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Exposomics: Addressing Health Issues

The “Exposome” Chemical
T - Monitoring
- g Methods

What are the
chemicals we
are exposed to?

What are the
amounts?

Do we need to
be worried about
1t?




Development of an NTA Workflow

Chemical
NTA Data > Data Processing & > Chemical > . . > Downstream
Acquisition QC Database Search Ide.n tlﬁ.catlfm / Analysis
Prioritization
Acquire HRMS data, Filter and flag Identify chemical Assign and rank Report identifications,
generate and align features, background candidates for identifications based confirmatory analysis
peak feature lists subtract values, check features on supporting data

OC standard values
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Development of a NTA Workflow

* The Underlying Database: DSS7Tox

= A highly curated database of environmentally
relevant chemicals (>900k)

* Generating Compatibility with HRMS
Data: MS-Ready Forms

= Mapping substance components into forms that
would be observed by MS

= Allowing Access into the Database:
CompTox Chemicals Dashboard

= A web-based conduit into DSSTox allowing for
batch searching of MS data

Grulke, Christopher M., et al. Computational Toxicology 12 (2019): 100096.
McEachran, Andrew D., et al. Journal of cheminformatics 10.1 (2018): 1-16.
Williams, Antony J., et al. Journal of cheminformatics 9.1 (2017): 1-27.

NTA Data Data Processing & Chemical Ch,emlcf‘l Downstream
Acquisition QC Datab S h Identification / Analysis
q AARIDEME IR Prioritization Y

EPA's DSSTox database: History of development of a
curated chemistry resource supporting
computational toxicology research

Christopher M Grulke ', Antony J Williams ', Inthirany Thillanadarajah 2, Ann M Richard

"MS-Ready" structures for non-targeted high-
resolution mass spectrometry screening studies

Andrew D McEachran 1 2 Kamel Mansouri 3 4 3 Chris Grulke 4, Emma L Schymanski ©,

Christoph Ruttkies 7, Antony J Williams &

The CompTox Chemistry Dashboard: a community
data resource for environmental chemistry

Antony J Williams 1, Christopher M Grulke 2, Jeff Edwards 2, Andrew D McEachran 2,

Kamel Mansouri 2 * %, Nancy C Baker °, Grace Patlewicz 2, Imran Shah 2, John F Wambaugh 2,
. 3 : 2

Richard S Judson =, Ann M Richard <

https://comptox.epa.gov/dashboard/



https://comptox.epa.gov/dashboard/

<EPA

Environmental Protection
Agency

e Development of a NTA Workflow

NTA Data Data Processing &
Acquisition QC

Chemical
Database Search

Chemical
Downstream

Analysis

Identification

= Chemical ID via metadata: Data
Sources

= Count of chemical presence in publications,

projects, data collections

* Chemical ID via in silico predictions:
CFM-ID generated MS?2 spectra

* Predicted MS2 spectra generated for all
chemicals within DSSTox

= Performance evaluations:

= (Critical Assessment of Small Molecule
Identification (CASMI) spectra

= EPA’s Non-Targeted Analysis Collaborative
Trial (ENTACT) mixtures

McEachran, Andrew D., et al. Analytical and bioanalytical chemistry 409.7 (2017): 1729-1735.
McEachran, Andrew D., et al. Scientific data 6.1 (2019): 1-9.
Chao, Alex, et al. Analytical and bioanalytical chemistry 412.6 (2020): 1303-1315.

Identifying known unknowns using the US EPA's
CompTox Chemistry Dashboard

1 2 T 3
Andrew D McEachran 1, Jon R Sobus 2, Antony J Williams =

Linking in silico MS/MS spectra with chemistry data
to improve identification of unknowns

Andrew D McEachran ! 2, Ilya Balabin 3, Tommy Cathey #, Thomas R Transue *,

Hussein Al-Ghoul 2, Chris Grulke ©, Jon R Sobus 7, Antony J Williams #

In silico MS/MS spectra for identifying unknowns: a
critical examination using CFM-ID algorithms and
ENTACT mixture samples

1o c Revisiting Five Years of CASMI Contests with EPA
remm Jdentification Tools

Anton
- - . 1 -~ 2 . - 5

Andrew D McEachran 1, Alex Chac 1, Hussein Al-Ghoul 1, Charles Lowe 2, Christopher Grulke 2,

2 THIH 2

Jon R Sobus <, Antony J Williams <

McEachran, Andrew D., et al. Metabolites 10.6 (2020): 260.



Development of a NTA Workflow

: , Chemical
NTA Data Data Processing & Chemical

Acquisition QC Database Search

Downstream
Analysis

Identification

= Chemical ID via metadata: Data

Sources DSSTox

= Count of chemical presence in publications,
projects, data collections

* Chemical ID via in silico predictions:
CEM-ID generated MS?2 spectra Database API

* Predicted MS2 spectra generated for all
chemicals within DSSTox

McEachran, Andrew D., et al. Analytical and bioanalytical chemistry 409.7 (2017): 1729-1735.
McEachran, Andrew D., et al. Scientific data 6.1 (2019): 1-9.
Chao, Alex, et al. Analytical and bioanalytical chemistry 412.6 (2020): 1303-1315. McEachran, Andrew D., et al. Metabolites 10.6 (2020): 260.
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Development of a NTA Workflow

NTA Data Data Processing &
Acquisition QC

Chemical
Database Search

Chemical
Downstream

Analysis

Prioritization

= Assessing Chemical Hazard: ToxCast
= A program to generate chemical toxicity data

via high-throughput screening assays

= Assessing Chemical Exposure: ExpoCast

= A program to estimate chemical exposure
potential via high-throughput models

= Assessing Exposure via Consumer
Products: Chemical and Products
Database (CPDat)

= A database mapping chemicals with consumer
product usage to assess potential exposures

Dix, David J., et al. Toxicological sciences 95.1 (2007): 5-12.
Wambaugh, John F., et al. Environmental science & technology 47.15 (2013): 8479-8488.
Dionisio, Kathie L., et al. Scientific data 5.1 (2018): 1-9.

The ToxCast program for prioritizing toxicity testing
of environmental chemicals

David J Dix ', Keith A Houck, Matthew T Martin, Ann M Richard, R Woodrow Setzer, Robert J Kavlock

High-throughput models for exposure-based
chemical prioritization in the ExpoCast project
John F Wambaugh ', R Woodrow Setzer, David M Reif, Sumit Gangwal, Jade Mitchell-Blackwood,

Jon A Arnot, Olivier Joliet, Alicia Frame, James Rabinowitz, Thomas B Knudsen, Richard S Judson,
Peter Egeghy, Daniel Vallero, Elaine A Cohen Hubal

The Chemical and Products Database, a resource for
exposure-relevant data on chemicals in consumer
products

Kathie L Dionisio !, Katherine Phillips 1, Paul S Price ', Christopher M Grulke 2, Antony Williams 2,

Derya Biryo 13 Tao Hong 4, Kristin K Isaacs

=



Development of a NTA Workflow
: , Chemical
NTA Data Data Processing & Chemical
Acquisition QC Database Search ..
Prioritization

= Assessing Chemical Hazard: ToxCast

= A program to generate chemical toxicity data

via high-throughput screening assays

= Assessing Chemical Exposure: ExpoCast

= A program to estimate chemical exposure
potential via high-throughput models

= Assessing Exposure via Consumer

Products: Chemical and Products
Database (CPDat)

= A database mapping chemicals with consumer

product usage to assess potential exposures

Dix, David J., et al. Toxicological sciences 95.1 (2007): 5-12.
Wambaugh, John F., et al. Environmental science & technology 47.15 (2013): 8479-8488.
Dionisio, Kathie L., et al. Scientific data 5.1 (2018): 1-9.

= DSSTox

)\

= Database API

Downstream
Analysis
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Chemical Risk Prioritization in House Dust

Linking high resolution mass spectrometry data with
exposure and toxicity forecasts to advance high-
throughput environmental monitoring

Julia E Rager 1, Mark J Strynar 2, Shuang Liang ', Rebecca L McMahen 7, Ann M Richard 3,
Christopher M Grulke 4 John F Wambaugh 3

Antony ] Williams

Kristin K Isaacs 2, Richard Judson 3,

2 - =
2, Jon R Sobus ~

= Household dust as a metric
of exposure

= Vacuum dust samples
collected from 56 households
for NTA

= ToxPi Score to prioritize
chemicals for follow-up
= ToxCast bioactivity
= ExpoCast exposure estimates

Chemical Number

= Feature abundance
= Sample detection frequency

Rager, Julia E., et al. Environment international 88 (2016): 269-280.

900+

800+

700+

600+

500+

4004

300+

2004

100+

0

0.0

0.5

L]

1.0

T

1.5

ToxPi Detection
Legend Frequency
Bioactivity
Abundance
Exposure
L} L] L L]
2.0 25 3.0 3.5
ToxPi Score

4.0

¢ e e

3-Hydroxy-N-(3-
nitrophenyl)naphthale
ne-2-carboxamide [4]

e 22

Tris(2-

Tris(2-ethylhexyl)
trimellitate [4]

1,2-Benzisothiazolin-

3onel4) Oleic acid[33]

Calcifediol [4]

Trioctyl trlmellltate Lauryldlethanoia Di(propylene glycol)

chloro;shoa;;;o{%yl)phas mine [3 dibenzoate (1] Piperine [8
N-[3- 2-Hydroxy-3- Tris(2-
(Dlmethylammo)propy phenoxypropyl prop-  chloropropyl) Triclocarban[1] Dodecylphenol [9]
lldodecanamide [5 2-enoate [16] phosphate [3]

gea»;

Morphine sulfate

siorsyckls Norcodeine [8]

(Teiradecyllmmo)dtem Alfacalcidol [4] Dlmemyldodecan-1-

anoliey amine [3]
_diothi-m- Diglycidyl Bis(2,2,6,6- i
to|u§':i§f:g’§£). 4, resorcinolether tetrametnyl-4-  * D°°e[‘;‘§'°he“°' Triclosan 1]
o (18] piperidyl) sebacate [2] ]




Environ
AAAAAA

mental Protection

Consolidation of Workflow into a WebApp

NTA Data
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Data Processing & Chemical Ch.emlcs:ll
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Consolidation of Workflow into a WebApp

NTA Data
Acquisition

Data Processing &

QC

Chemical
Database Search

Chemical
Identification /
Prioritization

Downstream
Analysis

NTA WebApp

» Standardization of processes: Single web-accessible point for processing NTA data

* Reduction of processing steps: Once input, data are carried through whole workflow

* Documentation of processes: Full workflow tracking for reproducibility and reporting
(Input files, processing / search parameters, output results, QC results)




Data Processing Functionality

Perform Quality Control on NTA Data Set Cleaning NTA Data for Reporting

Are features adducts of other features? Determine median values for sample
replicate groups
Are duplicate features present?
Subtract blank median values for each
Are features reproducible across replicates? feature from sample median values

Are features specific to samples?

In an NTA data set there may be thousands
of features observed across hundreds of
samples:

Are initial annotations robust?

Are spiked tracers within allowable tolerances?

Millions of calculations required to clean

. and transform each data set
Flag and/or remove data points from the data

set that do not meet QC criteria




Chemical Database Search Functionality

Identify Potential Chemicals for Features
For each feature, search chemical database:

= Pull back all chemicals with a “matching”
mass (mass within accuracy tolerance)

= Pull back associated chemical metadata

Distributed Structure Searchable Toxicity
Database (DSSTox)

= WebApp has direct interface with
DSSTox database

Prioritize Chemical Candidates for Features

For each candidate, compare associated data to
select the most likely candidates (e.g.):

ToxCast assay data
ExpoCast exposure estimates
Data source counts
MS?2 in silico spectra scoring

DSSTox currently contains ~906,000
chemicals to search through

A given feature may have hundreds of
chemical candidates to compare in order to
identify likely candidates




<EPA

United States
Environmental Protection
Agency

NTA WebApp:
Input Page
(MS1 data)

SEPA &5

Environmental Topics

NTA: non-targeted analysis of MS data (beta)

M51 Tool

W

Run M51 Toal

M54 Tool Algorithms
M351 Tool QA/GC

MS1 Teol Referances

M52 CFMID Tool

Source Code

Tracer Input File

= Tracers: Isotopically

into samples

labelled standards spiked

Laws & Regulations About EPA
Contact Us
Run NTA MS1 Tool
Input Value
Project name: |E)-:ar"|p|a nita A

Pasitive MPP file (csv):

| Choose File | Mo file chozen

Megative MPP file [csv):

| Choose File | Mo file chozen

Adduct mass accuracy units:

Adduct mass accuracy:

Adduct retention time accuracy (mins):

= = o
Pl = ]
o 3

Tracer file (csv: optional):

| Choose File |Mo file chosen

Tracer mass accuracy units:

Tracer mass accuracy:

Tracer retention time accuracy (mins):

Min sample:blank cutoff:

Min replicate hits:

Max replicate CV:

Parent ion mass accuracy (ppm):

Discard features below this retention time

{mins):

Search dashboard by:

mazs W

Save top result only?

] =] =] [ =] (1] ]

] =) m = =

< El
wn (5

DS5Tox search batch size (debugging):

=

S0

Save Metadata? m

J \

NTA Data Input Files:

= Peak-picked, aligned
MSI1 data (CSV)

=  Matrix of feature
mass, RT, and sample
abundances

Workflow Parameters:

= Data Processing

=  (Chemical retrieval




e .. NTA WebApp: Input Page (MS2 data)

Agency

e EPA Ewitled Statesl . .
\-’ i jelnglj mental Protection
Environmental Topics Laws & Regulations About EPA _S earch EPA.gov Q

. Contact Us
NTA: non-targeted analysis of MS data (beta)
Tools
M1 Tool Run MS2 CEMID Tool NTA Data Input Files:
MS2 CFMID Tool
Input Value . EXpOfted MS2 data
Documentation (MGF format)
Source Code Project name: ‘Example ms2 nta y:
Positive mode MS2 files (mgf): | Choose Files |No file chosen . Precursor mass, RT’
. fragment/intensity pairs
Negative mode MS2 files (mgf): | Choose Files | No file chosen
Precursor mass accuracy (ppm): ‘ 10 ‘
. Workflow Parameters:
Fragment mass accuracy (Da): ‘ 0.02 ‘
o | e EEE | |- Spectummotchin
Save Metadata? J-{11+111]}: .
=  Spectrum matching




SEPR Submitting an NTA WebApp Job

Agency

In progress...

L"|| e:l ‘1-'-5
wEPA ==
Environmental Topics Laws & Repulations About EPA Q

ContactUs

NTA: non-targeted analysis of MS data (beta)

NTA Output

| MS51 Tool

\\\\ iy

Run Ms1 Tool

"”l'l\\

M51 Tool Algorithms
Job ID: XIN4V113

M51Tool QA/QC Processing... please wait.

MS1 Tool References

M52 CFMID Tool

Documentatio:

Source Code




SEPR Submitting an NTA WebApp Job

Agency

Processing complete and results ready for download
SEPA &5 e
Environmental Topics  Laws & Regulations  About EPA Q

Contact Us

NTA: non-targeted analysis of MS data (beta)

NTA Output

MS1 Tool

| Job ID: XIN 4V113
Run M51 Tool
MS1 Tool Algorithms Download results:

MS1 Tool References

MS2 CFMID Tool All files
Documentatio

Source Code
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WebApp NTA Results Output Format

Sample | Sample | Sample
1 2 3

Blank-
subtracted
median
abundance

values (QC
filtered)

Feature Level Results
Feature ID Mass | Retention Time

1 210.0876 6.904999
2 202.1223 7.808004
3 670.5638 12.535

4 706.5684 12.45099
5 660.5236 12.16101
6 616.4656 12.817

7 278.147 9.584997
8 216.1382 8.605996
9 224.1037 7.854003

Chemical Level Results

Feature
ID

Chemical

1

Chemical Candidate 1

Chemical Candidate 2

Chemical Candidate 3

Chemical Candidate 4

Chemical Candidate 1

Chemical Candidate 2

Chemical Candidate 3

Chemical Candidate 4

Chemical Candidate 5

MS-Ready
Formula

MS-Ready Formula

Chem. | Chem. | Chem.
Data 1 | Data 2 | Data 3

Chemical-
specific data
and metadata

values

(IoxCast,

ExpoCast,
data sources,
MS?2 scores)
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WebApp Tracer Results Output Format

Graphical Display of Tracer Results:

Mass Accuracy

Retention Time

Intensity

D4 Pyriproxyfen D3 Thiamethoxam D4 Pyriproxyfen D3 Thiamethoxam D4 Pyriproxyfen D3 Thiamethoxam
20 20 1150 030 1000000 1000000
-

10 10 . 1145 0385 0 ) C)
- - > Py o = o WP wye F S pin el dpnng soiyt ps wn =
T, — . > — A A i B e "\.* . s o ot 8 o g g RIS TS SN NI g
£ 0 SN SN S e g g v v e M s e 1 R Lo A A% ALY 3 H . .
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s I3 ~ -1, g £ N pie
3 20 % 20 |* : St ;nan Enm 2 £ T e . " e
g 2 - i 5 H
s Mean Abs, Value Mass Error= 1.86 ppm = Mean Abs. Vaiue Mass Error = 4.44 ppm Avg. RT = 11,38 min Avg. RT = 0.8 min 3 _ 2 -

30 | Max Abs. Value Mass Error = 4,92 ppm 30 | Max Abs. Value Mass Error= 18.09 ppm 1125 | Range =0.15 min 065 | Range=0.03min = G"’; Mean = 362,334 =< Geo. Mean = 95,073

Detects = 77/77 Detects = 72/77 v=11% v-22%
-40 20 1120 060 10000 10000
Run Order --> Run Order --> Run Order --> Run Order --> Run Order --> Run Order -->
13C3 Atrazine D6 Acephate 13C3 Atrazine D6 Acepahte 13C3 Atrazine D& Acephate
pl
20 20 . ® ® 5.20 0.60 1000000 1000000
-

10 10 e se 5.15 055 . e oo .
= = - . s z R AR TR WP WY B -
£ o o L £ - 5 0 e, % v . PR SNt g mASly @ ol £ WS Tapet TN -y . £ . . .
g0 w_o..\_du-..;,.pf,ﬁ%&.--.f-“‘&.- 5o f---2- e e R T _sa0 | VT saty '“.-..":-" . _050 [ W Fae e . L -J_ i i .ty e PR
= . - - € € = =
510 510 [o . L, Wt e, Esos LU Lo SR NS IR Eoss % 100000 2 100000 | £% L] .".'-' L
& & . . = = 5 5
g -20 e, Vo g 20 I : - 5.00 040 E 2 P A LAY
s M 5. Varlue WK 19 ppm s Mean Abs. Value Mass Error= 8,26 ppm Avg. RT =5.08 min Avg. RT = 0.51 mir a _ E]

30 | Max Abs. Valve Mass Error = 3.39 ppm 30 | Max Abs. Value Mass Error = 19.36 ppmr 455 | Range =0.11min 035 N:: - 0.08 m::" < Geo. Mean = 325,160 < Geo. Mean = 112,266

Detects= 77/7; Detects = 76/77 ge =0 CV=16% Cv=62%
-40 40 4.9 030 10000 10000
Run Order --> Run Order --> Run Order --> Run Order --> Run Order --> Run Order -->

Spreadsheet of Tracer Results:

Tracer
Compound

Expected Mass

Expected
Retention Time

Compound 1

210.0876

6.90

Compound 2

202.1223

7.81

Compound 3

670.5638

12.54

Compound 4

706.5684

12.45

Sample 1| Sample 2| Sample 3 | Sample 4| Sample 5| Sample 6 | Sample 7 | Sample 8 | Sample 9

Observed retention time, mass, intensity values
Calculated mass/retention time error, intensity CV's




Use Case for Chemical Prioritization

53 _ | _ NTA on placenta samples:
| 11} : ; Elevated 11.1 = Normotensive (n= 17) and
| Preeclampsia | { Preeclampsia preeclamptic (n = 18)
41 i k-
| : : = 183 molecular features found ~
o | O significantly different (~6000 @
= 3] ! l' Y ® ’ potential candidates)
> I T :
g : | : :'f . ' = Feature chemicals prioritized for targeted
= , } : > ) confirmatory work via:
S 7 | F [ o = Reference MS2 spectrum match
o - oS . = [n silico MS2 spectrum match
..__..‘. ____________ ————tades- 08— . Data Source counts
1 , ' = Consumer product database presence
L & ’ (CPCat)
i = 46 chemicals prioritized / acquired
T -5 0 5 10 . ,
Log2 Fold Change = 25 chemicals confirmed via targeted analyses

Chao, Alex, et al. (in revision).



'mA What’s Next?

" Development of tools for improved NTA results
* Database incorporation of publicly available MS2 spectra

* The Hazard Comparison Dashboard: database aggregation of publicly
available toxicity data (public version to be online shortly)

* Semi-quantitation methods: Generation of concentration estimates and
uncertainty bounds from NTA data (manuscript submitted)

* Compound method amenability predictions (manuscript published)
= LC-MS retention time predictions (manuscript published)

Predicting compound amenability with liquid
chromatography-mass spectrometry to improve
non-targeted analysis

Charles N Lowe ', Kristin K Isaacs 2, Andrew McEachran 3, Christopher M Grulke 2, Jon R Sobus 2,
Elin M Ulrich 2, Ann Richard 2, Alex Chao 2, John Wambaugh 2, Antony J Williams 2

Lowe, Charles N., et al. Analytical and Bioanalytical Chemistry 413.30 (2021): 7495-7508.
Aalizadeh, Reza, et al. Analytical Chemistry 93.33 (2021): 11601-11611.

Development and Application of Liquid
Chromatographic Retention Time Indices in HRMS-
Based Suspect and Nontarget Screening

Reza Aalizadeh ', Nikiforos A Alygizakis ' 2, Emma L Schymanski > 4, Martin Krauss 2,
Tobias Schulze 3, Marifa Ibafiez ®, Andrew D McEachran 7, Alex Chao 7, Antony J Williams 7,
Pablo Gago-Ferrero & 9, Adrian Covaci 19, Christoph Moschet 11, Thomas M Young 17,
Juliane Hollender # 12, Jaroslav Slobodnik 2, Nikolaos S Thomaidis



SEPA The NTA WebApp: Summary

AAAAAA

* The NTA WebApp is a synthesis of diverse work

* Multiple databases are integrated directly into workflow
* More data = greater ability for chemical assignment and prioritization

* The NTA WebApp is a step towards standardization
* Reproducible work through a tool containing entire workflow
* Transparency and tracking of workflow

* Upcoming developments
* New modules / databases in development for incorporation

* Manuscript in draft. Public-facing version of WebApp to accompany
publication (expected Fall 2022)

¥
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