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In comparison to analytical tools, bioassays provide higher sensitivity and more
complex evaluation of environmental samples and are indispensable tools for
monitoring increasing in anthropogenic pollution. Nevertheless, the disadvantage in
bioassays stems from the material variability used within the bioassays, and an
interlaboratory adaptation does not usually lead to satisfactory test sensitivities. The
aim of this study was to evaluate the influence of material variability on CXCL12
secretion by T47D cells, the outcome of an estrogenic activity bioassay, the CXCL-test.
For this purpose, the cell line sources, sera suppliers, experimental and seeding
media, and the amount of cell/well were tested.

The multivariable linear model (MLM), employed as an innovative approach in this field
for parameter evaluation, identified that all the tested parameters had significant
effects. Knowledge of the contributions of each parameter has permitted step-by-step
optimization. The most beneficial approach was seeding 20,000 cells/well directly in
treatment medium and using DMEM for the treatment. Great differences in both basal
and maximal cytokine secretions among the three tested cell lines and different
impacts of each serum were also observed. Altogether, both these biologically based
and highly variable inputs were additionally assessed by MLM and a subsequent two-
step evaluation, which revealed a lower variability and satisfactory reproducibility of the
test. This analysis showed that not only parameter and procedure optimization but also
the evaluation methodology must be considered from the perspective of interlaboratory
method adaptation. This overall methodology could be applied to all bioanalytical
methods for fast multiparameter and accurate analysis.
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Abstract

In comparison to analytical tools, bioassays provide higher sensitivity and more complex
evaluation of environmental samples and are indispensable tools for monitoring increasing in
anthropogenic pollution. Nevertheless, the disadvantage in bioassays stems from the material
variability used within the bioassays, and an interlaboratory adaptation does not usually lead
to satisfactory test sensitivities. The aim of this study was to evaluate the influence of material
variability on CXCL12 secretion by T47D cells, the outcome of an estrogenic activity bioassay,
the CXCL-test. For this purpose, the cell line sources, sera suppliers, experimental and seeding
media, and the amount of cell/well were tested.

The multivariable linear model (MLM), employed as an innovative approach in this field
for parameter evaluation, identified that all the tested parameters had significant effects.
Knowledge of the contributions of each parameter has permitted step-by-step optimization.
The most beneficial approach was seeding 20,000 cells/well directly in treatment medium and
using DMEM for the treatment. Great differences in both basal and maximal cytokine
secretions among the three tested cell lines and different impacts of each serum were also
observed. Altogether, both these biologically based and highly variable inputs were
additionally assessed by MLM and a subsequent two-step evaluation, which revealed a lower
variability and satisfactory reproducibility of the test. This analysis showed that not only
parameter and procedure optimization but also the evaluation methodology must be
considered from the perspective of interlaboratory method adaptation. This overall
methodology could be applied to all bioanalytical methods for fast multiparameter and

accurate analysis.

Keywords
Cytokine CXCL12/SDF1, T47D, multivariate linear model (MLM), interlaboratory method
adaptation, material variability, estrogenic activity bioassay

Highlights

Material variability significantly influences CXCL12 secretion by T47D cells in the CXCL-test.
The MLM statistical method is an innovative approach for cell-based toxicological evaluation.
MLM and subsequent two-step normalization increases CXCL12 reproducibility.
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1 Introduction

Endocrine-disrupting chemicals (EDCs) are natural or anthropogenic compounds that can
mimic natural hormones or block natural hormone pathways (Kavlock et al. 1996). To date,
almost 800 chemicals have been identified as EDCs (Karthikeyan et al. 2021), and most of them
are either currently being used and are released continuously into the environment as a result
or persist in environmental matrices due to past contamination. The majority of EDCs are
considered micropollutants, which cause widespread trace contamination, usually in
concentrations below the detection limits of the available analytical methods. Nonetheless,
even low EDC contamination in the range of ng/| poses an ecotoxicological and human health
risk (Wee and Aris 2017; Jackson et al. 2019), and the severity of EDC contamination has
already been addressed in the European Union EDC screening program (Directive
2008/105/EC; Decision 2018/840/EU).

The development of sensitive and reliable methods is essential for EDC monitoring in the
environment. While analytical methods assess the content of target chemicals, bioanalytical
methods evaluate the biological effects of the whole mixture of pollutants in the sample.
Moreover, chemical analyses provide lower sensitivity and only partially elucidate the
biological effects evaluated by bioassays (Valitalo et al. 2016; Conley et al. 2017; Tousova et
al. 2017).

The suitability and sensitivity of the current bioassays have been previously reviewed by
several authors (Leusch et al. 2017; Li et al. 2020). However, even when the preconcentration
of samples is taken into consideration, in vitro tests based on cell lines are among the most
sensitive bioanalytical tools. The extensively used in vitro estrogenic activity bioassays
employed in environmental sample evaluations are based on genetically modified estrogen-
receptor-positive cells transfected with the estrogen response element sequence with an
appropriate detection marker (Legler et al. 1999; Wilson et al. 2004; Leusch et al. 2017; Adam
et al. 2020). Stably transfected cells provide both sensitivity and technical simplicity. High
sensitivity was also proven with several alternative methods, such as immuno- or
electrochemical assays (Li et al. 2020). Nevertheless, all these methods are focused only on
one estrogenic pathway or on the detection of one estrogenic compound. The most sensitive
bioassay that assesses complex cell response is the in vitro proliferation test, the E-screen

(Soto et al. 1995; Leusch et al. 2017).
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The CXCL-test, an in vitro bioassay also evaluating complex cell response to estrogenic
compounds, was developed by Habauzit et al. (2010) as an alternative method to classical
proliferation tests, and the sensitivity and time- and cost-effectiveness were improved later
(Habauzit et al. 2017). The test is based on the quantification of secreted cytokine stromal cell-
derived factor 1 (CXCL12 previously referred to as SDF1) in breast cancer cell lines after
estrogenic stimulation. As the regulation of CXCL12 transcription is controlled by multiple
estrogen-related pathways (Boudot et al. 2011), the test provides overall information about
the cell response. The CXCL-test revealed the endocrine-disrupting properties of several
widely used pharmaceuticals and personal care products (Ezechias et al. 2016; Habauzit et al.
2017; Michalikova et al. 2019). Moreover, the test was also used as a tool for the development
of a predictive mixture toxicity model (Ezechias and Cajthaml 2016), and its suitability for the
evaluation of endocrine-disruptive activity of environmental samples was reviewed by Li et al.
(2020).

The main disadvantage of bioassays stems from the use of highly variable biological materials,
which makes reproducibility and interlaboratory protocol transfer difficult and usually does
not lead to satisfactory sensitivity; therefore, the assay is sometimes abandoned. The aim of
this study was to evaluate the effects of crucial bioassay parameters on the CXCL-test, a
sensitive and complex in vitro bioassay, by a multivariate statistical methodology. Moreover,
suggestions for the evaluation of the test performance and management of the result
assessment were also determined. The tested experimental parameters were selected based
on our previous experiments. The cell line source, medium used for cell seeding, experimental
medium, serum supplier and cell density before and during the experiment were tested in a
step-by-step experimental optimization procedure, and the multivariate linear model (MLM)
was employed as a suitable statistical approach that allowed simultaneous assessment of the
effects of multiple parameters and their interactions on an outcome. Therefore, the MLM was
applied within this study to evaluate the influence of all the tested parameters on the
secretion of CXCL12. From this knowledge, a new method of data interpretation was

determined.

2 Materials and Methods
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2.1 Chemicals

The 17B-Estradiol (E2, 298%) was purchased from Merck (Merck, Darmstadt, Germany), and
ethanol (99.9%) was obtained from VWR (VWR, Prague, Czech Republic). All media and
supplements from Gibco, Life Technologies, and Invitrogen brands were purchased from
Thermo Fischer Scientific (Thermo Fischer Scientific, Waltham, USA). Charcoal-stripped fetal
bovine serum (chsFBS) was obtained from 2 different suppliers, Merck and Biowest (Biowest,

Nuaillé, France), and labelled in this study as chsFBS(Mer) and chsFBS(Bio).
2.2 Cell lines and cell maintenance

Three T47D breast carcinoma cell lines, T47D(ATCC) (directly purchased from American Type
Culture Collection, ATCC® HTB-133™), T47D(IBT) (kindly donated by Dr. Truksa, Laboratory of
Tumor Resistance, Czech Academy of Sciences), and T47D(IRSET) (kindly provided by Dr.
Pakdel, Laboratory of Transcription, Environment and Cancer, Research Institute for
Environmental and Occupational Health, France), were used.

All cell lines were routinely maintained in RPMI 1640 culture medium (Gibco) supplemented
with 10% fetal bovine serum (FBS, Gibco), 1% non-essential amino acids solution (NEAA), 1
mM sodium pyruvate, 100 U/ml penicillin and 100 pg/ml streptomycin (PS); for details, see
Table S1. The cells were cultured at 37 °C and 5% CO: in a humidified incubator. The culture
medium was renewed every 3-4 days, and the cells were passaged by a trypsin (Gibco)

treatment once per week.
2.3 Cell treatment

Estrogenic treatments were performed in 96-well plates (Nunc™, Thermo Fisher Scientific)
according to Habauzit et al. (2017). Several protocol modifications were applied to investigate
their influence on CXCL12 secretion. All experiments were performed with three T47D cell
lines, T4A7D(ATCC), T47D(IBT), and T47D(IRSET). Two treatment media were tested: phenol
red-free RPMI 1640 (Gibco) supplemented with 1% GlutaMAX™ (Life Technologies) and PS and
phenol red-free DMEM (Gibco) supplemented with 1% NEAA, PS, 1 mM sodium pyruvate, and
4 mM glutamine. Both phenol red-free treatment media were completed with 2.5%
chsFBS(Bio) or chsFBS(Mer). For details see Table S1. Additionally, different amounts of

cells/well and different cell densities in the flasks before the experiment were tested.
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The schedule of all A-C experiments is given in Fig. 1. The cells were seeded overnight (day 1).
In Fig. 1A, the cells were seeded at a total amount of 20,000 cells/well in phenol red culture
medium. As shown in Fig. 1B, the cells were seeded at 10,000 or 20,000 cells/well directly in
treatment medium (phenol red-free RPMI or DMEM). Finally, the cell density in the flask
before cell seeding was evaluated (Fig. 1C). Twenty thousand cells per well were directly
seeded in phenol red-free DMEM treatment medium. Cells were issued from low (40%
confluent) and high (80% confluent) cell densities in the initial flask.

When the cells were initially seeded in culture medium (Fig. 1A), they were double rinsing with
Dulbecco's phosphate-buffered saline (DPBS). In all three setups, the medium was replaced
by 200 pl of fresh treatment medium on day 2 and incubated for an additional 24 h.
Thereafter, on day 3, the medium was removed and replaced by 150 pl of the treatment
medium containing either E2 in the range of 2.5 1022 — 1.0 10 M or ethanol (0.1% (v/v)). The
cells were treated for 24 h, and the level of the secreted cytokine CXCL12 was quantified by

enzyme-linked immunosorbent assay (ELISA) (day 4).

A) B) Q)
Density in initial flask
Before experiment I Low density | ‘ High density| High  80% confluent
Low  40% confluent
| }
Culture medium
Culture Treatment Treatment + RPMI (phenol red)
medium medium medium = iberes
Treatment medium
Day 1 1 l 1 l * RPMI or DMEM (phenol red-free)
20,000 10,000 20,000 20,000 + 2.5% chsFB5(Bio) or chsFBS{Mer)
cells/well cells/well cells/well cells/well 96-well
microplate
Overnight l
2x DPBS wash
Day 2 +
Treatment medium exchange
24 h l
Treatment medium
Day 3 Treatment — Ethanol or E2 (2.5 102 - 1.0 10¢ M)
Ethanol (0.1%)
24h !
3 z Hi CXCL12/SDF-1 DucSet”
Day 4 CXCL12 quantification “"E‘:I';A At (RAD Sme“:)
| | } |
Results | Figure 3 | | Figure 4 | | Figure 5 l | Figure 6 | L a"alvﬂ:;f::'_t; wkibie I

Fig. 1 Experimental setup schedule (A, B, C) for the CXCL-test performed with T47D(ATCC),
T47D(IBT), and T47D(IRSET) cells. (A) The cells were seeded overnight in culture medium at a
total amount of 20,000 cells/well. The next day, the cells were washed with Dulbecco's
phosphate-buffered saline (DPBS), and a new portion of treatment medium (RPMI or DMEM
supplemented with charcoal-stripped fetal bovine serum (chsFBS(Bio) or chsFBS(Mer)) was
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added and incubated for an additional 24 h. The cells were exposed to estradiol (E2) or ethanol
in the respective treatment medium. (B) A total of 10,000 or 20,000 cells/well were directly
seeded in treatment medium (RPMI or DMEM) supplemented with chsFBS(Bio) or
chsFBS(Mer). The next day, the medium was exchanged, and 24 h later, the cells were treated
with ethanol or E2. (C) Twenty thousand cells/well originating from flasks of two different cell
densities (low or high) were seeded in DMEM supplemented with chsFBS(Bio) or chsFBS(Mer).
Then, the medium was renewed, and the cells were treated with ethanol or E2. In all the
experiments, the treatment was terminated after 24 h of incubation. Secreted CXCL12 was
immediately quantified by an enzyme-linked immunosorbent assay (ELISA), and the results
were evaluated by a multivariate linear model (MLM).

2.4 ELISA

The secreted cytokine CXCL12 was quantified by a human CXCL12/SDF-1 DuoSet” ELISA kit
(R&D Systems, Minneapolis, USA). Quantification was performed according to the
manufacturer’s protocol, as previously described (Habauzit et al. 2010). The results of ELISA
were assessed by measuring the absorbance at 450 and 570 nm with the Infinite M200 PRO

microplate reader (Tecan, Switzerland).

2.5 Statistical and data analyses

Each experiment was analyzed separately using the MLM to test the respective effect of each
experimental parameter and the E2 dose on the level of CXCL12 secretion. In experiment A,
the effects of the cell line (reference = T47D(ATCC)), medium (reference = RPMI), serum
(reference = chsFBS(Mer)) and E2 dose (reference = ethanol) were tested as the main fixed
effects. Evaluated doses of E2 were 1.0 10° M, 1.5 10° M, 4.4 101! M, 2.8 10'1* M, 8.8 10°12
M, 2.5 1012 M. To detect non-linearity in the E2 - CXCL12 secretion dose—response relationship
and to estimate differential secretion at the specific E2 concentrations tested, the dose of E2
was considered a categorical variable. Moreover, the interactions among the cell line, dose of
E2, medium, and serum were also evaluated in experiment A (data not shown).

In experiments B and C, as biological replicates were performed and mixed effect models were
implemented, in which the sample (experimental/biological) incurred a random effect, to
consider the repeated measures for each sample. Moreover, the additional E2 dose of 2.5 10
12 M was also evaluated. In experiment B, the analysis included not only the same fixed factors
as in experiment A but also the “number of cells per well” (20,000 vs 10,000 as a reference).

In experiment C, the “number of cells per well” was not included; the “cell density before
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experiment” was considered instead (low vs high as a reference), and the medium effect was
not taken into account. Interactions were also tested between the cell line and dose of E2 or
between the cell line and serum (data not shown).

Furthermore, to reveal potential differences in the effect of the E2 dose and experimental
parameters on CXCL12 secretion among the tested cell lines, the same analyses were applied
to each cell line separately. The results of the analyses are presented as the difference in mean
level of CXCL12 secretion expected for each level of the different experimental parameter and

E2 dose compared to the reference category, and all other parameters remain equal.

2.6 Methodology for optimal analysis

The ethanol controls reflect each tested parameter. To identify only the estrogenic effect
under each experimental condition, the corresponding secretion level in the ethanol control
was subtracted from the secretion level in each replicate of E2 treatment. Then, to compare
the final estrogenic effect, a second correction was performed. Each individual biological
replicate was expressed as a percentage of CXCL12 secretion treated with 1.0 10°® M E2, which

was considered as 100%.

3 Results

3.1 Cell line source

T47D(IBT) and T47D(IRSET) cells were kindly provided by two laboratories (Czech Republic,
France), while T47D(ATCC) cells were obtained directly from the original supplier, ATCC. The
cell lines showed slightly different dynamics of growth during maintenance (data not shown)
and different resistances to buffer rinsing (see below). The cell comparison under a phase-

contrast microscope showed identical cell shapes and very similar cell sizes (Fig. 2).
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T47D(ATCC) T47D(IBT) T47D(IRSET)

Fig. 2 Comparison of the T47D cell lines (ATCC, IBT, IRSET) originating from three sources. Cells
of the 2" passage were maintained in culture medium that was imaged by Olympus CK30 at
a maghnification of 200x.

As shown in Figs. 3, 4, 5, and 6, the cell lines demonstrated different levels of basal and
maximal cytokine secretion. The lowest secreted level of CXCL12 was detected in T47D(ATCC)
(basal 32-48 pg/ml, maximal 85-196 pg/ml); T47D(IBT) basally secreted 44-102 pg/ml of
CXCL12 and maximally 210-332 pg/ml; and the highest secretion was detected in T47D(IRSET)
(basal 103-217 pg/ml, maximal 280-412 pg/ml) when 20,000 cells/well were seeded in
treatment medium (Fig. 5 and 6). Moreover, involvement of the cell line origin in CXCL12
secretion was deciphered by MLM analysis (Table 1). When the T47D(ATCC) cell line was
considered as a reference (in table marked as 0 (ref)), the secretion of CXCL12 was significantly
higher in the T47D(IBT) cell line by 9 to 110 pg/ml and in the T47D(IRSET) cell line by 76 to 150
pg/ml according to the experiment. The difference in mean CXCL12 secretion between
T47D(ATCC) and T47D(IBT) cells was not significant in experiment C when parameters, such as
the medium, were fixed, and the cell densities were tested before the experiment.
Nevertheless, T47D(IRSET) was the cell line with the significantly highest secretion regardless
of the experimental design. To obtain deeper insight and into CXCL12 secretion and
understand it better, separate analyses were carried out for each cell line (Table 2). In general,
technical parameters such as the medium, serum, amount of the cells/well, and cell density
before the experiment mostly modified CXCL12 secretion in the same way, even though the
magnitude (in pg/ml of the secreted CXCL12) and the statistical significance differed. For
instance, the design in experiment C enabled a decrease in the detection limit and evidenced
that the E2 treatment at 2.5 10'? M induced a significant effect on CXCL12 secretion in
T47D(ATCC) and T47D(IRSET) cells (Table 2).
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3.2 Effects of the protocol and technical parameters on CXCL12 secretion

The MLM analyses confirmed that the protocol (medium used for the cell seeding or washing
step) and technical parameters (cell line source, medium, serum, amount of the cells/well and
cell density before the experiment) affected cytokine secretion. However, each cell line
manifested their own levels of secretion and sensitivity to the parameters, and these were
evaluated in two steps. First, the global effect of the experimental parameters was considered
with all cell line sources together (Table 1). Second, the differences in cytokine secretion that

were caused by the tested parameters in each cell line were examined (Table 2).

3.2.1 Cell seeding medium

In experiment A, the cells were seeded in culture medium, which contained estrogenic
compounds (FBS hormones, phenol red). Therefore, a double buffer rinse was necessary
before the medium was exchanged with the treatment medium. As previously mentioned, the
microscope control revealed a different resistance to buffer washing in the tested cell lines.
Indeed, during the washing step, the T47D{ATCC) and T47D(IBT) cells remained adhered to
the surface, whereas the T47D(IRSET) cells were noticeably washed away. Subsequent tests
of viability (see supplementary information) revealed up to approximately 50% loss of
T47D(IRSET) cells when compared to those of T47D(ATCC) and T47D(IBT) cells (data not
shown). Nonetheless, CXCL12 secretion by T47D(IRSET) cells was sufficient despite cell
detachment (illustrative example Fig. 3); hence, cell detachment was not observed until
viability tests were performed. Since the cell lines manifested different adherence properties
and stability in the DPBS washing step, the cells were seeded directly in the respective
treatment medium, and the rinsing step was eliminated in the following optimization tests,
where no differences in the adherence properties were detected by the viability tests. Seeding
in culture medium was not conducted in any other experiment. Moreover, the tested E2
concentration was subsequently decreased to determine the detection limit.

After adjusting for the effect of the other factors (medium, serum, replicate), it was apparent
that T47D(ATCC) and T47D(IRSET) seemed to react in the same way. Unlike them, T47D(IBT)
cells were more sensitive to the medium, DMEM increased the secretion by 165+30 pg/ml on

average, and chsFBS(Bio) decreased the secretion (Table 2).
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Fig. 3 lllustrative example of the secretion of the cytokine CXCL12 in three T47D cell lines
(ATCC, IBT, IRSET) after a 24-h exposure to estradiol (E2). Cells were seeded in cultivation
medium and treated in two phenol red-free media (DMEM or RPMI) supplemented with two
different charcoal-stripped sera (chsFBS(Bio) or chsFBS(Mer)).

3.2.2 The amount of cells/well

In general, basal CXCL12 secretion significantly increased by 119+7 pg/ml on average when
the number of cells/well was raised from 10,000 to 20,000 (Table 1, experiment B). Even
though the effect on each cell line differed, a dose—response relationship was confirmed for
all three tested cell lines by MLM analysis (Table 2). When 10,000 cells/well was applied, both
medium and serum were shown to affect the test sensitivity. As shown in Fig. 4, T47D(ATCC)
cells treated in chsFBS(Mer)- or chsFBS(Bio)-supplemented RPMI did not secrete sufficient
amount of cytokine to manifest an E2 dose—response effect. Similarly, DMEM supplemented
with chsFBS(Mer) did not affect the effect in TA7D(IRSET) cells. In conclusion, the amount of
10,000 cells/well was applicable only for T47D(IBT) and in some conditions for the T47D(IRSET)
cell lines.

When the cells were seeded at 20,000 cells/well, an E2 dose—-response effect was detected in

all the tested cell lines (Fig. 5). As shown in Table 2 (experiment B), 39+4, 106+7, and 210412
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