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There is increased interest in using high throughput in vitro assays to characterize
human population variability in response to toxicants and drugs. Utilizing primary human
endothelial colony-forming cells (ECFCs) isolated from blood would be highly useful for
this purpose because these cells are involved in neonatal and adult vasculogenesis. We
characterized the cytotoxicity of four known toxic chemicals (NaAsO,, CdCly, tributyltin
[TBT], and menadione) and their four relatively nontoxic counterparts (NaoHAsOg4, ZnCly,
SnCl,, and phytonadione, respectively) in eight ECFC clones representing four neonatal
donors (2 male and 2 female donors, 2 clones per donor). ECFCs were exposed
to 9 concentrations of each chemical in duplicate; cell viability was evaluated 48h
later using the fluorescent vital dye fluorescent dye 5-Carboxyfluorescein Diacetate
(CFDA), yielding concentration-effect curves from each experiment. Technical (day-
to-day) variability of the assay, assessed from three independent experiments, was
low: p-values for the differences of results were 0.74 and 0.64 for the comparison of
day 2 vs. day 1 and day 3 vs. day 1, respectively. The statistical analysis used to
compare the entire concentration-effect curves has revealed significant differences in
levels of cytotoxicity induced by the toxic and relatively nontoxic chemical counterparts,
demonstrating that donor-specific ECFCs can clearly differentiate between these two
groups of chemicals. Partitioning of the total variance in the nested design assessed
the contributions of between-clone and between-donor variability for different levels
of cytotoxicity. Individual ECFC clones demonstrated highly reproducible responses
to the chemicals. The most toxic chemical was TBT, followed by NaAsO,, CdClo,
and Menadione. Nontoxic counterparts exhibited low cytotoxicity at the higher end
of concentration ranges tested. Low variability was observed between ECFC clones
obtained from the same donor or different donors for CdClo, NaAsO», and TBT, but
for menadione, the between-donor variability was much greater than the between-clone
variability. The low between-clone variability indicates that an ECFC clone may represent
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an individual donor in cell-based assays, although this finding must be confirmed using
a larger number of donors. Such confirmation would demonstrate that an in vitro ECFC-
based testing platform can be used to characterize the inter-individual variability of
neonatal ECFCs exposed to drugs and/or environmental toxicants.

Keywords: toxicological risk assessment, animal replacement, population variability, endothelial cells,
developmental toxicants, cardiovascular disease, personalized medicine

INTRODUCTION

The response of individual humans to hazardous exposures
can vary significantly and this variability is thought to underlie
individual predispositions to to diseases and/or sensitivity to
toxic exposures (1). While basic biological mechanisms pertinent
to humans are being studied in laboratory animals, the variability
of human responses to chemicals, including drugs (2) and
environmental toxicants (3), cannot be adequately assessed by
traditional animal models. This limitation was the primary
reason for the development of two new mouse model systems—
the Collaborative Cross and the Diversity Outbred (4-7)—
that could be used to study how genetic polymorphisms alter
sensitivity to the adverse effects of chemicals. However, data
generated using these animal models still requires extrapolation
to human populations and is unlikely to substitute for all human
variability.

This limitation has increased scientific interest in using high
throughput (HT) in vitro cell-based systems to evaluate the
extent of human genetic and functional variability in response
to chemical toxicants. In 2012, Lock et al. (8) reported on the
differential sensitivity of 81 human lymphoblastoid cell lines
from 27 Center d’Etude du Polymorphisme Humain trios
exposed to 240 chemicals using cytotoxicity and apoptosis
as endpoints in a quantitative HT screening platform.
These investigators concluded that an evaluation of toxicity
pathways and the effects of genetic diversity was now feasible.
Subsequently, in 2015, Abdo et al. (9) expanded this approach
by testing the variability in cytotoxicity to 179 chemicals using
lymphoblastoid cell lines representing 1,083 individuals from
European, Chinese, Japanese, African, and Hispanic ancestries.
The difference in donor-specific cellular responses measured
as an ECI0 (effective concentration by which control culture
cell viability was reduced by 10%) for about half of the tested
compounds was found to vary between 10- and 1,000-fold (9).
These data were used to develop prediction models for human
population responses to toxic chemicals (10), further indicating
the value of the approach.

The large difference in donor-specific cellular reactions
identified for some chemicals by Abdo et al. (9) provides
unequivocal evidence that human individual variability in
response to toxicants can be studied in cell-based models and
should be carefully considered in population-wide assessments
of toxicological risks. Both Lock et al. (8) and Abdo et al.
(9) used human lymphoblastoid cell lines because those were
available well-defined cells that would allow for a population
characterization. However, recent advance in the isolation

and characterization of human stem and progenitor cells and
in the generation of induced pluripotent stem cells (iPSCs)
suggests that populations of normal rather than transformed
(i.e., lymphoblastoid) cells could be used for the same purpose.
Moreover, the lineage-committed progenitor cells might be
particularly useful for evaluating the variability of human
responses to toxicants in specific types of human tissues or organs
and/or processes where these cells play key roles.

We previously suggested that utilizing progenitor cells isolated
from human umbilical cord fits the described framework of
population-based toxicological testing (11). Formed during fetal
development, these progenitor cells can be harvested from the
umbilical cord at birth, which provides a non-invasive procedure
for establishing a population-based collection of cells whose
previous exposure to the environment is limited to in utero
conditions. Accordingly, the collected cells would exhibit a
minimum of acquired non- or epi-genetic modifications that
might potentially affect their responses to chemicals beyond the
inherent genetics. Specifically, cord blood-derived endothelial
progenitor cells could serve as a model for a population-
based platform for screening environmental toxicants with a
potential for exerting vascular toxicity (11). This information
may be relevant to individual developmental and cardiovascular
risks arising from functional deficits as a result of exposures
to toxicants. In vivo endothelial progenitor cells are involved
in blood vessels formation during both in utero development
and postnatally (12-15) and the vasculature is the first and
largest organ in the developing embryo/fetus (16, 17). The
existence of functioning (healthy) vessels is a prerequisite for
proper development and function of all other tissues and organs.
Therefore, endothelial toxicity has a clear potential to affect the
developmental path of many organs and tissues (18, 19). In
this study, we present the first step in building a platform for
screening of drugs and environmental toxicants for endothelial
toxicity.

Endothelial colony-forming cells (ECFCs) is a sub-set of
endothelial progenitor cells committed to endothelial lineage.
A considerable body of work has demonstrated that these cells
exhibit vasculogenic properties during periods of high demand
for vessel growth, such as embryonic development and ischemia
(20). ECECs received their name because after isolation, a single
proliferating endothelial progenitor cell can produce a colony
of several thousand descendants which, with sub-culturing, can
give rise to millions of cells (21, 22). Under optimal growth
conditions, several dozens of ECFC clones can be obtained from
each donor. Therefore, to evaluate donor-specificity of in vitro
ECEFC responses to chemicals, we isolated several ECFC clones
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from each individual cord blood sample. In this study, we took
eight ECFC clones from four donor samples (two clones per
donor) and measured changes in viability of the ECFC clones in
response to toxic compounds. We compared differences between
clones derived from the same donor (within-person variability)
to differences of responses between donors (between-person
variability). We presumed that, if the within-person variability
is less than the between-person variability, then the ECFCs
responses to toxicants are donor-specific.

We selected four chemicals with demonstrated endothelial
cell and/or vascular toxicity and four relatively nontoxic
chemicals as counterparts. The chemical pairs tested were: (1)
cadmium (Cd, as CdCl) and zinc (Zn, as ZnCl,), (2) arsenic
(ITIT) (as NaAsO,) and arsenic (V) (as NayHAsOy4), (3) tin-
containing compounds tributyltin (TBT) and SnCl,, and (4)
a toxic vitamin K family member menadione (vitamin K3,
or 2-methyl-1,4-naphthoquinone) and nontoxic phytonadione
(Vitamin K1, also known as phylloquinone). Cadmium and
arsenic enter the human body via contaminated food, drinking
water, and tobacco smoke (23). Cadmium and trivalent arsenic,
or arsenite, are developmental and cardiovascular toxicants,
which are known to impair the function of endothelial cells
(24-28). TBT is an environmental contaminant known for its
developmental toxicity, particularly in aquatic species, which
also exerts endothelial cell toxicity (29-32). Menadione is a
synthetic form of vitamin K, which is used as a nutritional and
medicinal supplement in animals and sometimes in humans
in low income countries (33) despite its well-known ability to
stimulate oxidative stress in vitro (34-36) and a demonstrated
toxicity toward endothelial cells (36, 37). To determine whether
each individual ECFC clone can correctly distinguish a more
potent chemical from its less potent counterpart, we selected
four relatively nontoxic pairs to these toxicants. Specifically, we
used ZnCl, as a relevant pair to CdCl, because the potential
mechanism of Cd?" toxicity involves competition with Zn*,
an essential cofactor in proteins (38-41); sodium arsenate (or
pentavalent As, NayHAsOy) as a less toxic counterpart to trivalent
As (42-44); inorganic tin, SnCl,, as a less toxic counterpart
of TBT (45, 46); and natural vitamin K1 (phytonadione) as a
nontoxic matching pair to menadione (33).

MATERIALS AND METHODS
Isolation of ECFCs

ECEC clones were isolated from cord blood specimens obtained
at delivery from 2 girls and 2 boys born to non-smoking
mothers recruited to this study with signed consent form
at Duke University Medical Center (DUMC, Durham, NC).
The Institutional Review Boards of DUMC and Georgia State
University approved this research protocol.

The cord blood samples were collected into 4 mL Sodium
Heparin BD Vacutainer® tubes (cat. #367871, BD Biosciences).
Samples were maintained at room temperature and processed
within 12 h after collection. All reagents and buffers were brought
to room temperature before sample processing. The blood
samples were transferred from vacutainers into sterile 5mL
tubes (cat. #24-285SCS, Genesee Scientific) and 1/10th volume

of 100 mg/mL dextran solution (cat. #31392, MilliporeSigma)
was mixed with each sample. Tubes were incubated for 15 min
at room temperature and then centrifuged in Beckman Coulter
Allegra 6R Bench Top centrifuge for 10 min at 250 rpm to pellet
red blood cells. The supernatant containing plasma and white
blood cells was collected, transferred to a new sterile 5mL tube,
and centrifuged again for 10min at 1,400 rpm to pellet the
remaining cells. After centrifugation, the plasma was removed,
and the cell pellet was resuspended in 5 mL Hanks’s Balanced Salt
Solution with Ca?* and Mg?t (HBSS-Ca?*/Mg?*, cat. #21-023-
CV, Corning, Inc.). Cells were pelleted again by centrifugation
for 10 min at 1,200 rpm. This wash step was repeated one more
time and after the second wash, the cells were resuspended
in 4mL of Vecstem™ endothelial cell growth media (Creative
Scientist, Inc.) and counted in fluorescence mode using the cell
counter Luna FL (Logos Biosystems, Inc.). The cells were then
equally divided and plated in 2 wells on a 6-well Primaria™
plate (cat. #353846, Corning, Inc.) at 2 mL/well. On each of
the following three days, the plates were washed three times
with room temperature HBSS without Ca** and Mg?* (HBSS,
cat. #CS-022-CV, Corning, Inc.) and fresh Vecstem™ added.
Starting on day three, the plates were examined for the presence
of colonies under a microscope at 10x magnification. When
colonies became visible, they were collected using sterile glass
clonal rings (cat. #C1059, MilliporeSigma). For this, the medium
was removed and 1 mL/well of HBSS was added. The clonal
ring was carefully placed over the colony; cells were detached
by incubation with 50 L of 0.05% Trypsin/0.53 mM EDTA (cat.
#25-051-Cl, Corning, Inc.) and transferred to a new 6-well plate,
1 colony/well. The cells were expanded for 3 passages and frozen
for future use.

Cell Surface Marker Characterization

For cell surface marker expression analysis using flow cytometry,
the cells were first expanded in 10cm dishes in Vecstem™
media. For staining, cells were washed with cold phosphate
buffered saline (DPBS, cat. #21-031-CM, Corning, Inc.) and
treated for 3min with accutase solution (cat. #C41310,
PromoCell). Detached cells were collected and centrifuged at 300
x g for 5 min, then washed with labeling buffer PBS, pH 7.2 with
0.5% bovine serum albumin (BSA, cat. #A2153, MilliporeSigma)
and 2mM EDTA (cat. #15575020, Thermo Scientific). Two
lakhs of cells were incubated with conjugated antibodies
(Supplemental Table 1) for 1h. according to manufacturers
specifications. After incubation, the cells were washed with
and resuspended in 100 pL of labeling buffer. Unlabeled cells
were used to establish side scatter and fluorescent gating and
intensity measurements of >10,000 cells. Data were recorded
using MACSQuant Analyzer 10 (Miltenyi) and were exported
as FCS files; median fluorescence for each sample was analyzed
using FCS Express 6 (De Novo Software).

Proliferation Assay

ECFCs were seeded in 384 well nClear plates (cat. # 781091,
Greiner Bio-One) at 500 cells/well in 40 wL of Vecstem™
(Creative Scientist, Inc.). The plate outline is provided as
Supplemental Figure 1. The next day, 10 pL of 1:1 serially
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diluted toxicants were added to cells in duplicate (2 wells per
concentration of each chemical, 9 titers). All chemicals used in
the current study are listed in Supplemental Table 2. Selection
of the concentration range for each toxic chemical was based
on published data and on preliminary experiments (data not
provided). The concentration range for the nontoxic chemical
counterparts was chosen to overlap the concentration range of
the toxic chemical. After 48h, cell growth was assessed using
the vital dye 5-carboxyfluorescein diacetate (CFDA, cat. #C4916,
MilliporeSigma). Cell growth media was removed from wells
and cells were washed once with 40 wL HBSS-Ca**/Mg>*.
Subsequently, 10 pL of 1.5uM CFDA of in HBSS with Ca?t
and Mg?* were added per each well. The cells were incubated
for 1 hr and fluorescence was read at hex/hem 485 nm/525nm
using fluorescent plate reader Infinite F200 (TECAN) using
Integration Time—20 ps, Gain—>50, and Number of Flashes—50.
The experiment was repeated on three separate days (n = 3).

Proliferation Assay Data Normalization and

Transformation

The fluorescent intensity for each toxicant concentration on
a plate (n = 2) was averaged and normalized to the average
fluorescent intensity of untreated control wells (n = 4).
To account for non-specific drift of the baseline sometimes
observed in cell-based assays using high-throughput plates, each
chemical had two pairs of wells with untreated controls—at the
beginning and the end of the chemical titer range as shown in
Supplemental Figure 1. Thus, for each clone in each plate there
were total 32 wells with untreated controls. Fewer than 10% of the
control wells were identified as outliers based on analysis using
GraphPad Prizm 7.04 program and were excluded from further
analysis. The normalized values of cell viability per each chemical
tier from each independent experiment were then averaged and
plotted against concentration for each chemical.

Statistical Analysis

Non-linear Fit of Concentration-Response Curves

To estimate differences between individual concentration
response curves, we used statistical methodology based on the
functional data analysis of concentration-effect curves (47). To
begin with, we fitted a concentration-effect curve for each
experiment as follows. Let xj, j = 1,---, ], be the measured
cell viability value at the j-th concentration level ¢; expressed as
logz(14+1M). Let y (t) be the true concentration-effect curve to
be fitted. Considering the presence of measurement error, we
assume that

x=y(4) +e¢

where ¢; is the noise contributing to a roughness to the raw
data. It is known that y (¢) is a smooth curve and monotonically
decreases from 100 to 0 as ¢ increases from 0. We express y (t) as

o — 100
TS SETTS
where [by (s),- -+, bg(s)] are K basis functions, and (c1, - - - , ¢k)

are the corresponding expansion coefficients. Basis functions

are mathematically independent and can approximate arbitrarily
well any function by taking a weighted sum of a sufficient large
number K of these functions (47). To estimate the expansion
coefficients ¢p,---, cx, we adopt the penalized least squares
criterion and minimize the penalized sum of squared error

]
PENSSE (y|x) = Z {x =y ()} + 1 x PEN ()

where ij.zl {xj -y(4) }zis the sum of squared error, PEN (y) =

/ [Zszl ckbz (t)}2 dt is the roughness penalty with by” (¢)
representing the second derivative of by (f), and A > 0is a
smoothing parameter. Here the roughness of y () is defined as
the roughness of ZkK=1 kb (1), the logarithm of the derivative
of the reciprocal of y(#). Highly variable functions can be
expected to yield high values of PEN (y). This penalized least
squares criterion trades off smoothness against data fit, and the
smoothing parameter A measures the rate of exchange between
fit to the data and variability of the function y (t). Here we choose
K = 20 B-spline basis functions (48) and A = 0.01, and estimate
the coefficients cj,---, cx by minimizing PENSSE (y|x) using
the Newton-Raphson method.

Assessment of Day-To-Day (i.e., Technical) Variability
Initially, we tested technical variability of our assay by
establishing concentration-response curves for four toxic
chemicals: CdCl,, NaAsO,, TBT, and menadione. In these initial
experiments, we used a polyclonal ECFC line CB002, which we
used in previous work (21). Each experiment was performed
as described above in duplicates and repeated three times on
separate days (Supplemental Figure 2). Then we fitted the
curves for a total of 12 concentration-response curves (four
chemicals x 3 days). The curves were used to examine the extent
of day-to-day variability of our assay, considering differences
in the effects of toxicants. In this analysis, we fit the following
functional ANOVA model (47):

Yij (1) = () +a; () + Bj (1) + &4 (1) (1)

where Y (f) represents the fitted concentration-effect curve of
the i-th toxicant on the j-th day, t-represents the concentration
level and is expressed as log,(1 + pM). To ensure the capacity
of the model to identify different curves, we restrict a; (f) =
B1(t) = 0. Then w (t) represents the mean concentration-
effect curve of the first toxicant on the first day, «; (f) represents
the difference of the mean concentration-effect curve of the i-
th toxicant compared to the first toxicant on the same day,
B; (t) represents the difference of the mean concentration-effect
curve of the j-th day compared to the first day for the same
toxicant, and ¢;; (¢) represents the noise curve. This model was
fitted using the fosr function in the R package “refund” (49)
and the estimated S, (f) and B3 (t) comparisons are shown in
Supplemental Figure 3.
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Assessment of Within- and Between-Donor
(Biological) Variability

To evaluate the contribution of within- and between-donor
variability, we examined responses of eight ECFC lines from
four donors (2 clones x 4 donors) to eight chemicals using two
replicates of each titer of chemicals in each experiment repeated
on three separate days. With the method described above, we
fitted a concentration-effect curve using the available values for
cellular viability and concentration levels for each clone/each
replicate/each toxicant. A total of 22 fitted concentration-effect
curves were analyzed for each tested chemical. Using optimized
fitted curves, we determined the concentration corresponding to
a specific toxic effect for each curve. For example, given a fitted
curve J (1), to determine an IC10 (the inhibitory concentration
that reduces viability compared to the control data by 10%), we
first obtained the values of J (¢) at 300 equally spaced toxicant
concentration levels 0 = t; <t < ... < t300 = T, where T is a
value slightly higher than the maximum observed concentration
level [i.e., loga(1 + wM)] for the examined chemical. As y (¢)
monotonicly decreases from 100 to 0, we determine i such that
y(t) > 10 > y(tiy1). Then we find the value of IC10 by the
formula

y (&) — 10

where fjg=fj — —— 2> —
y (&) — y (tig1)

1C10 = 200 1, (ti — tir1)

so that j/(?flo) =10 using linear interpolation. We could not
calculate IC10 values for most of the less toxic counterparts of
the examined chemical pairs because a 10% loss of viability was
not observed. Finally, using the Im function in R to fit a linear
regression model with donor and clone (nested within donor)
as covariates, we calculated total, between-donor, between-clone,
and within-clone (technical) sum square variability for each
examined toxic effect (i.e., for 10, 20, 30%, etc.) and presented
the proportion of between-person/between-clone and between-
person/total sum square variability for each effect size (see
Results).

Graphical Data Presentation
Data were plotted in GraphPad Prizm 7.04 software.

RESULTS

Characterization of Cord-Blood (CB)
ECFCs

Typically, we received whole cord blood samples of 4 mL or
less within a few hours after delivery. Samples were kept at
room temperature before and during processing. Red blood cells
were removed by sedimentation with dextran and subsequent
centrifugation typically yielding less than 2ml of plasma
containing white blood cells and platelets. Although previously
we isolated CB ECFCs from the mononuclear cell fraction (21),
we found that it does not result in a higher ECFC yield compared
to unfractionated white blood cells in small size blood samples
(data not shown). Using Vecstem™ growth media (optimized
for sustained growth of human ECFCs), we obtained ECFC
clones from 8 of 13 cord blood samples (61%). Two donor

samples yielded a single ECFC clone each, three samples—two
clones, two samples—three clones, and one sample—five clones.
Each clone is currently preserved at passage 3 in liquid nitrogen.
For this study, we arbitrarily selected 8 ECFC clones
representing 4 donors (2 clones per donor). Each ECFC
clone was characterized by FACS analysis. Although, there
is no a definitive molecular marker for ECFCs, several
surface antigens were previously reported to be expressed by
ECFCs. Cells were expanded in Vecstem™ to obtain the
necessary number for surface staining for CD31 (PECAM),
CD309 (VEGFR2), CD73 (ecto-5'-nucleotidase), and CD146
(MCAM). In each ECFC clone, 80-100% of cells expressed
these molecules (Figure 1). We found miniscule expression
of stem and progenitor cell marker CD133 (prominin-1) and
moderate but variable expression of CD34, as has been previously
reported for cultured ECFCs (50). Finally, we tested the ECFC
clones for the expression of leukocyte common antigen CD45
and confirmed that it is absent in our cell preparations
(50). Thus, we can summarize the ECFC phenotype as
CD31"/CD73%/CD146%/CD309"/CD133~/CD45~ /CD34"".

Generation of Concentration-Response

Curves

Each ECFC clone was exposed to all eight chemicals. We seeded
all eight ECFC clones at the same time in four 384-well plates
(2 clones per plate). After an overnight incubation, cells were
exposed to 9 titers of each chemical in duplicate (8 chemicals
per plate); 48 h later, viable cells were stained and analyzed as
described in the Methods. For each well, we obtained integrated
optical density (OD) values as an indicator of cell viability.
Raw data are provided in Supplemental Table 3. The OD value
for each well was normalized to an untreated control (which
represented 100% viability) and the normalized values were used
to (1) generate concentration-response curves for each clone and
each chemical and (2) to assess both the technical and biological
variability of the data.

Surface Markers

% Cells per clone

Nk @ O D P
RS IR SRR
FPF P P

FIGURE 1 | CD marker expression profile in CB ECFCs used in this study.
Eight ECFC clones were stained with antibody specific to CD markers as
described in Methods. The mean number of cells expressing corresponding
antigen in each ECFC clone is plotted & SD (n = 8).
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Assessment of the Technical
Reproducibility of the Assay (Day-To-Day
Variability)

To compare concentration-effect curves generated for each
chemical on different days, we initially exposed a polyclonal
ECFC line CB002 (21) to four toxicants (CdCl,, NaAsO,,
TBT, and menadione) at multiple concentrations. These
data were used to compare runs performed on days 2
and 3 to the run performed on day 1, as described in
Methods. Supplemental Figure 2 shows the concentration-
response curves for each toxicant. Supplemental Figure 3 shows
estimated B, (t) and B3 () functions representing differences
of the mean concentration-effect curves between day 2 vs. day
1 (panel A) and day 3 vs. day 1 (panel B), respectively. To
assess the uncertainty of the estimates of S, (t) and B3 (t), we
conducted a permutation test with 1,000 repeats by permuting
days for each toxicant. For each permutated data, we refitted
the model 1 (see section Materials and Methods) to obtain
1,000 estimates of each coefficient function, from which we
obtained the point-wise 95% confidence limits for B, (t) and
B3 (t) using the 2.5 and 97.5% percentiles to illustrate whether
the point-wise difference between days is significant at the 5%
level (Supplemental Figure 3).

Using the 1000 permutated data, we assessed the probability
(proportion of repeats) of observing >the maximum ratio of
|coefficient estimate|/standard error. For the global comparison
of the concentration-effect curves obtained different days,
the maximum ratio of |coefficient estimate|/standard error
over t > 0 was calculated as 1.94 and 2.05, for day 2 vs.
day 1 and day 3 vs. day 1, respectively, using the original
data. The p-values were 0.74 and 0.64 for the comparison
of day 2 vs. day 1 and day 3 vs. day 1, respectively,
confirming that there is no strong evidence of significant
differences between the results obtained on different days.
These results indicate the high day-to-day reproducibility of our
assay.

Comparison of Individual

Concentration-Response Curves
Concentration-response curves for each ECFC clone using
normalized data are presented in Figures 2-5. Each figure shows
the responses of the all eight ECFCs clones to a specific pair of
toxic/nontoxic chemicals.

Cadmium and Zinc

Figure 2 demonstrates effect of (A) cadmium (four left panels)
and (B) zinc (four right panels) on cell viability in each ECFC
clone. Each individual panel shows the results obtained by the
treatment of two ECFC clones (presented as white and black
circles) from the same donor. There is a striking similarity in
how all eight clones derived from four donors respond to each
chemical: with cadmium being much more toxic than zinc. In
our assay, cadmium was not cytotoxic at <3 WM, while at 50 uM
it killed practically 100% cells in each ECFC clone. Zinc did not
affect viability at concentrations up to 200 wM but was cytotoxic
at 400 WM.

Arsenic

In Figure 3, the comparison of trivalent and pentavalent arsenic
compounds demonstrates that pentavalent arsenic had no effect
on ECFCs viability within the concentration range tested, while
trivalent counterpart was highly toxic: 50 uM of NayHAsOy4
and NaAsO; killed 0 and 100% of cells in each ECFC clone,
respectively. For both toxic and nontoxic forms of arsenic, each
of eight ECFC clones demonstrated very similar concentration-
response profile.

Tin-Containing Chemicals

Figure 4 demonstrates that TBT was the most toxic chemical
among those tested. TBT at 10 uM was 100% toxic and even
1 wM was highly toxic. In contrast, inorganic tin, SnCl, induced
lower toxicity compared to TBT toxicity, as 200 wM was needed
to induce a ~50% reduction of cell viability.

Vitamins K1 and K3

As expected, natural vitamin K1 (phytonadione) was not toxic to
ECFCs at all concentrations tested (Figure 5). In stark contrast,
K3 (menadione), a synthetic vitamin K analog decreased ECFC
viability in a concentration-dependent manner. At 50 wM, 100%
of cells were dead in each of the ECFC clones. However,
inspection of the concentration-response curves revealed donor-
specific differences in the responses to menadione within the
5-40 uM concentration range. For example, 100% of cells were
viable in the CBs108 clones at 10 M of menadione but a variable
percentage of cells were viable in ECFC clones derived from
other donors with only <50% live in CBs103 clones. These data
indicate that some chemicals may exert a donor-specific toxicity
toward ECFCs.

Comparison of Chemicals in

Toxic/Nontoxic Pairs
To generalize donor-specificity and chemical-specificity of
donors’ responses, we fitted the normalized data as described
in Methods. Overall, we generated thirty-two fit-curves: one
curve per chemical (eight total) per donor (four total). For each
pair of toxic/nontoxic chemicals, we plotted the fitted curves
for all four donors on the same graph. Figure 6 demonstrates
that in each pair all donors correctly differentiated the more
toxic chemical from to its nontoxic counterpart (e.g., Cd vs.
Zn). Donors exhibited similar responses with a relatively narrow
distribution within their respective 95% confidence intervals
(95%ClI, gray areas in Figure 6). Only menadione caused a
highly variable response, as reflected in Figure 6, panel D. In
addition, the fitted concentration-response curves for Zn, As(III),
SnCl,, and phytonadione showed some variability within certain
concentration ranges for each chemical but it was not clear how
significant was the donor-related influence on data distribution.
Therefore, we conducted a statistical analysis to assess the
contribution of both biological (within-and between-donor) and
technical (day-to-day) reproducibility to the overall variability of
ECFC responses.

Formal evaluation of the proportional contribution of both
biological (between-donors and between all ECFC clones) and
technical (day-to-day between clones) variabilities is described
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FIGURE 2 | Concentration-response to cadmium and zinc. Cells were seeded and treated as described in Methods. Normalized OD values from three independent
experiments were averaged and plotted against concentration of each chemical (1M). Error bars—standard deviation (SD, n = 3). Dashed line indicates 100% viability
threshold. (A) CdCly; (B) ZnCls.
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FIGURE 3 | Concentration-response to arsenic chemicals. Cells were seeded and treated as described in Methods. Normalized OD values from three independent
experiments were averaged and plotted against concentration of each chemical (1M). Error bars—standard deviation (SD, n = 3). Dashed line indicates 100% viability
threshold. (A) NaAsOx(lll); (B) NapHAsO4(V).
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FIGURE 4 | Concentration-response to tin-containing chemicals. Cells were seeded and treated as described in Methods. Normalized OD values from three
independent experiments were averaged and plotted against concentration of each chemical (juM). Error bars—standard deviation (SD, n = 3). Dashed line indicates
100% viability threshold. (A) TBT; (B) SnClo.
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FIGURE 5 | Differential effect of menadione and phytonadione on ECFCs. Cells were seeded and treated as described in Methods. Normalized OD values from three
independent experiments were averaged and plotted against concentration of each chemical (juM). Error bars—standard deviation (SD, n = 3). Dashed line indicates
100% viability threshold. (A) Menadione; (B) Phytonadione.
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in Methods. In Table 1, we present calculated total, between-
donor (column 1), between-clone (column 2), and within-clone
(technical, or day-to-day, column 3) variations in terms of sum
of squared deviations for the four most toxic chemicals. The
calculated variation values can be used to estimate the variability
for each examined cytotoxic effect (i.e., for 10, 20, 30%, etc.). The
numbers in bold indicate variation that contributed the most to
the total variation.

DISCUSSION

We verified the identity of the isolated cell populations by FACS
analysis of cell-surface antigens; the results indicated that the
typical endothelial cell markers (i.e., CD31, CD309, CD73, and
CD146) were present in 80 to 100% of cells in each ECFC clone
(Figure 1). Only 20-30% of cells in each clone expressed CD34,
a hematopoietic stem cell antigen; a reduced expression of this
antigen is thought to be characteristic to the cultured (probably,
more mature) endothelial progenitor cells (50). Also, the ECFC
clones expressed very low level of CD133, a progenitor cell
marker, and CD45, a leukocyte common antigen. Overall, the
observed CD antigen profile in our ECFC clones corresponds
to previously reported data on ECFC (15). As a sub-population
of endothelial progenitor cells, ECFCs have been the focus of
considerable efforts over the past decade to characterize them
both phenotypically and functionally. Although the origin of

these cells (bone marrow vs. vessel walls) remains a topic of
debate (50), there is a consensus about the key role these cells
play in neovascularization (51, 52). Therefore, an exposure of
fetal/neonatal ECFCs to toxic chemicals can potentially lead to
a functional impairment of the vasculature.

In terms of the chemical concentrations used in our study,
exposure to cadmium, arsenic, tin, and menadione has been
shown to damage endothelial cells and have been associated
with a variety of pathological conditions—from atherosclerosis
and hypertension to cardio- and nephropathy to cancer. Blood
levels of Cd at 10-100nM (53) and arsenic at 30nM (54)
occur in the general population. Although, these numbers are
significantly lower than the micromolar concentrations used in
our study, in certain pathological conditions various tissues tend
to accumulate high levels of both Cd and As. Thus, an average
Cd concentration of 7 uM was found in the medial layer of the
abdominal aorta in smokers (55) and in lungs of emphysema
patients (56). Also, the concentration of As can increase two-
three-fold in blood after chronic exposure, although there is
not data as to As valency (54). Zinc concentrations in normal
human plasma have been reported at 15uM (57) and 70 pM
(54), which is well within the concentrations used in our study.
Wide variations in the levels of inorganic tin were observed
among individuals and in different tissues, with an average
17 mg of tin per human body, two-thirds of which is associated
with bones with the remaining largely found in the kidney,
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TABLE 1 | Relative contribution of biological and technical variability in total variability.

Chemical Inhibitory concentration Variation (% of total variation) between:
(IC)/% viability
1. Donors 2. Clones 3. Days*
CdCly IC10/90 44.82 (11.6) 23.17 (6.0) 318.68 (82.4)
1C20/80 49.81 (10.2) 27.05 (5.6) 409.96 (84.2)
IC30/70 54.87 (10.2) 25.90 (4.8) 455.62 (84.9)
1C40/60 65.05 (11.7) 22.48 (4.0) 469.36 (84.3)
1C50/50 84.83 (15.1) 20.51 (3.7) 456.26 (81.2)
1C60/40 120.98 (21.1) 28.20 (4.9) 424.30 (74.0)
IC70/30 189.38 (28.8) 68.41 (10.4) 398.68 (60.7)
1C80/20 342.03 (32.1) 228.40 (21.4) 494.96 (46.5)
IC90/10 874.86 (23.4) 1135.08 (30.4) 1726.37 (46.2)
NaAsO» IC10/90 10.89 (23.6) 10.33 (22.3) 25.01 (54.1)
1C20/80 19.97 (26.2) 17.55 (23.0) 38.76 (50.8)
IC30/70 29.91 (28.4) 23.94 (22.7) 51.39 (48.8)
1C40/60 41.74 (30.3) 30.16 (21.9) 65.79 (47.8)
1C50/50 56.78 (31.7) 36.64 (20.5) 85.49 (47.8)
1C60/40 77.44 (32.4) 43.89 (18.4) 117.34 (49.2)
IC70/30 109.05 (32.0) 52.83 (15.5) 178.62 (52.5)
1C80/20 166.91 (29.7) 65.79 (11.7) 328.87 (58.6)
IC90/10 324.56 (24.0) 94.14 (6.9) 935.97 (69.1)
TBT IC10/90 0.13(9.4) 0.13(9.4) 1.13 (81.3)
1C20/80 0.29 (11.5) 0.24 (9.5) 2.00 (79.1)
IC30/70 0.49 (13.4) 0.41(11.2) 2.76 (75.4)
1C40/60 0.76 (15.4) 0.66 (13.4) 3.52 (71.3)
1C50/50 1.16 (17.5) 1.09 (16.5) 4.36 (66.0)
1C60/40 1.85(19.8) 2.00 (21.5) 5.47 (58.7)
IC70/30 3.38 (22.1) 4.47 (29.2) 7.46 (48.7)
1C80/20 8.26 (22.9) 13.79 (38.3) 13.99 (38.8)
1C90/10 38.98 (20.9) 79.77 (42.8) 67.58 (36.3)
Menadione IC10/90 314.56 (43.3) 191.48 (26.3) 221.03 (30.4)
1C20/80 411.48 (50.6) 191.74 (23.6) 209.48 (25.8)
IC30/70 501.9 (56.5) 186.11 (21.0) 200.20 (22.5)
1C40/60 598.84 (61.6) 178.47 (18.4) 194.65 (20.0)
IC50/50 712.2 (66.1) 170.08 (15.8) 194.52 (18.1)
IC60/40 856.44 (70.1) 161.89 (13.2) 203.78 (16.7)
IC70/30 1059.89 (73.2) 156.18 (10.8) 232.57 (16.1)
1C80/20 1397.55 (74.6) 161.73 (8.6) 314.02 (16.8)
1C90/10 2186.21 (71.7) 236.22 (7.7) 625.89 (20.5)

“Variability between data obtained on 3 different days for the same clones (within-clones variability). Values that contributed the most to the variability are shown in bold.

liver, and lung. In one study, 70% of human blood samples
contained organic tin compounds, including an average 56 nM
TBT except two persons that had 7- and 14-times higher
levels (58), which is close to the toxic TBT concentrations
found in this work. While Cd, As, and TBT are environmental
pollutants, the Vitamin K derivatives phytonadione (K1), and
menadione (K3) are important physiological constituents, which
are also used for the treatment, control, and prevention of
blood disorders characterized by Vitamin K or prothrombin
deficiencies. The concentration of Vitamin K1 in adult plasma
is generally within the 0.3-3.0nM range, while infant cord

plasma has been reported to contain 16 pM, although even
1,000-times higher supraphysiological levels of Vitamin K1 is well
tolerated by preterm neonates (59) and there is no evidence to
derive a tolerable upper intake level (60). Previously, 0.5-2 uM
menadione blood level was observed in a clinical setting (37, 61)
and in a recent study, 20 nM menadione was found in the blood
of volunteers after ingestion of 10 mg menadione sodium bisulfite
tablets (62). Thus, chemical concentrations used in our study are
relevant to the physiological levels found in humans.

Initially, we assessed assay reproducibility using a polyclonal
cord blood derived ECFC line exposed to developmental and
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TABLE 2 | IC10 and IC50 (M) for each ECFC clone derived from fitted curves.

ECFC clone n CdCly NaAsO, TBT Menadione

IC10 + SD IC50 + SD IC10 £ SD IC50 + SD IC10 £ SD IC50 + SD IC10 £ SD IC50 + SD
CBs101-1P6 3 72+28 154 £3.8 20+20 49424 0.2+0.2 1.6+£09 142 +43 21.7+35
CBs101-2P6 3 45+ 37 123+ 4.6 19+£1.2 50+ 15 0.4+0.6 12+£0.8 6.2 + 4.1 142+47
CBs103-1P6 3 9.3+ 3.9 178 +£4.6 26+ 15 76420 05+04 23+03 56+ 15 8.0+ 1.4
CBs103-2P6 2 8.6+ 11.7 18.0 £ 15.1 50+ 1.1 121+ 3.6 0.4+0.2 1.7+£04 6.54+0.9 9.3+05
CBs104-1P6 3 75+ 4.4 16.7 £5.0 1.7£1.0 55+0.2 0.3+ 0.1 19+£05 19.0+£7.3 26.3+56.3
CBs104-2P6 3 55+43 172+ 3.4 23+17 75+47 0.2+0.1 1.3+£02 1.8+ 4.1 22.4+£53
CBs108-1P6 2 6.4+54 144+ 6.1 26+0.2 75+12 0.2+0.1 1.6+£0.7 12.7+0.9 16+24
CBs108-2P6 3 42+11 123+ 1.6 1.1£05 53+ 14 0.3+0.2 1.7+£04 16.4+1.3 23.1£1.3

SD, standard deviation.

cardiovascular toxicants CdCl,, NaAsO,, TBT, and menadione
and found that the variability between independent experiments
performed on separate days was low (Supplemental Figure 3).
Next, we tested the extent of cytotoxicity induced by the same
toxicants and their four relatively nontoxic chemical counterparts
in eight cord-blood derived ECFC clones, with 2 clones from
each of 4 donors (see Methods and Supplemental Figure 1).
The resulting concentration-response data were used to evaluate
sources of variability, that is the relative contribution of (a)
day-to-day (within clones assayed on three different days)
variability, (b) variability between clones derived from the same
donor, and (c) variability between donors. For this analysis, we
calculated how the between-donor, between-clone, and between-
day (within clone) variations contribute to the total variation at
selected levels of cytotoxicity. In Table 1, we present calculations
for nine levels of cytotoxicity/viability: from an IC10 (90%
viable cells) to an IC90 (10% viable cells). When we compared
variations at the same level of cell viability within the 10-90%
cytotoxicity range for CdCl,, NaAsO,, and TBT, between-donor
variations were either equal to or slightly higher than between-
clone variations, with the exception for TBT at 10 and 20%
viability levels (Table 1, compare variations across the same
rows). For CdCl, and TBT, the variation between the ECFC
clones tended to increase with a reduction of cell viability but
it was the opposite for NaAsO,. For these three toxicants, the
observed differences between donors and clones were too small
compared to the difference between the experiments performed
on different days and the number of subjects is too few and
therefore, no conclusions can be drawn at this point in regard to
whether or not individual differences in susceptibility are likely to
occur. However, in contrast, for menadione, the contribution of
between-donor variations was much greater than that observed
for the between-clone variances. At an IC10, 43.3% of the
total variation was due to between-donor variation while only
26.3% was due to between-clone variation (Table1). As the
viability decreased in cultures exposed to higher menadione
concentrations, the input from the between-donor variation
increased (>70% at >IC60), while between-clone variation
steadily decreased to 7.7% at an 1C90. The proportion of day-to-
day variation fluctuated between 15 and 30%. These data suggest
that an individual clone is likely to represent a donor’s response to
a toxicant and that at least for some chemicals, cell-based assays

can distinguish more sensitive from less sensitive individuals. The
mechanism by which ECFCs from different donors vary in their
response to menadione is a subject for further research.

In Table 2, we present the calculated IC10 and IC50 values
for each ECFC clone and each of the four toxic compounds.
The IC10 values for CdCl,, NaAsO,, and TBT varied between
individual ECFC clones from 4.2-9.3 M, 1.1-5.0 M, and
0.2-0.5 M, respectively. The corresponding IC50 values are
12.3-18.0 uM, 4.9-15.1 uM, and 1.2-2.3 M, respectively. For
menadione, the IC10 and IC50 values are 5.6-19.0 M and
8.0-26.3 M, respectively. Although the ranges of values are
wider for menadione, a comparison of IC50 or IC10 values
does not provide insight into the variability of ECFC responses
and specifically, the extent of between-donor variability in
response to menadione vs. the much more uniform response to
CdCl,, NaAsO;, and TBT (as demonstrated in Figures 2-4, 5,
respectively).

These experiments also aimed to determine whether these
ECFCs could correctly distinguish between known toxic
chemicals and their nontoxic counterparts, so that these cells
could be used to rank chemicals by their toxicity profile.
Among the chemicals tested, there was an obvious difference in
response to the four toxic chemicals and their relatively nontoxic
counterparts. IC10 values can be used to indicate the chemical
concentration at which a significant cytotoxic response begins
to occur in this cell population. Based on average IC10 values,
which were calculated using IC10 values for individual ECFC
clones (Table 1), the most toxic chemical was TBT (IC10 = 0.3
=+ 0.11 .M, mean and standard deviation) followed by NaAsO,
(IC10 = 2.4 £ 1.16 uM), CdCl, (IC10 = 6.7 £ 1.85uM), and
menadione (IC10 = 11.5 & 5.03 wM). Due to the lack of a robust
cytotoxic response, IC10 values for the nontoxic counterparts
(although obviously higher) could not be accurately determined
over the concentration ranges tested. These data demonstrate
that the ECFCs respond as expected to toxic and relatively
nontoxic chemicals.

This study sets the foundation for the more comprehensive
studies that are needed to convincingly determine whether
donor-derived clonal populations of cells can represent
donor-specific characteristics in epidemiological studies. This
basic question needs to be answered so that cell-based assays
can be used instead of animal models to (a) estimate individual
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variability of human responses to environmental toxicants and
drugs, and (b) predict individual vulnerability to the harmful
effects of a specific toxicant/drug. Such information can be useful
for example in ranking chemicals with respect to the proportion
of the population that might be vulnerable to a chemical
at certain concentrations. Such ranking can be important,
considering that humans are exposed to an increasing number
of industrial, agricultural, and household chemicals (63-65).
Recently, a similar approach was used to assess the feasibility
of using a population-based iPSC-derived cardiomyocytes as
an animal replacement experimental model (66). The authors
found reproducible donor-specific differences in baseline
function and drug-induced effects and concluded that the model
platform could be used to rapidly screen drugs and chemicals for
inter-individual variability in cardiotoxicity.

Our results demonstrate the potential utility of using
this platform for evaluating the effect of intrinsic (i.e.,
genetic/epigenetic) sensitivity of cord-blood derived ECFC,
representing the response of neonatal populations to drugs
and environmental toxicants (11). ECFC-based assays may
serve as a platform to evaluate individual responses to various
toxicants but there is a need to expand the number of
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