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ABSTRACT
The potential impact of using human genetic data linked to

longitudinal electronic medical records on drug development

is extraordinary; however, the practical application of these

data necessitates some organizational innovations. Vanderbilt

has created resources such as an easily queried database of >2.6

million de-identified electronic health records linked to BioVU,

which is a DNA biobank with more than 230,000 unique samples.

To ensure these data are used to maximally benefit and accelerate

both de novo drug discovery and drug repurposing efforts, we

created the Accelerating Drug Development and Repurposing

Incubator, a multidisciplinary think tank of experts in various

therapeutic areas within both basic and clinical science as well

as experts in legal, business, and other operational domains. The

Incubator supports a diverse pipeline of drug indication finding

projects, leveraging the natural experiment of human genetics.

Keywords: PheWAS, BioVU, genetics, translational research,

repurposing

INTRODUCTION

We Desperately Need More Therapeutic Options

A
lthough science has uncovered the molecular

basis for *5,700 human medical conditions,

patients can only benefit from approved thera-

pies for about 500 of these conditions.1 Even

many approved, available therapies have suboptimal ef-

ficacy or unacceptable toxicity in many patient popula-

tions. This problem is not limited to ultra-rare diseases.

Diseases such as Parkinson’s, Alzheimer’s, addictions, au-

toimmune diseases, and many different cancers still have

few or no effective treatment options available. Translational

research seeks to bridge the ‘‘valley of death’’ between basic

scientists and clinical researchers to generate the break-

through therapies that are needed to improve human health.

Pharmaceutical companies used to be responsible for car-

rying discoveries across this divide, but over the past few

decades it has become increasingly difficult for them to keep
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up with the sheer volume of drug targets and other findings

coming out of the biomedical research enterprise.2

The systemic, chronic challenges faced by the pharmaceutical

and biotech industries are well documented.3,4 The advent of

new technologies, such as high-throughput screening, induced

pluripotent stem cells, clustered regularly interspaced short

palindromic repeats (CRISPR) gene editing, proteomics, and

next-generation sequencing, appears to have not had, as of

yet, a significant impact on drug development. However, as

detailed later, many major pharmaceutical companies have

incorporated genomics into their development pipelines,

and it is too early to evaluate the impact of genomics on

many current clinical development programs. More specif-

ically, there has been little effect on the number of drugs

entering clinical development or, more importantly, on the

success rate of drugs with novel mechanisms of action making

it to the market, which still hovers around 6% overall for new

chemical entities.5 A fundamental problem in this paradigm is

that pharmaceutical companies and others pursuing develop-

ment and marketing approval face hundreds of decisions that

must be made with severely limited information. The amount of

time and money spent (and risk taken before any return on

investment is ever seen) during both preclinical drug discovery

and clinical drug development has increased in recent years.6

These decisions remain difficult and costs remain high because

there is often a fundamental lack of understanding of the hu-

man biology underpinning a disease process. This often results

in an inability to efficiently target pathways that will lead to

safe and effective therapies.

MATERIALS AND METHODS
Expanding the Therapeutic Armamentarium

The concept of leveraging human genetics to support target

validation in drug discovery and drug development has per-

meated the pharmaceutical industry.5 A recent review by

Nelson et al. suggests that pursuing targets that are supported

by human genetics could double the success rate in clinical

development.7 A number of pharmaceutical companies have

made substantial investments in human genetics as a way to

enhance their drug development efforts: Amgen acquired

DeCODE genetics for $415 million in 2012,8 and Regeneron’s

Genetics Center was announced in January 2014.9 One spe-

cific example of human genetics supporting target validation

that ultimately led to FDA approval of agents targeting the

gene of interest is the well-known story of PCSK9, in which it

was discovered that individuals with very low cholesterol

levels carried nonsense mutations in the PCSK9 gene.10,11

The use of de-identified human genetic data tied to robust,

de-identified electronic medical records, described later, has

powerful implications for predicting the potential effects of a

pharmacological intervention in humans, before any clinical

trial (or preclinical discovery program) is ever initiated. For a

thorough overview of this topic, the proceedings from a work-

shop held by the National Academies of Sciences, Engineering,

and Medicine in March 2016 are available online.12 The core

asset we are leveraging for hypothesis generation in our ap-

proach is BioVU, a large repository of de-identified DNA sam-

ples that Vanderbilt University Medical Center has assembled

over >10 years from (what otherwise would have been) excess,

discarded patient blood samples collected during routine clinical

testing. This biobank is a centralized resource for investigating

genotype-phenotype associations that has enabled large-scale,

innovative research. Biospecimens within BioVU are linked to

corresponding clinical and demographic data derived from the

Synthetic Derivative, our de-identified database of electronic

health records (EHRs) for research purposes.13–16

More recently, the phenome-wide association study (PheWAS)

has been introduced as a systematic and efficient approach to

elucidate novel disease-variant associations and pleiotropy by

using BioVU.17 In contrast to traditional methods that can be

used to identify genes that are associated with specific diseases,

PheWAS can be used to identify the diseases that are associated

with a specific gene product (protein, which is the potential drug

target).17–20 It is the comprehensive and diverse nature of the

diagnostic information within EHRs that enables PheWAS.

A New Approach That Is Simultaneously
In Vivo and In Silico

It is widely known that many, but not all, existing in vitro and

preclinical animal models of disease are extremely poor pre-

dictors of human biology.21 A better way to predict drug effects

in humans, in terms of both efficacy and potential adverse

effects, is clearly needed. In the method described here, we rely

on natural human genetic variation as a proxy for—and method

of more accurately predicting—the physiologic effects of ther-

apies in humans. Briefly, we identify variants in drug target

genes that recapitulate drug effects and then execute PheWAS

to find all phenotypes (diseases) across the human phenome

(based on PheWAS codes derived from ICD-9/10 codes and

manually grouped to define clinical phenotypes) that are as-

sociated with carrying at least one copy of a minor allele.17,22

When a single nucleotide polymorphism (SNP) associated

with a specific disease causes an amino acid change in an

expressed protein and the mutant protein has been charac-

terized either in vitro or in vivo, the interpretation of the data is

relatively straightforward; however, there are many cases in

which an SNP is either uncharacterized and/or synonymous,

meaning a base pair change results in the presence of a different
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codon that codes for the same amino acid. It would be altogether

incorrect to dismiss synonymous SNPs as ‘‘uninteresting,’’

as their effects on protein expression levels, structure, and,

ultimately, function can cause disease. Sauna and Kimchi-

Sarfaty have reviewed the molecular mechanisms by which

synonymous SNPs can cause disease and have provided a

number of excellent examples.23 Unlike computer modeling, our

work uses actual human diseases and markers of their patho-

physiology as diagnosed and recorded directly within the clinical

setting, and, in a sense, is a human library of drug targets. These

methods can be extended to predict phenotypic manifestations

of the pharmacological targeting of a given protein in humans.

In addition, results obtained from a PheWAS analysis may

also suggest deleterious effects, thus allowing for early insight

into potential (on-target) adverse events or patient populations

that should later be excluded from a clinical trial. Finally, this

approach can be leveraged to identify potential indications or

serious adverse events for yet-to-be discovered drug candidates

with defined ‘‘druggable’’ targets, or for new compounds with

opposite effects of known drugs. Establishing contributory

human biology with regard to a discrete molecular target is a

critical component of this work.24 We propose that these

methods will accelerate the pace of drug development through

more precise and rapid indication identification.

The Application of Biomedical Informatics
to Drug Repurposing

It has been postulated and stands to reason that drug re-

purposing can increase efficiency by offering time and cost

benefits in clinical development compared with traditional

methods, because repurposing/repositioning candidates have

often been through several stages of clinical development

and have established safety and pharmacokinetic profiles. In this

perspective, we define repurposing generally as any of the fol-

lowing:
. different indications for products (vs. those originally

selected) that have been shelved due to late-stage effi-

cacy failures, sometimes called rescuing
. secondary indications for generic products
. expanded indications for already marketed proprietary

products
. more precise and targeted indications than would otherwise

have been selected for therapies in clinical testing stages
. changing or adding indications to drugs already in pre-

clinical or clinical development; and
. use of naturally occurring substances which are safe for

human use

Drug repurposing is not a new activity25; however, the use

of modern bioinformatics coupled with human genetics to

systematically guide and inform decision making in drug re-

purposing is a relatively new approach. We propose that with

methods described here, there is an important place for

repurposing efforts within a company’s portfolio, and the risk-

mitigation afforded by repurposing could help address some

of the economic challenges facing big pharma.3 In addition,

we believe that a focus on repurposing efforts will lead to

more patients being treated with the drugs that they need

significantly faster than more traditional approaches.

The Role of the 505(b)(2) Regulatory Pathway
in Drug Repurposing for New Indications

There are several regulatory pathways of relevance to re-

purposing: new chemical entity (NCE) route to FDA approval,

the 505(b)(1) pathway, and the distinct 505(b)(2) route to FDA

approval. The latter pathway is particularly attractive to orga-

nizations that are engaged in drug repurposing efforts for many

reasons.26 In the 505(b)(1) regulatory approval pathway for an

NCE, the sponsor must conduct studies that allow for the prep-

aration of full reports on safety and efficacy of the investiga-

tional new drug; this process typically takes as long as 15 years

and can cost in excess of $1 billion. By contrast, the 505(b)(2)

regulatory approval pathway allows the sponsor to rely, in part,

on existing data from approved drugs. This can eliminate the

need for preclinical studies, shorten overall FDA approval time

to less than 3 years, and reduce costs from >$1 billion to tens of

millions. In addition, unlike generic drugs approved under the

505(j) pathway (which only have 180 days of market exclusiv-

ity), products approved under the 505(b)(2) pathway can obtain

a maximum of 7 years of market exclusivity.27,28 This seems to

be a healthy period of exclusivity relative to the substantially

lower investment required to repurpose an approved drug.

Moreover, since this approach can simultaneously identify pa-

tient subpopulations, perhaps those with rare genetic diseases

who are more likely to respond favorably to a given therapeutic

intervention, this approach can expedite targeted clinical trials

for Fast Track review of drugs for serious unmet medical needs.

A Start-Up Initiative to Accelerate Repurposing
A promising disease agnostic infrastructure: an engine for genera-

tion of new testable hypotheses. Drug repurposing and indica-

tion finding, based on human data, aims at better targeting or

expanding the use of drugs that are currently on the market or

that have been abandoned due to failed efficacy, by identifying

new therapeutic indications. Because repurposing builds on

previous research and development efforts, candidate therapies

can be quickly prepared for clinical trials, greatly accelerating

their development timeline and eventual integration into new

treatment paradigms. Furthermore, because new therapeutic
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indications are based on real human data, this approach should

improve the probability of success in late-stage clinical trials

(Fig. 1). However, even if successful, it is not known how much

more efficient the drug repurposing process is from start to finish.

Repurposing could still require substantive, time-consuming

safety testing if (e.g.); the new use of a drug necessitates that it be

given to patients far outside the existing/approved patient pop-

ulation. As part of our program, we will conduct an assessment of

the repurposing program’s effect on the pace of achieving

downstream regulatory and commercialization milestones

compared with traditional methods (which are well docu-

mented to require a 10- to 20-year time period).

Program Description
This program will extend our capacity to effectively direct a

diverse pipeline of repurposing candidates, ensure the scientific

validity and commercial viability of targets, and provide a

mechanism for efficiently applying intellectual and other in-

stitutional resources toward drug repurposing. Several ques-

tions guide the evaluation of potential projects: (1) Stage: How

advanced is the science (i.e., in vivo vs. in vitro, or concept

stage)?; (2) Scientific validity: Is the concept valid based on an

assessment by scientists/clinicians?; (3) Feasibility: Are there

suitable animal models, cell lines, or

computational models available that

can be used to assess efficacy?; (4)

Safety: Are all early signs of safety

clear? As previously alluded to, Phe-

WAS data provide signals for the po-

tentially deleterious consequences of

chronic targeting of a gene product,

which will be factored into our holistic

evaluation of potential products. An

important part of our new infrastructure

is the validation of candidate genotype-

phenotype associations that are identi-

fied based on known biology, literature

associations, and clinical attractiveness.

Staff with relevant qualifications and

content-specific knowledge perform

evidence reviews and curate the results

for key associations. We execute com-

prehensive searches of a wide range of

databases and other resources. Key fa-

cets of this targeted exploration include:
. identifying existing published re-

sults related to the gene, protein,

SNP, and phenotype, including

GWAS data and established re-

sources for gene/phenotype associations (e.g., OMIM,

ClinVar, MalaCards)
. analyzing data on the known and predicted functional

impact of prioritized SNPs by using SIFT, PolyPhen, and

Combined Annotation-Dependent Depletion
. evaluating the plausibility by analyzing the known and

predicted involvement of the SNP, gene, and protein in the

potential underlying biologic pathway of the phenotype
. assessing the peer-reviewed biomedical literature related

to the SNP, gene, protein, and effects of modulation of

the protein via genetic or pharmacologic methods to

gauge and summarize the volume, strength, and nature

of published evidence
. assessing the utility of known or predicted compounds

for modulating the protein of interest; and
. gauging the potential clinical impact and treatment ef-

ficacy for the condition.

Review Criteria
Additional considerations include other key characteristics

related to the attractiveness of each repurposing opportunity,

such as institutional bandwidth (e.g., resources and expertise)

and whether there is a local project champion. Specific questions

Fig. 1. Comparison of drug development approaches. Drug development is currently an
extraordinarily costly endeavor with a very low success rate, much of which can be attributed
to incorrect therapeutic hypotheses based on preclinical models that do not accurately
predict human biology.21 The ADDRI’s work fits within the new paradigm of drug develop-
ment, which holds the promise of improved time and cost efficiency compared with the
traditional approach. Human data drive the entire process in the new paradigm, and this
should lead to a higher likelihood of success. ADDRI, Accelerating Drug Development and
Repurposing Incubator.
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for evaluating the relative commercial viability of repurposing

concepts that we explore are as follows: (1) Patentability: Is the

compound patentable? If patented, is there sufficient patent life

left (e.g., 7–10 years) or potential for a ‘‘use’’ patent? (2) Unmet

medical need: Is there opportunity for a transformative impact

on health? That is, are there sizeable gaps in the current land-

scape of relevant therapeutic strategies for some patient popu-

lations (e.g., noticeable lack of efficacy or development of

resistance over time, adverse effects precluding ongoing use)?;

(3) Feasibility: How feasible are clinical trials (e.g., Can a suf-

ficient number of patients be recruited in a reasonable

timeframe with well-defined end points)?; and (4) Burden of

proof: Are there any approval challenges (e.g., no drug

previously approved for the specific condition/indication)?

A priori termination points are identified in advance for

situations when further pursuit of a repurposing candidate is

unlikely to result in reasonable scientific or commercial

gains. However, our process may also result in scientific

discoveries supporting off-label use with limited commercial

value, but with high potential patient impact.

Illumina Infinium Exomechip Cohort Data Available
Within BioVU

The Exomechip contains *250,000 variants, which are lar-

gely across the protein coding region of the genome. The vari-

ants were discovered through exome and whole-genome

sequencing in more than 12,000 individuals.29 It was designed

to serve as an intermediate step between current genotyping

arrays, which are designed to study common variants, and

exome sequencing, which can discover rare variants. Nearly all

non-synonymous, splice, and stop-altering variants detected in

an average genome through exome sequencing were included

on the Exomechip. The Exomechip also includes SNPs with

known disease associations as well as unpublished associations

from consortia working on diabetes, blood lipids, blood pres-

sure, lung function, myocardial infraction, anthropometric

traits, psychiatric traits, Crohn’s disease, and age-related mac-

ular degeneration. Approximately 35,000 BioVU subjects have

existent genotyping data on this platform. Now, queries can be

done expeditiously, improving the cost efficiency of obtaining

human information. In addition, genotyping efforts are cur-

rently underway to expand the number of genotyped individ-

uals to >100,000 BioVU subjects on a new platform with >2

million SNPs per sample.

RESULTS

Demonstration Projects Within a Balanced Portfolio
We hypothesize that the phenomic data—that is, diseases

that humans actually have (e.g., as a result of genetic inhibi-

tion or activation of important proteins or enzymes)—will

transform how drugs find the right indications, patient pop-

ulations, and endpoints. This is done efficiently, as cases and

controls for one disease are reused for a different unrelated

disease. This approach has been shown to improve time and

cost efficiency. Programs are launched in a matter of weeks

and not years. The timeline for completion of validation

studies is 6 months, and go/no-go decision making is applied.

Later, we show several of the current pipeline projects and the

relevant PheWAS summary data for illustrative purposes

(Table 1). Animal model validation studies are in progress for

many of these targets. Model system validation studies are

underway for ten more indication-drug pairs (not shown). A

proof-of-concept clinical trial is actively being planned for

one project, with others anticipated to begin in 2017.

DISCUSSION
The Data Can Suggest Vastly Different Indications
in Distinct Therapeutic Areas

As others have discussed, this type of data is not meant to

replace animal models of disease or, more specifically, utili-

zation of in vitro and in vivo systems to understand the bi-

ology of a given disease process, but rather, these data are

intended to simplify, focus, and accelerate the use of in vitro

and in vivo systems to understand the human biology of a

given disease process.30 To that end, the use of in vitro and

in vivo models of human diseases to validate PheWAS as-

sociations, which can include diseases in vastly different

therapeutic areas for a single gene/drug target, will remain

relevant going forward. In addition, methods for develop-

ment work are currently underway to apply PheWAS to

gene networks, which will be particularly relevant to under-

standing how to combat diseases that are driven by multiple

pathways; cancer is an obvious example.

A Genetic Mutation or Loss-of-Function
Mutation is not the Same as an ‘‘Acute’’ Exposure
to a Pharmacological Agent

An important, fundamental limitation to the use of ge-

netic data to support drug development is that a loss-of-

function mutation carried over a lifetime is not the same

physiological event as an acute (or even chronic) exposure

to a pharmacological intervention. In the case of a loss-of-

function mutation or even a drug exposure, other signaling

pathways can (and often do) compensate as a response. Si-

milarly, even if a drug exactly mimics the biochemistry of

a loss-of-function variant, the drug still may not produce a

clinical benefit in a trial, because the duration of use is in-

sufficient to observe an effect.

DRUG REPURPOSING SUPPORTED BY HUMAN GENETICS
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Despite Great Improvements in Efficiency in Preclinical
Discovery, Clinical Development (as Governed by FDA
Regulations), Timelines, and Costs Remain the Same
and Very Significant

The cost to obtain approval for an NCE is estimated to be in the

hundreds of millions to billions of dollars; even a 505(b)(2) ap-

plication can cost tens of millions of dollars, and with thousands

of diseases for which no effective drugs have been identified, this

is an untenable situation. It is not surprising that the economic

incentives, as they stand today, mean that many companies

simply cannot afford to pursue developing drugs (including

generics) which may be based on rigorous scientific evidence

and even show signs of efficacy in humans.

Although we are focused on utilizing these bioinformatics-

based methods to de-risk drug development and drug

repurposing by providing target validation in humans

before the first dose is ever given to a person, we cannot

ignore the practical policy constraints and barriers to

helping patients. The new drugs created by the pharma-

ceutical industry in a given year address only 10–30

diseases at most and at a staggering cost.31 Historically,

companies have not leveraged human genetic data early

in target validation efforts; however, this is currently

changing across the industry. If we can remove some of

these costs and time from the overall system, by utilizing

better information about predicted drug effects sooner,

Table 1. Selected Drug Repurposing Projects

Gene

SNP and Basic

SNP Effect Mutation

Example

Drug

Validates

Expected

Indication (P)

New Possible

Indication (P)

Total

Cases Controls

Cases with

Minor

Allele Comments

TNF rs3093662 (in vivo

validated function,

lowers TNF levels)

Intronic Adalimumab Rheumatoid

arthritis (8.9 · 10-5)

Cervical cancer (0.004) 156 12,061 10 Available for

study

PLA2G7 rs145315433 (in vivo

validated function,

increased enzyme

activity)

F51I Darapladib Diabetes type 2 with

peripheral circulatory

disorders (8.4 · 10-4)

Glomerulonephritis

(2.8 · 10-5)

277 21,929 6 Available for

study

CACNB2 rs149253719

(inferred from

data as activating)

S214T Verapamil Angina (0.001) Adrenal hypofunction

(8.4 · 10-5)

362 25,592 5 Animal testing

in planning

GLYT1 rs6429644

(inferred from

data as activating)

Intronic Bitopertin Schizophrenia and

other psychotic

disorders (0.005)

Cerebral degeneration

(0.002) Psychosis (0.025)

157 22,458 34 Available for

study

TBXA2R rs200445019

(in vitro validated

gain of function)

T399A Ifetroban Chronic venous

hypertension

(9.1 · 10-6)

Pulmonary heart

disease (0.003)

1,512 24,713 18 Commercial

partnership

PTGER2 rs139552094

(predicted loss

of function)

C83G Misoprostol Ulcer of esophagus

(0.01)

GI inflammatory diseases

(0.02 multiple related

phenotypes)

238 20,989 4 Animal validation

testing complete,

provisional

patent filed

PCSK9 rs11591147

(known loss

of function)

R46L Alirocumab Hypercholesterolemia

(0.004)

Data do not suggest

other viable indications

NA NA NA NA

We have genetic data for at least one SNP in each of the seven genes listed in column 1 that are associated with known phenotypes, which validates the association data at

the level of a given SNP. In addition, we have shown, in column 6, novel phenotypes that are associated with the gain- or loss-of-function variants in the relevant genes. The

column to the far right shows the current state of development for various drugs (if any exist) with respect to the relevant discrete molecular target. Notably, animal model

experiments performed by groups both not at our institution and totally independent of these analyses have corroborated some of the findings displayed earlier. We are

currently pursuing animal model validation experiments and small, human proof-of-concept studies for some of the targets listed earlier.

SNP, single-nucleotide polymorphism.
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then it is our hope that efficacious drugs will be available

to us as patients more efficiently.
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