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ABSTRACT

Methods to assess environmental exposure to hazardous chemicals have primarily focused on quantification of individual
chemicals, although chemicals often occur in mixtures, presenting challenges to the traditional risk characterization
framework. Sampling sites in a defined geographic region provide an opportunity to characterize chemical contaminants,
with spatial interpolation as a tool to provide estimates for non-sampled sites. At the same time, the use of in vitro
bioactivity measurements has been shown to be informative for rapid risk-based decisions. In this study, we measured

in vitro bioactivity in 39 surface soil samples collected immediately after flooding associated with Hurricane Harvey in Texas
in a residential area known to be inundated with polycyclic aromatic hydrocarbon (PAH) contaminants. Bioactivity data
were from a number of functional and toxicity assays in 5 human cell types, such as induced pluripotent stem cell-derived
hepatocytes, cardiomyocytes, neurons, and endothelial cells, as well as human umbilical vein endothelial cells. Data on
concentrations of PAH in these samples were also available and the combination of data sources offered a unique
opportunity to assess the joint spatial variation of PAH components and bioactivity. We found significant evidence of
spatial correlation of a subset of PAH contaminants and of cell-based phenotypes. In addition, we show that the cell-based
bioactivity data can be used to predict environmental concentrations for several PAH contaminants, as well as overall PAH
summaries and cancer risk. This study’s impact lies in its demonstration that cell-based profiling can be used for rapid
hazard screening of environmental samples by anchoring the bioassays to concentrations of PAH. This work sets the stage
for identification of the areas of concern and direct quantitative risk characterization based on bioactivity data, thereby
providing an important supplement to traditional individual chemical analyses by shedding light on constituents that may
be missed from targeted chemical monitoring.

Key words: polycyclic aromatic hydrocarbons; mixtures toxicology; in vitro models; iPSC; humanized models; human risk as-
sessment; risk assessment; new approach methods; bioactivity; spatial analysis.

Environmental samples from contaminated sites contain com- Schulz, 2015). The regulatory authorities in the United States
plex mixtures of chemicals and may pose concern to both hu- (U.S. EPA, 1986) and Europe (Backhaus et al., 2010; Brack et al.,
man health and the environment (Escher et al., 2020; Stehle and 2019; Kortenkamp and Faust, 2018) are tasked with the
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evaluation of the mixtures; however, multiple challenges with
the current approaches they rely upon have been widely ac-
knowledged. Traditional methods for assessment of environ-
mental exposures focus on the few individual chemicals that
were detected in environmental samples, an approach that can
underestimate the risks both because chemicals may be missed
due to their not being analyzed for, as well as because interac-
tions among the components in a mixture may complicate
attempts at dose reconstruction (Kortenkamp and Faust, 2018).
Several regulatory agencies are considering amendments to the
traditional risk characterization frameworks to mixtures (Bopp
et al., 2019; ECHA, 2017; More et al., 2019) to address the knowl-
edge gaps in regulatory science with respect to quantitative
characterization of the effects by the mixtures of unknown, or
yet to be characterized, chemical composition.

To better characterize potential hazards of complex environ-
mental mixtures, novel approaches based on chemical analysis
methods (Hollender et al, 2017) and biological assays (Fang
et al., 2020; Judson et al., 2010) have been proposed. Recent
advances in analytical chemistry assays and their application to
the analysis of environmental samples contribute greatly to the
opportunities to reconstruct exposure to complex mixtures
(Patel, 2017; Rager et al., 2016). Both targeted and untargeted
approaches have demonstrated that environmental and human
samples may contain hundreds to thousands of chemicals
(Rappaport, 2018; Sille et al.,, 2020); however, this complexity
presents a formidable challenge to confident identification and
quantitation of the constituent chemicals. Even with the most
contemporary high-resolution analytical techniques, only par-
tial characterization of the chemicals in complex environmental
samples is attainable.

A complementary approach for hazard characterization of
complex substances or mixtures is the use of in vitro methods
that can evaluate the effects of the whole substance, rather
than its individual constituents (Escher et al., 2020). Examples
over the last decade include applications to hazard identifica-
tion of oil dispersant formulations (Judson et al., 2010), environ-
mental samples (Blackwell et al., 2017, 2019; Escher et al., 2018;
Horzmann et al., 2017; Neale et al., 2020), petroleum substances
(Grimm et al., 2016; Kamelia et al., 2019), and botanicals (Catlin
et al., 2018). The high-throughput format of in vitro assays allows
for rapid testing, and it has been suggested that additions of
in vitro bioactivity data to mixture risk assessment may hold
promise in reducing uncertainties (Drakvik et al., 2020; Ginsberg
et al., 2019). It has also been posited that cell-based bioassays
can be used in support of environmental quality standards
(Escher et al., 2018).

Most studies that used cell-based bioassays to evaluate the
effects of environmental mixtures take advantage of readily-
available cancer cell lines and rely on cell viability or reporter
assays (Alimba et al., 2016; Blackwell et al., 2019; Fang et al., 2020;
Neale et al., 2017). Seldom are primary or induced pluripotent
stem cell (iPSC)-derived human cell types and functional pheno-
types used. Therefore, this study used a compendium of human
cell lines from different organs to test bioactivity of a set of soil
samples collected from a residential area in Texas with reported
contamination from polycyclic aromatic hydrocarbon (PAH)-
containing substances during Hurricane Harvey-associated
flooding (Horney et al., 2018; Stone et al., 2019). The potential for
a small set of in vitro models to inform rapid risk-based deci-
sion-making for environmental chemicals was recently demon-
strated (Chen et al, 2020). Here, we show that PAH
concentrations and in vitro bioactivity in environmental sam-
ples were spatially correlated for only a subset of cell-based
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phenotypes; however, in vitro bioactivity data can be used to
predict environmental concentrations and cancer risk from PAH
contaminants.

MATERIALS AND METHODS

Chemicals and biologicals. Dimethyl sulfoxide (DMSO, cell-culture
grade, >99%) was purchased from Santa Cruz Biotechnology
(Santa Cruz, California). Cyclohexane (HPLC grade) was obtained
from Fisher Scientific (Waltham, Massachusetts). Reference
compounds that served as positive controls for each cell type
(Supplementary Table 1) were purchased from Sigma-Aldrich
(St Louis, Missouri). Hoechst 33342, MitoTracker Orange
CMTMRos, and Calcein Green AM were obtained from Life
Technologies (Grand Island, New York). Four types of human
iPSC-derived cells (iCell hepatocytes 2.0, catalog no. C1023; iCell
neurons, catalog no. C1008; iCell cardiomyocytes, catalog no.
CMC-100-010-001; and iCell endothelial cells, catalog no. C1023)
used in these studies were from Fujifilm Cellular Dynamics
(Madison, Wisconsin). Pooled human umbilical vein endothelial
cells (HUVEC, catalog no. CC-2519A) were from Lonza
(Walkersville, Maryland). Cell-specific media and supplements
were purchased from the same vendor as the cells. Rationale for
cell selection, metabolic competency of the iCell hepatocyte
model, and the justification for selected phenotypes in each cell
type are detailed elsewhere (Chen et al., 2020; Grimm et al., 2015;
Iwata et al., 2017; Sirenko et al., 2014a,b).

Environmental sample collection and extraction. Surface soil samples
were collected from a residential area in Manchester, Texas,
which is a neighborhood in the greater Houston region
(Figure 1). This area was selected for sampling because it is
known to be contaminated with PAHs (Bera et al., 2019; Sansom
et al., 2018, 2020; Stone et al., 2019). Samples were collected on
September 1, 2017, immediately after the area became accessi-
ble following Hurricane Harvey landfall. Soil was taken from the
top 2-3cm depth using a metal shovel and deposited into
Fisherbrand Certified Clean Clear Glass Straight-Sided Jars
(250ml, catalog no. 11704299; Fisher Scientific, Waltham,
Massachusetts). The longitude and latitude of each sample loca-
tion were recorded and all samples were transported to the lab-
oratory in an ice-filled chest and stored at —80°C until
extractions.

Prior to extraction, soil samples were freeze dried (Malcolm,
1968). The extraction procedure was designed to concentrate
the “biologically active” fraction (polycyclic aromatics, but also
other polar constituents) of each environmental sample.
Samples were extracted (Figure 2A) with cyclohexane and
DMSO using a procedure based on the IP346 method
(CONCAWE, 1994). Specifically, 1 g of each sample was decanted
into a 15-ml conical-bottom disposable plastic tube (Corning,
Vernon Hills, Illinois) and mixed with 2ml of cyclohexane and
2ml of DMSO pre-equilibrated with cyclohexane at 10:1 ratio.
Tubes were vortexed for 1min and centrifuged for 5min at
4700rpm. A 2ml of DMSO layer was removed and placed into a
clean 5-ml glass vial (Lab Products, Houston, Texas). Additional
amount of 2ml of pre-equilibrated DMSO was added to the tube
with the sample and the sample was vortexed and centrifuged
as detailed above. The DMSO layer (2 ml) was removed and com-
bined with the first DMSO fraction. This sample was used as a
stock solution of each sample for subsequent in vitro experi-
ments. In addition, we prepared a “method blank” sample using
the procedure detailed above but without addition of a soil sam-
ple. This sample contained 100% DMSO with trace amounts of
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Figure 1. Geographical map of the study area of Manchester neighborhood in Houston, Texas. A map of South-East section of the greater Houston area showing both
downtown (top left) and Manchester (red box, bottom right) areas. Inset is a zoom-in of the Manchester neighborhood (blue outline) and surroundings that include a
major petrochemical refinery (North-East), an inter-state highway (West), and a rail yard (South). Background and inset maps are from ESRI/OpenStreetMap. Map reso-

lutions are indicated in the bottom left corners.

cyclohexane and was used as a “vehicle” sample throughout all
in vitro experiments.

Cell culture experiments. All cell types (Figure 2B) were cultured in
384-well flat bottom plates (iCell Hepatocytes, catalog no. 356667,
Corning; iCell Neurons, catalog no. 781946, Greiner Bio-One,
Monroe, North Carolina; iCell Cardiomyocytes, catalog no. 3764,
Corning; iCell Endothelial cells and HUVECs, catalog no. 353962,
Corning) in the media as recommended by the manufacturers
(Fujifilm Cellular Dynamics or Lonza). Cells were cultured without
treatment for a period of time required to achieve functional ca-
pacity. Cell plating density and other culture conditions for each
of these cell types have been previously detailed (Grimm et al.,
2015; Iwata et al., 2017; Sirenko et al., 2014a,b). Each environmental
sample’s stock extract in 100% DMSO was used to prepare 10x se-
rial dilutions with cell culture grade DMSO. A master test plate
was prepared to contain 308 experimental wells. All outer wells
of the 384-well plates were filled with 75l of sterile distilled wa-
ter to enhance temperature balance for the entire plate and were
not used in the experiments. In the master plate, experimental
wells were filled with one serial dilution (four 10x dilutions) of
each of environmental sample extracts, “method blanks,” or pure
DMSO. Three environmental extracts were placed on the master
plate twice to enable examination of intra-plate reproducibility.
Remaining wells were kept unfilled for cell-specific positive con-
trol chemicals and media-only wells. The master plate was
sealed with aluminum film and stored at —80°C until used.
Copies of a master plate were prepared for use in each in vitro ex-
periment to avoid freeze thawing.

On the day of an experiment for a specific cell type, the mas-
ter plate was removed from the freezer and placed at room

temperature. Content of each well was diluted 100-fold with
warm cell culture medium corresponding to the cell type under
investigation to yield 4x working solution in 1% DMSO. Positive
control chemicals (in 4x concentrations) and cell culture me-
dium were added to the designated empty wells. Next, 12.5pl
(for cardiomyocytes) or 25 pl (for all other cell types) of each well
on the working plate was transferred to the plates with cells us-
ing 384-well automatic dispenser. The final concentration of
DMSO in all assay wells (except for media-only wells) following
addition of the test substances was 0.25% (v/v). This amount of
DMSO was without effects in all cell types used in these studies
(Grimm et al., 2015; Iwata et al., 2017; Sirenko et al., 2014a,b). The
environmental sample extracts were assayed in the final dilu-
tion of 400-400 000x from the stock solution. All experiments
included inter-plate replicates because two identical plates
were screened for each cell type.

Cytotoxicity and functional phenotype assays. For each cell line, a
number of phenotypes (Supplementary Table 2) were evaluated
using high-content or kinetic imaging. A total of 38 phenotypes
from 5 tested cell types, including cytotoxicity and functional
readouts, were used in subsequent analyses. At the end of the
exposure period, cells were stained with different fluorescent
dyes and imaged as detailed in previous studies (Grimm et al.,
2015; Iwata et al., 2017; Sirenko et al., 2014a,b). Images were proc-
essed using the Multi-Wavelength Cell Scorning, Neurite
Outgrowth, or Angiogenesis Tube Formation application mod-
ules in MetaXpress (Molecular Devices, San Jose, California)
software and quantitative data were extracted for
concentration-response modeling. Briefly, effects on the mito-
chondrial integrity and intensity of iCell hepatocytes, and
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Figure 2. Overall experimental design of the study. A, A schematic diagram of the extraction procedure for environmental soil samples. B, Bioactivity data collection
overview. In vitro experiments were performed in 384-well plates using 5 human cell types. C, Data analysis workflow. Quality control (QC) was used to filter assay/cell
line combinations to ensure high concordance among controls and high intra- and inter-plate reproducibility. For the assays passing QC, points of departure (POD)
were estimated using logistic (Hill) function curve fitting, and overall and cell-type-specific measures of bioactivity computed across the assays. Analysis of bioactivity
was further grounded in comparisons to polycyclic aromatic hydrocarbon (PAH) data on the same samples. Data were integrated using ToxPi approach. Spatial associa-
tion and correlations between biological and PAH data were evaluated. Finally, trained (supervised) models to “predict” the PAH data from bioactivity or vice versa

were constructed.

neurite outgrowth of iCell neurons were measured using high-
content imaging (ImageXpress Micro Confocal, Molecular
Devices). Calcium flux reflecting the contract beating of iCell
cardiomyocytes was determined by FLIPR tetra (Molecular
Devices) instrument using EarlyTox Cardiotoxicity Kit
(Molecular Devices). Effects on angiogenesis of both iCell endo-
thelial cells and HUVECs were measured by 3D cell culture using
extracellular gel matrix followed by high-content imaging
(ImageXpress Micro Confocal, Molecular Devices).

Assay quality controls. The overall workflow of data processing
and analysis is detailed in Figure 2C. Data quality in this study
was evaluated using previously established protocols (Grimm
et al.,, 2015). All cell responses were normalized to the vehicle
control (0.25% “method blank”-treated wells). Overall quality
control criteria were established to evaluate each cell-based as-
say based on 3 parameters (Supplementary Tables 3 and 4): (1)
lack of a statistically significant difference between negative

controls, (2) lower than 20% coefficient of variation (% CV) for
the negative controls, and (3) confidence that positive control
chemicals displayed expected effects in each cell type (expected
direction of the effect and comparison of the ECsq of the positive
controls to those in previously published methods).

Concentration-response modeling. Vehicle control-scaled data for
each treatment were fitted to a curve with a nonlinear logistic
function to determine point-of-departure (POD) values, defined
as the dilutions at which the fitted curve exceeded one standard
deviation above or below the mean of vehicle-treated controls,
using R software-based script as reported previously (Sirenko
et al., 2017). The choice of one standard deviation “benchmark
response” was based on the U.S. EPA guidance for dose-response
modeling and determination of the POD (U.S. EPA, 2012), as well
as empirical testing of various thresholds as detailed in Sirenko
et al. (2017), which showed that a choice of one standard devia-
tion generates consistently high classification accuracy.
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Data integration in ToxPi and clustering analyses. POD values gener-
ated from concentration-response modeling of each phenotype
in tested cell types (Supplementary Table 5) were converted into
toxicological priority index (ToxPi) scores (Reif et al., 2013),
which were inversely scaled from 0 to 1, with O representing the
highest POD value in a given dataset (ie, the lowest observed
bioactivity) and 1 representing the lowest POD value (ie, the
highest observed bioactivity). The scaled POD values were then
used as quantitative inputs in ToxPi Graphical User Interface
(Marvel et al., 2018) for data integration and visualization of bio-
activity profiling. For the clustering, tested environmental sam-
ples were grouped based on the similarity between the
biological profiling from each cell type in an unsupervised anal-
ysis, without prior knowledge of sample categories.

Spatial association of the bioactivity and PAH concentration data. For
each sampling location, geographic distances were calculated
from GPS coordinates using the geosphere package in R. Spatial
interpolation was performed using inverse distance weighting
in using the gstat package in R with idp = 3. Test of spatial asso-
ciation for bioactivity or PAH data used the standard Mantel
(1967) approach for space-time association, with values for the
biological and chemical features taking the place of the “time”
dimension, and geographical distances calculated using lati-
tude/longitude coordinates. This approach compares matrices
of geographical distances to squared feature differences for all
pairs of sampling sites normalized according to the methods in
Zhou et al. (2013). For global tests using all biological or chemical
features, distance matrices using all paired samples (i, j) were
calculated using 1 — py, where p;; is the Spearman correlation of
all features. The test statistic is the summed element-wise
product of the two distance matrices, and rejects the null hy-
pothesis for large values, corresponding to evidence of spatial
correlation. Each test was implemented in R v.3.6.1 and p values
were obtained using 10 000 permutations, and p.q; were derived
from multiple testing correction using Benjamini-Hochberg
computation (Benjamini and Hochberg, 1995) using the p.adjust
function in R.

Both bioactivity data (ToxPi scores for each cell type) and
chemical concentrations of PAHs in these samples (Sansom
et al., 2020) were used for these analyses (Supplementary Table
6). Concentration of PAHs in these environmental samples was
measured by Geochemical and Environmental Research Groups
at Texas A&M University. The priority 16 PAHs, which have
been designated high priority pollutants by the U.S. EPA (Keith,
2015), as well as the total PAH concentrations were analyzed by
gas chromatography (HP5890, Hewlett Packard, Wilmington,
Delaware) with mass spectrometry detection (Agilent 5972,
Agilent Technologies, Santa Clara, California) in selected ion
monitoring mode.

Hazard index calculation and cancer risk assessment based on PAHs
concentrations. We characterized the non-cancer and cancer risk
(Supplementary Table 7) associated with each sample as follows
using the U.S. EPA Regional Screening Level Soil Screening
Levels (SSL) for residential soil (U.S. EPA, 2020). For non-cancer
risk levels for each sample, we calculated (Supplementary Table
8) the hazard index (HI) by summing the ratios between the
measured soil concentration C,, for PAH k (converted to mg/kg)
and the corresponding non-cancer SSLy, &:

HI=>""  Ci/SSLnc &.

This calculation is based on the individual PAH non-cancer
SSLyc, r corresponding to a hazard quotient of 1. Several PAHs
did not have SSLs, so they were not included in the calculation.
For cancer risk, we converted each PAH concentration to ben-
zo[a]pyrene (BaP)-equivalents using the Toxic Equivalency
Factors (TEFs) from Nisbet and LaGoy (1992), Cgapeq, k = Ck TEFy,
and then calculated the cancer risk using the cancer SSL., gap for
BaP (Supplementary Table 8):

Cancer risk = 10° 22:1 Chapeqk/SSLe, Bap.

This calculation is based on the individual PAH cancer SSLy,
¢ corresponding to a cancer risk of 107°. Similar results were
obtained when using alternative TEFs (U.S. EPA, 1993, 2010)
(Supplementary Table 8).

Prediction between chemical and biological profiling. For prediction of
individual chemical features from the collection of biological
features, and individual biological features from the collection
of chemical features, ordinary linear regression performs ex-
tremely poor due to the large number of prediction features
compared to the sample size. Penalized ridge regression is a
useful alternative, and we used the multivariate nature of the
prediction (eg, multiple chemicals simultaneously) to offer fur-
ther improvements in a unified model. Briefly, one can envision
the chemical concentration data as a multidimensional readout
Y with n =39 rows and 19 columns for cancer risk and chemicals
(include PAH aggregate values) and a predictor matrix X with 39
rows and 39 columns (including the intercept unit column) for
biological features. Prior to fitting, all data columns were cen-
tered and scaled to unit variance for comparability and to en-
sure no predictor dominated simply due to scale differences.
For tuning parameter 2, B = (XX + M)_l(XTY) isa39 x 19 co-
efficient matrix, with final prediction Y = XB. 2 was evaluated
on a grid such that log;o(4) varied uniformly from —1.0 to 6.0 in
increments of 0.1. Evaluations were performed using leave-one-
out cross-validation, ie, prediction for elements of Y from the
ith sample used coefficients obtained after removing the ith
sample, to avoid overfitting. Selection of the tuning parameter
was performed to give minimum mean-squared prediction er-
ror. Final predictions were returned to the original Y scale by
multiplying each column by the original standard deviation and
adding the original mean. The entire procedure was then run
again to predict biological features by reversing the assignment
of X and Y matrices.

RESULTS

A recent longitudinal study that assessed exposure to PAHs
among residents of Manchester, an environmental justice
neighborhood located in the East End of Houston, Texas
(Figure 1), showed evidence of redistribution of PAHs due to ex-
treme flooding associated with Hurricane Harvey in 2017
(Horney et al., 2018; Stone et al., 2019). We sampled a total of 39
locations across the whole neighborhood; surface soil samples
were collected immediately after the flooding receded. Because
of the large number of potential sources of PAH in and around
Manchester, and previous reports of considerable gradients of
PAH concentrations among these samples, we processed
(Figure 2A) the soils using a procedure that is designed to ex-
tract carcinogenic PAHs (ASTM International, 2014; CONCAWE,
1994). Specifically, this method preferentially extracts PAH that
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Figure 3. Bioactivity-based ranking of the sampling locations based on the data
from 5 human cell types. A, The Toxicological Priority Index (ToxPi) approach
was used to combine data across cell types (pie chart inset) and rank them based
on the combined ToxPi score. Horizontal whisker represents a resampling-based
confidence interval (95%) on the rank of each sampling location (red dots). B,
Clustering (Ward’s D method) of the sampling locations using ToxPi scores.
ToxPi radial plots were the same as those shown in panel (A).

are toxicologically relevant, those with >3 rings, naked or par-
tially alkylated (Carrillo et al., 2019).

To profile the bioactivity of the environmental samples, we
used a targeted set of human cell-based models and phenotypes
(Figure 2B) that can be used to assign compounds to chemical
classes. The quantitative estimates of in vitro effects from these
cells/phenotypes can serve as a conservative surrogate for regu-
latory in vivo POD (Chen et al., 2020). The data were analyzed us-
ing a multi-stage workflow (Figure 2C) that included quality
assurance, concentration-response analysis, integration of the
data from multiple cell types/phenotypes, spatial and correla-
tion analyses of both bioactivity and PAH data, and supervised
feature prediction between bioactivity and PAH datasets.

ToxPi and Clustering Analyses of Bioactivity in Environmental Soil
Samples

We used dilution series-derived POD data from 38 phenotypes
in 5 cell types (Supplementary Table 5) to compute an overall
bioactivity ToxPi score for each of the 39 tested environmental
samples (Figure 3A). Most of the samples exhibited little to no
bioactivity in most phenotypes, as can be seen from low ToxPi
values for about 75% of all samples analyzed. Only a handful of
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samples were bioactive, as signified by a sharp increase in the
ToxPi scores. Interestingly, the sensitivity analysis, showed by
the confidence interval (95%) whiskers for each red dot, demon-
strated that high ToxPi samples’ rank was largely invariable,
whereas the low-ranked samples’ confidence intervals were
wide and largely overlapping. Figure 3B shows the ToxPi profiles
and their clustering for each sample. The bioactive samples
showed effects in several cell types, primarily in endothelial
cells and iCell cardiomyocytes. Clustering of the ToxPi profiles
for each sample showed that several clusters of very similar bio-
activity were present.

Spatial Association of Bioactivity, PAH Concentration Data, and Risk
Characterization

Next, we tested if spatial association was significant for bioac-
tivity profiles. First, we mapped the overall bioactivity ToxPi
scores, or scores for each cell type separately, for each location
(Figure 4). Clusters of bioactivity were evident; however, the sig-
natures of the individual cell types were quite distinct, similarly
to our previous finding that each of tested cell types contributed
independently to the utility of this overall in vitro model (Chen
et al., 2020). Although a number of tested locations had consis-
tently low bioactivity across the whole panel, several locations
appeared to be hot spots identified by this analysis. Next, we
used a statistical test of spatial association (a modified version
of Mantel [1967]) to determine whether physical proximity
among sampling sites was associated with the similarity of the
bioactivity. Upon stringent false discovery rate correction proce-
dures, no bioactivity phenotype individually, or in aggregate,
reached significance (Supplementary Table 6). Similar analyses
were performed using PAH concentrations in the same samples
(Figure 5). Several clear “hot spots” were apparent for both total
PAH (Figure 5A) and the individual PAHs (data not shown).

As shown in Figure 5B and Supplementary Table 8, the non-
cancer risks associated with these measured PAH concentra-
tions are well below the levels of concern denoted by HI=1. For
cancer, however, the calculated cancer risks for many samples
are above the commonly used screening level threshold of
1x 107, though still within EPA’s generally acceptable risk
range of 10~* to 107° (U.S., 2011). In addition, a statistical test of
spatial association for PAH data (Figure 5C, Supplementary
Table 6) showed that most of the substances, as well as their cu-
mulative values and PAH-derived cancer risk factor, were highly
significantly co-located, even when stringent false discovery
rate correction procedures were applied.

Prediction Between Chemical and Biological Profiling

Next, we tested if overall in vitro bioactivity correlated with
PAH-derived non-cancer (ie, HI) or cancer risk values for each
sampling locations. Highly significant positive correlation was
observed for both HI (r=0.45, p <.01) and cancer risk (r=0.48,
p <.005) when samples 102 and 49 were removed, as these had
the highest HI and cancer risk values. Next, we sought to deter-
mine what individual in vitro bioactivity phenotypes and soil
PAH concentrations correlated (Figure 6). Most of the pheno-
types (all of the phenotypes in iCell endothelial cells and iCell
cardiomyocytes) did not correlate significantly with PAH values
after adjustment for multiple comparisons (Figure 6A); however,
several in vitro phenotypes showed strong negative correla-
tions—most of the phenotypes in HUVECs and total branch phe-
notype in iCell neurons. Negative correlation for the individual
phenotypes is expected as it indicates that higher PAH concen-
tration indicate higher potency (ie, lower POD). Interestingly, in
iCell hepatocytes, several PAHs were positively associated with
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Figure 4. Interpolation of the spatial patterns in bioactivity of the samples. Sampling locations are identified as black dots and the ToxPi integrated bioactivity (on a
scale from 0=1lowest effect [dark blue], to 1 =highest effect [orange]) was used to create the maps (see Materials and Methods) that visualize ToxPi values as a color gra-
dient (see the legends in each graph). The maps show overall bioactivity based on all 5 cell types (top left), or bioactivity in each of the cell types individually (see labels
for each map for cell identifier).
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Figure 6. Correlation analysis between PAH content and bioactivity of the soil samples. A, Spearman correlation of all bioactivity phenotypes with cancer risk, total, 16
priority or individual PAH concentrations. Significant (pag; < .05) correlations are shown as dots that are colored based on the p value as indicated in the color bar. B,
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black dots and the cumulative PAH concentrations were used to create the maps (see Materials and Methods) that visualize PAH levels as a color gradient (see the leg-
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tative phenotypes. Sampling locations are identified as black dots and the effective concentrations (as % dilution of the soil extract) were used to create the maps (see
Materials and Methods) that visualize bioactivity as a color gradient (see the legend inset for effective concentration/color).

cell viability and mitochondrial integrity, also concordant with
the expected relationship between PAHs and these effects in
hepatocytes. Figure 6B shows examples of two PAHSs, anthra-
cene and benzo[a]anthracene, which showed somewhat differ-
ent geographical distribution of the “hot spots”; however, their
concentrations were highly correlated with the environmental
sample-induced effects HUVEC nuclei area phenotype
(Figure 6C, top). We also show a geographical distribution of bio-
activity in iCell neurons ATP phenotype (Figure 6C, bottom), as
an example of a phenotype that did no correlate with PAH con-
centrations in environmental samples.

Because of the strong correlation among the PAH concentra-
tions and some Dbioactivity phenotypes (Figure 6,
Supplementary Table 6), we tested whether in vitro bioactivity
data can be used collectively to infer PAH concentrations in
these environmental samples, or vice versa. This question is rel-
evant because both in vitro analyses and analytical chemistry
assays are time consuming and if these data streams are predic-
tive of each other, considerable time and resource savings can
be achieved by prioritizing sample analyses.

Using a regression model with rigorous cross-validation, we
found that bioactivity data were highly predictive of the PAH
concentrations, both for many individual priority PAHSs, their
summary measures, and the cancer risk (Table 1). Figure 7
shows representative examples of the relationships between
observed and predicted values. Because the individual PAHs,
their sum, and the cancer risk values are highly correlated, it is

not surprising that similar patterns exist between observed and
predicted values (Figs. 7A-C). It is noteworthy, however, that
due to the nature of regression-based predictions, predicted val-
ues are “shrunken” estimates (toward a common mean) with
less variation than the actual data. For predictions of cancer risk
and PAH content, the most informative in vitro phenotypes were
HUVEC nuclei area and mitochondria intensity, and total
branch length in iCell neurons, see Supplementary Table 9 for
all the predictor coefficients for all summary and individual pri-
ority PAHs, and their relative ranks. For HUVEC nuclei area and
iCell neurons total branch length, the result may not be unex-
pected, as the pairwise correlations of these quantities with to-
tal PAH and cancer risk as observed in Figure 6A were of high
significance. However, the high rank of iCell hepatocyte nuclei
area as a highly informative predictor was not apparent from
the pairwise correlations, and points to the advantage of using
a multivariate regression prediction model in this context.
Predictions of in vitro bioactivity from PAH concentrations
were less informative, with only 4 of 38 phenotypes having multi-
ple testing-corrected significant correlations (Table 1) between
observed and predicted values. Even though the correlations
were significant for at least some phenotypes, the ranges of pre-
dicted bioactivity values were far narrower than those of the ac-
tual effects (Figure 7D), indicating that such predictions are
difficult to interpret with respect to the potential range of hazards
among real environmental samples. Supplementary Table 10
shows all of the regression predictor coefficients for various
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Table 1. Cross-Validated Prediction of PAH Levels From All In Vitro
Bioactivity Data, and of Bioactivity Quantification From All PAH

Levels

Parameter r Pad® p? Pad®

Predicting PAH levels from in vitro bioactivity data®
Cancer risk 0.47 <.01 0.46 <.01
Total PAHs 0.44 <.01 0.48 <.01
Priority 16 PAHs 0.42 <.01 0.43 <.05
Benzo(k)fluoranthene 0.48 <.01 0.42 <.05
Benzo(b)fluoranthene 0.48 <.01 0.41 <.05
Indeno(1,2,3,-c, d)pyrene 0.45 <.01 0.48 <.01
Chrysene 0.45 <.01 0.46 <.01
Dibenzo(a, h)anthracene 0.45 <.01 0.42 <.05
Benzo(g, h, i)perylene 0.42 <.01 0.46 <.01
Benzo(a)pyrene 0.40 <.05 0.37 <.05
Pyrene 0.36 <.05 0.41 <.05
Fluoranthene 0.34 <.05 0.37 <.05
Benzo(a)anthracene 0.27 n.s. 0.36 <.05
Fluorene 0.17 ns. 0.30 <.05

Predicting in vitro bioactivity data from PAH levels
HUVEC nuclei area 0.65 <.001 0.54 <.01
iCell Neurons mean outgrowth 0.44 <.05 0.12 ns.
HUVEC mitochondria intensity 0.39 n.s. 0.47 <.05
iCell neurons total branch 0.31 n.s. 0.49 <.05

#Correlation (Pearson r or Spearman p) of predicted response values using multi-
variate ridge regression prediction compared to actual response values.
bAssociated Pag; Values expressed as false discovery-adjusted using the
Benjamini-Hochberg method applied to all responses (only significant results

using pag; < .05 shown).

A Total PAH (ng/g) B Cancer Risk (x106)
[=]
= . .
$3 s
5- B %
(=]
8 & 8 |
oCw| % o . :
- = - . - Ex | -
8 2 o 3
-0 . g | e -
T8 ' HET
8~ 2 |8t
o2 =RV L
S 8 SR N
N T T T T T T T T T
0 5,000 10,000 15,000 20,000 0 5 10 15 20
Observed Observed
c Benzo(b)fluoranthene (ng/g) D HUVEC nuclei area (Dilut.%)
2 * 2 g I
[ = - .
S8 S8l . ’
-G [7=] -t % i .
=]
B8 . £ e -
.| o % i
BE e Beq
=0 % .
=] ., = 4
Sglae 2
T R g (=3
=] . 59 .
= 27T T T T ‘(j T T T T T T
[S TR 500 1,000 1,500 0 20 40 80 80 100
Observed Observed

Figure 7. Illustrative cross-validated regression predicted values versus actual
values, for predicting (A) total PAH concentrations, (B) cancer risk and (C) ben-
zo(b)fluranthene from bioactivity measurements, and (D) HUVEC nuclei areas
from the measured PAH concentrations. See correlation coefficients and p val-
ues for the correlations shown here listed in Table 1.

PAHs, and their relative ranks in predicting the bioactivity meas-
ures. Overall, the predictor coefficients were far smaller than
those in case of predicting PAH concentrations from bioactivity.
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DISCUSSION

Many have suggested the potential utility of cell-based in vitro
bioassays for addressing the potential human and ecological
health hazard of complex mixtures (Blackwell et al., 2017, 2019;
Drakvik et al., 2020; Escher et al., 2020; Hayes et al., 2020; Kassotis
et al., 2016; Neale et al., 2020). Large-scale in vitro toxicity screen-
ing programs such as Tox21 or ToxCast focus largely on the
first-pass testing for individual chemical compounds and some
complex substance formulations (Catlin et al., 2018; Judson et al.,
2010), and have yet to be widely applied in the evaluation of
complex environmental mixtures (Kassotis et al., 2016). In the
past two decades, dozens of studies used various cell types, de-
rived from both mammalian and aquatic species and prokar-
yotes, have been used to study sediment, soil, and water
samples. Most often these studies examined general cytotoxic-
ity, effects on the DNA (various genotoxicity and mutagenicity
endpoints), as well as activation of various hormone and
metabolism-related receptors. Concentration-response rela-
tionships were routinely evaluated and it was demonstrated
that bioactivity can be used not only in comparative analysis of
the relative potency among samples, but also to derive quanti-
tative estimates of hazard (Blackwell et al., 2017, 2019; Escher
et al,, 2014, 2015, 2018; Jia et al.,, 2015). Overall, these studies
established a body of evidence that a battery of in vitro bioassays
can be used to support decision-making based on the bioactivity
of the actual environmental samples.

Our work builds on this empirical foundation and shows
that human iPSC-derived cells may not only be used to rank en-
vironmental samples with respect to potential human health
concerns, but they also introduce additional valuable informa-
tion through the analysis of cell function phenotypes. We found
that among a large number of samples collected in a relatively
confined geographical area with equal potential of PAH contam-
ination associated with the proximity of numerous point sour-
ces (Stone et al., 2019), only some locations indicated a potential
concern, information that could serve as a rationale for follow-
up analyses with additional assays and models. Interestingly,
we found that depending on the cell type, the “hot spots” varied.
This finding is commensurate with evidence that certain cell
types and phenotypes are differentially affected by various
chemicals (Chen et al.,, 2020; Grimm et al., 2020). Although a
screening-level risk characterization based on PAH concentra-
tions indicated little concern for non-cancer effects, a possible
concern was identified for some samples for PAH-related cancer
risks, which in many cases exceed the screening level risk of
10~°. Similarly, while the calculated risk levels were still within
the “generally acceptable” range used by EPA, because only
PAHs were measured, the cumulative effects of other, unmeas-
ured toxicants (which are surely present in this neighborhood)
are not accounted for. In such a situation, it is common under
EPA guidelines to strive for the “lower end” of the risk range and
the bioactivity data may provide important clues on the types of
hazards that may be present and also the level of concern for
follow-up analyses.

A number of previous studies examined spatial relationships
in bioactivity between sampling locations, or tested for the
strength of association between bioactivity and chemical con-
tamination in a spatial dimension. A study of 41 surface soil
samples from Tianjin, China used a suite of in vitro cell bioas-
says focused on nuclear receptors and genotoxicity endpoints
to examine the spatial clustering of the bioassay data (Xiao
et al.,, 2006). This study found that the geographic distribution of
aryl hydrocarbon receptor (AhR)-agonism and genotoxic



bioactivity exhibited strong positive spatial correlation; how-
ever, the geographic distribution of pro-estrogenic bioactivity
was markedly different from that of AhR-agonists effects. An
example of a study that correlated in vitro and analytical data
from environmental samples is a publication by Leusch et al.
(2010) who compared the responses of 5 bioassays designed to
measure estrogenic activity and chemical analysis on water
samples (ground and river water, and raw and treated sewage).
The authors showed that the bioassays that were robust in
terms of assay sensitivity and reproducibility were well-
correlated with the data from chemical assays. An example of a
study that looked at both spatial and bioactivity-chemical anal-
ysis correlations is the work of Jung et al. (2012) who used 21
sediment samples from Masan Bay, Korea, to identify several
“hot spots” of bioactivity (estrogen- and dioxin-responsive re-
ceptor assays). The authors also used spatial correlation analy-
sis between organochlorine pesticides, polychlorinated
biphenyls, dioxins and alkylphenols and their biological effects
to pinpoint the sources, such as sewage treatment and indus-
trial outfall, of environmental hazards. Recent examples of
studies in the United States and Europe demonstrate that
bioassay-based analysis of environmental mixtures for detect-
ing biological effects should be combined with the analysis of a
wide range of chemical contaminants to ascertain additional
risks that may not be evident from the chemical analyses alone
(Blackwell et al., 2017, 2019; Konig et al., 2017; Neale et al., 2020).

These studies established an important foundation for ex-
amining the relationships between exposure and bioactivity-
derived hazard and for quantifying these relationships bioana-
lytical equivalent concentrations (Jahnke et al, 2018) and
exposure-activity ratios (Blackwell et al., 2017). Our study pro-
vides strong additional evidence of such relationships. It is
noteworthy that our study showed that while there was an
overall significant positive correlation between bioactivity and
PAH-associated HI and cancer risk, the correlation coefficients
were only about 0.5. A similar finding was reported in a study of
rain events impact on the chemical pollution in river water
where the measured chemicals explained only a small fraction
(<8%) of the in vitro biological effects (Neale et al., 2020). These
data show indicate that bioactivity, while valuable information,
may not be sufficient for evaluating certain chemical-specific
risks. These results are not altogether surprising, as certain end-
points, such as cancer and immunotoxicity, are known to be
poorly covered by currently available in vitro assays. Thus, we
reason that for environmental monitoring, high bioactivity
scores may be able to identify “hot spots” or areas of concern for
the follow-up investigation, but that low bioactivity scores are
not sufficient to rule out potential risk.

Another interesting corollary to the datasets that combine
measurements of chemical contamination and bioactivity on
the same samples is the possibility of using one or the other as
predictors. Previously, Leusch et al. (2010) calculated a predicted
estrogenicity for environmental water samples by multiplying
the concentration of each chemical as determined by standard
chemical methods with the relative potency for each individual
compound. This report concluded, based on dose reconstruc-
tion from the individual chemical concentrations, that there
was a good agreement between the predicted and measured
estrogenicity; however, this study only attempted prediction of
hazard for one type of hazard (ie, estrogenicity) and only
through dose reconstruction. In this respect our study offers
several additional advances. The correlations between PAH
measurements and bioactivity levels show that a relatively
small proportion of bioactivity measurements are substantially
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correlated with PAH levels in environmental samples. However,
these correlations are sufficiently large (correlation >0.5) such
that summary PAH levels and cancer risk values can be pre-
dicted with reasonable accuracy from bioactivity measure-
ments. Interestingly, we found that a reverse prediction, from
PAH concentrations to bioactivity, was not as informative. This
finding reflects the potential indication that other compounds
in the samples may have contributed to the overall bioactivity.
It is also possible that poorer prediction of bioactivity may sim-
ply be due to an imbalance in the number of PAHs versus the
number of bioactivity phenotypes. Ideally, it would be possible
to obtain quantitative understanding of the contributions of in-
dividual measured substances to overall bioactivity, such as uti-
lizing exposure-activity ratios based on bioactivity data on
individual substances. Although some success in this regard
have been made for water contamination (Blackwell et al., 2017,
2019; Neale et al., 2020), such efforts are more challenging in the
case of soil contamination due to differences in extraction and
bioavailability when comparing soil concentrations with con-
centrations in vitro media (Luo et al.,, 2020). Future studies are
needed to better understand differential extraction efficiency
and bioavailability of compounds of interest in order to make
more confident comparisons across matrices. Overall, these
findings provide additional important evidence as a proof of
concept for the use of bioactivity as an approximate chemical
concentration surrogate, although additional data should be
generated to refine these findings. In addition, the ability to
generalize beyond the range of concentrations observed is un-
known, and we emphasize that aspects of our data structure
and PAH content may be specific to the Manchester neighbor-
hood sampled here.

This study has important limitations. First, the chemical
comparisons and environmental sample extraction methods
were focused on PAH contamination and as such provide an
over-simplified representation of the chemical complexity of
the environmental samples, especially after a major natural di-
saster. Although this chemical class was the most natural
choice because of previous reports of PAH contamination in this
area (Horney et al., 2018; Stone et al., 2019) and geographical
proximity of the relevant point sources, additional chemicals
need to be considered in future studies. For example, we found
that bioactivity “hot spots” varied among cell types indicating
that other contaminants may also be present and additional
chemical analyses need to be performed. Second, our risk char-
acterization and comparisons to HI and cancer slope factors
were equally restricted to PAH-derived values, which may have
reduced our ability to observe true relationships between chem-
ical concentrations and bioactivity. Third, we emphasize that,
by focusing on a single neighborhood, the range of variation in
PAH may have been limited in comparison to other areas. Thus,
under a wider sampling regime it is likely that the observed spa-
tial relationships would have been significant for a larger num-
ber of individual chemical and/or bioactivity components.
Finally, we note that the large number of cell-based phenotypes
and measured contaminants relative to the sample size neces-
sitated the use of penalized regression as a prediction tool,
which can provide biased estimation in order to achieve higher
prediction accuracy. Follow-up studies focusing on only a select
few cell-based assays, informed by this and previous studies, as
well as a larger pool of assays from ToxCast/Tox21 (Paul
Friedman et al., 2020) might be required in order to provide unbi-
ased estimation of the precise relationships between bioactivity
and PAH contaminant concentrations.
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In summary, this study explored the use of a small compen-
dium of human cell lines representing multiple potential target
tissues for bioactivity-based prioritization in the context of en-
vironmental monitoring. Using samples with suspected PAH
contamination in a community in a greater Houston area that
experienced massive flooding associated with Hurricane
Harvey, we found joint spatial variation of PAH components
and bioactivity, with different cell-types exhibiting largely dis-
tinct spatial patterns of activity. In addition, we found that the
cell-based bioactivity data correlate with, and can be used to
predict environmental concentrations for several PAH contami-
nants, as well as overall PAH summaries and cancer risk.
However, several high concentration outliers in terms of PAH
contamination were not well predicted by bioactivity, possibly
due to the need for broader coverage of biological space in the
cell-based assays. Overall, these results suggest that human
cell-based assays, data that can be procured within weeks after
a contamination event, can provide useful information for rapid
decision-making in emergency situations, supplementing tradi-
tional targeted chemical monitoring with human effects-based
monitoring so as to identify possible “hot spots” that warrant
additional investigation for their potential to increase human
health risk.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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