Longitudinal big data approaches
for health, disease, and space travel
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Health is a product of genome and exposome

Genome Exercise

Pathogens




Health is a product of genome and exposome

Genome Exercise

Health Diseasé

Understanding personal data = personal health



Drivers of big data

Cost per Genome

$100K

National Human Genome
$10K N I H Research Institute
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Personalized ‘Omics Profiling

Omics Genome
S
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General Goals

1) Understand how individuals change over time and
during periods of health and disease at high resolution

2) Understand how different “omes” (microbiome,
metabolome, proteome, genome) relate to one another

dynamically

3) Understand how individual responses are similar and
differ from one another when faced with specific

perturbations

4) |dentify factors that can affect and help manage the
health of an individual
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Personal Omics Profile
87 months; > 250 time points; 10 viral infections
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Genome Sequence (lllumina, Complete Genomics)
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Extended timeline
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Longitudinal Profiling of 100 individuals
(prediabetics and healthy) over periods of
health, stress, and disease
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Study participant

>2000 collections thus far

Number of collections 100
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Most Datasets are Open Access!
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All discoveries

Metabolic

1 MODY mutation (gene) ?ga_roltilgl.tl):’laques (imaging)
1 ABCC8 Mutation (gene) trial FIb. (wearable)

1 RMB20 mutation (gene)
14 New DM Range labs @@ 1 Reduced LVEF/GLS (imaging)

3 Dilated L. Atrium (imaging)

7 Oncologic Risk Genes
(Thyroid Cancerin 1)

 Other

1 OSA (wearable)
1 SLC7A9 mutation

(cystinuria risk) 1 Lymphoma (Imaging)
2 macroalbuminuria 1 MGUS (igm)
/ 1 Smoldering Myeloma (igm)

W 1 a Thalassemia (Clinical)
1 B Thalassemia (Gene/Clinical)

1 Lyme Disease (wearable) 1 Pros1 Mutation (gene)

Rose, [..], Mishra et. al. A longitudinal big data approach for precision health. Nat Med. 2019 May;25(5):792-804



Genome Sequencing - first 70 people

* Twelve have important pathogenic mutations:
«  SHBD (2X): high freq. of neuroendocrine tumors
« PROC: Affects coagulation
 HNF1A: MODY mutation
« ABCCS8: Hyperinsulinemic hypoglycemla
 MUTYH: Colon cancer
« SLC7A9: Cystinuria
 RBMZ20: Dilated cardiomyopathy
« CHEKZ2: Breast cancer
« APC (2X): Colon cancer
 BRCAT1: Breast & ovarian cancer

All have reportable carrier mutations and/or pharmacogenetic variants

Rego et. al, Mol. Case Studies, 2018



A subset of individuals undergo a dietary
perturbation

Maintain
peak weight

Welght gain Weight loss

—

}
12

basellne peak pOS!

23 participants:
* 13 Insulin resistant
* 10 healthy controls (BMI matched)

Brian Piening, Wenyu Zhou, Kevin Contrepois, Hannes Rost, Tejaswini Mishra
Piening et. al, Cell Systems, 2018



A subset of individuals undergo a dietary
perturbation
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Weight gain/loss samples cluster by subject,

DatasetliTaxa
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Oxalobacteraceae

Actinomycetaceae
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Individuals are more similar to themselves
than to others, even at healthy baseline

MDS1

Zhou et. al, Longitudinal multi-omics of host-microbe dynamics in prediabetes. Nature. 2019 May,;569(7758).663-671



Metabolic differences between IR and IS
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Predicting biomarkers for SSPG, an expensive and time-consuming test for insulin resistance

Ll Prediction models
SSPG OGTT
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* @
* * Iinical lab test

Bayesian network: Max-min Parents and Children algorithm (MMPC)

Samson Mataraso, Sophia Miryam-Rose, Tejaswini Mishra



Insulin secretion rate curves reveal individual differences
In glucose tolerance

Tejaswini Mishra
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Enhanced tests of glucose metabolism reveal highly individual metabolic
dysregulatlon patterns associated with distinct multi-omics features

Disposition index (measure of pancreatic beta cell
function) is associated with levels of free fatty acids,
complex lipids, and androgenic steroids

15 min

0 min
30 min
45 min
60 min
75 min
90 min
105 min
120 min

N

u
(Apea) | 181sn|n

€

1

o
8]l UOI18108S ulnsul
pazIjewIoN

/ Glycero
2 1 phospholipids

I

OGTT status

PE(P-34:1)

Normoglycemic

u

Ll
(eyelpawuislul) g 181SN|O
D
—

PE(P-36:2) PC(35.4)(1) P37 C18 Sphingosine |
1-phosphate "

Sphingolipids 1

; S 1/12: Sphlngosmes /

Disposition index (DI) v & ®. R e e o g Y
c16:1 FAES NN 7 : - ————-

©
E £€
O_nk
oan?®
i§§§ : ' N 1 2
‘26 ‘T'.‘ 9 I . N .
.“,‘ﬂ.
u
O I » 5
o 56 ' 64 § : ¢ Androgenic
- 4,000 | s 2 n : ! steroids  \
l I“ 1 . ga Y 2 I Dehydroisoandrosterone |
5 | - : “ 1 sulfate (DHEA-S)(1)
| ) 4
1,000 \ H ' \ 7,
\ S=a 5 '
!,:.._‘,‘
SSPG status . :
W - . CPZ AN

1-phosphate

u

€2
(e1e)) € 1018N1D

. Intermediate

IS

(absolute) glutamylhistidine

Biliverdin(1)

Unknown — Positive association
— Negative association

ISR maximum Clinical Metabolome
12 O laboratory results ‘ Lipids
O Immunome O Others

2 @ Proteome Tejaswini Mishra

u
(eye| Auan) ¥ 181SN|H

9¢




Wearables sensors measure many biometrics

-
Scanadu Scout
&

QQardio Blood Pressure Cuff Autographer — Life Logger i

0 Apple Watch Basis B1 i}
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ﬂ iHealth Pulse Ox
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Dexcom Constant Glucose
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Overview of measurements

Many Parameters
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l ' Activity
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Li Dunn et. al, PloS Biol 2017



Wearables sensors measure many biometrics

Circadian and diurnal patterns Skin temperature " R T R R T
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Wearables can be used for early detection of Lyme disease

Sp0O2 Measurements: Unusually Low on
One Flight to Norway
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taking-off Ascent Cruise Descent  landing
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Future: Detecting onset of
COVID-19 infection & =t

(Heart rates ) (Steps) (Sleep )

studying disease prognosis ...

SSSSS

Wearables Devices + Symptom tracking via app

In-home digital monitoring during disease epidemics
Alert to self-isolate

Reduces burden on healthcare system

» Longitudinal at-home microsampling
» Multi-omics profiling
» Associate with disease prognosis

Healthcare |_
Innovation Lab

4
Stanford

MEDICINE

Tejaswini Mishra, Ryan Kellogg,
Amir Bahmani, Xiao Li, Arash Alavi

COVID-19 Initiatives



Summary

1) Personal genome sequencing is here. It can be used to predict
disease risk and manage health

2) Multi-omics analyses are valuable for determining pathways
and biochemical activities involved in human disease.

3) Longitudinal profiles are very valuable for understanding
personal disease states

4) Everyone’s profile is different
5) Wearables will be useful for managing health

6) Individuals will be responsible for their own health
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The NASA Twins Study

A multidimensional analysis of a yearlong human spaceflight



Humans have been going to space since 1961
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Future: Journey to Mars




What is the NASA Twins Study?

e Unigque opportunity to study one
human who was in space for a year

e Generate exploratory hypotheses
about molecular pathways
perturbed in space for future
validation

* Follows two identical twins, Mark
and Scott Kelly

e Mark was on Earth, while Scott
traveled to ISS

* Both twins were sampled pre-, in-
and post-flight
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e Many sample types
e Preflight, Inflight and
e Samples collected
on Earth

e Multiple cell
e 27 months of



(c)

sqrt(Enrichment)

-
N

[ee]

N

o

General overview of multi-omics results
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(b) Transcriptome (c) Metabolome

No substantial flight-associated changes in genome-wide methylation levels

Feinberg, Mason and Snyder Labs



Gene expression changes during spaceflight

Inflight vs Postflight vs
All DEGs Preflight/Ground Preflight/Ground
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Some gene expression changes persisted after return

Mason Lab



Patterns of complex lipids

2
Stage Stage
Subject

Ground
LysoPE(20:5) retilg
H l LysoPC(20:4) B Inflight
LysoPE(20:4) 0 Postflight
R LRI e Ak
Y- AN Y gt - Pupu Sublect
D(DD(D(DG(DD;SJ — T TR TR T IICEE'EG: -1 .HR
O °66

I W
2

Relative levels (log2 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, blue color indicates relative
depletion.

Complex lipids containing fatty acids that are metabolized to form pro- and
anti-inflammatory molecules are present at different levels in the twins, and
increase inflight in TW, continuing to stay high after return

Snyder Lab



AA is a precursor of inflammatory molecules

Complex lipids containing fatty acids that are metabolized to form pro- and
anti-inflammatory molecules are present at different levels in the twins, and
increase inflight in TW, continuing to stay high after return

Arachidonic acid (20:4) is known to elicit inflammatory
response 77 vivo

Arachidonic acid (FA 20:4) is a key inflammatory intermediate that is metabolized to
inflammatory signaling molecules (e.g. prostaglandins and leukotrienes).

Phospholipid

Phospholipase Ao

()——— Corticosteroids

Arachidonic acid

Cyclooxygenase Lipoxygenase

Cyclic endoperoxides Hydroperoxyeicosatetraenoic acid
(PGG»o.PGHo) (HPETE)

Prostagland<s >romboxane Hydroxyeicosate{enoic acid \Leukotrienes
PGD, TXAp (HETE) LTA4
PGE»> LTBg
PGFo LTC4
PGlo LTDg4

LTE4

= Thus accumulation of arachidonic acid in complex lipids could be indicative of an
increased inflammatory state, consistent with the idea of an age-associated low-
chronic inflammatory state (inflammaging).

Snyder Lab



Immune response and inflammation during spaceflight

(A)

CCL2/MCP-1 (B) hs CRP NBL mg/L (C) IL1RA
Normalized to TW Preflight Normalized to TW Preflight Normalized to TW Preflight
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CCL2 hs-CRP IL-1RA

Landing-associated spikes: Astronaut reported skin rash right after return

e CCL2/MCP-1 is implicated in pathogenesis of autoimmune diseases, incl. psioriasis.

e |L-1ra is actually anti-inflammatory, could be a feedback response? IL-1ra shown to
decrease expression of MCP-1

Snyder, Smith & Mason Labs



Immune response and inflammation during spaceflight

Subject: Stage:

BHr v Ground [l Prefight [l inflight ~ Postflight 2_ |

-1 0 1 2

Stage
Subject
TGFA
IL12P70

Er Three distinct cytokine

ENA78
MCP3 -
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PDGFBB

Spikes at R+5 (prev. slide),
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r
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IL6
LIF

GMCSF

IL17A
CD40L
HGF

VEGFD

IL10
IP10
MCP1
IFNA

RESISTIN

IL1A

TRAIL
MCSF
ICAM1

VCAMA1

IFNG
IL18
PAI1
TNFB
SCF

IL12P40

SDF1A

LEPTIN

NGF
IL23
IL22
VEGF
FGFB
IL13
IFNB
IL8

TNFA not captured by linear

models

Cytokines high in pre- and
inflight, down-regulated
after return

Cytokines elevated after
return, continue to be
elevated 6 months post-
return

Snyder Lab



Immune response and inflammation during spaceflight

Subject: Stage:

B W Ground [l Prefiignt [l inflight | Postflight B - I

-2 -1 0 1 2
Stage

Sufec Cytokines elevated after return, continue to be elevated 6 months post-return
IL12P70

EGF ID Name #Gene FDR

MCP3 R-HSA-1280215 Cytokine Signaling in Immune system 23 0e+00

IL31 R-HSA-6783783 Interleukin-10 signaling 11 0e+00

L5 R-HSA-6785807 Interleukin-4 and 13 signaling 13 0e+00

IL2 R-HSA-449147 Signaling by Interleukins 18 8.85e-14

ﬁ’_?%fBB R-HSA-448706 Interleukin-1 processing 2 4.81e-02

;Il-_'\éFA R-HSA-194313 VEGF ligand-receptor interactions 2 4.81e-02
LIF

GMCSF R-HSA-195399 VEGF binds to VEGFR leading to receptor dimerization 2 4.81e-02
IL17A

CD4oL R-HSA-913531 Interferon Signaling 5 4.81e-02
HGF

leE(OaFD R-HSA-380108 Chemokine receptors bind chemokines 3 6.32e-02
IP10

MCP1 R-HSA-194138 Signaling by VEGF 6 6.32e-02
IFNA

EE?ISTIN R-HSA-114608 Platelet degranulation 4 6.85e-02

TRAIL ivati
MCSF R-HSA-198203 PI3K/AKT activation 4 6.85e-02

IVC(?/_'\\AN} 1 R-HSA-76005 Response to elevated platelet cytosolic Ca2+ 4 6.86e-02

IFNG

:L.AF R-HSA-170984 ARMS-mediated activation 5 6.86e-02
1

gg';B R-HSA-187706 Signalling to p38 via RIT and RIN 5 6.86e-02

%6'2:!1"10 R-HSA-170968 Frs2-mediated activation 5 6.86e-02

LEPTIN

NGF R-HSA-169893 Prolonged ERK activation events 5 6.86e-02

1L23

IL22

VEGF

FGFB

IL13

IFNB

IL8 Cytokines high in pre- and inflight, down-regulated after return
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CLEC7/inflammasome pathway

Snyder Lab



Products of microbial metabolism
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Stage
Subject

3-Phenylpropionate (hydrocinnamate)
2—-Hydroxyphenylacetate

Chenodeoxycholic Acid(3)

Cholic Acid 1
Catechol sulfate

Hippuric acid

3-Indolepropionic acid

Chenodeoxycholic acid 3-sulfate(2) 0
2-Aminophenol sulfate

Betaine

Taurocholic acid

Tauroursodeoxycholic acid
Chenodeoxycholic acid glycine conjugate
Glycocholic acid

3-indoxyl sulfate

Phenol sulphate
methyl-4—-hydroxybenzoate sulfate
p—Cresol sulfate

p—Cresol glucuronide
Sulfolithocholylglycine
Hydroxyhippurate(1)

Hydroxyphenyllactic acid
Dihydro—-3-coumaric acid
4—-Methylcatechol sulfate

Indolelactic acid

Phenyllactate (PLA)

Stage
Ground
. Pre-flight

. In-flight

Post-flight
Subject

Indoles
Phenyls

Bile acids
Unclassified

Significant
. Not Significant

Significant

Metabolic products associated with microbial metabolism in humans. Different
classes of metabolites are observed, including indoles (violet), phenyls (orange),
and bile acids (green) are shown. Metabolites that are not significantly altered
between HR & TW or between pre-, in- and postflight periods are marked in black.

Snyder Lab



Summary

. First comprehensive study of long-term spaceflight

. First integrated, multi-omics, molecular, physiological, and cognitive portrait
of an astronaut

. Demonstrates both transient and persistent changes associated with long-
duration spaceflight across multiple cell types

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

. Our study also pioneered new inflight data and sample collection strategies

. NASA HRP has proposed follow-up longitudinal studies with 30 astronauts
(10 short, 10 standard and 10 long-duration flights) to validate findings from
our n-of-1 study
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