
A model



Gene function

H
um

an
 P

he
no

ty
pe

High

Low

GOF LOF

Pick a human 
phenotype for drug 
efficacy

Plenge, Scolnick, Altshuler Nature Reviews Drug Discovery (2013)



Gene function

H
um

an
 P

he
no

ty
pe

High

Low

GOF LOF

Pick a human 
phenotype for drug 
efficacy

Nelson et al Nature Genetics 2015



Gene function

H
um

an
 P

he
no

ty
pe

High

Low

GOF LOF

X
X

X
X
X

XX

Pick a human 
phenotype for drug 
efficacy
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effect sizes in humans 
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Plenge, Scolnick, Altshuler Nature Reviews Drug Discovery (2013)
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New target for drug screen!

This provides evidence for the 
therapeutic window at the 
beginning of the drug discovery 
journey. 

Plenge, Scolnick, Altshuler Nature Reviews Drug Discovery (2013)



An example in 
immunology



§ TYK2 is an intracellular signaling molecule (next slide)

§ Rare, complete human knockout is associated with 
immunodeficiency and risk of infection

§ Common protein coding alleles reduce TYK2 function 
and protect from risk of autoimmune disease (e.g., 
psoriasis, RA, SLE, IBD)

§ Same common alleles do not increase risk of infection  

Example of allelic series model: TYK2



Genetics

O’Shea and Plenge Immunity (2012)

IL23 signaling and psoriasis
IL23A (IL-23p19) IL12B (IL-12p40)

IL23R
TYK2

?



( low freq: A928V )

P1104A

I684S

TYK2 gene



P1104A allele that protects 
from autoimmunity is 
associated with ~80% loss-
of-function (LoF) in C/C 
homozygous state



Dendrou, et al. (2016)
Science Translational Medicine

Same LoF allele has no obvious increased risk of infection

normal

In
fe

ct
io

ns
~80% LoF is 
not associated 
with increased 
infection



P1104A protects from multiple autoimmune diseases

P1104A

Dendrou, et al. (2016)
Science Translational Medicine



But I684S variant shows a more complicated pattern!

P1104A

I684S

Dendrou, et al. (2016)
Science Translational Medicine



Complete 
TYK2 
knockout 
increases risk 
of infection

~80% LoF protects 
from autoimmunity 
but is not associated 
with infection



Therapeutic hypothesis: 
Partial inhibition (~80%) of TYK2 
will protect from autoimmunity 
without risk of infection



But matching modality with 
mechanism is challenging, 
especially selectivity over JAKs



~80%

HTS assay was used in 
a phenotypic screen to 
find selective inhibitors of 
TYK2 over other JAKs



Tokarski et al (2015) JBC

~80%

~80%

Retains 
selectivity 
over JAKs



Matching modality and mechanism: “pseudokinase stabilizers” 
recapitulate human genetic mutations at functional level

Hydrophobic 
channelAllosteric inhibitor

(pseudokinase domain)
Orthosteric inhibitor

(kinase domain)

Tokarski et al JBC (2015)
Lupardus et al PNAS (2014)P1104A



50-80% TYK2 inhibition safe and effective in Phase 2 (psoriasis)

Papp et al (2018) NEJM

PASI75 ~75%

PASI90 ~45%



Matching modality with 
mechanism is a rate-

limiting event in drug R&D



While 
While we often first think of 
“conventional” small molecule 
and monoclonal antibodies…

…there are many 
burgeoning therapeutic 

modalities



Other
mRNA replacement
protein degradation
macrocyclic peptides
microbiome
…and more to come!

Go to examples



Plenge Science Translational Medicine (2016)

Attrition
problem

Innovation
problem



What does the future hold? 

What would be 
transformational?



§ Genetic dose-response portal – beyond GWAS 
– Continued genetic discovery with function / phenotype integrations

§ Causal human biology – beyond germline genetics
– Human pharmacology and human immunology

§ Matching modality & mechanism – beyond “conventional” medicines
– Cell and gene therapy for “living” therapeutics

§ Programmable therapeutics – beyond linear drug R&D
– Approved platform for all but final registrational trials

§ Digital confluence – beyond wearables and AI
– When discovery, development, and the real-world collide

Five key areas to realize this future state



§ Genetic architecture of human disease
– continued sequencing of rare, Mendelian diseases
– human knockout project (e.g., dbLoF)
– exome sequencing in case-control cohorts

§ Functional interrogation
– high-throughput assessment of mutations
– single cell analyses in disease tissues at population scale

§ Pleiotropy
– integrated population-based biobanks with genotype / phenotype data
– quantitative traits as biomarkers

§ Data analysis
– statistical methods to model dose-response
– data integration and visualization

How to build a genetic dose-response portal 

Go to PheWAS

Go to pQTL and MR Go to IL6R

Blog on plengegen.com

https://www.plengegen.com/blog/portal-instructions/


§ Human pharmacology
– Effective pharmacology (e.g., low-dose IL2 in autoimmunity)
– Rationale combinations (e.g., apremilast + other MoA)
– Non-responder populations (e.g., resistance to checkpoint inhibitors)
– Bi-specifics (e.g., tissue targeting, T cell engagers)

§ Human immunology
– Mapping peptide epitopes for autoantigens in autoimmunity
– TCR and BCR sequencing of pathogenic lymphocytes in autoimmunity
– Single-cell profiling is disease tissue (e.g., NIH-funded AMP)
– Cloning therapeutic antibodies from elite responders
– Cloning TCRs and BCRs for cell therapy
– Characterization of neoantigens for cancer immune therapy

Causal human biology – beyond genetics

Blog on plengegen.com

Go to vasculitis, celiac

Go to apremilast

Go to neoantigens

https://www.plengegen.com/blog/path-resistance/


§ Nucleic acid-based therapies
– Cell therapies (e.g., CAR-T)
– ex vivo gene replacement (e.g., PID)
– mRNA gene replacement
– Genome editing (e.g., CRISPR)
– Anti-sense oligonucleotides (ASOs)
– Small interfering RNA (siRNA)

§ Non-nucleic acid-based therapies
– Protein degradation
– Microbiome
– Peptides (e.g., tolerizing antigens)

New therapeutic modalities – beyond conventional molecules

Blog on plengegen.com

Go to cell therapy

Go to modalities

https://www.plengegen.com/blog/matching-modality-moa/


Programmable therapeutics for gene replacement

►Conventional approach: one gene, one 
disease, one linear regulatory path to 
approval (e.g., pre-clinical biology, toxicology, 
CMC, early clinical dev, registrational trials)

Gene A Gene B Gene C

Pre-clinical biology

toxicology

CMC

Early clinical dev.

Registrational trial

►Programmable approach: introduce a new gene 
into a “programmable” platform that has been 
approved for all pre-registrational trial activities

Whole genome sequencing at birth
Gene 1

Gene 2
Gene 3

Gene 4Gene 5
Gene6

Gene 7
Gene 8

Gene n

Programmable 
platform

Regulatory approval

Registrational 
trial w/ virtual 

cohorts
Regulatory approvalBlog on plengegen.com

Go to PID

Go to mRNA

https://www.plengegen.com/blog/hsd17b13/


Digital confluence

Blog on plengegen.com

https://www.plengegen.com/blog/digital-health/


Back-ups



Mendelian 
randomization



Mendelian randomization: nature’s clinical trial

Randomized controlled trial

Randomization into groups

HIGHER

HIGHER



Mendelian randomization: nature’s clinical trial

HIGHER

HIGHER

HIGHER

HIGHER

Randomized controlled trial

Randomization into groups

Mendelian randomization



Genetics can bridge biomarker with clinical data, 
establishing a causal link for drug discovery

I DG I DG

Confounder

vs.

Intermediate
traits

Disease
outcomeGenotype

Causal 
pathway

Data Genotyping, 
sequencing

Protein levels, 
functional assays

Clinical 
data

Relevant 
studies

Genotype-biomarker association studies

Genotype-disease association studies

Epidemiology studies



Large-scale proteomic databases are limiting

Intermediate
traits

Disease
outcomeGenotype

Causal 
pathway

Data Genotyping, 
sequencing

Protein levels, 
functional assays

Clinical 
data

Relevant 
studies

Genotype-biomarker association studies

Genotype-disease association studies

Epidemiology studies

I DG I DG

Confounder

vs.



Emerging resource of pQTLs for MR

• Tested 3,622 plasma proteins in 3,301 
healthy individuals from INTERVAL 
population cohort

• Identified 1,927 genetic associations 
with 1,478 proteins

• Example: IL-6R RA protective allele 
increases sIL-6R levels (see figure) but 
decreases membrane-bound IL6R

• Therapeutic hypothesis: preventing 
IL-6 signaling through IL-6R via 
blocking antibodies should treat RA 
symptoms

Sun, Maranville et al (2018) Nature

P = 7 x 10-1101



Mendelian randomization establishes a causal link 
between IL-6 pathway and risk of rheumatoid arthritis

I DG

IL-6R minor 
variant

Less membrane IL-6R 
and less signaling

Protection 
from RA

Thus, therapeutic targeting of IL-6R should 
be beneficial in treating RA patients



Tocilizumab mimics mutation by reducing IL-6R signaling

Soluble IL-6 
receptorIL-6

IL-6
gp130

Membrane 
bound IL-6 
receptor

Signal transduction

+

Tocilizumab

Return to dose-response



Phenome-wide 
association study 

(PheWAS)



Phenome-wide association studies (PheWAS)

Disease-
Agnostic
cohort

risk

risk

surrogate for 
efficacy

surrogate for 
toxicity

PheWAS code 1

PheWAS code 3

PheWAS code 4

PheWAS code 500

…PheWAS code 5

PheWAS code 2

Test association of selected SNP 
with clinical endpoints 

Gene function
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pe

High
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Efficacy

X
X

X
X
X

XX
Toxicity

Clinical
data

EHRs, Claims,
Questionnaires, etc.

Genetic 
data

GWAS, exome 
sequencing, etc.

LoF
SNP



rs35667974 –
protects from T1D
rs72871627 –
protects from T1D
ATA haplotype –
protects from T1D

IFIH1 gene



PheWAS example: IFIH1, autoimmunity, asthma

• PheWAS in ~800,000 individuals from 
four population cohorts

• Tested 25 SNPs for association with 
1,683 clinical endpoints

• 10 novel associations discovered
• Example: IFIH1 LOF allele protects 
from autoimmunity (known) but 
increases risk of asthma (novel finding)

• Therapeutic hypothesis: inhibiting IFIH1  
may be effective in some autoimmune 
diseases but may make asthma worse

Odds ratio

Vitiligo

T1D

Psoriasis

SLE

Asthma

UC

Diogo et al (2018) Nature Communications



Predicted impact of therapeutic inhibition of IFIH1

Odds ratio

Vitiligo

T1D

Psoriasis

SLE

Asthma

UC

efficacy safety
Beneficial effect for some autoimmune 
diseases, but increase risk of asthma and UC 
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Gene function
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Toxicity

FinnGen is a unique PheWAS resource
500,000 

individuals 
(~10% of 

population)

risk

risk

surrogate for 
efficacy

surrogate for 
toxicity

PheWAS code 1

PheWAS code 3

PheWAS code 4

PheWAS code 500

…PheWAS code 5

PheWAS code 2

Test association of selected SNP 
with clinical endpoints 

Clinical
data

National Registries, 
EHRs, etc.

Genetic 
data

Genome sequencing, 
Axiom array, imputation

SNP

Return to dose-response



IL6R as a 
validated target



Two forms of IL-6R: soluble and membrane-bound

• Cis-signaling via membrane 
bound IL-6 receptor complex

• Trans-signaling via soluble 
IL-6 receptor

• Levels are inversely related: 
more sIL-6R, less mIL-6R

• What is the effect of the 
protective allele on IL-6R?

soluble IL-6 
receptor

IL-6

IL-6
gp130

Membrane 
bound IL-6 
receptor

Signal transduction

+
Trans-signaling

Cis-signaling



Initial observations confusing: protective RA allele 
appeared was associated with more circulating IL-6R

Ferreira et al. (2013) PLoS Genetics

More soluble IL-6R, but…

A (Asp) = risk allele C (Ala) = protective allele



Protective IL-6R variant consistent w/ loss-of-function

Ferreira et al. (2013) PLoS Genetics

More soluble IL-6R, but… … less cell surface IL-6R

A (Asp) = risk allele C (Ala) = protective allele



Less cell surface IL-6R leads to less IL-6R signaling across cell types

A (Asp) = risk allele C (Ala) = protective allele

Protective IL-6R variant consistent w/ loss-of-function

Ferreira et al. (2013) PLoS Genetics



PheWAS-like approach predicts benefit of anti-IL6R 
therapy (tocilizumab) in coronary heart disease

Swerdlow et al (2012) Lancet



PheWAS-like approach can differentiate between on-
target vs off-target effects of a drug

Protective allele 
and drug leads to 
more sIL-6 but less 
CRP and fibrinogen
Ø On-target effect

Drug but not 
protective allele has 
effect on 
cholesterol levels
Ø Off-target ADE



PheWAS via electronic health records (EHR) can 
identify indications for drug repurposing

Cai et al (2018) JAMA Cardiology

Coronary heart disease

Aortic aneurysms

Return to examples

Return to dose-response



Pre-clinical proof-of-concept in pemphigus vulgaris



Gene and mRNA therapy 
as programmable 

therapeutics



Gene therapy landscape – three approvals, more to come

Strimvelis (EU)
(ADA-SCID)

Marketed

Glybera (EU)**
(LPLD)Luxturna

(RPE65-mediated IRD)



§ Over 350 genes implicated in PID
§ Range of phenotypes

– Severe Combined Immune Deficiency (SCID): profound hypersusceptibility to infections and/or cancer
– Moderate: increased risk of infection, chronic dermatologic conditions, persistent autoimmunity, 

inflammatory bowel disease, chronic lung conditions (e.g., fibrosis, asthma)

§ Total incidence approaches 1% of the population
– SCID estimated at 1 / 30,000 live births (or ~150 new cases in US each year)

§ TREC assay for SCID now part of newborn screening in 50 US states (as of 2018)
§ Foundations (e.g., JMF) actively involved in patient advocacy, research, more

– 792 physicians at 358 institutions in 277 cities across 86 countries spanning 6 continents

§ Approximately two-thirds of severe PID is amenable to cures via HSCT
§ Gene therapy successful, but only 1 gene (out of 350) with a marketed product
§ How will durable cures be achieved for the entire patient population?

Primary immunodeficiency (PID) – hundreds of genes implicated, 
but fewer than 5 in development 

http://www.info4pi.org/


Autologous ex vivo gene replacement for PID leads to cure



Programmable therapeutics for PID

►Conventional approach: one gene, one 
disease, one linear regulatory path to 
approval (e.g., pre-clinical biology, toxicology, 
CMC, early clinical dev, registrational trials)

ADA WAS GCD

Pre-clinical biology

toxicology

CMC

Early clinical dev.

Registrational trial

►Programmable approach: introduce a new gene 
into a “programmable” platform that has been 
approved for all pre-registrational trial activities

Whole genome sequencing at birth
Gene 1

Gene 2
Gene 3

Gene 4Gene 5
Gene6

Gene 7
Gene 8

Gene n

Programmable 
platform

Regulatory approval

Registrational 
trial w/ virtual 

cohorts
Regulatory approval

Return to PgTx



mRNA therapy as 
programmable 

therapeutic in oncology



Many mechanisms of resistance to checkpoint inhibitors

Sharma et al Cell (2017)



High diversity of neoantigens requires programmable approach



mRNA replacement as programmable therapeutic in oncology


