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ADVANCES IN SEQUENCING ENABLE POPULATION-WIDE STUDIES
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INTER-INDIVIDUAL VARIABILITY AND “REAL-LIFE” TOXICOLOGY:
UNDERSTANDING DRUG-INDUCED ADVERSE HEALTH EFFECTS

Preclinical Testing Phase I Phase II Phase III
(Animal studies) (20-100 healthy volunteers) (100-300 patient volunteers) (1,000-3,000 patient volunteers)
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INTER-INDIVIDUAL VARIABILITY AND “REAL-LIFE” TOXICOLOGY:
UNDERSTANDING DRUG-INDUCED ADVERSE HEALTH EFFECTS

Preclinical Testing Phase I Phase II Phase III
(Animal studies) (20-100 healthy volunteers) (100-300 patient volunteers) (1,000-3,000 patient volunteers)
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liver injury due to flucloxacillin (Nat Genet. 2009 41:816-9)
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INTER-INDIVIDUAL VARIABILITY AND “REAL-LIFE” TOXICOLOGY:
UNDERSTANDING DRUG-INDUCED ADVERSE HEALTH EFFECTS

Preclinical Testing Phase I Phase II Phase III
(Animal studies) (20-100 healthy volunteers) (100-300 patient volunteers) (1,000-3,000 patient volunteers)
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* How do we use this
information beyond a
“screening test”?

* Why did we miss this
in pre-clinical safety
testing?
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How can we increase the odds of finding a “successful”
animal model for human health assessment?

* Single genetic variant = risk of picking one that happens to
be a poor model for the human population

e With a genetically diverse test population, one is more likely
to “hit the target”

Human

Mouse

Extrapolation

@ “Poor’ models of humans
@ “Good” models of humans

Slide courtesy of Dr. Weihsueh Chiu (TAMU)



“Human Health Assessment of Chemicals” is...

The evaluation of scientific information on:

e the hazardous properties of chemicals —y Hazard assessment

Dose-response
assessment

$

» the dose-response relationship

e the extent of human exposure to those
agents

4

Exposure assessment

+mode of action

“The product of the risk assessment is a
statement regarding the probability that »
populations or individuals so exposed will

be harmed and to what degree”

Risk characterization
(uncertainty factors and
the “margin of safety”)

Modified from National Research Council, 1983



Observational
Data

Experimental
Data

A

Evaluation, Analysis,
Extrapolation, Synthesis

Human
Health Risk
Assessment

e Hazard ID

Toxicity has usually been [and still is] evaluated in
test systems (experimental animals or in vitro) that
are homogeneous in all aspects, including genetics

* Dose-Response
 MOA analysis

“New directions in toxicity testing”

Population-based Studies

7 Chemical
Characterization

Mode of Action

*

Dose-response Assessment

Chemical
Selection

e

Evaluate Affected
Pathway(s)

Measures of
Dose in vifro

Hazard |dentification

Animal to Human

37 \

New experimental systems can
incorporate genetic diversity:

while still controlling most variables
in terms of age, treatment, etc., one
can be using populations with

defined genetic heterogeneity

Exposure Assessment

Risk Characterization Modified from Krewski et al. (2011)



POPULATION-BASED STUDIES: A MOUSE MODEL FILLS CRITICAL GAPS

Single Strain: Constant Genotype

Control 10 mg 25 mg 50 mg 100 mg

Vary the environment (e.g., treatment)

Many Strains: Varied Genotype
A

o : i s v > \
2 2 2 2 2 22
Strain 1 Strain 2 Strain 3 Strain4 Strain 5 Strain 6 Strain 7

Fix the environment (same treatment), vary the genotype




POPULATION-BASED STUDIES: WHAT IS POSSIBLE ON A reasonable BUDGET?

Inbred Mouse Strain Studies

Acetaminophen (oral) One dose/1 time point Liver, Serum 36 inbred, 1 hybrid
Ethanol (intragastric) One dose/1 time point Liver, Serum 15 inbred

TCE (oral) One dose/3 time points (acute) Liver, Kidney, Serum 15 inbred, 1 hybrid
TCE (oral) One dose/1 time point (sub-acute) Liver, Kidney, Serum 7 inbred

TCE (oral) Two doses/3 time points (subchronic) Liver, Kidney, Serum 2 inbred

Choline- and folate-

deficiency (diet) One protocol/time point Liver, Serum, Plasma 7 strains

Butadiene (inhalation)  Two concentrations/1 time point Liver, Kidney, Lung, BM 7 strains

Collaborative Cross Mouse Strain Studies

TCE (oral) Dose-response/1 time point  Liver, Kidney, Serum 50 strains, Males (1 mouse/group)
TCE (oral) One dose/ 1 time point Liver, Kidney, Serum 20 strains, M (1 mouse/group)
TCE (oral) One dose/time-course Liver, Kidney, Serum 6 strains, M/F (1 mouse/group)
PERC (oral) One dose/time-course Liver, Kidney, Serum 45 strains, M (1 mouse/group)

Butadiene (inhal.) Two concentrations/1 time  Liver, Kidney, Lung, BM 50 strains, M (1 moue/group)

In Vitro Human Lymphoblast Studies
14 chemicals Concentr.-response/1 time point  Cytotoxicity, Apoptosis 87 cell lines (one population)
240 chemicals Concentr.-response/1 time point  Cytotoxicity 87 cell lines (one population)

179 chemicals Concentr.-response/1 time point  Cytotoxicity 1086 cell lines (9 populations)



POPULATION-BASED STUDIES: WHO NEEDS THEM? REALLY...

Frustrated human health assessor (a.k.a. regulator):
“Wait, isn’t what you are proposing going to create
another mountain of data? | already have enough to
think about when | have the data on one mouse
strain... Now | will have to interpret the data from
many strains???”

Equally frustrated chemical industry toxicologist:

“I'm not sure how the population variability has ended up in the
proposal after so much discussion [...]. Talking about “various
tissues and disease states to emulate the anatomical and
pathophysiological diversity of human organisms” and “...[cells]
from [many] individuals to enable population based assessment
of toxicity phenotypes” makes me really wonder “why??” —i.e., is
this really needed to meet our objectives, is there really a need to
build population variability into [human health decisions]?”

How a population-based study design can help, not hurt?



REPLACING DEFAULTS IN THE MODE OF ACTION ASSUMPTIONS THROUGH POPULATION-

BASED MODEL STUDIES: IDENTIFYING “SUSCEPTIBILITY” GENES AND PATHWAYS

Acetaminophen-induced liver injury

24 hr Liver
Necrosis Score

Peak serum ALT fold change\
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Liver toxicity: Humans
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Harrill et al. (Genome Research, 2009)

Treatment Day

Population-based toxicogenomics

/ vehicle Necrosis\

Treatment

acetamlnophen

Genetic Background-Independent Pathway:
Cell Death and Proliferation

Harrill et al. (Toxicological Sciences, 2009)




REPLACING DEFAULTS IN THE MODE OF ACTION ASSUMPTIONS THROUGH POPULATION-
BASED MODEL STUDIES: IDENTIFYING “SUSCEPTIBILITY” GENES AND PATHWAYS

///f APAP

Upstream Downstream

Innate immune response

l .@ (NK/NK'T cells, Kupffer cells)

0E©

GSH : < > @_%T_Q'_ \ .

I Injurious u Protective
Covalent GSH IFNy IL-10
binding depletion Fasl IL-6
TNF MCP1
¢ ) IP-10 )
Mildl injury T
Intracellular stress I 1
(susceptible hepatocytes) <i>
<+« |nflammation
Individual l Individual
genotype- Severe genotype- No or
independent injury dependent mild injury

Kaplowitz. Nat Rev Drug Discov. (2005)



World Health Organization
Geneva, 2003

100-fold
“adjustment” factor

Inter-species veriability Intra-species variability
(10-fold) (10-fold)

Toxicokinetics Toxicodynamics Toxicokinetics
1006 (4-fold) 1094 (2.5-fold) 1095 (3.2-fold)

Toxicodynamics

1005 (3.2-fold)

Uncertainty in extrapolating from animals to humans:
Dichloromethane IRIS: “The use of PBPK models to extrapolate
internal doses from rats to humans reduces toxicokinetic uncertainty
in extrapolating from the rat liver lesion data but does not account for
the possibility that humans may be more sensitive than rats to
dichloromethane due to toxicodynamic differences.”

as of June 01, 2013
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Uncertainty in human variation (from average to sensitive):
Dichloromethane IRIS: “The probabilistic human PBPK model used in
this assessment incorporates the best available information about
variability in toxicokinetic disposition of dichloromethane in humans
but does not account for humans who may be sensitive due to 1 10 100 1000 10000
toxicodynamic factors.” Total Uncertanty Factor
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o
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Number of IRIS-evaluated compounds
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System specific factors Drug specific factors

Demographic and Anatomical and

Inter-individual Variability
in Toxicokinetics genetic facors ph?fasc?ofsical

+
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Simulation of Human Variability: Simcyp MW
PK,
+  Developed at U. Sheffield -
— Geoff Tucker, Amin Rostami-Hodjegan : s
Organ size Solubility -
« Drug industry funded Blood flow b
— Pfizer, Roche, others Enzymes Ko V.
. Transporters. fu, B:P, fu
« Supports in vitro to in vivo extrapolation (IVIVE) Genetics Plasma protein e
— Prediction of in vivo absorption and clearance Race Haematocrit
Disease Transit time
+ Incorporates data on population variability / pediatrics pH

ns  Simulation  View Help

- Designed to predict metabolic drug-drug interactions (DDI) i :
= SN [ ] Q
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variability/ Expert Opin Drug Metab Toxicol 2009 5:211-23


http://nas-sites.org/emergingscience/meetings/individual-variability/
http://nas-sites.org/emergingscience/meetings/individual-variability/

Inter-individual Variability in
Toxicodynamics: A Persistent Challenge

 Rarely sufficient data to replace this
component; more likely to be human data that
addresses both kinetics and dynamics

— cannot distinguish between them

« Data could be obtained from in vitro studies in
tissue of critical effect from average versus
sensitive humans

Slide from Harvey Clewell (presented at NRC workshop on Individual Variability: Biological Factors that Underlie
Individual Susceptibility to Environmental Stressors and Their Implications for Decision-Making, April 18-19, 2012)
http://nas-sites.org/emergingscience/meetings/individual-variability/
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A MOUSE MODEL FILLS CRITICAL GAPS:
USING ACTUAL DATA FOR DOSE-RESPONSE IN INDIVIDUALS AND POPULATIONS

Acetaminophen-induced liver injury
(mouse population, 24 hr time-point)

A C "‘B\ 1| —e— CAST/BJ »
Individual dose-response E é o Bl M
relationships L | om0 y 5
® 87| -m- cmaw ¥
el % o DBAZI ! a
3 1| —eo— P 1," <)
= —A— NOD/LL sl ™ _.f-"'. /
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Vd /7 > /
Background L i ol /:\/
dose 30 100 300 1000
Fraction of D % ]
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Affected < B |3 oorw
o v C3HHaJ
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B m % = ceal
. — 71 |+ DBA2)
Population dose-response S5 7| |e wu o
relationshi e & pea
P = g_
< 2
g A
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% g I 8 L]
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50 100 200 500 1000
Dose [Acetaminophen], mg/kg
National Research Council (2009) Harrill et al. (Genome Res., 2009)

Science and Decisions: Advancing Risk Assessment



TCA in blood (mmoln)

DCA in blood (mmal/)

9

DGVG in blood (mmali)

DCVC in blood (mmolf)

2

REPLACING DEFAULTS IN THE DOSE-RESPONSE ANALYSIS THROUGH POPULATION-
BASED MODEL STUDIES: “SIMULATED” VARIABILITY OR REAL DATA?

B6C3F1 strain

02 04 06 08 10 12

9

_ 2604 ded

DBA/2J KK/HIJ
TCA } | Ratio of 95th

y - percentile/50th percentile

individual or strain*
Human Mouse
inter-individual inter-strain
DCA variability variability
oxidized " gy 015'111 22) (1 011'015 27
s || e | [ PR 012 10L127)

% w o e | feE——— 500 177
| DCVG ] elERE (1.81, 2.51) (1.36, 2.99)

TCE conj. 6.61 7.12
UL ReR N (3.95, 11.17) (3.43, 20.7)

_2e-05  4e-05  6e.05

2

Mouse population
variability in toxicokinetics
. SN —— is nearly identical to that
6 £ 1 1 2 = 0 5 10 15 20 250 5 10 15 20 25
Time (hrs) Time (hrs) Time (hrs) in humans

106 2005 , 306

Chiu et al. (Environmental Health Perspectives, 2014)



REPLACING DEFAULTS IN THE EXTRAPOLATION THROUGH POPULATION-BASED MODEL STUDIES:
?7?

Individual variability in metabolism H individual variability in liver toxicity
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Yoo et al. (JTEHA, 2015)




IMPROVED HAZARD IDENTIFICATION THROUGH POPULATION-BASED MODEL STUDIES:
CREATING “GOOD” MODELS FOR HUMANS

Association between exposure to trichloroethylene (TCE) and
tumor incidence in chronic animal and epidemiology studies

Mouse
] M F
Extrapolation
Liver | Strong’? Strongl? - - | Inconclusive?
@ “Poor” models of humans Kldney - = Strong2 - | StrOI’lg3
@ “Good” models of humans
~ Vehicle TCE (600 mg/kg/d, 5 d) f| Liver
A BRI RS R h
!\:.:)::?-.ﬁ" ,-‘:::; ;.-- . N qh' V‘u .;,'-.4,: ‘u._ -‘ ._ d-‘“ -
i N et Ny RIRi e s * Liver cancer in mice (M, F)
|_‘p’:. by 4 »:-é o St B % o by "
w;‘, ‘:‘gﬁ. X .‘.f'a.‘-\:‘| \-,htl_;-; i ':. s ¥ 'S :. ; . . .
SEREY LS v e =T N AR = Weak association in
FEP SR U et RN < TY . . . .
Sl F4F < ) A S PR e epidemiological studies
607 =3 wehicle e T
~ = TCE * %1%, hOSERI G AT Vag -7/
= DR By P, OL0 A
g % T iy .;‘ i N /
23 P Of B SO gl .
8_:5 BT 2 Ky /—l Kidney I ~
i lade LIET gt MOt Ly = Renal cancer in male rats
= g $ ¥ (ora ) IR TN . . .
= g —— . = Toxic nephropathy including cytomegaly or
=~ hyperplasia was observed in both rats and
mice
= TCE is one of the few environmental
chemicals for which causal association was
observed for kidney cancer in human
epidemiological studies
Yoo et al. (JTEHA, 2015) \_ J




IN VITRO POPULATION-BASED MODEL FILLS CRITICAL GAPS:
PROBING RESPONSES USING WELL-POWERED POPULATION-WIDE STUDY DESIGN

NCGC-NTP-UNC Screening

EEREOEOON

CHB: Han Chinese in Beijing, China

JPT: Japanese in Tokyo, Japan

LWK: Luhya in Webuye, Kenya

YRI: Yoruban in Ibadan, Nigeria

CEU: Utah residents with European ancestry
GBR: British From England and Scotland

TSI Tuscan in Italy

MXL: Mexican ancestry in Los Angeles, California
CLM: Colombian in Medellin, Colombia

Largest in vitro pharmaco-
genomics studies
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Why do toxicity testing in in vitro population-based models?

Because “Yes, we can!” Because it generates more informative data!

Inter-individual range in ECg (5%-95%): ~3-fold Inter-individual range in ECyg (5%-95%): ~100-fold
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Population-based resources for toxicology:
If you build it, will they come?

Pharmaceuticals Environmental chemicals t 11 ]|

!

How many? One or several Hundreds to thousands
Who pays? SSSSSs already spent “The government”?
What is the “?” What is the SNP/gene/locus? Extent of variability
. . . Large mouse Smaller mouse In vitro
Epidemiology studies . . . . : .
population studies population studies  population studies

o
il !

Throughput
Human relevance
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