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“Reproducibility Crisis”

PLoS Medicine 2005

Science 2015

Nature 2012



Nat Rev Drug Discovery 2011

Lack of reproducibility affects translation

• Phase II success rate 
reduced from 28% to 18%

Nat Rev Drug Discovery 2011



Reasons for lack of reproducibility - Methods and Models

Nature 2014

PNAS 2013

J of Immunology 2004



Our biological knowledge is incomplete and biased

• s

Aurelie Tomczak et al.
(under review)



Lack of biological and technological 
heterogeneity is a significant problem



Traditional approach - reduce heterogeneity

•Single cohort

•Clinical homogeneity

•Minimize technical variance

•Internal validation

•Does not capture heterogeneity of a disease

•Results are difficult to generalize



Embrace heterogeneity
• Public data - multiple datasets asking the same question

• Clinical heterogeneity

• Different treatments

• Different technologies

• Generalizable results

• Unexpected results are more “believable”

• “Dirty data” - integration is challenging



Framework for leveraging heterogeneity

Sweeney et al. NAR 2016

 

Guideline:
(1) internally normalized

and (2) expressed as log2

Data from
public domain

Diagnosis Prognosis

Therapy

Discovery
datasets

Guideline:
At least 4-5 datasets with

close to even split between
between cases and controls

MetaIntegrator
Guideline:

FDR < 1-5%
Effect Size > 1.3

Guideline:
Never separate datasets
from the same research

group between discovery
and validation

Validation
datasets

Mechanism

Machine learning



Diagnostic and Prognostic Markers using Heterogeneous Data
Common rejection module

across all solid organs
Sepsis diagnosis
1-to-5 days prior

Common host response
to viral infections

TB - satisfies
WHO TPP

Bacterial vs viral
infection diagnosis

Khatri et al.
J Exp Med 2013

Sweeney et al.
Sci Trans Med 2015

Andres-Terre et al.
Immunity 2015

Sweeney et al.
Lancet Resp Med 2016

Sweeney et al.
Sci Trans Med 2016

●

●
● ●

● ●

●

●

●

●

●

●

●
●

●

●
●●

●

●

●

●
●●

●

●

●
●

●
●

●

●

●

●●
●

● ●
●

●

●

● ●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

● ●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

● ● ●●

●

●●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●

●

●
●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

● ●
●●

● ●●● ●

●
●

●

●
●●

●

●

●

●

●

●

●●
●

●

●

●

●
●

●

●

●
● ●

●

●

●

●

●

● ●

●
●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●● ●
●

●●

●

●
●● ●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●
●

●

●

−2

0

2

4

0 30 60 90
Time (hours)

M
VS

 s
co

re
 (z

−s
co

re
)

●

●
Asymptomatic
Symptomatic

GSE52428 (H3N2)

●

●

●

●

●

●

●
●
●

●●
●

●

●

●

●

●

●●

●

●

●
●

● ●

●

●

●

●

●
●

●

●

●

●

●

●

●●
●

●

●
●

●

●

●
●

●

●
●

●

●●

●

●●

●
●

●

●

●

●

●

●
●

● ●
●●

●

●

●

●●

●

●
●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●●●
●

●

●

●

●

●
●●

●

●

●●

●

●●

●
●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●● ●

●

●

●

●

●● ●● ●

●
●

●

●

●

●

●
●●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

● ●

●●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

−2

0

2

4

0 30 60 90
Time (hours)

M
VS

 s
co

re
 (z

−s
co

re
)

●

●
Asymptomatic
Symptomatic

GSE52428 (H1N1)

Median symptom onset

Median maximal symptoms

Symptom onset = 24-84 hours

Median symptom onset
Median maximal

symptoms
Symptom onset = 24-108 hours

Predicts subclinical
injury 18 months prior

HIPC-CHI
Sci Immunology 2017

Predict response
to vaccine at baseline

Lofgren et al.
JCI Insight 2016

Scleroderma - predicts
treatment response 1 yr prior

3 genes
in blood



Mazur et al. Nature 2014

Target Discovery using Heterogeneous Data



Mazur et al. Nature 2014

Chen*, Khatri* et al. Cancer Research 2014

shCtrl

shPTK7

shPTK7

Target Discovery using Heterogeneous Data



Mazur et al. Nature 2014

Chen*, Khatri* et al. Cancer Research 2014

shCtrl

shPTK7

shPTK7

Target Discovery using Heterogeneous Data



A comment from an NIH grant reviewer



A comment from an NIH grant reviewer

But…there is a method to my ADD!



“Reading the immune response” to build phylogeny 
of host response to infectious diseases

Patient with
acute illness

Infected

Non-infected

Bacterial
infection

Viral
infection

Influenza

Other viruses

Tuberculosis
Other bacteria

{

{

{

Distinguish infection vs no infection
Sweeney et al. Sci Trans Med 2015

Distinguish between viruses
Andres-Terre et al. Immunity 2015

{

Distinguish Mtb infection
Sweeney et al. Lancet Resp Med 2016

Distinguish bacterial vs viral infection
Sweeney et al. Sci Trans Med 2016{

Parasite
infection

Malaria
Other parasites

Distinguish parasitic
vs other infections

Dengue

7 genes

11 genes

3 genes

5 gen
es

4 genes

8 genes







11 countries
14 cohorts

2,572 samples

3 genes
(DUSP3, GBP5, KLF2)



ATB Diagnosis vs healthy, LTB and other diseases
sensitivity = 86%; specificity = 86%; NPV = 99% @ 10% prevalence

Not confounded by
HIV co-infection

Tracks with treatment
response

Not confounded by
BCG vaccination

Sweeney et al. Lancet Resp Med 2016



3-gene signature distinguishes ATB in prospective cohorts

Zak et al. Lancet 2016
Adolescents
LTB vs ATB
RNAseq

Zak et al. Tuberculosis 2017
Adults
ATB vs controls
RNAseq

Warsinske et al.
Active screen in adults
ATB vs controls
PCR



3-gene signature distinguishes ATB in prospective cohorts

Zak et al. Lancet 2016
Adolescents
LTB vs ATB
RNAseq

Zak et al. Tuberculosis 2017
Adults
ATB vs controls
RNAseq

Warsinske et al.
Active screen in adults
ATB vs controls
PCR

Francisco et al. J of Infection 2017



3-gene signature predicts progression from LTB to ATB



Where we are today

Image courtesy:
Chloe McDougall



Where we are today Where we want to go

Image courtesy:
Chloe McDougall
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Where we are today Where we want to go

Image courtesy:
Chloe McDougall

G
EO

Im
m

Port

LIN
CSBetter

metadata

PubChem

EN
CO

D
E



Where we are today Where we want to go

Image courtesy:
Chloe McDougall
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The CEDAR approach to better metadata

• Template editor

• Metadata editor

• Metadata repository
Courtesy: Mark Musen



Summary
• Heterogeneity: a blessing in disguise 

• Leverage biological and technical heterogeneity  

• Increase reproducibility 

• Accelerate translational medicine 

• “Data reproducibility” versus “reporting reproducibility” 

• Need for better metadata 

• CEDAR
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