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* The Office of Research and Development (ORD) is the scientific research arm of EPA
* 543 peer-reviewed journal articles in 2019

* Research is conducted by ORD’s four national centers, and three
offices organized to address:
* Public health and env. assessment; comp. tox. and exposure;
env. measurement and modeling; and env. solutions and
emergency response.

* 13 facilities across the United States

* Research conducted by a combination of Federal
scientists (including uniformed members of the
Public Health Service); contract researchers; and
postdoctoral, graduate student, and post-
baccalaureate trainees

Credit: the Research Triangle Foundaig

ORD Facility in

Research Triangle Park, NC
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EPA Calculating Chemical Risk

Environmental Protection
Agency

" High throughput risk prioritization based upon in vitro screening
requires comparison to exposure (for example, NRC, 1983)

" Data obtained in vitro must be placed in an in vivo context:
in vitro-in vivo extrapolation (IVIVE)

" Information must be relevant to the scenario, for example,
consumer, ambient, or occupational exposure.
Hazard

High-Throughput
Risk
Prioritization

Toxicokinetics Exposure

JEXIEZN Office of Research and Development
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\"IUEESA Toxicokinetics

Environmental Protection

A
e " Toxicokinetics describes the absorption, distribution, metabolism, and
excretion of a chemical by the body: = Chemical "
emical-specific
" Links exposure with internal concentrations
Internal
concentration
Hazard
Exposure
High-Throughput
Risk
PPN T ) Prioritization
Toxicokinetic model:
o Absorption
'II'E ‘(/jla‘\/’; ﬁ Distribution Toxicokinetics Exposure
Metabolism
\_ Excretion )

IEXZEZM Office of Research and Development Breen et al. (2021)



EPA In Vitro-In Vivo Extrapolation (IVIVE)

Environmental Protection
Agency

" Translation of in vitro high throughput screening requires chemical-specific toxicokinetic models
" Needed for anywhere from dozens to thousands of chemicals

Exposure

in vivo ’
TK data

\

Internal
concentration

Toxicokinetic model:
Absorption
Distribution
Metabolism

Excretion )

JEXIEZ Office of Research and Development

Breen et al. (2021)
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wEPA Most Chemicals lack Toxicokinetic Data

United States
Environmental Protection

Agancy " Most hon-pharmaceutical chemicals — for example, flame retardants, plasticizers,
pesticides, solvents — do not have human in vivo TK data.

300 - " Non-pesticidal chemicals are unlikely to have any in vivo TK data, even from animals

250 -

200 - ToxCast Chemicals
Examined

150 - Chemicals with Traditional
in vivo TK

100 - B Chemicals with High
Throughput TK

50 -
0 !

ToxCast Phase | (Wetmore et al. 2012) ToxCast Phase Il (Wetmore et al. 2015)
IEZEZM Office of Research and Development Figure from Bell et al. (2018)



“EPA High Throughput Toxicokinetics (HTTK)

Environmental Protection
Agency

= To provide toxicokinetic data for larger numbers of chemicals collect in vitro, high
throughput toxicokinetic (HTTK) data
(for example, Rotroff et al., 2010, Wetmore et al., 2012, 2015)

= HTTK methods have been used by the pharmaceutical industry to determine range of

efficacious doses and to prospectively evaluate success of planned clinical trials
(Jamei, et al., 2009; Wang, 2010)

= The primary goal of HTTK is to provide a human dose context for bioactive in vitro
concentrations from HTS (that is, in vitro-in vivo extrapolation, or IVIVE)
(for example, Wetmore et al., 2015)

= A secondary goal is to provide open-source data and models for evaluation and use by
the broader scientific community (Pearce et al., 2017a)

Office of Research and Development



EPA In Vitro-In Vivo Extrapolation (IVIVE)

Environmental Protection
Agency

" Translation of in vitro high throughput screening requires chemical-specific toxicokinetic models
" Needed for anywhere from dozens to thousands of chemicals

Internal Toxicodynamic
IVIVE A Invitro Bioactivity

Assay

concentration

Q
c
S.
Q
in vitro bioactive e
Exposure . .
concentration ) >
Concentration
Toxicokinetic
Toxicokinetic model: IVIVE
o Absorption o Chemical-specific data are
Invivo é Distribution In vitro steadily being generated
TK data Metabolism TK data by ORD laboratories
(Barbara Wetmore),

Excretion
- ) EPA contractors and
Office of Research and Development Breen et al. (2021) collaborators



EPA High Throughput Toxicokinetics (HTTK)
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In vitro toxicokinetic data

JEEEZ Office of Research and Development



EPA High Throughput Toxicokinetics (HTTK)
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Agency

In vitro toxicokinetic data

Rotroff et al. (2010)
Wetmore et al. (2012)
Wetmore et al. (2015)
Wambaugh et al. (2019)

Office of Research and Development
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In vitro toxicokinetic data + generic toxicokinetic model

High Throughput Toxicokinetics (HT TK)

Rotroff et al. (2010)
Wetmore et al. (2012)
Wetmore et al. (2015)
Wambaugh et al. (2019)

Office of Research and Development

Inhaled Gas

Lung Tissue

»{ Lung Blood

Venous Blood

Kidney Tissue|

s Kidney Bloodi«

Gut Lumen

Gut Blood [«=s+

Liver Tissue

*Tiver Blood g

Rest of Body

Body Blood |¢

poojg [enauy




EPA High Throughput Toxicokinetics (HTTK)

United States
Environmental Protection
Agency

In vitro toxicokinetic data + generic toxicokinetic model

\\ Inhaled Gas
Lung Tissue
. . ) ,\ » [Lung Blood | L
?‘ e # s # e - -l
- Kidney Tissue
< oﬁiKidnev Bloodi« Qi
>
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= 2
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3 3 g 2
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33 ' om | S = ~ b Blood ut
1 2 # N # .k # \%# ;;:.:‘L_x < iver Blood |g "
Rest of Body
«—|Body Blood leQeuel | Wambaugh et al. (2015)

Rotroff et al. (2010)
Wetmore et al. (2012)
Wetmore et al. (2015)
Wambaugh et al. (2019)

Pearce et al. (2017a)
Ring et al. (2017)
Linakis et al. (2020)
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High Throughput Toxicokinetics (HT TK)

In vitro toxicokinetic data + generic toxicokinetic model

Rotroff et al. (2010)
Wetmore et al. (2012)
Wetmore et al. (2015)

Wambaugh et al. (2019)

Office of Research and Development

= high(er) throughput toxicokinetics
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Ring et al. (2017)

Linakis et al. (2020)



""’UEESA Open Source Tools and Data for HTTK

Ageney https://CRAN.R-project.org/package=httk

R CRAN - Package httk b g + N —

& C & cran.r-project.org/web/packages/httk/index.html 2 % ® 0O &

httk: High-Throughput Toxicokinetics

Generic models and chemical-specific data for simulation and statistical analysis of chemical toxicokinetics ("TK") as described by Pearce et al. (2017) <doi:10.18637/55.v079.104>. Chemical-
specific in vitro data have been obtained from relatively high-throughput experiments. Both physiologically-based ("PBTK") and empirical (for example, one compartment) "TK" models can be
parameterized with the data provided for thousands of chemicals, multiple exposure routes, and various species. The models consist of systems of ordinary ditferential equations which are solved
using compiled (C-based) code for speed. A Monte Carlo sampler is included, which allows for simulating human biplaaicalszariahilite (Rina at ol 9017 <dai- 10 101AL anyriat 2017 06 OOA=)

and propagating parameter uncertainty. Calibrated methods are included for predicting tissue:plasma partition coeftid

017-9548-7>). These functions and data provide a set of tools for in vitro-in vivo extrapolation ("IVIVE") of high-th| l 144
exposures via reverse dosimetry (also known as "RTK") (Wetmore et al., 2015 <doi:10.1093/toxsci/kfv171>). p a c a ge

Version: 2.1.0

Depends: R (>2.10) Open source, transparent, and peer-

Imports: deSolve, msm, data.table, survey, mvtnorm, truncnorm, stats, graphics, utils, magrittr, purrr, mef

Suggests: ggplot2, knitr, rmarkdown, R.rsp. GGally. gplots, scales, EnvStats, MASS. RColorBrewer, Teac revi ewed tOO|S an d data fo r hlgh
gmodels, co . H .

_— o onas throughput toxicokinetics (httk)

Author: g downloads 1071/m0nth e Available publicly for free statistical

Dustin Kapr:

[ctb], Nisha Sipes [ctb], Barbara Wetmore [ctb], Woodrow Setzer [cth] SOftW are R
Maintainer: John Wambaugh <wambaugh.john at epa.gov> . . . . .
BugReports: https://github.com/USEPA/CompTox-ExpoCast-httk ¢ Al | OWS In vi tr O-1n VIVO eXt ra p (0] | at| on
License: GPL-3 . .
Copyright: This package is primarily developed by employees of the U.S. Federal government as part of thq ( |V|VE) an d p hyS 10 I Og ICa | |Y'ba Sed
E?ii:scompﬂatmn: :Zt;)s:.:"/www.e% gov/chemical-research/rapid-chemical-exposure-and-dose-research t OXl co k| n et | cS ( P BT K)
Citation: hutk citation info *  Human-specific data for 987 chemicals
Materials: NEWS . .
CRAN checks: Ltk results Described in Pearce et al. (2017a)

Office of Research and Development
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VUEI?SA Modules within R Package ‘“‘httk”
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Agenc
Feature Description Reference

Wetmore et al. (2012,

Chemical Specific In Vitro Metapollsrp and protein bmdlr?g for ~1000 2013, 2015), plus
Measurements chemicals in human and ~200 in rat

others
CherT]ic.aI-Specific In Silico I\/Ietabolism.and protein binding for ~8000 Sipes et al. (2017)
Predictions Tox21 chemicals

One compartment, three compartment,
Generic toxicokinetic models physiologically-based oral, intravenous, and
inhalation (PBTK)

Pearce et al. (2017a),
Linakis et al. (2020)

Tissue partition coefficient

. Modified Schmitt (2008) method Pearce et al. (2017b)
predictors
Variability Simulator Based on NHANES biometrics Ring et al. (2017)
In Vitro Disposition Armitage et al. (2014) model Honda et al. (2019)
Uncertainty Propagation Model parameters can be described by Wambaugh et al.
y Fropag distributions reflecting uncertainty (2019)

Office of Research and Development



wEPA In Vitro - In Vivo Extrapolation (IVIVE)
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= HTTK allows in vitro-in vivo extrapolation (IVIVE)

— the use of in vitro experimental data to predict B Normalization of dose NRC (1998)
phenomena in vivo. .| PBPK models '
Rodents: in vivo » (Humans: in vivo

o Extrapolation

Testable predictions using PD and
PBPK models

Comparative testing
Rodents: in viiro = | Humans: in vitro

“The Parallelogram Approach” (Sobels, 1982)

Office of Research and Development slide modified from one by Barbara Wetmore



wEPA In Vitro - In Vivo Extrapolation (IVIVE)
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= HTTK allows in vitro-in vivo extrapolation (IVIVE)

— the use of in vitro experimental data to predict B Normalization of dose NRC (1998)
phenomena in vivo. Rodents: in vivo PBPK models -
. . - “ I ]
= |VIVE can be broken down into two components: Humans: in vive
= |VIVE-PK/TK
ineti icokinetics): Extrapolation
(Pharmacokinetics/Toxicokinetics): Testable predictions : pPD .
= Fate of molecules/chemicals in USIE an
PBPK models
body

, _ S Comparative testing
= Considers absorption, distribution, Rodents: in vitro » | Humans: in vitro
metabolism, excretion (ADME)

= Can use empirical PK or “The Parallelogram Approach” (Sobels, 1982)
physiologically-based (PBPK)

[EXEZET Office of Research and Development slide modified from one by Barbara Wetmore



wEPA In Vitro - In Vivo Extrapolation (IVIVE)
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= HTTK allows in vitro-in vivo extrapolation (IVIVE)
— the use of in vitro experimental data to predict
phenomena in vivo.

= |VIVE can be broken down into two components:

= |VIVE-PK/TK
(Pharmacokinetics/Toxicokinetics):

= Fate of molecules/chemicals in

Normalization of dose NRC (1998)

) PBPK models
Rodents: in vivo

Testable predictions

bod
y_ _ S Comparative testing
= Considers absorption, distribution, Rodents: in vitro -
metabolism, excretion (ADME)

= Can use empirical PK or
physiologically-based (PBPK)

= |Humans: in vivo

Extrapolation
using PD and
PBPK models

Humans: in vitro

“The Parallelogram Approach” (Sobels, 1982)

= |VIVE-PD/TD (Pharmacodynamics/Toxicodynamics):
= Effect of molecules/chemicals at biological target in vivo

= Perturbation as adverse/therapeutic effect, reversible/ irreversible effects
slide modified from one by Barbara Wetmore

Office of Research and Development



wEPA In Vitro - In Vivo Extrapolation (IVIVE)

United States
Environmental Protection
Agency

= HTTK allows in vitro-in vivo extrapolation (IVIVE)

— the use of in vitro experimental data to predict B Normalization of dose NRC (1998)
phenomena in vivo. Rodents: in vivo PBPK models
, : - i vi
= |VIVE can be broken down into two components: Humans: in vive
= |VIVE-PK/TK
ineti icokinetics): Extrapolation
(Pharmacokinetics/Toxicokinetics): Testable predictions : pPD .
= Fate of molecules/chemicals in USIE an
PBPK models
body

, _ S Comparative testing
= Considers absorption, distribution, Rodents: in vitro » | Humans: in vitro
metabolism, excretion (ADME)

= Can use empirical PK or “The Parallelogram Approach” (Sobels, 1982)
physiologically-based (PBPK)

. HTTK only covers toxicokinetic extrapolation

EEEEIN Office of Research and Development slide modified from one by Barbara Wetmore



“EPA IVIVE by Scaling Factor

Environmental Protection
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* There are many approaches to IVIVE, but we choose a relatively simple one:

= We make various assumptions that allow conversion of an in vitro concentration [X] (LM)
into an administered equivalent dose (AED) with units of mg/kg body weight/day:

AED = Fy g X [X]

= AED is the external dose rate that would be needed to cause a given steady-state
plasma concentration

= Fye is ascaling factor that varies by chemical

Office of Research and Development



“EPA IVIVE by Scaling Factor

Environmental Protection
Agency

For a given chemical, F,\ =1/ Cys,05

C,s o5 is the steady-state plasma concentration as the result of a 1 mg/kg/day exposure
[X]

Css,95

AED95 —

The “95” refers to the upper 95" percentile — due to human variability and
measurement uncertainty there are a range of possible C_, values

All of this assumes that the individuals have enough time to come to “steady-state”
with respect to their daily exposures

Don’t forget: 1 mg
uM = 1000

Office of Research and Development L



<EPA Population simulator for HTTK

United States
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Environmental Protection
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National Health and Nutrition Examination Survey

Correlated Monte Carlo
sampling of physiological
model parameters built into
R “httk” package (Pearce et
al., 2017):

Sample CDC National Health
and Nutrition Examination
Survey (NHANES) biometrics
for actual individuals:

Sex
Race/ethnicity
Age

Height

Weight

Serum creatinine

Office of Research and Development Slide from Caroline Ring Ring et al. (2017)



\"UEtEb . Population simulator for HTTK
’

Environmental Protection
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Agency
National Health and Nutrition Examination Survey

Correlated Monte Carlo
sampling of physiological
model parameters built into
R “httk” package (Pearce et
al., 2017):

Sample CDC National Health
and Nutrition Examination
Survey (NHANES) biometrics

for actual individuals: '

Sex

Race/ethnicity Regression equations from literature
Age (McNally et al., 2014)

Height (+ residual marginal variability)
Weight

Serum creatinine

(Similar approach used in SImCYP [Jamei et al. 2009], GastroPlus,
PopGen [McNally et al. 2014], P3M [Price et al. 2003], physB [Bosgra et al. 2012], etc.)

Office of Research and Development Slide from Caroline Ring Ring et al. (2017)



\"UEEA . Population simulator for HTTK
’

Environmental Protection
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Agency
National Health and Nutrition Examination Survey

Correlated Monte Carlo
sampling of physiological
model parameters built into
R “httk” package (Pearce et
al., 2017):

Predict physiological
guantities

Tissue masses

Sample CDC National Health Tissue blood flows
and Nutrition Examination

Survey (NHANES) biometrics GFR (kidney fu.nCtlon)
for actual individuals: Hepatocellularity

—

Sex

Race/ethnicity Regression equations from literature
Age (McNally et al., 2014)

Height (+ residual marginal variability)
Weight

.. (Similar approach used in SImCYP [Jamei et al. 2009], GastroPlus,
Serum creatinine PopGen [McNally et al. 2014], P3M [Price et al. 2003], physB [Bosgra et al. 2012], etc.)

Office of Research and Development Slide from Caroline Ring Ring et al. (2017)



EPA Monte Carlo Sampling

United States
Environmental Protection

Agency
= Can be used for variability and uncertainty

® 2 <
Ko 0 Ko
o o o
a a a
log Liver Flow (QI) log Glomerular Filtration Rate... |Og Liver Volume
c - oral dose rate .,?
SS .5
(GFR*F,, )+ (Ql *F ok Cl,,, j ©
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Iog CIintin vitro Iog fub
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<EPA Variability

Environmental Protection
Agency

Differeny
Brilliant
Colors

Different crayons
have different
colors...




EPA Variab

United States
Environmental Protection
Agency

lity

Differeny
Briiarny

Different crayons
have different
colors, and none
of them are the
“average” color

Office of Research and Development



wEPA Uncertainty
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Cailferant
Brilliart
Until | open the
box, | don’t know
what colors |

have...

...especially if my
nine-year-old has
been around.

CRAYONS

BUILT-IM SH.HE.HFH'-IEE

P

4 CRAYONS
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United States IVIVE Allows Chemical Prioritization
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CDC NHANES:
U.S. Centers for
Disease Control

and Prevention
National Health
and Nutrition = é L 'i

N L Y
B O

In Vitro Screening + IVIVE can estimate doses needed to cause bioactivity (Wetmore et al., 2015)

I

103 | Q ] é T : Ring et al. (2017)

| -
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T

10”7

Administered Equivalent Dose or
Predicted Exposure (mg/kg BW/day)



EPA

United States IVIVE Allows Chemical Prioritization

Environmental Protection
Agency
CDC NHANES:

g,feff:gj{r‘;’, In Vitro Screening + IVIVE can estimate doses needed to cause bioactivity (Wetmore et al., 2015)

and Prevention
National Health
and Nutrition

Examination
Survey

[k

© i G _' é $¢g$&$;ééﬁ
1 £ fﬁﬂ%ﬁ%ﬁ ik L

103 | Q ] é T : Ring et al. (2017)

EE

I Exposure
07 , intake rates

. can be
inferred from
biomarkers
(Wambaugh
et al., 2014)

Administered Equivalent Dose or
Predicted Exposure (mg/kg BW/day)
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Uniied States IVIVE Allows Chemical Prioritization
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Agency
CDC NHANES:

g,feff:gj{r‘;’, In Vitro Screening + IVIVE can estimate doses needed to cause bioactivity (Wetmore et al., 2015)

and Prevention
National Health
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* We use HTTK to
calculate margin
between bioactivity and
exposure for specific
populations -

Court
60 g0

40

20

—0.5
Alog{~2ER), Group — Total

mg/kg BW/day

Potential hazard from in
vitro

converted to dose by
HTTK

Potential Exposure
Rate

Lower Medium Risk

Risk
Office of Research and Development

0

Higher
Risk

05

Change in Activity : Exposure Ratio

24-d
Maphthalene
Triclosan
Methylparaben
Fenitrothion
Malathion
Permethrin
[T Dimethoate
Di-n-octyl phthalate
Chiorethoxyfos
Pirimiphos-mettyl
Diethylphthalate
Parathion
Chlarpyrifos—methyl
Diphenylenemethane
Fenthian
Phorate
B !ethidathion
Coumaphos
Dibutylphthalate
Ethion
Bisphenol-a
Lindane
Phosphonothioic acid
Phosmet
Methyl parathion
Quintozene

|
I Azinphos-mettyl
I

Carbofuran
Propylparaben
Dicrotophos
Diazinon

Pentachlorophenol (=2,

2-pherylphenal
Disulfoton
Atrazrine
Chlarpyrifos
Dimettyd phthalate

D camany
Acephate
Butylparaben
Pryrene

P Paraben
Carbosulfan
Dietrytoluamide
p-tert-Octylphenol
Mitroberzens
tetalachlor
Acetochlor

Life-stage and Demographic Specific Predictions
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"’EPA HTTK on the CompTox
Chemicals Dashboard

Agency
® The CompTox Chemicals Dashboard provides C 45 values for >1000 chemicals

https://comptox.epa.gov/dashboard/ Py—— SR
<« (& 8 comptox.epa.gov/dashboard/dsstoxdb/results?search=0TXSID7020182#adme Q@ Y% O N ‘ H
132 Apps (&) Dashboard @ Article Request @ Absence Reques t 4 TravelForms -4 EHP G Change Password @) FAITAS G Virtual Machine @9 RAPID »
" We use EPA’s R package “httk” to provide FEPA i rorecion =
IVIVE predictions Ri
P e Bisphenol A
~ N 180-05-7 | DTXSID7020182
" The value reported is calculated assuming a searched by DSSTox subeiencs [
1 mg/kg/day dose rate EXECUTIVE SUMMARY ¥ Download ol .
PROPERTIES
" We give the upper 95 percentile of the e EATETRANSPORT Cm o e o
O In Vitro Intrinsic Hepatic Clearance 19.9 - - ul/min/million
calculated values based on a Monte Carlo
. . . ape b SAFETY @ Fraction Unbound in Human 0.04 = =
simulation of human variability and
. v ADME @ Volume of Distribution - - 5.01 k
u ncerta I nty _l O Days to Steady State = = 1 ;{ajs
. @ PK Half Life - - 3.7 hours
o Human. Steady-State Plasma = = 33 mg/L
Office of Research and Development
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EPA Conclusions

United States
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Agency

= HTTK allows dosimetric adjustment of high-throughput screening
(HTS) data

= Thousands of chemicals

= QOpen source, free, and evaluated software

= HTTK accounts for human population diversity using biometrics from
the CDC NHANES to predict toxicokinetic model parameters

= Variability is simulated using a Monte Carlo approach

= Breen et al. (in preparation) updates R package “httk” to the most
recent three NHANES cohorts and adds children under the age of 6

=  Toxicodynamic variability is not included

= HTTK in vitro parameters are generated from pooled adult tissues

The views expressed in this presentation are those of the author
Office of Research and Development and do not necessarily reflect the views or policies of the U.S. EPA
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