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~15 Years of Exposomics... How Far Have We Come
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What is Different About Exposomics?

The "Omics Realm
External Internal Target Key Cellular Organ Organism
Exposure * Dose + Dose + MIEs + Events * Effects * Effects I Effects

Exposure
Source *

Adductomics Genomics Proteomics

Transcriptomics  Epigenomics

Exposomics is the one ‘omics discipline that puts focus on external exposure

The inherent promise of Exposomics is therefore health protection & disease prevention
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Exposomics Approaches

Top-Down Exposomics Bottom-Up Exposomics

Exposure Science and the Exposome:
An Opportunity for Coherence in the
Environmental Health Sciences

Stephen M. Rappaport

i
Paul J. Lioy

Measure Important Exposures Measure Important Exposures in All
Within the Receptor Relevant Media
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Drivers for Bottom-Up Exposomics

* Measurement data needed to ensure chemical safety
* Characterize risk
* Regulate use & disposal
* Manage human & ecological exposures
* Ensure compliance under legal statutes

Toxic Substances Control Act
(TSCA) Compliance Monitoring
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The Federal Insecticide, Fungicide and Rodenticide Act (FIFRA)
gives EPA the authority to regulate the registration, distribution,

sale and use of pesticides. FIFRA applies to all types of pesticides,

including:
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Chemical Substances

Data Disparity: Have vs. Need
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Challenges with Targeted Monitoring

* High-quality monitoring data are unavailable for most chemicals
* Measurement data traditionally generated using “targeted” methods

e Targeted analytical methods:

- Require a priori knowledge of chemicals of interest

- Produce data for few selected analytes (10s-100s)

- Require standards for method development & compound quantitation

- Are blind to emerging contaminants

- Can’t keep pace with the needs of 215t century chemical safety evaluations
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Non-Targeted Analysis for Bottom-Up Exposomics
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Additional Uses of NTA Data

- Classify locations impacted by point-source emitters - EPA, USGS
- Classify locations impacted by inadvertent environmental releases - FEMA, EPA
SE g ERe ERSTE 1 B - Classify exposure status for active or former military personnel - DoD, VA

- Classify food items not meeting criteria for product certification - FDA, NIST

- Identify natural or synthetic chemical nerve agents - DHS, CDC

- Identify chemicals associated with product-related iliness - CPSC, FDA
(0,111 R G EN T Y - Identify chemicals released in emergency response scenarios - FEMA, EPA

- Identify designer drugs used for athletic performance enhancement - DEA, FDA

- Assess occupational health risks from exposure to fire-fighting foams - NIOSH, DoD

- Assess consumer health risks from exposure to household products - CPSC, EPA
0, =1 R ITE 1T I - Assess ecological health risks from exposure to urban wastewater - USGS, EPA

- Assess maternal and infant health risk from exposure during pregnancy - NIEHS, EPA
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Barriers to Widespread Implementation of NTA

* Tremendous variety of methods, tools, and terminology

* No reference methods; No reporting standards

* Limited means to assess method performance

* No performance benchmarks for credentialing/certification
 Limited ability to perform quantitative evaluations

* Limited integration across ‘omics domains

* Informatics challenges & data analysis bottlenecks
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EPA/ORD Has Taken a Leadership Role...

2015

\

Non-Targeted Analysis Workshop 2016
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Home Agenda Registration | Abstract Submission | Logistics

The U.S. Environmental Protection Agency (EPA) will host the Non-Targeted Analysis Workshop Related Topics: Science Matters CONTACTUS  SHARE ® @ @

e EPA’s ENTACT Study Breaks New Ground with
Non-Targeted Research

2 O 1 8 Published July 30, 2018

EPA scientists are leading a multi-phase project to evaluate the ability of

E nV| ro n m e n ta | P rote Cﬁ O n Age n C\/ non-targeted analysis laboratory methods to consistently and correctly

identify unknown chemicals in samples. EPA’s Non-Targeted Analysis

( E PA) 2 O 1 8 P August 13-15,2018 Collaborative Trial (ENTACT) was formed in late 2015 and includes nearly

30 academic, government, and industry groups. Non-targeted analysis
EPA 2018

www.eventbrite.com/e/us-
epa-2018-non-targeted-

)

The US. Environmental Protection Agency | involves analyzing water, soil and other types of samples to identify

- i . unknown chemicals that may be present, without having a preconceived
focused on EPA's Non-Targeted An

i ) analysis-collaborative- idea of what chemicals may be in the samples.
ENTACT was designed to assess the chara S research-trial-entact-
of cutting-edge non-targeted analysis (NTA) methods using a set of ;‘fargsa?oﬁgzggﬂs_ “One of our main geals is to figure out what scientists are doing with non-
highly controlled synthetic mixtures and reference samples. This targeted analysis as a group at large, particularly which chemicals we
workshop brought together ENTACT participants, NTA ex . and @ Durham, NC, USA correctly identify and why,” says Elin Ulrich, an EPA scientist who co-leads
.y from ENTACT. as well as next ENTACT with EPA’s Jon Sobus.
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...and Helped Build the BP4ANTA Workgroup

Follow us on Twitter! Pucademfa

BP4LNTA @BP4NTA
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https://nontargetedanalysis.org/

Barriers to Widespread Implementation of NTA

* Tremendous variety of methods, tools, and terminology

* No reference methods; No reporting standards
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A Need for Guidance on NTA Study Reporting

NTA studies are increasingly complex
Copious details to report and review
No standardized procedures
Questionable research reproducibility

The NTA SRT =2 Win/Win/Win/Win
e Authors = clear expectations
* Reviewers = clear guidance
 Editors = defensible decisions
 Community = better science
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Article

Nontargeted Analysis Study Reporting Tool: A Framework to
Improve Research Transparency and Reproducibility

Katherine T. Peter,* Allison L. Phillips,” Ann M. Knolhoff, Piero R. Gardinali, Carlos A. Manzano,
Kelsey E. Miller, Manuel Pristner, Lyne Sabourin, Mark W. Sumarah, Benedikt Warth, and Jon R. Sobus

I: I Read Online

Article Recommendations |

| Cite This: Anal. Chem. 2021, 93, 1387013879

ACCESS |

ABSTRACT: Non-targeted analysis (NTA) workflows using mass spec- SRT _
trometry are gaining popularity in many disciplines, but universally accepted
reporting standards are nonexistent. Current guidance addresses limited
elements of NTA reporting—most notably, identification confidence—and is
insufficient to ensure scientific transparency and reproducibility given the
complexity of these methods. This lack of reporting standards hinders
researchers’ development of thorough study protocols and reviewers' ability
to efficiently assess grant and manuscript submissions. To overcome these
challenges, we developed the NTA Study Reporting Tool (SRT), an easy-to-
use, interdisciplinary framework for comprehensive NTA methods and results
reporting. Eleven NTA practitioners reviewed eight published articles
covering environmental, food, and health-based exposomic applications with the SRT. Overall, our analysis demonstrated that
the SRT provides a valid structure to guide study design and manuscript writing, as well as to evaluate NTA reporting quality. Scores
self-assigned by authors fell within the range of peer-reviewer scores, indicating that SRT use for self-evaluation will strengthen
reporting practices. The results also highlighted NTA reporting areas that need immediate improvement, such as analytical sequence
and quality assurance/quality control information. Although scores intentionally do not correspond to data/results quality,
widespread implementation of the SRT could improve study design and standardize reporting practices, ultimately leading to
broader use and acceptance of NTA data.
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A FRAMEWORK FOR CONSISTENT PEER REVIEW

Section| Category |Sub-Category Example Information to Report Score Rationale
Objectives & Scope i
Study Design |sample Info &Preparation
. QC Spikes & Samples i
g} Analytical Sequence - NA
o Data ] : 1
S Wl |Methods| Acquisition Chromatography » 3-4 examples of representative il i§  Space for
S Mass Spectrometry Z information to report for each of n reviewer to
= : ; 1 T explain
= . the 13 sub-categories. :
o Data Processing 1 A assigned
& vata Statistical &Chemometric |- Not an exhaustive list — intended score (i.e.,
2 Proﬂzsls;?sg & |Analysis ‘ to guide researcher/reviewer and | 5 typical peer
0 . I ! relies on expertise/discretion. review
l,E Annotation &ldentification |- rationale)
< Statistical &Chemometric |
Data Outputs |Cutputs ‘ i 1
ID & Confidence Levels
Resuits -+
Data Acquisition QA/QC
JL QA/QC Metrics|p i, Processing & Analysis |. |
£ QA/QC ‘

Enables rigorous evaluation of reporting quality in NTA studies .




BPANTA Product: The Study Reporting Tool

Objectives & Scope

Sample Information
& Preparation

QcC Spikes & Samples -

Analytical Sequence 7
Chromatography -

Mass Spectrometry -

Data Processing |

Statistical & _
Chemometric Analysis

Annotation & ldentification -

Statistical & _
Chemometric Outputs

ID & Confidence Levels -

Data Acquisition QA/QC -

Data Processing & _
Analysis QA/QC

o L L L R L L L L

e e

0 1 2 3 4 5
Average External Reviewer Score

Generally Good
Reporting Areas

Reporting Areas
in Need of
Improvement?

Peter et al. DOI: 10.1021/acs.analchem.1c02621




Next Steps for the SRT

* Grassroots growth via BPANTA member reviews

* Initial journal deployment via special issue

* Refinement in coordination with partner organizations
* Refinement in response to user input

#% NTA Study Reporting Tool (SRT) - X + V3 =

& C @ nontargetedanalysis.org/SRT/ E % » 0
e
About v Become A Member News Jobs NTA Study Reporting Tool (SRT) Reference Content v Literature Library Glossary

Additional Resources v Q

Comments about the SRT? Suggestions to improve the tool? We would
love your feedback!

A sub-committee of BPANTA members will meet annually to review feedback from comments posted here, evaluate advances in the
literature, and implement any necessary updates to the SRT.

Share this:
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Barriers to Widespread Implementation of NTA

* Limited means to assess method performance

* No performance benchmarks for credentialing/certification
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A Need for Materials/Methods to Assess

Performance

 Methods exist to communicate confidence in chemical identifications

* But how often is a reported ID correct?

Example Identification confidence
* How do we measure correctness? [ e Confime structure
LN y reference standar
* What level of correctness is acceptable? VSO Rl - proablesrucre
i a) by library spectrum matc
* How can we monitor performance in perpetuity? - | I——eiEEEEiEs

Identifying Small Molecules via High Resolution Mass Spectrometry:
Communicating Confidence

Emma L. Sc:hymamskj,”“+ Junho _]ecun,Jr Rebekka Gulde,”* Kathrin Fenner,”* Matthias Ruff,’
Heinz P. Singer,” and Juliane Hollender* ™*

Ianag: Swiss Federal Institute of Aquatic Science and Technology, Uberlandstrasse 133, 8600 Diibendorf, Switzerland
FInstitute of Biogeochemistry and Pollutant Dynamics, ETH Zurich, 8092, Zurich, Switzerland

| Y & E Level 3: Tentative candidate(s)
)= structure, substituent, class

nnnnnnnnnn

1131 current citations



ENTACT (Part 1) Materials and Design

Chemicals from ToxCast Library

~1200 ToxCast Chemicals
(highest quality)

10 Mixtures l l _ .
(100-400 chemicals each) Multi-Well Plates
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Ulrich et al. 2019. DOI: 10.1007/s00216-018-1435-6
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ENTACT Participants
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EPA Lab Results

Substance

1200
Spiked Substances - ~1,200
10007 [ Observed Features > ~26,000
8001 o, _
: 1200
g 6001 | ?' _ Real Features - ~12,000 Kept LC-QTOF HRMS
| i & 1000 {| Noise/Artifacts> ~14,000 | - Removed (ESI+ and ESI-)
400 e OER et : - L
: g & .| 500y
200, g g =N : e
£ 600 % i True Positives > ~1,000 » Pass
‘ { : ’ : 2 Sah 1000 iti 72>~ Oth
03 2 75 5% 7% N R S False P05|t|ve§. - ~11,000 | er
RT (min) [ ‘ ) e = .. 8001
. 200- é : P g,
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o, | | | | .
Yes No 0 > 2 I 29 400!
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oo 9| True Positives False 2001 &
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= 0 ;
= 0 5 10 15 20
R CZD False Negatives Tru.e RT (min)
- (=2 35%) Negatives?
Sobus et al. 2019. DOI: 10.1007/s00216-018-1526-4




Evaluation Tools Must Be Used With Caution

pcademra

Benchmarklng and
Publications for
Non- Targ ted Analysis

Y
_ Chemical is...
WP T | spiked into | not spiked
sample into sample
Chemicals Chemicals . T :
Sp|ked into Not Correctly Reported in m: reported TP FP PI"ECISIOI'I FDR
Sample Identified ' Identified Sample = in sample 175 75 0.70 = 0.30
(n = 500) (n = 250) o '
325 FNs | 175 TPs 'g rel:'noor';ed FN N
& insample| 325 | 9,999,425
_ TPR FPR Fi i Accuracy
A Not Spiked & 0.35 0. OOOO‘IA 0.47 A 0.99996
Chemicalsin Not Identified - |_:|‘;|i:\_’ “““““ _i_‘h‘l‘li ““““““““““““““
Selected Database
(n=10,000,000) 9,999,425 TN 0.65 0.99999 MCC 0.49

How do we efficiently differentiate FPs from unintentional true positives?

How do we appropriately handle true negatives?

Fisher et al. In preparation
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1.20 @ GCxGC El (Lab 7) . o
1.00 G 0.45 @ Hybrid (Lab 6)
@ LCESHH (Lab 4) .
039 [0 e 0.62 Bubble Size -
- 0.80 . 9 @ LCESI+ (Lab 3) ’?
£ @70.29 B o 8 o | | elcesiab) How many observed
% 0.60 e “ - @ LC ESH+ (Lab 1)
3 : 0.22| |45 O LCESI- (Lab 4)
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0.40 A-RXIS
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o (o2 How often correct?
@ LCESI- (Lab 1)
0.20
‘ 0.5 Coverage |
0.00 1.0 Y-AXis =2

How consistent?

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Modified Precision (% Identified / % Observed) .
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Next Steps for Performance Evaluation

* Finalize BPANTA-recommended evaluation methods

* Apply recommended methods to final ENTACT data

* Report first NTA performance benchmarks

* Develop framework for method review & accreditation
* Develop 15t wave of NTA reference methods

1.20 Performance Scores:
(% of max score)

1.00 @® Other Labs

a : si
k @ Your La m: 88‘%)
0.80 ‘
P min ex

Fy
5
g 0.60 Coverage
K x=0.88 1.0 T
S 0.40 y=0.77 Reproducibility: 78%
« c=0.36 O ,
0.20 min jex
0.00 .
. 0
000 0.20 040 0.60 0.80 1.00 1.20 Coverage: 30%

Precision (% Identified / % Observed) min max .
27




Barriers to Widespread Implementation of NTA

* Limited ability to perform quantitative evaluations
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Quantitative NTA (QNTA) Workflow

Media Sample
>

Sample Extract MS Analysi

= -
/ [l I I \//'
\ =

bl

Step 2 Step 1
Media Concentration Extract Concentration ID + Abundance
: . Measurements
- Estimates S Estimates 0
3 Extraction S | o’
c - - — \
5 Back-estimation 5 \
X X | o)
3 = |

ﬂl\/\ A /tA A )\i /‘/\/\/\M

Concentration Counts (%) vs. Acquisition Time (s)

McCord et al. DOI: 10.1016/j.envint.2021.107011 29



gNTA Requires Surrogate Calibrants

Traditional NTA with Matched NTA with Surrogate
Calibrant(s)

Targeted Analysis Calibrant (post-hoc)

Observed

Predicted

Intensity or Response Ratio

Smallest Uncertainty Larger Uncertainty Largest Uncertainty

Chemical Concentration
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Considerations for Surrogate Calibration

* Multiple methods for choosing a surrogate calibrant
 Single surrogate (i.e., an “average” responder)

 Structurally similar surrogate
* Nearest neighbor (e.g., based on elution time)
* Within chemical class
* Based on calculated similarity (e.g., Tanimoto index)
* Based on known parent/metabolite relationship

 Model-predicted value (e.g., based on expected ionization efficiency)

* Prediction error within and between chemicals
» Affected by sample & batch correction techniques
* Affected by surrogate selection techniques
e Consider all error when estimating confidence intervals for individual predictions
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gNTA Proof-of-Concept

@ Analysis of Brita filter extracts via
GC-HRMS.

e Single surrogate selected and

® Predicted Concentrations applled to all identified analytes
100 | # Known Concentrations

1 T Prediction Bound . ;
a | o Surogate Compound @ Concentration estimates can be
= | . above or below true value.
© S e p—p— {
- 10 1‘: L= TTTTTI #* FYX X,
1= | T 1 it Tel31428 IERAE @® Confid i I d to bound
5 ® $0989%0. 40 Sy onfidence intervals used to boun
= I AR IR JPPRE 31 s s | IR IE X ! ) concentration estimates.
S 1077 r1 o714 | LI128edl]T14T4d AR 3.

] * ® ® . . o
% T Xk se ltl® 1o [84a8[2] [sad]] | 4l ® 95% confidence intervals shown;

® L J (V) 0,
o 10—3_§ ?ie ? Can use 99%, 99.9%, etc.
S e L
S i ¢ ® Tentatively identified compounds
_4 i .

£ 10 ranked by upper-bound estimates.

_ Groff et al. in preparation

10-5 1 @ Upper-bound estimates compared to

Tentatively Identified Chemicals

level-of-interest to set priorities.
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Conceptual Model for Rapid Risk Evaluation

UM pg/kg/iday  pO/ML i
=
In Vitro Assays IVIVE :
Y I Read-across techniques
oy o os Exposure must be applied to estimate
Dose Equivalent Modeling the bioactivity of novel
Lower Bound a n a Iytes
dose equivalent
Matrix Sample |__ }Thresho!d
Comparison
ok bourt New recovery estimation
Matrix Extract i [ techniques will be needed
Recovery _ .
T Prediction to generate matrix-specific
gNTA estimates of concentration

Pgl m Lextract pg/ m I-matrix
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Next Steps for gNTA and Rapid Risk Evaluation

* Develop optimized algorithms for selection/use of gNTA surrogates

» Develop strategies to identify/procure gNTA training mixtures
* Develop approaches to consider uncertainty associated with recovery
* Develop pipelines to link gNTA estimates with in vitro bioactivity data

* Develop workflows to implement read-across for novel analytes

Unknowable Reality Groff et al. (in preparation) Future Work

Goal: For any given method,
develop process to select a
minimum amenable subset for
generating robust RF percentile
estimates to support concentration
confidence limit estimation

ENTACT Chemicals
N=1269

Method Amenable Method Amenable
Subset Subset
N = still many millions N=600




Barriers to Widespread Implementation of NTA

* Limited integration across ‘omics domains
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Multi-Omics Score
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Barriers to Widespread Implementation of NTA

* Informatics challenges & data analysis bottlenecks
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Informatics Tools/Workflows in Development
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The Future of NTA and Bottom-Up Exposomics

* The number of labs performing NTA will increase dramatically
* The variety of methods/tools will continue to expand (near term)
* Copious qualitative exposure data will be generated for known chemicals
* New environmental contaminants will be identified with increasing frequency
e Associations between stressors and stress-response markers will be discovered
* For defensible implementation, the research community should strive to:

* Develop/implement reference methods and performance benchmarks

* Develop defensible strategies that bound quantitative predictions

* Full realization of NTA as an exposomic tool will rely on multi-omic strategies
* Lurking challenges relate to experimental desigh and computational analysis

DNTP Seminar Series | January 20, 2022 41




Contributing Researchers
(EPA affiliation unless otherwise noted)
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M. Pristner & B. Warth (U. of Vienna), L. Sabourin & M. Sumarah (Agri-Food Canada), J. Sobus

ENTACT: E. Ulrich, J. Sobus, A. Chao, A. Williams, J. Grossman & R Singh (ORISE), C. Grulke, A. Richard

dNTA: J. McCord, L. Groff, H. Liberatore, S. Newton, J. Sobus

Multi-Omics: A. Chao, J. Grossman (Agilent), C. Carberry (UNC), Y. Laic (UNC), A. Williams, J. Minucci,
S. Purucker, J. Szilagyi (UNC), K. Lu (UNC), K. Boggess (UNC), R. Fry (UNC), J. Sobus, J. Rager (UNC)

NTA Informatics Toolkit: A. Chao, J. Minucci, M. Boyce (ORISE), T. Purucker, D. Smith, C. Lowe, L.
Groff, A. Williams, H. Al Ghoul (ORISE), J. McCord, J. Sobus
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Questions?

sobus.jon@epa.gov

The views expressed in this presentation are those of the
author and do not necessarily represent the views or policies
of the U.S. Environmental Protection Agency.
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