’s inversion frequencies continued to rise
postflight, indicative of instability and possibly reflective of IR-induced DNA damage to
stem cell compartments. Although TW’s translocation frequencies were variable,
translocations were also increased inflight and postflight compared with preflight, additional
evidence of inflight radiation exposure and the persistence of GCR-induced cytogenetic
damage (32).

DNA methylation patterning during spaceflight

We also examined DNA methylation in FR and AR specimens (Fig. 1A and table S1).
Genome-wide DNA methylation levels were measured in CD4 and CD8 lymphocytes
isolated from both subjects at four time points throughout the study: one preflight, two
inflight (early and late), and one postflight. Principal components analysis (PCA) revealed a
distinction in global DNA methylation between the two cell types and between subjects for
the CD4 samples (Fig. 3A). Moreover, TW’s inflight samples were distinct from preflight
and postflight samples for both cell types. Subtle differences in both genome-wide mean
methylation levels (MML) and normalized methylation entropy (NME; a measure of
methylation stochasticity) were detected inflight for TW, which returned to baseline
postflight (Fig. 3B). Although for HR, the direction of these changes was consistent in CD4
and CD8 cells, it was reversed for TW, with a decrease in MML at FD259 for CD4 cells and
an increase in CD8 cells. Although MML and NME are not necessarily predictive of one
another (33), an inverse relationship between genome-wide medians of MML and NME is
evident across all samples. Importantly, the magnitude of changes in both MML and NME
was greater for HR and did not fully return to baseline. These data indicate that genome-
wide DNA methylation changes detected in CD4 and CD8 cells from TW were within the
range of variation seen in HR.

These results identify only limited epigenetic discordance in global methylation and entropy
levels. Therefore, we quantified both global and local epigenetic discordances between
samples by calculating JSDs among all relevant pairwise comparisons within a cell type.
Peaks of JSD indicate observable changes in the probability distributions of methylation
levels within genomic regions, even if changes in mean methylation levels are small.
Genome-wide JSD analysis revealed only subtle changes when comparing preflight with
inflight or postflight samples within a subject (Fig. 3C). By contrast, we observed greater
JSD changes in comparisons between subjects, particularly in CD4 cells (fig. S7A),
consistent with our observation of higher MML and NME changes in that cell type (Fig.
3B). Similar to the results associated with methylation level and entropy, the magnitude of
JSD changes was slightly greater for HR than for TW, again indicating that global
methylation changes in TW were within the range observed for HR.

Although the observed genome-wide changes were minimal, we hypothesized that local
changes at promoters of genes involved in environmental adaptation could be particularly
affected in TW during flight. We therefore ranked genes according to their epigenetic
discordance, as quantified by the JSD, and used these ranked lists for gene ontology (GO)
enrichment analysis (table S4). When comparing inflight with preflight samples from TW,
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we observed enrichments for genes involved in the response to platelet-derived growth factor
(PDGF) and T cell differentiation and activation pathways in both CD4 and CD8 cells (Fig.
3D). Genes involved in platelet aggregation (g =0.028, HGT), regulation of ossification (g =
0.009, HGT), and cellular response to ultraviolet-B (UV-B) (g= 0.039, HGT) were also
enriched in these comparisons, specifically in CD4 cells. By contrast, analysis of CD8 cells
revealed enrichment in genes involved in the somatostatin signaling pathway (¢ = 0.016,
HGT) and positive regulation of superoxide anion generation (¢ = 0.016, HGT). Importantly,
for all time point comparisons, the most enriched GO terms for TW preflight versus inflight
were not enriched in HR (Fig. 1D).

Immune response and inflammation during spaceflight

Differential gene expression analysis indicated that many immune-related pathways were
significantly changed inflight across all cell types (GLM, ¢ < 0.001), including the adaptive
immune system, innate immune response, and natural killer cell-mediated immunity (table
S2). Additionally, DNA methylation analysis revealed epigenetic discordance (indicated by
JSD peaks) for TW in the promoters of NOTCH3, a well-known regulator of T cell
differentiation (34), and SLC1A5/ASCTZ, which promotes T cell activation (35), between
preflight (L-162) and inflight samples (FD259 for NOTCH3and FD76 for SLC1A5) in
CD4 and CD8 cells, respectively (Fig. 3E). This epigenetic discordance was associated with
a peak of increased promoter methylation (from 10.7 to 20.2%) and entropy (from 41.4 to
71.3%) during flight and was observed in TW, but not in HR nor between HR and TW in
preflight samples (fig. S7, B and C), and for SLC1A5, was associated with differential
expression (down-regulation) (table S2).

To further evaluate T cell and immune functionality in spaceflight, we assessed cytokine
data for inflammation signatures. Although none of the cytokines assayed were significantly
different at baseline between TW and HR, 50 of the 62 cytokines assayed were differentially
abundant between pre-, in-, and postflight in TW. We observed three notable signatures of
inflammation. The first signature was composed of cytokines whose levels rose in TW’s
plasma in the days after return and continued to be increased 6 months after return. These
return-associated cytokines included CSF2 (GM-CSF), HGF, IL10, IL17A, IL18, LEP
(leptin), CD40LG (CD40L), LTA (TNFB), VEGFD, NGF, FGF2 (FGFB), IFNA2 (IFNA),
IFNBL (IFNB), IFNG, SERPINE1 (PAI1), RETN, ICAM1, VCAM1, TNFSF10 (TRAIL),
and VEGFA (VEGF), among others (Fig. 4A and table S6). The second signature was
composed of cytokines that were at relatively high levels in TW preflight, continued to be
high inflight, and decreased after return. These cytokines included BDNF, EGF, CXCL5
(ENAT8), CXCL1 (GROa), IL2, IL6, LIF, PGDF-BB, TGFA, and TNF (TNFA), with
several of them involved in mediating inflammation, cell growth, and cell proliferation, as
well as tumor proliferation and vascularization (Fig. 1E and table S6). Of note, IL2
stimulation in CD8 cells activates Hippo signaling (36), and we observed enrichment in this
pathway (¢ = 0.033, HGT) when comparing average promoter JSD (a measure of
methylation discordance) from TW’s preflight with postflight samples in both CD4 and CD8
cells (table S4). The third signature of inflammation was seen immediately after landing (R
+0 and R+4), with up to eightfold changes for CCL2 (MCP-1), C-reactive protein (CRP),
and IL1IRN (IL1RA,; fig. S8, A to C; ANOVA, g < 0.001; table S8). Notably, CCL2 levels
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were increased at R+0, whereas CRP levels rose at R+0 and continued to rise at R+4 days.
ILIRA levels only peaked at our R+4 data collection point. All three measures returned to
baseline levels by the R+36 collection. During both inflight and postflight periods in TW, we
detected increased levels of lysophospholipids containing proinflammatory omega-6 20:4
fatty acid (arachidonic acid) (37), together with a decrease in lysophospholipids containing
anti-inflammatory omega-3 20:5 fatty acid (eicosapentaenoic acid) (38), suggestive of an
increased inflammatory status (Fig. 4B and table S3).

Finally, we performed a vaccination response experiment to compare the effect of an
influenza immunization in the spaceflight environment with that on Earth on the T cell
receptor (TCR) repertoires in both subjects with the 2015-2016 trivalent unadjuvanted flu
vaccination. Samples were obtained from TW and HR before and ~10 days after a trivalent
flu immunization at three time points over the duration of the study. TW was sampled both
on Earth (years 1 and 3) and on the ISS (year 2). For samples collected on Earth, repertoires
for CD4 and CD8 T cells were separated, whereas frozen PBMCs from the ISS were
expected to be a mixture of CD4 and CD8 repertoires. Vaccination-responsive clones were
identified by matching complementarity-determining regions (CDR3s) pre- and
postvaccination for each subject and cell type, with z scores as measures of change in a one-
tailed approach. There were no significant differences (FDR > 0.05) in the percentage of
unique CD4 or CD8 T cell receptor sequences (vaccination-responsive clones) that were
noted as recruited by vaccination at 6 months inflight from the total PBMC fraction when
compared with preflight and postflight responses in TW (Fig. 4C and fig. S9).

Taxonomic and functional microbial shifts during spaceflight

Changes over time in the gastrointestinal (GI) microbiota were examined with shotgun
metagenome sequencing of genomic DNA extracted from serial fecal swabs of both subjects
over the course of the study (tables S1 and S10). At the taxonomic level of genus, 1364 to
1641 taxa were detected in microbiome samples of both subjects. Although the richness of
the fecal microbiome of HR was consistently higher than that of TW (P < 0.05, paired
Wilcoxon signed-rank test, genus level) for the duration of the study, there were no
significant differences between subjects in the Shannon index (SI; an index of diversity) (P=
0.82, paired Wilcoxon signed-rank test, genus level). Within TW, there was no decrease in
richness or Sl in inflight samples relative to preflight and postflight samples [median genera
detected 1405.5 versus 1405; median Sl (logy), 2.66 versus 2.42; Fig. 5A].

Fecal microbial communities from both subjects were dominated by bacteria from the phyla
Firmicutes and Bacteroidetes, together representing >96% of all annotated sequences
recovered. Actinobacterial and Proteobacterial sequences represented 1.97 and 1.27% of
annotated sequences, respectively. The ratio of sequences derived from Firmicutes to those
derived from Bacteroidetes (F/B ratio) ranged from 0.72 to 5.55. The F/B ratio in TW was
higher in inflight samples relative to combined pre- and postflight samples (median F/B ratio
3.21 versus 1.45) but returned to preflight levels postflight (a maximum F/B ratio of 4.60
was observed in TW inflight; Fig. 5A). Yet, all TW F/B ratios were in the range of 0.01 to
5.96 observed in a healthy human cohort (39). Although HR had an increased F/B ratio at
the second preflight sampling [ground day (GD)-56; GD-days before TW launch; F/B ratio
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of 5.55], this increased ratio was not sustained over time and was low throughout the
remainder of the analysis period (range of F/B ratios was 0.72 to 1.76; Fig. 5A). Fecal
microbiomes at all sampling time points from both subjects had high relative abundance of
bacteria from the genus Bacteroides (ranging from 15.4 to 61.0% of reads annotated to the
taxonomic level of genus).

When examining diversity among samples (beta diversity), fecal microbial communities of
the subjects were significantly different [analysis of similarity (ANOSIM) sample statistic ”
=0.587, P=10.001] and remained distinct over time (Fig. 5B and fig. SI0A). The microbial
community structure observed in the four inflight TW samples was significantly different
from the pre- and postflight samples combined (ANOSIM, R = 0.438, P=0.016; Fig. 5B).
No such effect was observed in HR samples (ANOSIM, R=-0.05, £=0.579). Similar
flight-associated trends were identified in targeted analyses of fungal and viral community
structures (fig. S10B) and in analyses of functional gene content across all taxa (Fig. 5C). At
the highest resolution of functional gene annotation (SEED function), the subjects had
significantly different functional gene content (ANOSIM, R = 0.456, A= 0.003). For TW,
the functional gene content observed in the four inflight samples was significantly different
from the preflight and postflight samples (ANOSIM, R = 0.55, = 0.016; Fig. 5C). No such
change over time was observed for HR (ANOSIM, R=-0.094, P=0.762).

To evaluate the extent of microbial community shifts in flight, we identified specific
taxonomic groups and gene function features that were significantly altered during the
inflight period in both subjects. Specifically, 0.5 to 4.5% of the detected microbial taxa—
including 36 species, 13 genera, 8 families, 4 orders, 3 classes, and 3 phyla—were
differentially abundant (FDR < 0.05), when inflight samples were compared with the
combined pre- and postflight periods (Fig. 5D). However, we found a smaller number of
altered microbial groups at each taxonomic level in HR for the same comparison (Fig. 5D).
Similar observations were made when analyzing functional gene content. The spaceflight
environment significantly (FDR < 0.05, EdgeR) altered the abundance of a moderate fraction
(2 to 23%) of gene functional categories at each level in TW inflight compared with the
combined preflight and postflight periods. The number of altered gene functional categories
was smaller for HR during the inflight-equivalent period (Fig. 5E). Overall, TW’s inflight
samples had high similarity in taxonomic composition and functional gene content, as
assessed with Bray-Curtis similarity (Fig. 5F). The level of similarity within TW’s inflight
samples was slightly higher than the inflight-equivalent samples from HR for both
taxonomic and functional gene annotations (2= 0.03 and 0.31, paired Wilcoxon signed-rank
test, respectively). Although TW had more similar preflight and postflight microbial
communities than HR, these differences were not significant (= 0.16 and 0.13, paired
Wilcoxon signed-rank test, for taxonomy and functional gene annotations, respectively; Fig.
5F).

Finally, we examined metabolomic data for corroboration with the microbiome signatures.
We observed several small-molecule markers of microbial metabolism in the untargeted LC-
MS metabolomics data, including phenyls, secondary bile acid metabolites, and indole
containing compounds, some of which are produced solely by microbial metabolism. Some
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metabolites, such as 3-indole propionic acid, have anti-inflammatory effects and were
observed at lower levels in TW throughout the duration of the study (Fig. 5G and table S3).

Mitochondria-related adaptations during spaceflight

Our integrated analyses identified a number of mitochondria-related changes at the genomic
and functional levels related to the 1-year mission. Genic annotation of RNA sequencing
(RNA-seq) data (40, 41) revealed higher levels of mtRNA inflight as compared with
preflight and postflight (Fig. 6A and fig. S11A). The time spent on the ISS was correlated
[coefficient of determination (/%) = 0.84] with increased mtRNA inflight (P= 3.6 x 1076,
ANOVA). Mitochondrial genome coverage was consistent across all samples (fig. S11B) and
validated by gPCR in DNA from blood plasma and qRT-PCR in RNA from PBMCs,
supporting this finding further (fig. S11, C to E). We also conducted an extracellular flux
assay that monitors real-time changes in the mitochondrial oxygen consumption rate (OCR,
a measure of mitochondrial oxidative phosphorylation) by treating muscle cells (L6 cell line)
with plasma from the astronauts. The results can be characterized as twofold, whereby the
plasma can (i) increase basal respiration (Fig. 6B) and (ii) decrease the spare reserve
adenosine triphosphate (ATP) capacity (Fig. 6C). These trends show an increase in ATP-
linked respiration, decrease in nonmitochondrial respiration, and no change in maximum
respiration (Fig. 6, D and E), which may also reflect the changes in mtRNA levels observed
during flight.

Additionally, a significantly increased level of lactic acid (= 0.018; ANOVA) was detected
in TW’s urine inflight, which returned to baseline postflight. The highest lactic acid levels
were observed in TW during the first 15 days and final 14 days of spaceflight (Fig. 6F). GC-
MS/MS urine metabolomics data showed an increase in the lactic acid/pyruvic acid ratio
(Fig. 6G), indicating a shift from aerobic to anaerobic metabolism. A similar trend in lactic
acid levels, as observed in the urine, was also observed in plasma, although only the lactic
acid/pyruvic acid ratio was significantly altered in plasma at an FDR of 0.05 (fig. S12, A to
C). Lactic acid production promotes higher extracellular acidification rates (42) that, in turn,
are associated with increased expression of glycolysis-related genes. We also observed a
trend for increased levels of plasma TCA cycle intermediates in the inflight period, such as
citric acid and malic acid (FDR < 0.10), compared with preflight and postflight levels (fig.
S12, D and E).

Given the previously noted changes in mitochondrial respiration, we examined TW’s data
for other related signatures. TW exhibited altered gene expression patterns in pathways
related to oxygen and reactive species metabolic processes, mitochondrial transport,
hypoxia, and apoptotic mitochondrial changes (GSEA, g < 0.0001) (table S2). Although
differential expression of these genetic pathways is observed in response to hypoxic stimuli
in a rodent model (43), the partial pressure of oxygen levels on ISS were near sea-level
values (fig. S13).

Cardiovascular changes during spaceflight

Spaceflight-specific changes in cardiovascular structure and function were observed similar
to those previously reported (44, 45) in astronauts during long-duration spaceflight,
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Body mass,

including a cardiac output increase of 10% (average of spaceflight measurements) (Fig. 7A)
and a moderate decrease in systolic and mean arterial pressure (table S7) relative to the
upright posture on Earth. Moreover, carotid artery distension developed early in flight during
both systole and diastole and persisted throughout the mission (Fig. 7A). Concomitantly,
carotid intima-media thickness increased in TW from preflight to inflight and remained
thicker 4 days after landing (Fig. 7B). In addition, indices of inflammation, including
cytokines [e.g., IL1A, IL1B, IL2, and prostaglandin F2a. (PGF2a)] and chemokines, were
increased during spaceflight in TW, whereas they remained unchanged in HR across all time
points measured (Fig. 7, C and D; fig. S8; and table S6). Biomarkers of oxidative stress were
not consistently increased [e.g., oxidized low-density lipoprotein (LDL), myeloperoxidase,
and 8-hydroxy-2’-deoxyguanosine (8-OHdG)] in TW during spaceflight (table S8).
However, targeted proteomics identified increased levels of two proteins that may be
associated with observed changes in vascular wall dimensions. Collagen alpha-1(111) chain
(COL3AL1) and collagen alpha-1(I) chain (COL1A1) proteins in TW’s inflight urine were
increased compared with preflight levels, and these values returned to baseline levels
postflight (Fig. 7, E and F). We also observed increased COL1A1, from measurements of
two separate COL1A1 peptides, by untargeted proteomic analyses (Fig. 7F). This finding is
consistent with enrichment of expression levels of genes in the collagen-related pathways
[including but not limited to GO term “collagen trimer” and Reactome pathway “collagen
formation” in PBMCs (DESeq2, g < 0.001)] (table S2). We also observed an increase in the
ratio of plasma levels of apoliprotein B (APOB; a major constituent of LDL particles) to
apolipoprotein A1 [APOAL; a major constituent of high-density lipoprotein (HDL) particles]
during the last 6 months inflight (late inflight; after FD180) in TW, compared with preflight
and early inflight (ANOVA, P=0.003, Fig. 7G). These levels decreased postflight and, then,
were not significantly different from preflight levels. No significant increase was seen in
HR, indicating an association of the APOB/APOAL ratio with the long duration of the
mission.

nutrition, and hydration during spaceflight

Baseline and inflight values for HR and TW can be found in table S8. Similar to
observations in other astronauts (46), TW lost 7% of his body mass during flight, whereas
HR gained ~4% of his body mass over the course of the study (Fig. 8A). TW had decreased
urine volume (table S8) and increased urinary aquaporin-2 (AQP2) inflight compared with
preflight, which both returned to baseline postflight (Fig. 8B). Serum sodium concentrations
(Fig. 8B) and osmolality (Fig. 8C) followed urine AQP2 levels (Fig. 8D) for the duration of
the study. TW’s energy intake was about 66% of predicted requirements, and beyond the
nominal vitamin D supplements provided to all astronauts, he did not report taking vitamin
or mineral supplements during the mission. In TW, proteomic analysis revealed a decrease in
urine angiotensinogen inflight relative to pre- and postflight that is correlated with the
decline of body mass inflight (Fig. 8E).

Bone turnover markers for both breakdown (N-telopeptide; Fig. 8F) and formation (bone-
specific alkaline phosphatase; Fig. 8G) increased 50 to 60% in TW during the first 6 months,
as previously reported during 4- to 6-month spaceflights (13, 47, 48). However, these
markers decreased in the last 6 months of the mission until immediately before landing.
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Similar trends were observed for other resorption (e.g., serum CTX-B) and formation
markers (e.g., PLNP and osteocalcin; table S8), supporting these data. Bone formation and
volume of resistive exercise before the blood draw followed similar trends (Fig. 8H), that is,
when exercise volume was lower in the second half of the mission (due to injury), bone
formation was correspondingly lower, as expected.

Neuro-ocular changes during spaceflight

Spaceflight resulted in a cephalad fluid shift and ocular changes in TW that were not present
in HR. Internal jugular vein cross-sectional area, forehead tissue thickness, cardiac filling,
stroke volume, and cardiac output increased, despite an average decrease in mean arterial
pressure when compared with values associated with the seated position on Earth (Fig. 9, A
and B). Increases in subfoveal choroidal thickness (primary vascular supply of the outer
retina) and peripapillary total retinal thickness were observed, indicating retinal edema
formation (Fig. 9, C and D). Moreover, although TW exhibited choroidal folds during
preflight testing before this mission, the severity of the choroidal folds increased during
spaceflight, as quantified by number and depth. These ocular structure parameters were
unchanged in HR for the duration of the study, and choroidal folds were not present at the
initiation of these data collection sessions (Fig. 9, A to D).

Of relevance to these ocular changes, untargeted proteomics revealed a decrease in urine
leucine-rich alpha-2-glycoprotein (LRG1) levels in TW inflight relative to those pre- and
postflight (Fig. 9E). LRG1 has been reported to play a role in retinal vascular pathology
(49). The predisposition to develop these ocular changes during spaceflight has also been
associated with B-vitamin status and the presence of specific single-nucleotide
polymorphisms (SNPs) (50). Risk alleles in five SNPs predict incidence of ophthalmic
issues (49), and six of the nine risk alleles are present in the twins (50). Furthermore, serum
folate, a B vitamin that is often low in astronauts who experienced ophthalmic changes
during flight (51), was also low in both TW and HR (Fig. 9F).

Cognitive performance

Continuous high levels of astronaut cognitive performance are critical for mission success.
Study subjects performed a computerized cognitive test battery (Cognition) (52) throughout
all phases ofthe mission (Fig. 10A). TW’saccuracyand speed scores were measured for the
different phases of the mission [preflight, inflight months 1 to 6 (early flight), inflight
months 7 to 12 (late flight), and postflight] (Fig. 10B). TW took more risk than HR on the
balloon analog risk test (BART) during all phases of the mission, more so inflight compared
with preflight and postflight. Compared with HR, TW did not exhibit significant deficits in
either speed (-0.7 SD, P=0.3518; Student’s ftest) or accuracy (-0.2 SD, P=0.6678;
Student’s ttest) across cognitive domains preflight. TW’s cognitive speed increased across
all cognitive domains early inflight relative to preflight. During the same period, spatial
orientation and motor praxis accuracy increased (>1 SD), whereas accuracy of visual object
learning and abstract matching decreased (>1 SD) relative to HR. There was no significant
decrease in performance from early to late inflight, with the following exceptions: (i) decline
(>1 SD) in emotion recognition task (ERT) and digit symbol substitution task (DSST) speed
and (ii) decline (>2 SD) in abstract matching (AM) accuracy (P = 0.0280; Student’s #test;
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TW versus HR late flight, Fig. 10C). Performance trends across the study on key accuracy
and speed metrics for all 10 tests in the Cognition battery are shown in fig. S14.

Most notably, cognitive speed decreased for all tests except for the DSST, and accuracy
decreased for all domains except for spatial orientation postflight. TW’s cognitive efficiency
(a combination of speed and accuracy across cognitive domains) was similar pre- and
inflight relative to HR but was significantly lower postflight (= 0.0016, Student’s #test).
This postflight decline in cognitive performance persisted up to 6 months postflight in both
speed and accuracy domains (Fig. 10C).

Discussion

The NASA Twins Study represents an integrated, multiomics, molecular, physiological, and
cognitive portrait of an astronaut and reveals the biomedical responses of a human body
during a year-long spaceflight. Our results demonstrate both transient and persistent changes
associated with long-duration spaceflight across multiple cell types, tissues, genotypes, and
phenotypes. These specific data, as well as the broader biomedical measures and sample
collection methods, can now serve as a foundation for scientific and medical assessments of
future astronauts, especially for those on prolonged, exploration-class missions.

NASA has announced plans for a Mars mission and a cis-lunar station, which will provide
new opportunities for contextualizing human physiological and molecular dynamics during
extended spaceflight. Data from this study indicate that at least 10 key physiological
processes were influenced by long-duration spaceflight, which serve as targets for
development of countermeasure interventions during future exploration-class human space
travel. These include (i) body mass and nutrition, (ii) telomere length regulation, (iii)
maintenance of genome stability, (iv) vascular health, (v) ocular structural adaptations, (vi)
transcriptional and metabolic changes, (vii) epigenetic shifts, (viii) lipid level alterations,
(ix) microbiome responses, and(x) cognitive function. These can further be classified as
associations that are of potentially (i) low risk, (ii) medium or unknown risk, and (iii) high
risk. These risk classifications are made on the basis of the degree of potential functional
importance during spaceflight and their persistence for at least 6 months after returning to
Earth.

Highly dynamic associations with potentially low risk

Many rapid physiological and molecular changes associated with spaceflight returned to
near preflight levels, including average telomere length, body mass, microbiome
composition, T cell function, and most cellular and tissue regulation (transcriptional and
metabolic). Owing to their pronounced responses during spaceflight, these serve as
important potential biomarkers for adaptation of the human body in space but likely
represent minimal to low risks for long-duration missions.

Measures of gene function

The majority (91.3%) of the genes that changed expression in CD4, CD8, and LD cells
during spaceflight returned to normal ranges within 6 months postflight (Fig. 1B and table
S2). In addition, although some epigenetic loci were changed, the genome-wide epigenetic
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variance was higher in the ground control than in the flight subject during the 25 months of
this study. Furthermore, the observed changes in metabolic levels in plasma returned to
baseline postflight. The immune stress indicated by the transcriptional and proteomic data
did not seem to impair recruitment of influenza-specific T cells, as evaluated by the response
to the midflight vaccination, suggesting that primary immune functions, including
chemotaxis, antigen distribution and trafficking, and presentation through the lymphatic
system were maintained. Overall, these data show plasticity and resilience for many core
genetic, epigenetic, transcriptional, cellular, and biological functions.

Telomere elongation

The spaceflight-specific telomere elongation observed in this study is consistent with similar
findings in unrelated astronauts on shorter (~6 month) duration 1SS missions, as well as in
Caenorhabditis elegans flown on the ISS for 11 days (53). Although the underlying
mechanisms and potential consequences of such transient telomere elongation are currently
unknown, healthy lifestyle factors related to metabolic and nutritional status, physical
activity, and weight loss have been associated with longer telomeres (54-60). Consistent
with these studies, TW’s reduced body mass and increased serum folate levels inflight
correlated with telomere lengthening (fig. S15).

Microbiome changes

The GI microbiome can be expected to respond dynamically to changes in diet and other
factors, and such variability over time was evident in both subjects. Although each subject
maintained individual microbiome characteristics, more changes in microbial community
composition and function were found during the flight period in TW than in the equivalent
period in HR (Fig. 5). Given the number of significantly changed microbiome features
inflight, it is likely that some microbiome changes observed are related to spaceflight.
Inflight changes in small-molecule microbiome-derived metabolites (Fig. 5G) also suggest
that the microbiome undergoes functional changes in response to spaceflight. Compared
with the differences between individuals, the scale of microbiome changes in microbial
diversity in TW during flight was relatively small and may be reflective of isolation and
dietary change. This is consistent with ground-based studies of volunteers undergoing
extended isolation (61, 62). The flight subject showed a significant and spaceflight-specific
increase in the F/B ratio; however, this ratio returned to preflight levels within weeks of
landing, indicating a rebounding across the microbial ecosystem of the Gl tract.
Furthermore, the diversity of the microbiome, often considered an indication of microbiome
health, was not decreased inflight. The health risks associated with these inflight changes are
not known but may be minimal.

Associations with potential mid-level or unknown risk

Several features of long-duration spaceflight represent mid-level or unknown long-term risk,
including collagen regulation, intravascular fluid management, and persistent telomere loss
and/or critical shortening.
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Collagen regulation

To our knowledge, spaceflight-related changes in urinary excretion of COL1A1 and
COL3A1 have not previously been observed in astronauts. They are both more than twice
the molecular weight of albumin, so whole collagen molecules would filter from blood into
the urine poorly (63). They are present in the kidney in relatively low levels. Weightlessness
alters loading on cartilage, bone, tendon, skin, vasculature, and the sclera, so these are other
potential sources of increased urinary COL1A1 and COL3AL. TW had an increased internal
jugular diameter and vascular remodeling of his carotid artery manifested as increased
intima-media thickness. COL3A1 is a functionally important component of the vasculature,
because defects in the COL3A1 gene cause blood pooling in the legs and impaired blood
pressure responses to standing. Changes in muscle, tendon, bone, and hydrostatic loading
during weightlessness provide numerous sites where the body might undergo structural
remodeling, leading to increased urinary excretion of COL1A1 and COL3AL.

Intravascular fluid management

Astronauts are at risk for dehydration, which can lead to increased renal stone risk (47).
AQP2 controls water transport in the renal collecting duct epithelial cells and is regulated by
vasopressin, which is released when the body is dehydrated. A decrease in both food and
water intake might be linked to a decreased upper and lower Gl motility associated with
decreased gravitational force. The return to Earth usually leads to fluid retention and weight
gain, and indeed, TW exhibited a modest weight gain in the days after landing. Our study
provides evidence that an increase in urinary AQP2 manifests during spaceflight rather than
being related to readaptation to the Earth environment and also correlates with serum
sodium levels. It is thus likely that increased urine AQP2 was due to high plasma sodium
stimulating vasopressin release. AQP2 is regulated by vasopressin, which elicits fluid
reabsorption from the urine when activated (64). This renal water reabsorption protein was
unable to fully compensate for decreased water intake, leading to an increased plasma
sodium concentration and oncotic pressure during flight. TW’s increased urine AQP2 may
be the result of inflight dehydration or hypernatremia, as indicated by increased plasma
sodium levels and measured by osmolality. For future missions, urine AQP2 levels should be
monitored in crewmembers to identify who should be considered for potential therapeutic
interventions to ameliorate the side effects and physiological complications of dehydration.

During spaceflight, 24-hour urine volumes are generally decreased, secondary to water
intake and the low relative humidity onboard the ISS (13). Several of our findings may be
associated with the reduced energy intake and weight loss observed in the flight subject,
including telomere lengthening (56), decreased angiotensinogen (Fig. 8E), and decreased
mitochondrial respiration (Fig. 6). Additionally, DNA methylation was altered inflight at
genes enriched in the somatostatin pathway (Fig. 3D). Fasting is known to increase
somatostatin transcription (65). Diminished caloric intake decreases many of the hormones
related to blood pressure control and metabolism, generally lowering blood pressure and
decreasing metabolic rate and muscle growth. TW had increased urine and plasma lactic
acid levels inflight and an increased trend for TCA cycle intermediates (malic acid and citric
acid), likely due to an intensive exercise regimen (Fig. 6F and fig. S12, D and E).
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We also observed changes in urinary excretion of renin-angiotensin pathway proteins. In
humans, renin and angiotensin Il levels increase with upright posture, and high blood
pressure is associated with higher urinary angiotensinogen (66,67). Angiotensin Il increases
urinary angiotensinogen, probably because it stimulates production of angiotensinogen in
the renal tubules. Astronauts are not “upright” in space, and an astronaut’s blood pressure is
lower in space (44). Indeed, we observed decreased angiotensinogen (fig. S5A) and lower
blood pressure in TW inflight (table S7). The observed reduction in renin receptor protein in
the urine during flight is likely due to a similar pathway that lowers angiotensinogen
inflight.

Persistent telomere loss and/or critical shortening

The rapid (<48 hours) shortening of TW’s telomeres upon return to Earth coincided with the
extreme stresses associated with landing and a heightened inflammatory response, a well-
established contributor to telomere shortening (68). The transient nature of spaceflight-
induced telomere elongation was also apparent in TW’s postflight telomere length
distributions, which rapidly shifted back toward baseline upon return. However, there were
substantial decreases in the number of telomeres detected, suggesting persistent telomere
loss and/or increased numbers of critically short telomeres. Consistent with these
observations, ISS astronauts in general tend to have significantly shorter telomeres alter
flight than before. The potential importance of such shifts in telomere length (elongation and
accelerated shortening or loss) is underscored by accumulating evidence that supports
telomere length not only as a robust biomarker of aging but also as a determinant of age-
related diseases, such as cardiovascular disease and cancer (69). Because such metrics can
inform overall health, monitoring telomere length dynamics represents an important element
of evaluating health and potential long-term risk for future astronauts.

Associations with potentially high risk

Returning to Earth is an especially stressful event that represents one of the greatest
physiological challenges of spaceflight. In the immediate postlanding period, manifestations
of this include exaggerated or impaired cardiovascular, musculoskeletal, and stress and
inflammatory responses (6, 11, 13, 70). Furthermore, there are concerns related to both the
recovery period and to the long-term consequences of spaceflight with regard to
cardiovascular, ocular, and cognitive systems, including the molecular features of astronauts’
cells.

Spaceflight-associated neuro-ocular syndrome

As of May 2017, about 40% of astronauts have experienced one or more of the following
ocular issues: optic disc edema, hyperopic shifts, globe flattening, cotton-wool spots, or
choroidal folds (16). Multiple hypotheses have been proposed to explain the development of
these symptoms, collectively referred to by NASA as SANS (16), including the spaceflight-
induced cephalad fluid shift and associated adaptations. Distension of and increased pressure
in the internal jugular vein were observed inflight in TW, at levels similar to those while
supine on Earth. The result of this vascular engorgement may contribute to congestion of the
vasculature supplying the retina, as suggested by the thickening of subfoveal choroid (14).
Importantly, given that normal gravity and hydrostatic pressure gradients are not present
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onboard the ISS, there is no relief from the headward fluid shift as would be expected on
Earth during normal postural changes. Indeed, clinical reports of optic disc edema from
fundoscopy were confirmed by our optical coherence tomography measures of increased
total peripapillary retinal thickness. Combined with worsening of choroidal folds from pre-
to inflight, TW demonstrated symptoms that are consistent with SANS. Although some
ocular changes recover in the postflight recovery period, such as choroidal congestion and
retinal nerve fiber layer thickening, some ocular findings, including choroidal folds, may
persist from a previous long-duration spaceflight mission (16) and worsen in a subsequent
mission (71), as was observed in TW. By contrast, HR did not develop similar ocular
findings across the measurements obtained during this study, despite participating in four
previous short-duration space shuttle missions. Thus, any changes that HR might have
experienced previously either did not manifest, despite HR expressing the same risk alleles
as his twin brother, or had resolved since his last mission. These observations support the
“multiple hit” hypothesis (72) that genetics presents a predisposing factor that manifests
pathologically only when present in combination with one or more other physiological,
biochemical, and/or environmental factors, including duration of continuous exposure (e.g.,
longer than a 2-week space shuttle flight).

Vascular physiology

The cephalad fluid shift that occurs when astronauts enter the weightless environment is
hypothesized to be the initiating event associated with cardiovascular adaptations to
spaceflight. Secondary to the loss of hydrostatic gradients due to weightlessness, about 2
liters of fluid move from the lower to the upper body (3, 7). Although some variability
between crewmembers exists, this headward fluid shift is described as the appearance of a
“puffy face” and “bird legs” in many crewmembers. Despite a relative decrease in plasma
and blood volume (4, 5) and a reduction in blood pressure (44), stroke volume and cardiac
output increase, and arteries and veins in the upper body are distended (73). Results from
astronauts participating in 4- to 6-month missions reveal increased carotid intima-media
thickness (45)and vascular stiffness (74)that are suggested to be related to increased
oxidative stress, inflammation, and insulin resistance. Similar trends were observed in 10
astronauts completing 4- to 6-month missions, with carotid intima-media thickening
observed early inflight that did not appear to increase further near the end of the mission
(45). Consistent with these findings, similar adaptations developed in TW, as there was a
rapid increase in carotid intima-media thickness after launch. However, the carotid intima-
media layer did not continue to thicken during the latter half of the mission (from 6 to 12
months inflight). Whether the intima-media thickening is irreversible and represents an
increased cardiovascular and cerebrovascular disease risk (75) across the lifetime of an
astronaut is not yet known, especially because prediction of clinical events among otherwise
healthy individuals is difficult. Similarly, we observed a pre- to inflight increase in the
APOB/APOAL1 ratio, specifically in the latter half of the mission, that might be suggestive of
an increased cardiovascular disease risk in TW (76-78), but the long-term health
consequences are as yet unknown. Measurements obtained during recovery from spaceflight
in this subject, together with measurements taken from other astronauts in a companion
study, will provide important information about the course of cardiovascular disease risk
factors. Recent epidemiological studies suggest that astronauts do not have an increased
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cardiovascular morbidity (79) or mortality risk (80), but there is insufficient data to draw
conclusions regarding astronauts who participate in long-duration missions; the vast
majority of subjects in these investigations participated in short-duration missions.

Postflight stress and inflammatory response

The molecular features assessed in TW were consistent with a stress and inflammatory
response in the days after landing. In particular, TW exhibited an increase in CRP from 1 to
19 mg/dl and increased levels of IL1RA (fig. S8, B and C, and table S8). TW’s cytokine
signature was also consistent with an inflammatory response upon return to Earth (Fig. 4A
and fig. S8D). The stress and inflammatory response may have preceded the return phase of
the mission as the increase in lysophospholipids containing proinflammatory fatty acids
suggested a heightened inflammatory state during flight as well (Fig. 4B). Furthermore,
TW’s average urine sodium excretion from FD300 through FD334 was 147 mmol/day (table
S8). On R+0, sodium excretion decreased to 47 mmol/day despite being given intravenous
saline, as is routine protocol at landing (81), as well as access to enough fluid intake to
increase his urine volume from 1313 to 2999 ml. TW did not have blood volume measures
until R+12; however, on the basis of previous data on crewmembers on long-duration
spaceflight (5), TW’s blood volume at R+0 was likely low. His plasma sodium concentration
decreased from 146 to 138 mmol/liter on R+0 (table S8), consistent with urine sodium
output not being decreased, likely owing to low plasma sodium. The observed two-thirds
decrease in urine sodium excretion on landing, despite being provided intravenous saline, is
a common response to volume depletion.

Genomic instability

Multiple lines of evidence revealed ongoing genome instability and rearrangement,
potentially indicative of long-term molecular and/or adverse health effects of long-duration
spaceflight. Notably, and consistent with reported space radiation exposure and inflight
DNA damage responses, TW’s chromosomal translocation and inversion frequencies were
increased during flight and remained increased postflight. These findings are in agreement
with reports of chromosomal translocations in individual astronauts (32), as well as with the
proposal that inversions, together with their reciprocal counterpart small interstitial
deletions, represent mutational signatures of radiation exposure (82). Furthermore, in vitro
experiments have demonstrated that exposures to high-LET protons can evoke telomere
lengthening (83), that low-LET gamma-ray exposures induce telomerase-dependent
enrichment of putative stem and progenitor cell populations, and that low-dose rate
irradiation of PBMCs shifts telomere length distributions toward cell populations with
longer telomeres (24). Therefore, radiation- and DDR-induced changes in cell population
dynamics, rather than telomere lengthening per se, may at least partially contribute to the
telomere elongation observed during flight.

Dysregulated gene expression

Interestingly, the number of DEGs (table S2) in the 6- to 12-month inflight period was
almost sixfold higher than in the 0- to 6-month inflight period in unsorted PBMCs (DEGs ¢
< 0.01, DESeq?2), indicating that the latter half of a year-long mission induces a far greater
number of transcriptional changes. Furthermore, a distinct subset of genes did not return to
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preflight levels within 6 months of return to Earth (811 genes across different cell types),
including genes related to immune function and DNA repair, representing candidate genes
that may be altered for an extended period of time as a result of long-term spaceflight
exposure.

Cognitive decline

Finally, our findings suggest that the cognitive performance effects of prolonging mission
duration from 6 to 12 months may be limited to a few domains. However, this extended
mission duration may negatively affect cognitive performance postflight, which could have
implications for safe mission operations (e.g., after a landing on Mars). Automation of
postflight operational procedures on future missions could help mitigate such risks. In
addition to reexposure to Earth’sgravity, the postflight period can be demanding for
astronauts owing to participation in research studies and media events. It is unclear how
strongly each of the above factors contributed to the observed decline in the flight subject’s
cognitive performance postflight.

Future missions and conclusions

This study has generated a unique, diverse biomedical dataset, despite the fact that studying
the effects of space travel on the human body is challenging. Samples collected on the ISS
were either frozen at —80°C and kept as such for the duration of the mission or returned
under ambient conditions to Earth. Sample return from the ISS involved unavoidable transit
times (~45 hours) through Earth’s atmosphere and intercontinental travel, sometimes with
unknown transit conditions (e.g., temperature and vibration). This resulted in significant
changes, such as loss of telomerase activity. However, DNA integrity was intact and
telomere length was unaffected (fig. S6, F to H).

Given our results, it is expected that astronauts conducting exploration-class missions could
experience risks from mitochondrial dysfunction, immunological stress, vascular changes
and fluid shifts, and cognitive performance decline, as well as alterations in telomere length,
gene regulation, and genome integrity. Given the limitations in analyzing a single spaceflight
subject, studies of additional astronauts on long-duration (=12 month) missions are needed
to confirm these findings and resolve outstanding questions. If confirmed, any biological,
biophysical, or pharmacological countermeasures that reduce these risks should be
considered for development and implementation. There is even less data, or no data, on
astronauts who might be at increased risk owing to space radiation exposure associated with
exploration missions beyond the protection afforded by Earth’s magnetic field (84),
including differences between a 1-year spaceflight in low Earth orbit and a 3-year Mars
mission. Therefore, future studies with varying durations and longer periods of exposure (>1
year) will be required to determine the manner by which those risks will change (e.g., linear
or exponential) and to establish appropriate safety thresholds.

These results represent an integrated portrait of molecular, physiological, and behavioral
adaptations and challenges for the human body during extended spaceflight and are
important to individual astronauts and to many groups at NASA (e.g., ISS Program, Space
Medicine, and the Human Research Program) for planning other ISS missions. These data
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can be of immediate use by investigators and groups around the world planning future
human spaceflight missions. Moreover, future year-long ISS missions would provide
additional subjects and materials for subsequent studies and interpretation in support of
future Mars missions. However, the opportunity to have an identical twin as a control for a
spaceflight study is not currently planned nor expected. Thus, this study and its
methodologies represent a uniquely controlled and integrated framework for
comprehensively quantifying astronaut biology in space.

Materials and methods summary

The materials and methods are briefly summarized here; expanded materials and methods
are included in the supplementary materials. Data were generated across human and
microbial cells, including isolations of stool, saliva, skin, urine, blood, plasma, PBMCs, and
immune cells that are CD4+, CD8+, and CD19+ enriched and lymphocyte-depleted (LD),
from AutoMACS magnetic bead separation and validated by FACS (fig. S1). Molecular
techniques included assessments of telomere length, telomerase activity, and chromosome
aberration frequencies (QRT-PCR T:A, qRT-PCR TRAP, Telo-FISH, and dGH), WGBS,
RNA-seq (polyA, riboRNA, and miRNA), mitochondrial quantification (QPCR and gRT-
PCR), shotgun metagenome sequencing of fecal microbiome, targeted proteomics (LC-MS),
untargeted proteomics (PECAN, MaxQuant for urine and SWATH-MS for plasma), targeted
metabolomics (GC-MS), untargeted metabolomics (LC-MS), mitochondrial respiration
(Seahorse XF), oxidative state measures (EPR), TCR and BCR (T cell and B cell receptor
repertoire) profiling, 10 cognitive tests (motor praxis, visual object learning, fractal 2-back,
abstract matching, line orientation, emotion recognition, matrix reasoning, digit symbol
substitution, balloon analog risk, and psychomotor vigilance), vascular and ocular measures
by ultrasound and optical coherence tomography, respectively, and a wide range of other
biometrics (e.g., nutrition, height, and weight). Finally, a large set of biochemical profiles
were measured pre-, in-, and postflight for both subjects: body mass, height, energy intake,
vitamin levels (A, B6, B12, C, D, and E and 1-carbon metabolites), minerals (copper,
ceruloplasmin, selenium, zinc, calcium, phosphorus, magnesium, and iodine), iron levels
(ferritin, transferrin, transferrin receptors, Hgb, Hct, MCV, TIBC, and hepcidin), urine
proteins (total, albumin, TTR, RBP, creatinine, metallothionein, 3-MH, nitrogen, and
fibrinogen), bone markers (BSAP, PTH, OPG, RANKL, P1NP, sclerostin, and osteocalcin),
collagen crosslinks (NTX, CTX, and DPD), oxidative stress and antioxidant capacity (8-
OHdG, PGF2a, GPX, SOD, TAC, oxLDL, total lipid peroxides, heme, and glutathione),
protein carbonyls (myeloperoxidase, Ip-PLA2, neopterin, and beta-2 microglobulin),
hormones and immune system markers (cytokines, testosterone, estradiol, DHEA/S, cortisol,
IGF1, leptin, thyroid hormones, angiotensin, aldosterone, ANP, PRA, and insulin), and
general urine chemistry (Na, K, and Cl ions; uric acid; cholesterol; triglyceride; HDL; LDL;
phospholipids; renal stone risk; liver enzymes; hsCRP; NAD/P; and pH). Together, these
data span 25 months for the flight subject twin (TW), who was compared with himself,
either preflight, inflight, or postflight, and also with his twin control (HR) on Earth using
generalized linear models (GLM), DESeq2, and fuzzy ¢-means clustering for longitudinal
trends. All Pvalues were corrected for multiple testing using a FDR of 0.05 or 0.01, and ¢
values are reported in all tables.
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Fig. 1. Study design and human spaceflight metrics.
The flight subject (TW, blue) and his identical twin (HR, green) were each studied over 25

months using a comprehensive set of health and biological metrics. (A) Earth-based and
spaceflight collections include blood, sorted cells (CD4, CD8, CD19, and LD), stool, buccal,
saliva, urine, and AR blood. TCR, T cell receptor sequencing; T- and U-Metabolomics,
targeted and untargeted metabolomics; OSI, oxidative stress and inflammation; T- and U-
Proteomics, targeted and untargeted proteomics; CVU, cardiac and vascular ultrasound;
VSF, vascular structure and function. (B) Gene expression changes in TW inflight and
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postflight compared with the preflight period. All time points of HR were used to account
for normal levels of variance and noise in gene expression. Genes that were significantly
altered inflight after controlling for subject baselines and AR effect are reported. Gene
expression changes were reported for any gene with g < 0.05 in a multivariate model that
utilized expression values for polyadenylated [poly (A)*] and ribosomal RNA depleted
transcripts. (C) Metabolites present at significantly different levels in HR and TW or
between pre-, in-, and postflight periods. Heatmap represents median-normalized log,
intensity for each analyte, scaled across all samples. Red color indicates relative enrichment,
whereas blue indicates relative depletion. (D) GO analysis of genes ranked on the basis of
epigenetic discordance at their promoters. Comparisons of preflight samples to inflight
(early and late, and combined early and late) and postflight samples are shown for both CD4
and CD8 cells. Heatmaps represent transformed enrichment values [square root (sqrt) of
enrichment] for GO categories with a raw enrichment value >5. Reg., regulation; neg. reg.,
negative regulation. (E) C-means clustering of multiomics data reveals longitudinal patterns
associated with spaceflight. Analyte abundance (scaled) plotted over time for the identified
clusters from the integrated metabolome, proteome, cytokine, cognition, and microbiome
datasets is shown. Median abundance (bold) per cluster and 5th and 95th percentiles of
abundance (shaded) are indicated. The gray shaded region indicates the inflight period. 7,
number of analytes in cluster. (F) Individual plots of the different analyte types that compose
the spaceflight-dependent cluster, cluster 3, from (E). Telomere levels are plotted adjacent to
the cluster members for reference. Median abundance (bold) per cluster and 5th and 95th
percentiles of abundance (shaded) are indicated. Thin lines show annotated examples of
analytes from cluster 3. For Cognition, accuracy [MP(Acc)] and speed [MP(Spd)] on the
motor praxis task as well as standardized speed across cognitive domains (speed) are shown.
n, number of analytes in cluster; CAG, coabundance gene groups.

Science. Author manuscript; available in PMC 2020 October 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rttt

Relative Fluorescent Intensity (RFI)

E

Garrett-Bakelman et al. Page 36
A B cD19 cD4 cDs LD
ETW mHR <
~ 1.25- ***p=0.0003 [=))
o *p=0.0073 — S * *
Q = 1.00
; mp=0.0480 1 P
£ 1.00- 153
) 5oz ==
= [} —_—
= = * — * *
£ 075 2 050 ==
[, i
§3 5 ==
o |
0 « r & & & N S & & &
o 050 O ~) O O ) ~ ) AN O ) ) <O
g q’;’< \Qﬁ \j( q’;’< & % Q]‘< & \j( QQ \Qﬁ \j(
S < G4 « G4 « o4 3 G4
E 4 ] ] ] < ] N4 <
o 0257
2
s
[}
T 0.00-
Pre—Flight In-Flight Post-Flight
gsoo— HR WGD-114 @ HWL-162
2 GD298 2 [l FD259
& 600 | S
@ GD+137 2 B R+190
[ ~
S 400 - k]
@ 9]
o o
§ 200 — g || II
§ |
ol |||||I |I|||||I| ] I LU B
© 010, .08 1010 L8 SEOIOROICI ORI P LSOO
S5sSs @QQB Q°@°°o° @00\00 00‘359 Q@Q o Q%@:@@ @??\Q%%Q%Qi@o:@%@Q @1@%@ @@ 0@%@“ @Q@@ @@ S Q@@% Q@@,@@@%@
Y A NN LN N N DN NN NN NS \/ N N QA
0\@@@@0@0@@@0«@@%&) XN e°\ 0%9“@ @Qb@,\@@“@ @N@ °\Q S b@;@%e%e?:@?:@:@:@“\ ‘° q° ,\ ,\qSF @,\u ,\o,“b@ ‘9 QQ@ S ,35% 3 ,b S Q‘%@?{&e

Relative Fluorescent Intensity (RFI)

Chromosome Aberrations Frequencies

(54 o o
e Ea o
o a (=}

Aberrations per cell

o
o
o

5
- . Inversions
E E Translocations

Pre—flight

Post-flight Preflight

Flight Post-flight

Fig. 2. Telomere length dynamics and DNA damage responses.
(A) Relative average telomere length in PBMCs (DNA) pre-, in-, and postflight assessed by
gRT-PCR for HR (green) and TW (blue). Significance was tested by one-way ANOVA, and
error bars represent SEM. (B) Relative average telomere length for TW in sorted PBMC

subpopulations, CD19 B cells, CD4 and CD8 T cells, and LD fractions, pre-,

HR

in-, and

postflight. Boxplot whiskers show min and max. (C and D) Telo-FISH-generated
histograms of individual telomere length distributions [shorter to longer, lower to higher
relative fluorescent intensity (RF1)] for HR (C) and TW (D) preflight (blue), inflight (red),
and postflight (green). (E) Cytogenetic analysis of DNA damage utilizing dGH paints (pink)
for chromosomes 1, 2, and 3 facilitated simultaneous detection of translocations and
inversions. Representative image of dGH on a metaphase chromosome spread illustrating an
intrachromosomal inversion (yellow arrow) and an interchromosomal reciprocal
translocation (white arrows). (F) Quantification of translocation (striped bars) and inversion
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(solid bars) frequencies for HR and TW pre-, in-, and postflight. Results were not
statistically significant (one-way ANOVA). Error bars represent SEM.
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Fig. 3. Global changes in DNA methylation during spaceflight.
(A) PCA of distances derived from average CpG methylation levels in 1-kb intervals along

the chromosomes in each sample (CD4 and CD8 lymphocytes collected from each subject).
(B) Genome-wide distributions of MML and NME values in CD4 and CD8 lymphocytes
collected from each subject at indicated time points. (C) Genome-wide distributions of JSDs
within each subject in comparisons of preflight to the indicated inflight and postflight time
points in CD4 and CD8 cells. (D) Heatmaps representing transformed enrichment values
(square root of enrichment) for GO categories with a raw enrichment value >5 in TW for
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comparisons of preflight (L-162) samples to inflight (early, FD76; late, FD259) and
postflight (R+104) samples in CD4 and CD8 cells. (E) University of California, Santa Cruz,
Genome Browser images of NOTCH3and SLC1A5 with peaks of JSD at their promoters in
TW when comparing inflight (FD259, for NOTCH3, and FD76, for SLC1A5) to preflight
(L-162) samples from CD4 (for NOTCH?3) and CD8 (for SLC1A5) cells. Differential MML
(dMML) and differential NME (dNME) values are also plotted, with negative values
indicating reduced MML or NME at the inflight time points compared with preflight time
points. For all boxplots, center lines indicate median, boxes indicate interquartile range
(IQR), and whiskers indicate 1.5 x IQR. CGI, CpG island; chr. 19, chromosome 19.
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Fig. 4. Lipids and vaccine response.

(A) Cytokines present at significantly different levels in HR and TW or between pre-, in-,

and postflight periods. Heatmap represents median-normalized log, intensity for each

analyte, scaled across all samples. Red color indicates relative enrichment, whereas blue
indicates relative depletion. (B) Relative levels (median-normalized, scaled log, intensity) of
complex lipids containing w-3 and w-6 fatty acids in HR and TW, from untargeted plasma

metabolomics. Red color indicates relative enrichment, whereas blue indicates relative

depletion. LysoPC, lysophosphatidylcholine; LysoPE, lysophosphatidylethanolamine. (C)

Immunological and postvaccination response to spaceflight. For each subject, the proportion
of season 2 clones present in the database of influenza vaccination-responsive CDR3 clones
derived from year 1 and 3 vaccinations is shown for each cell type and respective TCR chain

(FDR < 0.05).
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Fig. 5. Effect of spaceflight on the fecal microbial community structure of the flight subject
relative to the twin ground subject.

Samples are color coded by subject (TW, blue; HR, green), with open symbols representing
flight samples from TW or flight-equivalent samples from HR. (A) Taxonomic alpha
diversity parameters for HR and TW over nine sampling events, normalized to the value of
the first sampling event for each subject. Shown are the normalized genus-level log, SI
values for both subjects and the F/B ratio. Sl values at the first sampling event were 4.26 and
3.13 for HR and TW, respectively. F/B ratio values at the first sampling event were 2.18 and
0.87 for HR and TW, respectively. (B and C) Analysis of microbial community taxonomic
structure at the genus level (B) and functional gene content (C) using mMDS of annotated
shotgun metagenome sequence data. Data were log(x + 1) transformed, and a resemblance
matrix, from Bray-Curtis dissimilarity, was generated. MDS axes 1 and 2 are plotted; two-
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dimensional stress values are 0.19 and 0.13 for taxonomic and functional gene analyses,
respectively. Sample names represent dates relative to launch. (D) Number of microbial
features at each taxonomic level that were differentially abundant between the inflight
samples and the combined pre- and postflight samples of TW or between the equivalent sets
of samples from HR. (E) Number of gene functional features at each level (ranged from
SEED, that is, the most specific gene functions, to level 1, that is, the most general
categories) that were differentially abundant between the inflight samples and the combined
pre- and postflight samples of TW or between the equivalent sets of samples from HR. (F)
Overall similarity of metagenomic sequence data from sample groups was assessed with
Bray-Curtis similarity measurements for untransformed data and presented as boxplots. For
each subject, all nine samples are compared and plotted (HR and TW; 36 comparisons),
followed by pre- and postflight samples only (HR ground and TW ground; 10 comparisons)
and flight samples only (HR flight and TW flight; six comparisons). (G) Metabolic products
associated with microbial metabolism in humans. The heatmap shows relative levels of
microbial metabolites detected in the metabolomics data (median-normalized, scaled, log,
intensity). Red color indicates relative enrichment, whereas blue indicates relative depletion.
Row annotations mark different classes of microbial metabolites, including indoles (violet),
phenyls (orange), and bile acids (green). Metabolites that were not significantly altered
between HR and TW or between pre-, in-, and postflight periods are marked in black.
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Fig. 6. Mitochondrial functions and Seahorse assays.
(A) mtRNA content observed in RNA-seq data for the unsorted frozen PBMC (expressed

relative to total number of aligned reads). Sequencing results after library preparation with
both poly (A)* selection and ribosomal depletion. (B to E) Mean OCR during pre-, in-, and
postflight for basal mitochondrial respiration (B), spare reserve capacity (C), ATP-linked
respiration (D), and nonmitochondrial respiration (E). L6 muscle cells were treated with
plasma from TW and HR collected pre-, in-, and postflight with six to eight assay replicates
per time point. OCR was measured before and after the addition of inhibitors (oligomycin, a
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complex V inhibitor; FCCP, a protonophore; and antimycin A and rotenone, complex Il and
I inhibitors, respectively) to derive parameters of mitochondrial respiration. Mean OCR was
calculated for each parameter after normalizing for baseline OCR of the L6 cells before the
addition of plasma or inhibitors. Error bars represent 95% confidence intervals of the mean
OCR of all replicates at each time point for each flight event. (F) Boxplots comparing the
concentration of lactic acid in urine normalized to urine creatinines (determined by GC-MS
targeted metabolomics) pre-, in-, and postflight in TW and HR. (G) Boxplots representing
the ratio of urine lactic acid to pyruvate pre-, in-, and postflight in TW and HR revealing an
inflight shift to anaerobic metabolism in the flight twin.
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Fig. 7. Vascular adaptations.
(A and B) Carotid artery diameter during diastole (A) and carotid intima-media thickness

(cIMT) (B) measured while supine on the ground and during spaceflight in TW and HR.
“Pre” indicates the mean of the two preflight measurements. (C and D) IL1B (C) and
PGF2a (D) as examples of biomarkers of inflammation and oxidative stress that were
measured in these two subjects. (E and F) Boxplots of relative COL3A1 (E) and COL1A1
(F) levels pre-, in-, and postflight for both subjects. (G) Ratio of relative plasma levels of
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proteins APOB and APOA1 (APOB/APOAL) in both subjects pre-, in-, and postflight,
measured using untargeted proteomics (LC-MS).
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Fig. 8. Body weight, bone formation, fluid regulation, and biochemical activity during
spaceflight. Biochemical and biophysical measures during the mission. Data are mean + SD.

(A) Body mass expressed as percent change (A) from preflight. (B) Relative urine AQP2
concentration in TW (blue circles) plotted along with serum sodium concentrations (yellow
circles). (C) Calculated plasma osmolality for both subjects. (D) Relative urine AQP2
concentrations for both subjects. (E) Untargeted (LC-MS) urine proteomics reveals that
relative angiotensinogen (AGT) levels inflight correspond with inflight weight loss. In (B) to
(E), the shaded area represents inflight time points. (F and G) Bone breakdown (N-
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telopeptide) (F) and bone formation [bone-specific alkaline phosphatase (AP)] (G) markers.
Data in (F) and (G) are expressed as percent change from preflight. (H) Exercise load using
the advanced resistive exercise device (ARED) and bone-specific AP marker. 1 Ib = 0.45 Kkg;
U/L, units per liter.
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(A and B) Internal jugular vein cross-sectional area (A) and forehead skin thickness (B)
measured by ultrasound as indicators of acute fluid shifting during the transition from seated
to supine during ground-based testing and the chronic fluid shift in weightlessness in TW.
(C and D) Concurrently, ocular measures of choroid thickness (C) and total retinal thickness
(D) measured by optical coherence tomography under the same conditions. (E) Untargeted
proteomics reveals decreased urine excretion of LRG1 in TW during flight relative to
ground time points. (F) Serum folate is lower in astronauts who experienced ophthalmic
issues and was similarly relatively low in both twins. TW’s serum folate increased during

flight, mirroring the increase in telomere length.
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Fig. 10. Cognitive performance results.
(A) Representative images of the Cognition battery (10 tasks). MR motor praxis; VOLT,

visual object learning test; F2B, fractal 2-back; AM, abstract matching; LOT, line orientation
test; ERT, emotion recognition task; MRT, matrix reasoning test; DSST, digit symbol
substitution task; BART, balloon analog risk test; RVT, psychomotor vigilance test. (B)
Heatmap of cognitive performance scores of TW relative to HR during preflight (V=3
tests), the first 6 months inflight (inflight 1 to 6, /= 6 tests), the second 6 months inflight
(inflight 7 to 12, M= 5 tests), and postflight (V= 3 tests). Test scores were corrected for
practice and stimulus set-difficulty effects. All data were then standardized relative to
preflight ground data of 15 astronauts (including TW and HR).Test scores in the heatmap
reflect TW scores minus HR scores expressed in SD units. The BART reflects risk-taking
behavior and was thus not included in the accuracy score across cognitive domains
(accuracy, ALL). Efficiency was calculated as the average of the speed score across
cognitive domains (speed, ALL) and the accuracy score across cognitive domains (accuracy,
ALL). (C) Standardized cognition performance scores for individual test bouts for the AM
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test (1) and speed (2), accuracy (3), and efficiency (4) across cognitive domains. The vertical
lines indicate launch and landing dates for TW. The AM plot shows that HR (green) had a
major insight mid-mission relative to the rules that govern the AM that TW (blue) did not
have (50% is performance at chance level on the AM). The speed, accuracy, and efficiency
plots demonstrate that the nature of the postflight decline in TW’s performance was
protracted.
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