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The process for assessing the safety of chemicals comprises ma-
ny steps and includes as a first step the hazard assessment of the
chemical, i.e., the assessment of its intrinsic toxicological proper-
ties. For risk assessment purposes, this chemical-specific hazard
data is then combined with chemical exposure estimations for hu-
man or environmental organisms to produce a chemical risk as-
sessment with the goal of having a full understanding of the na-
ture, magnitude, and probability of a potential adverse health or
environmental effect of the chemical.

The international governmental platform for the development of
hazard assessment tools for industrial chemicals is the Test Guide-
line Programme (TGP) of the Organisation for Economic Coop-
eration and Development (OECD). This generates consensually
agreed test guidelines (TGs) that under the Mutual Acceptance of
Data (MAD)! agreement provide a common basis for working in
a harmonized manner, thereby reducing conflicting or duplicative
requirements for regulation, saving economic costs, and greatly re-
ducing experimental animal use in OECD countries. TG hazard as-
sessment tools can be utilized for priority setting, risk assessment,
and other activities within national or regional programmes.

In the early years of the OECD TGP, the programme was dom-
inated by the development of animal (in vivo) TGs, as it was con-
sidered most relevant to conclude upon toxicological data from
an intact animal model. /n vitro test methodology was not so well
progressed but was considered of value to prioritize chemicals to
be tested subsequently in vivo.

Animal welfare concerns, particularly the 3Rs of replacing, re-
ducing, and refining animal testing (Russell and Burch, 1959),
whilst also advancing the quality and relevance of experimental
techniques for humans, together with a global drive to advance

toxicity testing in the 215 century (NRC, 2007), have become
fundamental to TG development, and in recent years a paradigm
shift towards new approach methodology (NAM) has become ev-
ident in the international scientific community that is very much
reflected in the OECD TGP. In vitro test method development is
expanding enormously, and ways in which the generated data can
be combined are being developed for specific toxicological end-
points and becoming the way forward for the regulatory safety
testing of chemicals. The paradigm shift has led to the replacement
of in vivo test methods by in vitro methods in integrated and tiered
approaches in the United Nations Globally Harmonized System
of Classification and Labelling of Chemicals (UN GHS) for the
classification of skin corrosion and irritation (adopted December
2018), and for serious eye damage and eye irritation (adopted Ju-
ly 2021). UN GHS work is also ongoing to similarly update the
chapter on skin sensitization testing, the latter following the pub-
lication of the OECD Defined Approach for Skin Sensitisation
(DASS; Kleinstreuer et al., 2018; OECD, 2016a, 2021a).

Such approaches, now termed integrated approaches to test-
ing and assessment (IATA), are structured approaches used for
hazard identification (potential), hazard characterization (poten-
cy), and/or safety assessment (potential/potency and exposure) of
a chemical or group of chemicals, which strategically integrate
and weight all relevant data (weight of evidence: WoE) to inform
regulatory decisions regarding potential hazard and/or risk and/or
the need for further targeted testing. An IATA therefore optimiz-
es and potentially reduces the number of tests that need to be con-
ducted (OECD, 2016b). Ultimately, an IATA may be able to be
developed into a defined approach (DA), i.e., an integrated testing
approach consisting of a selection of information sources (e.g.,
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in silico predictions, in chemico, and/or in vitro TG data) that are
used in a specific combination such that the resulting data are in-
terpreted using a fixed data interpretation procedure (DIP) (e.g.,
a mathematical or rule-based model) (OECD, 2016¢). Such DAs
are ultimately intended to completely replace animal testing for
the respective endpoint.

Once an in vitro/in chemico TG is agreed and adopted at
OECD, it is often assumed by policy makers that the TG is fit
to be used in a variety of regulatory applications. However, ma-
ny current in vitro TGs were originally developed and validated
only for the purpose of screening/hazard identification. These in
vitro test methods use prediction models to translate the in vitro
data into a hazard classification of the test substance. The predic-
tion models give dichotomous positive/negative answers by ap-
plying a pre-defined threshold, as determined and reported during
the interlaboratory validation exercise. The threshold is based on
experimental data separating reference chemicals known to be
positive or negative for the measured activity based on animal or
human data. However, the number of reference chemicals consid-
ered to be sufficient to determine such a threshold is not defined.
Also, the process by which the threshold was derived is not cur-
rently included in the description of prediction models of in vitro
and in chemico TGs. An inherent weakness of such a threshold is
that distinguishing positive and negative chemicals with respect
to the measured activity becomes more uncertain the closer the
measured values approach this threshold. The definition of bor-
derline ranges of uncertainty in which no clear conclusion can be
drawn, as seen in the DASS (OECD, 2021a) and discussed in the
guideline supporting information and by Kolle et al. (2021), may
help to address this problem.

While multiple concentrations of reference chemicals are usu-
ally tested in such in vitro or in chemico assays by the develop-
ers, these data are often not used or interpreted in the prediction
models of the in vitro assays. However, they provide a wealth of
concentration-response information that may allow (relative) po-
tency assessment of test compounds and/or the derivation of tox-
icological point(s) of departure (PoD) for risk assessment. A PoD
is defined as the point on a toxicological dose-response curve
established from experimental data or observational data corre-
sponding to an estimated low or no effect level, most common-
ly the no-observed-adverse-effect level (NOAEL), lowest-ob-
served-adverse-effect level (LOAEL) or statistical benchmark
dose (BMD). PoD is closely related to the tipping point at which
the chemical concentration being tested can trigger a shift from
a molecular initiating event (MIE) or early key event (KE) of an
adverse outcome pathway (AOP) into the subsequent KE, even-
tually leading to an adverse outcome. Thus, the PoD is the start-
ing point from which one can extrapolate to, for instance, a toxi-
cological reference dose (RfD), acceptable daily intake (ADI), or
reference concentration (RfC). Our intention here is to raise the
issue that neither concentration-response data nor descriptions of
the process by which the threshold was derived are currently in-
cluded in prediction models of in vitro and in chemico TGs. There
is therefore a need to support and help to frame how overarching
consistency in the data reporting of in vitro test method approach-
es being developed at the OECD can be achieved.
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The dichotomous classification of substances is an important
and pragmatic approach to prioritize a vast number of substances.
It is essential to have such classification to enable clear-cut deci-
sions for the consumer, transport, worker safety, etc., and also for
subsequent follow-up. However, this also means that TGs only us-
ing such approaches cannot be used and were not designed to be
used in scenarios where endpoint-specific concentration-response
data are needed to provide relative potency information. Potency
information is essential input for the use of assay data in approach-
es that are geared towards quantitative hazard and risk assessment,
such as IATAs, DAs, quantitative AOPs, quantitative structure ac-
tivity relationships (QSAR), and in silico modelling. This was re-
cently recognized by the EURL ECVAM Scientific Committee
(ESAC), which recommended possibilities should be sought for
maximizing the use of concentration-response data in the assess-
ment of the relevance of in vitro assays (ESAC, 2020).

In addition, to address this issue, we also need to clarify and
define the role of weight of evidence (WoE) in point of departure
prediction (PoD). In developing an IATA, WoE involves weight-
ing the relative contributions of the individual in vivo, in vitro
and in silico data to achieve a transparent understanding of the
mechanistic (or mode of action) contributions to the overall re-
sultant chemical hazard assessment as part of an integrated ap-
proach. Here, the assays and information sources are not fixed, as
compared to a DA. As such, an IATA is more flexible than a DA.
However, once an IATA is included into regulatory guidance doc-
uments, it may also be expected to follow a dichotomous decision
tree (if-then) in a similar fashion to the process used for the UN
GHS. Indeed, such clarification of the role of WoE in PoD predic-
tion would help to facilitate harmonization between TGs and DAs
for the UN GHS process.

Consequently, we propose exploring whether concentration-re-
sponse data of existing in vitro OECD TGs can be used in pre-
diction models and subsequently as inputs in the DIPs of DAs to
cover both dichotomous answers and concentration-response, and
to consistently expand the regulatory application of TGs beyond
prioritization purposes. The intention is to initiate this discussion
among regulators but also to encourage test method developers
who are developing reliable and relevant methods for TG purpos-
es to provide concentration-response data so that the data needed
to develop respective future IATA and DA using their TG will be
available.

Selected endpoint illustrations

Skin sensitization

The recently adopted DASS (OECD, 2021a) includes one DA,
the 203 DA, to distinguish sensitizers from substances with no
sensitizing activity. It also includes two separate DAs that pre-
dict skin sensitization CLP subcategories 1A and 1B, i.e., the
ITSv1 and ITSv2. This subcategorization is based on concentra-
tion-response data derived from the individual assays (DPRA and
h-CLAT) by applying respective predefined thresholds (Takanou-
chi et al., 2015). The procedure by which such threshold values
are set is not defined, and during the evaluation of this DA, the
prediction model needed to be changed because the scoring sys-
tem used in the assays did not perform well for the strong (Cat
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1A) skin sensitizers. This nicely exemplifies that it is problemat-
ic to define a threshold based on a particular set of data that might
later prove to be unsuitable when the data set is expanded.

In the area of skin sensitization, the value of applying concen-
tration-response information for skin sensitizer potency or PoD
prediction is being explored in other DAs as well. Several of these
DAs use in vitro test method data as inputs without first apply-
ing the TG’s prediction model. For example, cysteine or lysine
depletion data from the Direct Peptide Reactivity Assay (DPRA;
OECD TG 442C; OECD, 2021b) are used as an input for the Skin
Allergy Risk Assessment (SARA) DA (Reynolds et al., 2019;
Gilmour et al., 2020), but instead of the OECD TG 442C cut-off
value, a Bayesian probabilistic approach incorporating exposure
parameters is utilized. The Bayesian approach reduces uncertain-
ty by using random variables to model all sources of uncertainty
in statistical models, including uncertainty resulting from lack of
information. The Bayes formula also facilitates the sequential use
of data as more data become available. A two-year collaboration
between Unilever and NICEATM will further develop the SARA
model for skin sensitization to expand the model database and
functionality?. The intention is to reduce uncertainties by improv-
ing the data quality, chemical applicability domains, and predic-
tion models by developing more complex but also more accurate
DA for skin sensitization. This project is under consideration for
inclusion in the OECD TGP workplan for 2022.

The development of the kinetic DPRA, which is now included
in OECD TG 442C (OECD, 2021b), shows that more time points
are needed compared to the original DPRA for greater accuracy
in potency prediction. However, data from the original DPRA are
currently used to subcategorize skin sensitizers in several DAs.
This suggests that the inputs that are currently being used for po-
tency prediction may not be optimal for this purpose and that both
the kinetic DPRA and work in progress with respect to the SARA
model, for example, could greatly improve this situation.

Cloud-based machine learning approaches are now also being
integrated into draft TGs. The Genomic Allergen Rapid Detec-
tion (GARD™) assay uses a novel genomic biomarker signature
that discriminates between weak and strong skin sensitizers (Gra-
din et al., 2020). The prediction model is constantly optimized as
new data is generated, and the EURL ECVAM Scientific Adviso-
ry committee (ESAC) peer review3 was able to support progres-
sion of GARDskin towards a TG, but a need for further work for
GARDpotency was identified.

Different mathematical model approaches and test data sets can
be used to test the evolving models. Practical lessons learned from
the DASS project were that a combination of methods can reduce
uncertainty (if they confirm each other, results have non-overlap-
ping limitations, and they address distinct KEs) (OECD, 2021a).

These insights highlight that additional information may be
derived from in vitro OECD TGs for skin sensitizer potency or
PoD prediction, thus broadening their use when concentration-
response data is considered directly. Much data has been generat-

ed for the individual in vitro and in silico skin sensitization assays

which will allow analysis of the value of the different parameters

for the prediction of hazard and potency. Such analysis would be
helpful in addressing the following issues:

— How can we better understand the dynamic response to de-
termine the critical threshold point (the original lowest point
above the noise) to derive the PoD?

— Could better use of concentration-response data aid in the defi-
nition of borderline ranges or reduce the uncertainty of dichot-
omous decisions (Kolle et al., 2019, 2021; Leontaridou et al.,
2019; Gabbert et al., 2020)?

— Can we better understand which parameters/DIPs have the
greatest impact/influence on DA accuracy by considering con-
centration-response information?

— Can we use these insights to identify new or optimize existing
in vitro or in chemico assays (e.g., DPRA vs. kinetic DPRA) or
to reduce in vitro TG variability?

— How can we address the challenges of interchangeability of in
vitro tests around different key events within a DA where cut-
offs used between in vitro assays are different, as for example
with the U-SENS and h-CLAT?

— What is the most valuable quantitative parameter from a mech-
anistic view, not simply looking at the threshold? For example,
for the U-SENS, CD86 is the principal marker, whilst for the
h-CLAT, both CD86 and CD54 are utilized.

Phototoxicity

Phototoxicity is determined by comparing the relative potency of
a substance in the absence or presence of UV light. One predic-
tion model is based on the use of a photo-irritancy factor (PIF)
that is defined as the ratio of the ECsq values from UV-treated and
untreated cells. An alternative prediction model, the mean photo
effect (MPE), was developed by Peters and Holzhiitter (2002) to
detect phototoxic chemicals in the 3T3 NRU test (OECD TG 432;
OECD 2019a,b). The MPE provides a more comprehensive anal-
ysis by comparing the area under the curve of UV-treated and un-
treated cells. While the MPE and PIF generally result in compa-
rable predictivity values, the MPE enables a quantitative analysis
of those concentration-responses that do not allow the derivation
of areliable ECsq value if, for example, the highest concentration
does not reduce viability sufficiently.

Endocrine assays

Currently, OECD TG 458, the in vitro human androgen receptor
transcriptional activation assay for the detection of androgenic
agonist and antagonist activity, and other methodologically sim-
ilar endocrine-related OECD TGs rely on classifiers (e.g., per-
cent concentration activation, such as PCjg or PCsg, or effective
concentration or inhibition concentration, such as ECsg, ICsp) to
identify positive and negative chemicals irrespective of concen-
tration-response data. A classifier is any algorithm that sorts data
into labelled classes or categories of information. Although perti-

2 https://ntp.niehs.nih.gov/whatwestudy/niceatm/iccvam/agency-activities/index.html (accessed 30.05.2021)
3 https:/tsar.jrc.ec.europa.eu/system/files/Published/ESAC_Opinion_2021-01_GARD_%280nline%29.pdf
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Tab: 1: Summary of molecular and transformation phenotypic endpoints in a CTA BALB/c 3T3 transformics model following
chemical treatment with 3-MCA at two concentrations
Mascolo et al. (2018). Permission to re-use for non-commercial reasons from the authors.

— Cytoskeleton
remodeling

— Cell cycle regulation

Estradiol metabolism

3-MCA Main molecular endpoints Transformation
phenotypic endpoint
24 h 72h 32d 32d
0.04 pg/mL — Cell adhesion — Immune response — No statistically None
mechanisms Apoplosi lati significant gene
Coll vl - — Apoptosis regulation modulation
- el cycle reguiation — Estradiol metabolism
— Apoptosis regulation
— Retinol metabolism
4 pg/mL — Immune response — Immune response — Immune response Cell transformation

with evident malignant
foci, sustained by the
immune response

— Cell cycle regulation
— Apoptosis regulation

— Retinol metabolism

nent for a dichotomous classification, this approach neglects oth-
er high-quality and highly reproducible information that may be
attained from the full concentration-response curve. This is ac-
knowledged in the respective ESAC peer review, which states
that the use of the concentration-response data could be maxi-
mized in the assessment of assays (ESAC, 2020).

Both OECD TGs 455 and 458, the in vitro ER and AR trans-
activation assays (ERTA and ARTA respectively), particular-
ly the recently validated AR-CALUX®, provide superb concen-
tration-response data on one of the broadest chemical applica-
bility domains (with 46 representative test chemicals) that have
so far been included in TGs developed within the OECD Vali-
dation Management Group-Non Animal (VMG-NA). However,
for TG 458, this is not being built into the prediction model, as
the older dichotomous TG model is followed to create one per-
formance-based TG that includes three different assays (OECD,
2020; Milcamps et al., 2020; Park et al., 2021) as opposed to a TG
that includes only one test method. This is a lost opportunity as
the original concentration-response data could facilitate building
improved in silico statistical models such as QSAR and develop-
ing IATA applications. With respect to the ARTAs in TG 458, a
suggested approach is to include logPC1g and logIC3q values to-
gether with standard deviation (SD) values along with the posi-
tive/negative calls.

Non-genotoxic carcinogen [ATA

Transcriptomic analyses of different chemical concentrations can
assist greatly in understanding different mechanistic responses,
not only for in vivo studies (Thomas et al., 2012) but also with-
in more complex in vitro assays as shown, for example, with cell
transformation assays (CTAs) to identify non-genotoxic carcin-
ogens. Using a high-throughput microarray approach, key infor-
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mation on molecular mechanisms related to the final adverse out-
come represented by formation of malignant foci was reported by
Mascolo et al. (2018) for the BALB/c 3T3 CTA. In order to im-
prove the use of this assay in the integrated testing strategy for
carcinogenesis, a method termed transformics, which combines
the CTA and transcriptomics to identify the molecular steps lead-
ing to in vitro malignant transformation, was developed.

3-methylcholanthrene (3-MCA) is a recognized genotoxic
chemical that is also able to induce in vitro cell transformation
via non-genotoxic mechanisms. It was studied at both transform-
ing and sub-transforming (i.e., a lower concentration than that at
which full transformation is first observed, but at which a revers-
ible response is seen) concentrations over different exposure peri-
ods in BALB/c 3T3 cells. At 0.04 pg/mL (low dose) and 4 pg/mL
(high dose) 3-MCA, transient or persistent mechanistic differenc-
es, respectively, were evident at different time points (24 h, 72 h
and 32 days), with no cytotoxicity, as shown in Table 1.

The table shows the main biological targets for each concen-
tration and time for 3-MCA. The immune response is flagged in
bold, as it was the response that persisted across time and was
not reversed at the higher concentration of 4 pg/mL 3-MCA. At
24 h, both concentrations modulated cell cycle, apoptosis, and
retinol metabolism regulation. Whilst the cell adhesion mecha-
nism modulation was associated only with 0.04 pg/mL 3-MCA
as a cell adaptive response, the cytoskeleton remodeling observed
at 4 pg/mL 3-MCA was the early KE towards cell transforma-
tion. At 72 h, the immune response became the distinctive trait of
the gene modulation for both concentrations, but it was associat-
ed with transcriptional modulation of the apoptotic processes at
0.04 pg/mL and with alteration of cell-cycle regulation at 4 pg/
mL 3-MCA. This, therefore, led to a notably different fate for the
two cell populations. At 32 days, no significant modulation was
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observed at 0.04 pg/mL 3-MCA, while the phenotypic outcome
of the cell transformation (malignant foci), still sustained by the
immune response, was visibly evident in the plates treated with
4 pg/mL 3-MCA.

The results gave evidence for a potential key role of the im-
mune system, and it was postulated that the aryl hydrocarbon re-
ceptor (AhR) pathway may also be part of the initial steps of the
in vitro transformation process induced by 3-MCA (Mascolo et
al., 2018), suggesting that, in the CTA, the initiating and promot-
ing events are related to non-genotoxic mechanisms. Similar re-
sults have been obtained for a further two chemicals by the same
laboratory (manuscripts in preparation), although the work has
not yet been reproduced in an independent laboratory.

Here, the combination of omics tools with concentration-re-
sponse information over different time points has elucidated like-
ly mechanisms within the CTA that could allow the use of these
assays in a non-genotoxic carcinogen IATA (Jacobs et al., 2020).

What do we want to see, and how do we get there?

We have presented four very different endpoint scenarios for
which concentration-response information contained in the as-
say data is of high utility and for which there is already some
recognition. Indeed, ESAC peer review of some of these in vi-
tro test method validation efforts have noted the essentiality of
these approaches for quantitative hazard and risk assessment
such as IATA.

For each in vitro assay that could provide input for potency as-
sessment, it is strongly recommended that test method develop-
ers provide a documented, transparent analysis of all experimen-
tal data to the OECD to facilitate an understanding of the dynamic
response and potential borderline ranges that are required to de-
termine the critical threshold from which a PoD may be derived
for a given chemical (as seen with 3-MCA concentrations in Mas-
colo et al. (2018) for example). Concentration-response curves, as
needed for the identification of the intrinsic hazard properties, al-
so need to be fit for derivation of PoD for risk assessment. In this
way, the OECD TGP and regulators can better understand how
the quantitative parameters can be employed for PoD determina-
tion and assessment of potency.

We need to know which parameters are the most informative
to derive a PoD and if the correct cut-offs are used in the predic-
tion model/DIP, and we can do this most effectively if we have
the concentration-response data from these assays to enable sub-
sequent statistical analyses and bioinformatics design for IATAs.
We would then be able to build this information into the relevant
TG, and/or subsequent DA and/or IATA.

Existing guidance on developing in vitro methods is already
available in, for example, the OECD Guidance Document on
Good In Vitro Practices (GIVIMP) (OECD, 2018) and needs to
be consulted during the process of test method development. TGs
have OECD Harmonized Templates to support the reporting of
(mainly in vivo) TG results, which use existing open data stan-
dard formats that could be adapted for concentration-response in-

4 doi:10.14573/altex.2107091s
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formation from in vitro methods in addition to threshold and di-
chotomous DIPs. Further, assay templates have been developed
to collect such information (Tab. S14), and reporting guidance is
in development for QSARs and in silico tools as well as for omics
data (Harrill et al., 2021). How representative a parameter is for
an AOP/IATA/DA from a mechanistic point of view is a relevant
question, but out of the scope of this paper, and would need to be
addressed subsequently in the relevant quantitative AOP and/or
IATA endpoint development.

Up to this point, we have focused on standard test chemicals.
Additional considerations are needed to address, for instance,
chemical mixtures, polymers, advanced materials, unknown vari-
able composition or biological substances (UVCBs), nanomate-
rials, and others. For example, the plethora of nanomaterials and
the very limited information on potential reference nanomateri-
als is a major problem. Nanomaterials employed at low concen-
trations are likely to have a good dispersion, but at higher con-
centrations agglomeration may lead to false-negative results. A
harmonized, agreed set of nanomaterials would be very helpful,
and the forthcoming OECD preliminary guidance on addressing
nanomaterials in in vitro genotoxicity testing will provide some
initial support.

Key questions to address

In framing this appeal for the inclusion of concentration-response

information in the future development of in vitro OECD TGs,

there are several possible routes that can be taken to facilitate in-
creased functionality and utility of the TGs in the development of

IATAs and DAs.

This could start in the short term with the TGs/assays that are
intended for adoption in 2022 or that have been adopted recent-
ly, such as the DASS (OECD, 2021a) and the ARTA (Park et al.,
2021; OECD, 2020). Current OECD IATA projects, such as that
for non-genotoxic carcinogens (Jacobs et al., 2020), can examine
the best way to adapt relevant current in vitro TGs to be included
in the IATA and can therefore provide relevant examples that can
be translated to other complex IATA endpoints.

The OECD working group of National Coordinators to the
TGP could consider that:

1. Test method developers should be requested to provide quanti-
tative concentration-response curves in addition to regulatory
requirements of thresholds for dichotomous interpretation as
the draft TGs are developed and validated. Comparative tabu-
lation of the different PoD and quantitative parameters should
be performed for each TG/DA.

2. Where possible, an uncertainty analysis can inform on the
most relevant parameters/inputs to be used. This will need to
include transparent and sustainable storage of all experimental
data used for threshold definitions according to FAIR princi-
ples (OECD, 2019b). In addition, an uncertainty analysis of in
vivo reference data as, for example, conducted for the rodent
cancer bioassay (Paparella et al., 2017), can be useful.
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3. The highest concentration of test chemical used should be con-
firmed/checked by cytotoxicity testing. Where no cytotoxici-
ty is detected, the concentration-response levels are well be-
low any effect, and solubility issues are adequately addressed,
the highest concentrations used for testing might not be ade-
quate. Metabolites of test chemicals also need to be addressed
by combination testing with validated in vitro metabolism as-
says such as the HepRG™ CYP induction test method (Berna-
sconi et al., 2019).

In the longer term, it would be appropriate to consider creating

an easily searchable electronic validation data repository (i.e., in

addition to the OECD Series in Testing and Assessment valida-
tion reports) at the OECD that might be similar in structure to, for

example, Metapath (Kolanczyk et al., 2012).

Our general aim discussed herein is to point out that for
evolving regulatory needs we need to have comprehensive in
vitro test method data available in a format that allows the com-
bination of data from distinct methods for the subsequent devel-
opment of IATAs or DAs. Here we have only discussed stan-
dard chemicals but not the considerations needed specifically
to address different forms, such as nanomaterials, which have
their own challenges. We hope that this discussion will encour-
age test method developers and regulators to consider the points
raised here to facilitate improved regulatory take-up, accep-
tance, and use of NAMs.
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