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Health is a product of genome and exposome
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Health is a product of genome and exposome

Health Disease

Genome Exercise

Understanding personal data = personal health



Drivers of big dataDrivers of Big Data

Human Genome Cost <$2K
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Personalized ‘Omics Profiling

Genome !

Transcriptome!

Proteome!

Metabolome!
Lipidomics!

Autoantibody-ome!

Personal Omics Profiling!

Cytokines !

Epigenome!

Billions of 
Measurements!

Microbiome (Gut, Urine, 
Nasal, Tongue, Skin) !

!

Omics 
Measurements

6!

Year 2 …!Year 1! Viral infection!

Biosensors!



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)  Identify factors that can affect and help manage the 
health of an individual !

General Goals!

7!

Year 2 …!Year 1! Viral infection !



Personal Omics Profile 
87 months; > 250 time points; 10 viral infections

912!

Adenovirus Infection!

694!679! 683! 688! 700!680!

711! 735!

796! 840!

Adenovirus Infection !
944! 948! 984!945! 959! 966!

HRV Infection!
1030! 1038!1029! 1032! 1045! 1051! 1060!

400!186!185!

255!

116!

369!

380!

329!322!

Day from 1st HRV 
Infection (D)!

RSV Infection!

297! 301!289! 292! 294! 307! 311!290!

HRV Infection!

4! 21!0!

476! 546!532!

HRV Infection !

625!615! 618! 620! 630!616!

602! 647!-123!

Day from 1st HRV 
Infection (D)!

1415!1453!
1487!

1516!1526!

HRV Infection!
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Personal Omics Profile!
87 months; >250 Timepoints; 10 Viral Infections!

Chen et al., Cell 2012, unpublished !

Skin Rash!

Chen et.al, Cell. 2012 Mar 16;148(6):1293-307



Genome Sequence (Illumina, Complete Genomics)Genome Sequence (Illumina, Complete Genomics)!

Predict Type 2 
Diabetes
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Figure 2. Medical Findings
(A) High interest disease- and drug-related variants in the subject’s genome.

(B) RiskGraph of the top 20 diseases with the highest posttest probabilities. For each disease, the arrow represents the pretest probability according to the

subject’s age, gender, and ethnicity. The line represents the posttest probability after incorporating the subject’s genome sequence. Listed to the right are the

numbers of independent disease-associated SNVs used to calculate the subject’s posttest probability.

(C) RiskOGram of type 2 diabetes. The RiskOGram illustrates how the subject’s posttest probability of T2D was calculated using 28 independent SNVs. The

middle graph displays the posttest probability. The left side shows the associated genes, SNVs, and the subject’s genotypes. The right side shows the likelihood

ratio (LR), number of studies, cohort sizes, and the posttest probability.

(D) Blood glucose trend. Measurements were taken from samples analyzed at either nonfasted or fasted states; the nonfasted states (all but days 186,

322, 329, and 369 and after day 400) were at a fixed time after a constant meal. Data was presented as moving average with a window of 15 days. Red

1298 Cell 148, 1293–1307, March 16, 2012 ª2012 Elsevier Inc.

Rong Chen 
and Atul Butte!
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(Day Number)               (329)    (369)       (476) (532)  (546) (602)!

RSV!HRV!
LIFESTYLE 
CHANGE!

Glucose levels!

*

*

*
*

*Previously known!

Chen et.al, Cell. 2012 Mar 16;148(6):1293-307



Extended timeline

HR
V!

Exercise!

RSV!
SkinRash/Itch !

HRV!
Adenovirus!

HRV!HRV!

Changed life style!

}!
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Extended Time Line !

Chen et.al, Cell. 2012 Mar 16;148(6):1293-307



Longitudinal Profiling of 100 individuals 
(prediabetics and healthy) over periods of 

health, stress, and disease
Longitudinal Profiling of 100 individuals (prediabetics & 

healthy) over periods of health, stress and disease !

Year 2 …!Year 1!
Viral infection!

 Stress!

Diet change!

Cell Host & Microbiome 2014 !



>2000 collections thus far
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Most Datasets are Open Access!
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All discoveries

Metabolic  

Infectious 

Other Heme/Onc 

Cardiovascular  

7 Oncologic  Risk Genes 
 (Thyroid Cancer in 1)  

1 Lymphoma (Imaging) 
1 MGUS  (IgM)  
1 Smoldering Myeloma (IgM) 
1 α Thalassemia (Clinical)  
1 β Thalassemia (Gene/Clinical) 
1 Pros1 Mutation (gene) 1 Lyme Disease (wearable) 

6 Carotid Plaques (imaging) 
1 Atrial Fib. (wearable) 
1 RMB20 mutation (gene) 
1 Reduced LVEF/GLS (imaging) 
3 Dilated L. Atrium (imaging)  

1 OSA (wearable) 
1 SLC7A9 mutation  

 (cystinuria risk) 
2 macroalbuminuria 

1 MODY mutation (gene) 
1 ABCC8 Mutation (gene) 
14 New DM Range labs  

Discoveries 		

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



Genome Sequencing - first 70 peopleGenome Sequencing – First 70 People !

•  Twelve have important pathogenic mutations: !
•  SHBD (2X): high freq. of neuroendocrine tumors!
•  PROC: Affects coagulation !
•  HNF1A: MODY mutation!
•  ABCC8: Hyperinsulinemic hypoglycemia !
•  MUTYH: Colon cancer!
•  SLC7A9: Cystinuria!
•  RBM20: Dilated cardiomyopathy !
•  CHEK2: Breast cancer!
•  APC (2X): Colon cancer !
•  BRCA1: Breast & ovarian cancer !

•  All have reportable carrier mutations                                      
and/or pharmacogenetic variants !Personalis, Inc !Shannon Rego et al. !

All have reportable carrier mutations and/or pharmacogenetic variants

Rego et. al, Mol. Case Studies, 2018



A subset of individuals undergo a dietary 
perturbation

A subset of individuals undergo a dietary perturbation !

Maintain 
peak weight!

T1!
baseline!

Weight gain! Weight loss!

T2!
peak!

T3!
post!

30!
days!

60!
days!

7!
days!

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

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



A subset of individuals undergo a dietary 
perturbation

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

A subset of individuals undergo a dietary perturbation !

Brian Piening, Wenyu Zhou, Kevin Contrepois, Hannes Rost, Tejaswini Mishra, Cell Systems (accepted)!



Weight gain/loss samples cluster by subject, 
not perturbation

Weight gain/loss samples cluster by 
subject, not perturbation !

19 

Legend:

Bacteroidaceae

Ruminococcaceae

Lachnospiraceae

Unclassified

Porphyromonadaceae

Rikenellaceae

Enterobacteriaceae

Verrucomicrobiaceae

Sutterellaceae

Erysipelotrichaceae

Peptostreptococcaceae

Coriobacteriaceae

Veillonellaceae

Prevotellaceae

Streptococcaceae

Acidaminococcaceae

Desulfovibrionaceae

Hyphomicrobiaceae

Pasteurellaceae

Bifidobacteriaceae

Enterococcaceae

Oxalobacteraceae

Actinomycetaceae

HMP2.70.1012.05
HMP2.70.1012.02
HMP2.70.1012.01
HMP2.70.1012.03
HMP2.70.1015.04
HMP2.70.1015.01
HMP2.70.1015.02

HMP2.69.027.04
HMP2.69.027.03
HMP2.69.027.01
HMP2.69.027.02

HMP2.69.035.02
HMP2.69.035.01
HMP2.69.035.04

HMP2.70.1011.02
HMP2.70.1011.01
HMP2.70.1011.03
HMP2.70.1011.04
HMP2.70.1010.02
HMP2.70.1010.01
HMP2.70.1010.04
HMP2.70.1010.05
HMP2.69.032.03
HMP2.69.032.04
HMP2.69.032.01
HMP2.69.032.02
HMP2.69.033.04
HMP2.69.033.01
HMP2.69.033.02
HMP2.69.033.03
HMP2.70.1008.03
HMP2.70.1008.04
HMP2.70.1008.01
HMP2.70.1008.02

Family Composition 



Study participants’ gut microbiome: individuals 
are more similar to themselves than others
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Study Participants’ Healthy Gut Microbiome !



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

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

M
etabolites!

Participants at T1 !

Metabolic differences between IR and IS !

Differences between IR and IS !

Brian Piening et al, Cell Systems, accepted 

Differences between IR and IS !

Brian Piening et al, Cell Systems, accepted 
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Predicting biomarkers for SSPG, an expensive and time-consuming test for insulin resistance

Transcriptome	
10350	genes	

Metabolome	
726	curated	metabolites	

Cytokine	profile	
75	cytokines	

Microbiome	
2650	groups	

Proteome	
309	proteins	

Clinical	Data	
58	measures	

Bayesian

network

1 demographic variable

3 metabolites

4 RNAs
Bayesian

network

1 lipid

1 clinical 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
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Enhanced tests of glucose metabolism reveal highly individual metabolic 
dysregulation 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

Tejaswini Mishra



Wearables sensors measure many biometrics

Basis	B1	

Basis	Peak	

Apple	Watch	

Dexcom	Constant	Glucose	Monitor	

Withthings	Smart	Scale	

Qardio	Blood	Pressure	Cuff	

Scanadu	Scout	

Autographer	–	Life	Logger	

iHealth	Pulse	Oximeter	

Athos	–	Smart	Shorts	

Radtarge	
Radiation	

Sensors: Measure Many Things !



Overview of measurementsOverview of the project !

Li, Dunn et al. PloS Biol 2017 !Li, Dunn et. al, PloS Biol 2017



Wearables sensors measure many biometrics

Li, Dunn et. al, PloS Biol 2017



Wearables can be used for early detection of Lyme disease

Li, Dunn et. al, PloS Biol 2017



Future: Detecting onset of 
COVID-19 infection & 
studying disease prognosis

‣  Wearables Devices + Symptom tracking via app 
‣  In-home digital monitoring during disease epidemics 
‣  Alert to self-isolate 
‣  Reduces burden on healthcare system

Drivers of Big Data

Human Genome Cost <$2K
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1) DNA Sequencing

2) Mass Spectrometry 3) Wearables

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

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



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

Summary
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The NASA Twins Study
A multidimensional analysis of a yearlong human spaceflight

Tejaswini Mishra 
March 31, 2020



Humans have been going to space since 1961

What’s 
next?>560 people have flown into space



Future: Journey to Mars



What is the NASA Twins Study?

• Unique opportunity to study one 
human who was in space for a year


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


• Follows two identical twins, Mark 
and Scott Kelly


• Mark was on Earth, while Scott 
traveled to ISS


• Both twins were sampled pre-, in- 
and post-flight





Sampling Scheme 
Across Assays

• Many sample types 
(blood, urine, stool 
etc.) 


• Multiple cell 
populations


• 27 months of 
longitudinal sampling


• Preflight, Inflight and 
Postflight


• Samples collected 
onboard ISS as well as 
on Earth

Pre-Flight VS:

CD8

Late Early/
Late Late Early/

Late

Reg. of neutrophil
activation/granulation

Retinoic acid 
receptor signaling

Reg. of atrial cardiac 
muscle cell membrane
repolarization

CD4

Neg. reg. of vascular
endothelial cell proliferation

Platelet aggregation

Regulation of T-cell
differentiaion

(c)
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General overview of multi-omics results

(a) Methylome functional 
enrichments

(b) Transcriptome

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

Feinberg, Mason and Snyder Labs

(c) Metabolome

Pre-Flight VS:

CD8

Late Early/
Late Late Early/

Late

Reg. of neutrophil
activation/granulation

Retinoic acid 
receptor signaling

Reg. of atrial cardiac 
muscle cell membrane
repolarization

CD4

Neg. reg. of vascular
endothelial cell proliferation

Platelet aggregation

Regulation of T-cell
differentiaion
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Some gene expression changes persisted after return

Genes involved in: 

Immune response 
DNA damage 
Blood pressure 
Hypoxia



Patterns of complex lipids

Snyder Lab

Relative levels (log2 intensity) of complex lipids containing 𝛚-3 and 𝛚-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
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AA is a precursor of inflammatory molecules

Snyder Lab

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

⇒ 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). 

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



Immune response and inflammation during spaceflight

hs-CRP 

Landing-associated spikes: Astronaut reported skin rash right after return 
• CCL2/MCP-1 is implicated in pathogenesis of autoimmune diseases, incl. psioriasis.  
• IL-1ra is actually anti-inflammatory, could be a feedback response? IL-1ra shown to 

decrease expression of MCP-1

Snyder, Smith & Mason Labs
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Immune response and inflammation during spaceflight
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Three distinct cytokine 
signatures: 

1. Spikes at R+5 (prev. slide), 
not captured by linear 
models 

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

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

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

Snyder Lab

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

CLEC7/inflammasome pathway



Products of microbial metabolism
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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.



Summary
1. First comprehensive study of long-term spaceflight


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


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


4. 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


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


6. 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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