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ABSTRACT There has been a conceptual shift in toxicological studies from

describing what happens to explaining how the adverse outcome occurs, thereby f"

enabling a deeper and improved understanding of how biomolecular and mechanistic N >

profiling can inform hazard identification and improve risk assessment. Compared to -

traditional toxicology methods, which have a heavy reliance on animals, new \
approaches to generate toxicological data are becoming available for the safety

assessment of chemicals, including high-throughput and high-content screening (HTS, /1 m (SN
HCS). With the emergence of nanotechnology, the exponential increase in the total ’l

number of engineered nanomaterials (ENMs) in research, development, and commer-

cialization requires a robust scientific approach to screen ENM safety in humans and the

environment rapidly and efficiently. Spurred by the developments in chemical testing, a promising new toxicological paradigm for ENMs is to use
alternative test strategies (ATS), which reduce reliance on animal testing through the use of in vitro and in silico methods such as HTS, HCS, and
computational modeling. Furthermore, this allows for the comparative analysis of large numbers of ENMs simultaneously and for hazard assessment at
various stages of the product development process and overall life cycle. Using carbon nanotubes as a case study, a workshop bringing together national
and international leaders from government, industry, and academia was convened at the University of California, Los Angeles, to discuss the utility of ATS
for decision-making analyses of ENMs. After lively discussions, a short list of generally shared viewpoints on this topic was generated, including a general

view that ATS approaches for ENMs can significantly benefit chemical safety analysis.

for the evaluation of chemical safety ~ This alteration would increase not only the  anel@mednet.ucla.edu.
are necessary to keep current with  number of chemicals that can be assessed
the ever-increasing pace of innovation.  simultaneously, but also speed data acquisi-
Currently, toxicologists are exploring the  tion (testing, data generation), whichcanbe  10.1021/nn4037927
use of approaches that involve transitioning  used to explore the effectiveness of compu-
from animal models to newly developed  tational data analyses further. In addition, = ©2013 American Chemical Society
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these new approaches hold the po-
tential promise of greater accuracy
in the prediction of human health
effects versus currently performed
descriptive animal studies. With the
emergence of nanotechnology and
the rapid increase in the number
and diversity of novel engineered
nanomaterials (ENMs) in research,
development, and the commercial
value chain, a robust new toxicolo-
gical approach is required to reduce
the reliance on primary animal test-
ing. Such approaches should in-
clude the consideration of alterna-
tive test strategies (ATS) such as
in vitro and in silico approaches that
can be performed by high-content
screening (HCS) and HTS methods.
This strategy will enable compara-
tive analyses of large numbers of
existing and newly introduced ENMs.
Such approaches could be imple-
mented during product develop-
ment to understand better the struc-
tural and functional determinants of
toxicity that could be applied in
lead-molecule selection to result in
the development of safer and more
sustainable products. These appro-
aches could also be applied for the
comparative assessment of nano-
materials that could be used to
support materials grouping for pur-
poses of establishing and support-
ing read-across for hazard char-
acterization and risk assessment.
Although ATS has the potential to
eliminate animal testing in the dis-
tant future, focused animal testing,
including for toxicity and biodistri-
bution (dosimetry) is currently still
required to validate, to verify, or to
bridge the in vitro testing and to
develop exposure—dose—response
extrapolation for hazard analysis.
The need to define and to assess
groups of ENMs provides an oppor-
tunity to utilize ATS with the goal of
evaluating mechanistic biological
outcomes to assess material safety
from the perspective of specific ma-
terial physicochemical properties.
Target end points should include
susceptible homeostasis mecha-
nisms and pathways of toxicity that
are known to contribute to disease.
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With the emergence of
nanotechnology and
the rapid increase in the
number and diversity of
novel engineered
nanomaterials in
research, development,
and the commercial
value chain, a robust
new toxicological
approach is required to
reduce the reliance on

primary animal testing.

A pathway of toxicity is a cellular
response pathway that, when per-
turbed, would be expected to result
in an adverse health effect or out-
come.? In the case of chemicals,
“mechanism of action” (MOA), is fre-
quently used as an alternative or
parallel concept to “pathway of toxi-
city” (Figure 1). Mechanism of action
embodies a wider concept, how-
ever, which includes pathways of
toxicity but could also be a biomo-
lecular event (such as binding to
DNA or interfering with enzyme
activity) leading to an adverse out-
come without necessarily engaging
a pathway. Collectively, the use of
pathway of toxicity or MOA as the
basis for performing toxicological
analysis (including by HTS or HCS
assays) is also known as a mechan-
istic toxicological approach, which
includes the goal of establishing
structure—activity relationships (SARs),
which are useful for predicting the
likelihood of adverse effects in ani-
mals and humans.2 If the compara-
tive in vitro analysis (and accompany-
ing SARs) anticipates adverse in vivo
outcomes, especially when estab-
lishing a quantitative relationship
between in vitro mechanisms and
the pathogenesis of disease, then
the approach has been called a
predictive toxicological platform.
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Although the development of this
approach is still evolving, the data
and information generated by ATS
could be used to prioritize ENMs to
test and develop toxicological end
points to measure, to expedite test
planning, and to improve the ENM
testing efficiency. Moreover, a pre-
dictive toxicological approach is
useful for setting testing priorities
for traditional toxicology approaches
toward hazard assessment (e.g., in-
halation studies) and for introduc-
ing mechanistic interpretations of
in vivo toxicological data. This is
analogous to the use of MOA cate-
gories for chemical testing.

Progress in the use of HTS or HCS
for a number of ENM compositions
(such as carbon nanotubes, CNTs,
and metal oxides, MOx) has enabled
materials grouping by pathways
of toxicity, hazard potential, and/or
SARs.**> Whereas SARs for ENMs are
potentially more complex due to
the contribution of physical and
chemical characteristics to nanoma-
terial toxicity, the ATS approaches
for ENMs have begun to evolve for a
quantitative correlation of specific
material properties to a mechanistic
outcome. Based on the success of
early attempts at materials group-
ing, this approach can be imple-
mented to facilitate testing of large
batches of previously unexplored
materials. The data may then sup-
port grouping of specific materials
such that follow-up in vivo testing
may be done for select members of
the group as opposed to testing
of individual substances. The value
of an established predictive toxico-
logical paradigm is that the bulk of
the discovery and hazard ranking
can be carried out in vitro, and are
therefore useful for planning and
prioritizing more complex and
costly in vivo testing.® It is envi-
saged that the predictive, high-
throughput, and computational
tools for ENMs could enhance the
decision-making process being
developed for chemicals as envi-
sioned in the National Research
Council's 21st-century approach
to toxicology.?
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Alternative test strategies (ATS) = alternatives to whole animal testing (particularly mammalian), including refinement, reduction, and
replacement of animal models when supplementing in vitro and in silico methods for generating safety data to be used for hazard
and risk assessment and/or modeling.

Benchmark materials = engineered nanomaterials (ENMs) or other materials that have been well-characterized (both
physicochemically and toxmologlcally) and can serve as a point of reference for comparison of dose-response relationships and
derivation of exposure limits.®®*® In contrast to a reference material—which has been evaluated (e.g., by the National Institute of
Standards and Technology) and deemed to be “sufficiently homogeneous and stable with respect to one or more specified
properties...[and] established to be fit for its intended use in a measurement process"ss—benchmark materials would have sufficient
toxicological information for use in risk assessment.

Control banding = a qualitative assessment of allowable exposure limits premised on likely hazard and anticipated probability of
exposure. Both hazard and exposure are integrated into a limited number of exposure bands (or levels), which can be combined to
yield control or risk bands.

High-throughput screening (HTS) = use of automated tools to facilitate rapid execution of a large number and variety of biological
assays (that may include hundreds to thousands of substances in each assay). In this discussion, the assays are for assaying
biological effects, and they may be performed on cell-free biochemical assays, in vitro cell culture, or other conditions.

High-content screening (HCS) = while any HTS that uses multiple measurements as readout can be HCS, usually HCS refers to
cell-based HTS that uses microscopic images as assay readout. One example of HCS is quantitative measurements of multiple
phenotypic changes in the same cell population.

In silico = analysis based on computer simulation.

Mechanistic toxicology = a toxicological approach in which mechanistic screening (of pathways of toxicity or mechanisms of action)
and establishment of in vitro structure—activity relationships are used to estimate the likelihood and magnitude of adverse effects in
animals and/or humans. One example discussed at the workshop is the use of CNT libraries (in which a series of properties are
accentuated) to show that the triggers of specific macrophage lysosomal and inflammasome injury responses can be used to
compare (and predict) the major CNT properties that excite chronic lung inflammation and fibrosis.

Mode of action = a sequence of key events and processes, starting with interaction of an agent with a cell, proceeding through
functional and anatomical changes, and resulting in toxicity or cancer. Mode of action is more general than “mechanism of action,”
which implies a more detailed understanding and description of the molecular events leading to toxicity.®>¢’

Occupational exposure limit (OEL) = an upper limit in the acceptable workplace concentration of a hazardous substance (usually in
the air) to prevent or to reduce adverse health effects in workers. Occupational exposure limits are developed by a number of
organizations and government agencies and may be incorporated into laws and consensus standards. Specific names for OELs
include: maximum allowable concentrations, threshold limit values, permissible exposure limits, and recommended exposure limits.
Occupational exposure limits are only one aspect of a complete occupational risk management process. 968

Pathway of toxicity (or toxicity pathway) = a cellular response pathway that, when perturbed, would be expected to result in an
adverse health effect or outcome.? Such a pathway could be a molecularly defined linear or non-linear cellular event that is initiated
through the interaction of the material or a chemical with a specific defined sub-cellular responses pathway, signaling pathway,
transcriptional activation pathway, or a homeostatic-regulated pathway that leads to an adverse or injurious response at the in vivo
level. Under some circumstances, a pathway of toxicity could be similar to a MOA at the biomolecular level if it leads to a disease
outcome, but not all MOA’s are necessarily pathways of toxicity, e.g., when the action relates to specific molecular targets to which
the chemical binds, such as an enzyme or a receptor. If there are multiple targets, this could lead to a nonspecific MOA for
chemicals that do not have a defined pathway of toxicity.

Predictive toxicology = a toxicological approach in which non-animal testing results, in vitro screening of biological effects or toxicity
at the cellular or biomolecular level are used to predict the likelihood of an adverse health outcome in animals and/or humans. The
in vitro response is frequently based on a chemical or physicochemical structure—activity relationship that is also compared to the
pathophysiology of disease in the linked in vivo outcome.

Read-across = a tool for toxicological predictions based on similarities of chemical structure, which in the case of ENMs translates to
physicochemical similarities.

Structure—activity relationship (SAR) = the relationship between the structure (as in the molecular formula) of a chemical or the
physicochemical properties of an ENM and a specific defined biological activity. This method could be refined to build quantitative
mathematical relationships between the chemical or physicochemical structure and the biological activity of ENM.

Validation = the process of testing the reliability and relevance of a test method. Rel|ab|l|ty considers the reproducibility of test
results. Relevance describes the usefulness of the data produced for their intended purpose

Figure 1. Key definitions

A 2 day roundtable workshop
was convened in January 2013 at
the California NanoSystems Insti-
tute of the University of California,
Los Angeles (UCLA), hosted by the
University of California Center for
the Environmental Implications of
Nanotechnology as well as the
UCLA Center for Nanobiology and
Predictive Toxicology. This meet-
ing brought together national and
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international leaders from govern-
ment, industry, and academia to dis-
cuss the utility of ATS for decision-
making analysis of the safety of
ENMs and chemicals. During this
workshop, CNT safety assessment
was used as a case study to illustrate
how a predictive toxicological ap-
proach can be implemented for ha-
zard ranking. While it was recognized
that using ATS data for regulatory
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purposes will require wider accep-
tance and rigorous validation, there
was lively and extensive discussion
about the appropriate place and
utility of ATS for safety assessment
of ENMs. What follows are the high-
lights of the discussion, which led to
the formulation of abbreviated con-
sensus statements that the majority
of participants could support re-
gardless of the diversity of opinions
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(“consensus” here refers to a gener-
al sense of agreement, not necessa-
rily unanimous approval). In order
to facilitate the understanding of
this discussion, Figure 1 lists a set
of definitions, which, although not
universally accepted, may help the
reader to understand the ensuing
discussion better.

Any national or international
framework considering ATS needs to
develop a transparent participatory
process that broadly engages a mul-
ti-stakeholder community in order
to be credible. A robust validation or
evaluation process will be required
to implement these strategies for
regulatory decision-making. For this
to happen, the traditional risk as-
sessment framework will need to
evolve to take ATS and predictive
toxicology data into consideration,
including adjusting conventional
risk assessment to incorporate new
scientific approaches in a weight of
evidence analysis. The adoption
and validation of new testing ap-
proaches has traditionally been a
slow process because of the cau-
tious and practical hurdles that
emerge once we deviate from stan-
dard protocols and established
case histories. Thus, the evaluation
and/or validation process could be
time-consuming, especially when
deciding if ATS or new assays are
ready for implementation. None-
theless, given the recent and rapid
emergence of the field and the
numerous structural variations, nano-
technology environmental, health,
and safety (nano-EHS) research pro-
vides an ideal opportunity to con-
sider the use of ATS and other
innovative scientific approaches
for hazard ranking, material group-
ing, computational modeling, and
adapting new risk assessment ap-
proaches that can also be useful for
chemicals. Implementing ATS will
require an iterative approach with
transparency and continuous com-
munication among stakeholders

NEL ET AL.

throughout the deliberative pro-
cess. The use of ATS for regulatory
decision-making also needs to con-
sider the statutory authorities and
legal requirements of the respective
government agencies.

Nanotechnology
environmental, health,
and safety research
provides an ideal
opportunity to consider
the use of alternative
test strategies and other
innovative scientific
approaches for hazard
ranking, material
grouping,
computational
modeling, and adapting
new risk assessment
approaches that can
also be useful for

chemicals.

Grouping of ENMs according to
the impact of physicochemical prop-
erties on early biomolecular and
cellular events that are useful for
hazard ranking, read-across, and es-
tablishing SAR methodologies can
be used for qualitative hazard as-
sessment, for example, control band-
ing. Moreover, participants gener-
ally agreed on the utility of tiered
testing,”® which, along with the use
of exposure—dose—response extra-
polation, could lead to quantitative
risk estimation.® Such approaches
can be integrated by comparing ENMs
to benchmark materials, which
serve as traditional examples of
risk assessment.’ Quantitative doses
in vitro could also be projected
against real-life exposures.'”® A
later section will discuss in more
detail the use of dose—response
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extrapolations, using the example
of expressing ENM mass (or surface
area) per unit of cellular surface in the
tissue culture dish as a basis for com-
parison with the same dose metric in
the animal and human lungs.

For inhalable ENMs, such as CNTs
and MOx nanoparticles, it would
be particularly helpful if predictive
toxicological methods were imple-
mented to reconcile exposure—
dose—response extrapolation to lung
burdens with repeat-dose in vivo
inhalation studies in rodents. One
proposal discussed in the workshop
was for a tiered testing approach in
which predictive toxicological mod-
elingin in vitro cell models would be
used to select (or to prioritize) ma-
terials for short-term inhalation,'’
bolus instillation, or aspiration stud-
ies in rodents, which, in turn, would
serve as the basis for setting 90 day
inhalation study requirements and
for evaluating and validating the
initial hazard ranking and establish-
ing exposure—dose—response ex-
trapolations (Figure 2).”~° Such an
approach would enable stepwise
investigation of a large number of
materials, which could be compared,
grouped, and prioritized when mov-
ing from the tissue culture dish to
short-term in vivo assays and, ulti-
mately, to the long-term inhalation
exposures in vivo. A tiered strategy
is also appropriate as an initial step
in a mechanistic screening approach
to assess how selective a chemical
or an ENM may be in terms of the
MOA or a pathway of toxicity. The
development of material grouping
and SAR analysis can also assist in
early decision-making about identi-
fication of viable product candidates
and the development of safety con-
trols by industry as an integral com-
ponent of new product develop-
ment. In addition, it is important to
consider that industry is a diverse
sector, in which small companies
can benefit from an ATS approach
rather than having to begin with a
costly inhalation study. This view,
however, has to be balanced by
the prudence expressed by some
industry attendants, who cautioned
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1% tier — In vitro

. Predictive assays to study specific pathways of toxicity

e Rank potency of test materials vs. well-defined positive and negative controls that can be derived from
libraries of well-characterized (physicochemically and toxicologically) nanomaterials

e  Develop quantitative structure-activity relationships (SAR) for in silico predictions

2" tier — short-term in vivo

e  Test selected materials within a hazard category, mechanistic category, grouping of materials, or SAR

category

e  Focused and/or limited animal studies
e Validate toxicological pathway, mechanisms or mode of action, and potency within a group
e Invivo hazard ranking (pathophysiology linked to the mechanism of injury response)

3" tier — short-term or 90 day inhalation studies
e  Test the most potent materials within a tier 2 category or group
e  Compare exposure-dose-response relationships and hazard ranking for benchmark materials and ENMs
within mode of action categories

e  Establish occupational exposure limits (OELs) for benchmark materials

. Use for read-across within categories for risk management decision-making

Figure 2. Tiered approach using predictive toxicological modeling for hazard ranking and risk assessment.” °

that a change in regulatory proto-
cols and procedures to accommo-
date ATS could be costly and time-
consuming. Therefore, the strategy
needs to be flexible to allow for
innovative and diverse applications
of such an approach to be explored.

The development of predictive
toxicological approaches for ENMs,
premised on mechanistic appro-
aches, HTS, or HCS, presents an ex-
ample of how ATS could assist or
improve chemical toxicity screen-
ing. Pathways of toxicity or MOAs
are likely to emerge from the link-
age that is being developed be-
tween phenotypic signatures and
HTS/HCS results by ToxCast and
Tox-21, as well as using “omics”
approaches and pharmaceutical
HTS procedures for small molecules.'”
Importantly, data were also provided
to show that in the first phase of
chemical toxicity screening (~300
substances, mostly pesticide active
ingredients) by ToxCast, a large per-
centage of these non-nano chemi-
cals did not exhibit a clearly defined
MOA. Within a relatively narrow con-
centration range, multiple molecu-
lar targets were activated or inhib-
ited by some chemicals, suggesting
that these chemicals may act through
multiple and potentially nonspecific
MOA:s. It was therefore not possible
to develop a predictive model for
phenotype changes using a variety
of statistical model development
methods. Instead, combinations of
statistical and biological relevance
for model building are needed. With

NEL ET AL.

these steps and sometimes also
data from ToxCast phase Il screen-
ing, various predictive models for
phenotypic changes'?~'* and bio-
logical perturbations'>'® have been
developed. In contrast to traditional
chemicals, for ENMs studied in our
laboratories to date, the emergence
of predictive paradigms could con-
sistently be traced to at least one
pathway of toxicity that links cellu-
lar responses to testable in vivo
outcomes.>®'7~"? Studies underta-
ken at UCLA and in other labora-
tories demonstrate that the utility of
pathways of toxicity, derived from
the pathophysiology of disease or
from omics approaches, can assist in
the development of predictive tox-
icological approaches for CNTs and
MOx nanoparticles.'”® 2° The HTS
and HCS methodologies developed
at UCLA have enabled the screening
of 24 ENMs in one assay as well as
the hazard ranking and grouping of
ENMs and SAR development of sev-
eral categories of materials.?' This,
in turn, has allowed prioritization
and focused use of animal studies.”’

An ATS approach can provide suf-
ficient data to reduce animal use by
prioritizing testing at each of the
incremental assessment stages de-
scribed above. Using CNTs as a case
study for discussion purposes, an
example was presented of how a
predictive toxicological approach
can be used to screen multiple CNTs
according to a pro-inflammatory re-
sponse in cells, which provides hazard
ranking to prioritize in vivo animal

VOL.7 = NO.8 = 6422-6433 = 2013 ACS

testing of inflammation-mediated
end points and conditions.'””~%°
This predictive paradigm requires
good material characterization but
allows potential CNT hazard to be
compared according to the contri-
bution of wall number, hydropho-
bicity, state of dispersion, type of
surface functionalization, surface
coating, and amounts and types of
impurities. Experimental studies
have shown that CNT exposure by
inhalation can lead to a variety of
deleterious biological outcomes, in-
cluding granulomatous inflamma-
tion in the lungs, pulmonary fibrosis,
oxidative stress, coronary artery dys-
function, DNA fragmentation/muta-
tion, and disruption of the mitotic
spindle (leading to errors in chro-
mosome number).'7 72022730 cyp-
rently, the most pressing concern
from an occupational perspective
(e.g., manufacturing and processing
plants) has been CNT's potential to
induce lung toxicity.3' Although not
a single incident of lung injury has
been reported in humans from
exposure to CNTs, the possibility
that CNTs could act as poorly solu-
ble, high-surface-area particles or as
“fiber-like substances” that induce
chronic lung inflammation, fibrosis,
and mesothelial injury has raised con-
cerns that exposed workers may de-
velop lung diseases. Consequently,
the focus on occupational lung dis-
ease has dominated CNT safety ef-
forts in humans, and 90 day inhala-
tion studies in rodents have been
considered the appropriate safety

WL
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assessment standard during the no-
tification of this new class of sub-
stances under the Toxic Substances
Control Act (TSCA).>>3?

Work undertaken at UCLA and
other laboratories has demonstrated
that triggering lysosomal damage,
followed by the accompanying
pro-inflammatory effects in macro-
phages and cooperative interaction
with epithelial cells (that produce
pro-fibrotic growth factors) consis-
tently predict pro-inflammatory and
pro-fibrotic outcomes in the murine
lung.'”~2%34736 While much of this
work has focused on multiwalled CNTs,
it has also been demonstrated that
cellular studies can predict the pul-
monary fibrosis potential of specific
CNT surface functionalization and
surface coatings'’?” as well as tita-
nium dioxide nanoparticles.® It will
now be interesting to see how
these results compare to inhalation
studies. The predictive approach for
short-term oropharyngeal or intra-
tracheal instillation studies can also
be applied to future studies to com-
pare the results of the predictive
paradigm to data from three histor-
ical subchronic studies®*™>* and
one chronic (2 year) inhalation as-
sessment (study ongoing, results
unpublished). This could assist in
validating the predictive paradigm.
Importantly, data provided by the
National Institute for Occupational
Safety and Health (NIOSH) has shown
that oropharyngeal instillation of
CNTs yielded the same qualitative
inflammatory and fibrotic lung re-
sponses in mice as seen in a short-
term inhalation study of the same
CNT material. The quantitative lung
responses were approximately four
times greater in the inhalation ex-
posure at an estimated equivalent
deposited mass lung dose of CNTs
in mice.>>?® A possible explanation
for the greater potency by mass of
inhaled CNTs is that the inhaled
material was more highly dispersed
and consequently had a greater sur-
face area available for biological inter-
action.?’ These findings suggest that
similar bolus doses would not over-
predict the inhalation response.

NEL ET AL.

Although the workshop focused
on ATS for CNTs, these results could
be generalized to other ENMs, where
a predictive approach could be
equally helpful for regulatory deci-
sion-making as well as for safer-by-
design support. Data were also pre-
sented to show that it is possible to
develop a predictive toxicological
paradigm for MOx nanoparticles,?’°
which are used in cosmetics, sun-
screens, catalysts, textiles, and solar
batteries. Metal oxide testing in this
platform was executed in an auto-
mated robotic facility, similar to the
automated approaches used by Tox-
Cast or in the pharmaceutical indus-
try to screen potential drug candidates
for toxicity.>' The MOx platform is
premised on a homeostatic-regu-
lated oxidative stress pathway in
which cellular HCS could be used
to predict the ability of MOx nano-
particles to generate oxidant injury
that translates into the generation
of acute inflammation in the rodent
lungs.?" This example illustrates how
careful selection of a set of cellular
responses can help to predict in vivo
outcomes if the pathway of toxicity
is aligned with the pathogenesis of
disease. Earlier studies showed good
correlations between the oxidative
stress response in vitro or in cell-free
systems and the acute pulmonary
inflammation in vivo, especially
when the doses were normalized
as the mass or surface area particle
dose per surface area of cells both in
vitro and in vivo,*®~* and the steep-
est parts of the dose—response
curves were compared.*' The acute
pulmonary inflammation observed
in this experimental model is analo-
gous to the acute neutrophilic in-
flammation that occurs in the lungs
of workers exposed to certain air-
borne particles and fumes, for
example, welding fumes that can
cause a condition known as metal
fume fever.*** Finally, the pre-
dictive platform for MOx-induced
oxidative stress and inflamma-
tion could be shown to reflect
the semiconductor properties and
dissolution of specific materials,
which could serve as the basis for

in silico toxicological modeling in
the future.

Workshop participants identified
a number of challenges to the ac-
ceptance of ATS. For example, the
application of predictive toxicologi-
cal approaches for a chronic disease
process is a challenge for cellular
HTS because cultured cells currently
do not have the capacity to express
the chronology of a chronic disease
process at the organ or systemic
level.*® While this is an acknowl-
edged shortcoming of in vitro tests,
it was conveyed that the cellular
pro-inflammatory and pro-fibrotic
effects of some ENMs such as CNTs
actually do reflect similar acute path-
ophysiologic effects in the lungs,
except that at the organ level these
responses can be cooperative and
progressive, ultimately leading to a
chronic pathology in the lungs.'” ~%°
This is similar to the well-known
practice of using biomarkers of dis-
ease in clinical medicine to assess
chronic disease processes in which
the particular biomarkers reflect in-
termediary pathophysiological events
that evolve over time to a chronic
disease process. Nonetheless, the
concern remains that for a number
of chronic diseases, complex inter-
actions between different target
cell populations may evolve slowly
over time, often after significant
latent or subclinical periods, and
that this sequence cannot be cap-
tured by an in vitro assay. Another
concern was that it may be difficult
to differentiate between end-points
that reflect or lead to adverse out-
comes and events that are non-
adverse*’” An example includes a
perturbation of homeostatic processes,
which in some instances may trig-
ger an adaptive response, while un-
der other circumstances may lead
to a toxicological outcome. Thus,
not every biological perturbation
necessarily reflects toxicity, and it
is also important that MOAs may
change in relation to the dose of
the toxic substance.*” Participants
also pointed out that current in vitro
screening assays have not been
proven to be useful in detecting
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chronic conditions such asimmune-
mediated diseases or in determining
whether ENMs are involved in multi-
stage carcinogenesis. It is important
to identify how ATS assays may
be used and what adverse health
effects they can predict. For exam-
ple, pulmonary inflammation may
be a poor predictor of the chronic
effects of CNT exposure because
as the inflammation resolves, the
fibrosis persists or progresses.2>274!
This illustrates that the ATS assays
must be validated for their utility in
predicting specific adverse effects
in vivo. An in vitro assay is promising
for its ability to predict pulmonary
fibrosis tests for lysosomal disrup-
tion and inflammasome activa-
tion in alveolar macrophages, as dis-
cussed above,'7 7203438

We have briefly touched on the
importance of in vitro to in vivo
dose—response extrapolation as an
important exercise to align ATS and
predictive toxicological approaches
with hazard assessment and a tiered
approach to nanomaterial safety
assessment.'® Often, orders of mag-
nitude higher doses are adminis-
tered in vitro and in vivo compared
to real-life exposures, which results
in physiological cellular defenses
being overwhelmed; therefore, un-
derlying mechanisms are different
from those induced by more realis-
tic exposures.*” This is especially
true if the dose rate is extraordina-
rily high, for example, large mass
dose bolus deliveries in vivo. One
main difference between in vitro
and in vivo exposures is that in vitro
test systems typically do not contain
mechanisms that are important for
clearance of biopersistent ENMs and
this limitation makes it difficult to
mimic longer-term in vivo (inhalation)
exposures. However, in vitro studies
may be better equipped to predict
adverse effects, for example, to highly
reactive substances, when the ad-
verse effects occur within 24 h.

The availability of a predictive
in vivo particle deposition model
for rodents and humans (e.g.,
the multipath particle deposition
model [MPPD])*® or the in vitro
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deposition model (in vitro sedi-
mentation, diffusion, and dosime-
try model [ISDD])* could be used
jointly for predictive toxicological
approaches of respiratory tract ef-
fects. For example, using the results
of a multidose ENM in vitro study
looking at the induction of oxidative
stress in rat alveolar epithelial cells
could enable the use of the ISDD
model as a first step in determining
the amount of particles coming into
contact with the cell.* This informa-
tion could then be used to derive
the biggest response per unit of
particle dose (number, surface area,
mass) on the in vitro dose—response
curve.*' This dose, expressed per
cell surface area (e.g., cm? of the
ENM per cm? of cell surface),**~*3
can then be used as input for the
in vivo MPPD model to estimate
the inhaled concentration that is
required to achieve a comparable
in vivo dose per cm? alveolar surface
area (e.g., after a 6 or 8 h inhalation
exposure in animals or humans)."
If longer term, repeat exposures
are used for comparative analysis,
ENM clearance and retention has to
be taken into account. The in vivo
response to an equivalent in vitro
dose can then be used to compare
the extent of agreement to validate
the conceptual approach. Conver-
sely, if the in vivo lung burden for a
known occupational exposure is
calculated, the equivalent in vitro
cell dose can be obtained to perform
an in vivo—in vitro comparison.'®
However, the role of dose rate on
the predictability of in vitro (or short-
term in vivo) assays has yet to be
evaluated.>®

While diversity of opinions and
perspectives were expressed at the
workshop, there was general agree-
ment about the utility of ATS ap-
proaches from the following
perspectives:

1. The use of ATS to investigate
ENM hazard and prioritize ENMs
for additional toxicity testing, risk
assessment and product develop-
ment are generally accepted goals.

However, the use of ATS in lieu of
in vivo testing for regulatory risk
assessment or management pur-
poses is not yet at the level of gen-
eral acceptance.

2. Any framework that includes
ATS for regulatory purposes needs
to be developed using a transpar-
ent, participatory process that en-
gages a broad stakeholder community
and should be premised on scienti-
fically and legally robust validation
processes. The use of ATS for regula-
tory decision-making requires further
discussion about the state of the
science and applicable regulatory
frameworks. Further discussion is
needed to identify the opportu-
nities of how and where to intro-
duce new scientific platforms for
screening and hazard identification,
which can then be used for further
deliberation about regulatory deci-
sion-making.

3. The development of predic-
tive toxicological approaches for ENMs,
which are executed by expedited
and validated HCS and HTS assays,
present a good opportunity to in-
form ATS use for chemicals. Predic-
tive toxicology approaches for CNT
safety assessment is potentially
helpful for hazard ranking; prioritiz-
ing animal experiments; and group-
ing of materials by hazard category,
pathways of toxicity, and discover-
able SARs and potency. This ap-
proach could also be useful for the
screening of chemicals that have
been shown to exhibit a specific
MOA. The advances made for ENMs
could assist the comprehensive
Tox-21 initiative, which is collecting
molecular and phenotypic signa-
tures of toxicity that can be used
to identify additional mechanistic
pathways on which to base predic-
tive toxicological testing. Predictive
testing should ultimately be based
on selective animal studies that im-
plement realistic and natural scenar-
ios of occupational and/or environ-
mental exposure.

4. The use and understanding of
pathways of toxicity, establishment
of SARs, grouping of nanomaterials,
and decision-making tools for ENM
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safety assessment, once validated,
could assist regulatory decision-
making; adaptation of current reg-
ulatory processes; and methods
such as alternatives analysis, control
banding, and occupational risk as-
sessment procedures such as estab-
lishing initial recommended exposure
limits. There is, however, a need to
consider the respective statutory
authorities and obligations of each
government agency.

5. Alternative test strategies and
the establishment of predictive tox-
icological paradigms for CNTs and
MOx could be used to establish
hazard categories and material group-
ing as a first tier of testing, which
can be then used to prioritize nano-
materials for further, more costly
animal studies. Prioritizing the ma-
terial selections and forming ma-
terial categories will reduce the
number of animals required for tox-
icological testing. Short-term ani-
mal studies and in vivo hazard
ranking at the second tier can be
used to plan more expensive and
longer term third tier inhalation
studies for more quantitative or
comprehensive risk assessments.
This framework can assist in occu-
pational and regulatory decision-
making.

6. The development of hazard
ranking, material grouping, and SARs
can become integral parts of new
product development and assist
industry in developing safer ENMs.

7. ltisimportant to consider dose—
response extrapolation and expo-
sure scenarios in linking mechanis-
tic and predictive toxicological assess-
ment in cells to dose metrics that
can be used for understanding the
correlation to in vivo exposure—
dose—response relationships, includ-
ing how those relate to real-life ex-
posures. It is also important to con-
sider the uptake, distribution, and
clearance of ENMs and chemicals
in understanding dose—response
relationships.

A critical question raised in the dis-
cussions was: how can the concepts
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included in the consensus state-
ment be further developed to allow
ATS to be more broadly considered
for risk management and in policy
frameworks? This consideration
could begin by interpreting the de-
finition of “risk assessment”. In its
2009 Science and Decisions report,’
the National Research Council noted
that risk assessment is a broad
concept embracing more than just
traditional quantitative risk assess-
ment methodologies. Thus, risk as-
sessment can include more stream-
lined approaches such as control
banding and safer-by-design proce-
dures. Predictive in vitro assays and
SARs could provide relevant infor-
mation for the spectrum of evidence
used in traditional risk assessment,
particularly in scoping and problem
definition. Further exploration is
needed before ATS could become
a cornerstone of quantitative risk
assessment, particularly from the
perspective of dose—response con-
siderations in traditional risk assess-
ment methods.

Alternative test strategies for
nanomaterials present opportunities
for more timely and transparent
hazard communication. Although
animal studies can provide a wealth
of information, including molecular
and phenotypic changes, MOAs, meta-
bolism, and biodistribution, such
studies can be resource (time,
money, labor) intensive. For ethical
and many other reasons, it is also
not practical to test all chemicals to
which human beings might be ex-
posed in whole animal studies. In
contrast, most ATS techniques gen-
erate quantitative data in a rela-
tively short time, and these data,
along with their analysis process
(often done with computer programs),
can be easily made publicly avail-
able via the Internet and other
means. It is useful to have rapidly
available initial data for hazard as-
sessment in otherwise data-poor
situations in such emergency situa-
tions as the Deepwater Horizon oil
spill.>? Alternative test strategies
can be mechanistically oriented
and therefore provide a dimension
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of “how” that can supplement the
description of a disease outcome.
The use of ATS to provide hazard
classification could therefore pro-
vide a more transparent and repro-
ducible approach to risk assessment.
It should be noted that expertise is
required to analyze and to interpret
ATS data, and expert judgment may
be needed, as in animal studies.
The communication challenge for
ATS (particularly the in vitro cell-
based or biochemical cell-free assay
results, compared to whole animal
study results) may be in making the
results, interpretation, and uncer-
tainties clear and easy to under-
stand for the intended audience(s).
Nevertheless, ATS, such as HTS and
SARs, can provide important and
timely information about hazard
and categorization of materials
based upon potency and severity,”>
but ATS still has limitations with
regard to quantitative risk charac-
terization. In particular, validation of
the HTS data and SAR-based models
with animal or epidemiology data
will increase their utility in hazard
communication.

Alternative test
strategies for
nanomaterials present
opportunities for more
timely and transparent
hazard

communication.

Although there are a variety of
regulatory contexts in which ATS
could potentially be applied, the
occupational setting is quite impor-
tant given the high potential for
exposure. Because ATS can provide
useful data to help fill knowledge
gaps about the potential hazardous
properties of ENMs, there is growing
interest in the use of ATS to guide
workplace exposure control deci-
sions. Wherever ENMs are produced
or used, be it in laboratories, pilot
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facilities, manufacturing, or applica-
tion of products, NIOSH needs in-
formation to develop guidance for
risk management recommendations
on engineering controls and other
workplace practices to minimize
the risk of adverse health effects in
workers. In the absence of sufficient
health and adverse outcome data in
humans, animal inhalation studies
have typically been used to evalu-
ate the exposure—dose—response
relationship of an airborne hazar-
dous substance to identify an expo-
sure concentration that does not
cause adverse effects or only a low
level of effect3'* Alternative test
strategies that rely on predictive in
vitro assays and limited bolus expo-
sure studies in animals (instead of
inhalation exposure) could assist
NIOSH, the Occupational Safety and
Health Administration (OSHA), as
well as occupational safety and
health regulatory agencies outside
the U.S. to develop occupational
safety and health recommenda-
tions for ENMs. One example is the
use of a tiered approach (Figure 2),
wherein dose—response extrapola-
tions in validated assays between
the tissue culture dish and the lungs
(rodents and humans) could be used
to supplement the existing scienti-
fic literature of inhaled particles and
fibers in order to develop occupa-
tional health and safety recommen-
dations for airborne ENMs. 2843

In such an approach, hazard rank-
ing information for ENMs (e.g., from
tiers 1 and Il in Figure 2), in conjunc-
tion with quantitative risk estimates
for benchmark materials based on
tier Il data (new or existing), could
be used to categorize ENMs into
occupational exposure bands (OEBs)
for linkage with control banding
schemes.’ This approach would also
be used to evaluate and to validate
the applicability to ENMs of the
existing control bands, which are
order-of-magnitude exposures based
on the performance of certain en-
gineering controls (e.g., as used in
the pharmaceutical industry).ss_57
The ideal benchmark materials
(see definition, Figure 1) would be
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well-characterized substances with-
in given MOA categories, for which
health hazards are well-known and
quantitative risk estimates could be
or have been developed.>® Possi-
ble benchmark materials to evalu-
ate inhalation hazards may include
fine crystalline silica, asbestos,
and ultrafine titanium dioxide and/
or carbon black.? Comparative po-
tency analyses from validated ATS
assays would be used to categorize
the ENMs and to assign initial occu-
pational exposure limits (OELs) or
OEBs,”*® for example, using a par-
allelogram approach® as used for
pharmaceutical intermediates.®° These
comparative analyses would exam-
ine the biological responses at esti-
mated equivalent doses, for example,
based on the particle mass (or sur-
face area) dose per cell surface area
in culture, which reflects the lung
burden per alveolar epithelial surface
area in animal studies and/or predicted
worker airborne exposure,'%?84143
Among the most promising in vitro
assays that have been developed
are assessment of reactive oxygen
species generation and the produc-
tion of inflammatory mediators that
predict acute pulmonary responses
in rodents.2"**3 The National Insti-
tute for Occupational Safety and
Health could also use ATS to identify
biomarkers from toxicological stud-
ies for use as markers of exposure
and/or early biological effects and
for subsequent use in monitoring of
worker populations as a secondary
health protection measure.®"%? Fi-
nally, the occupational hazards of
ENMs could be mitigated by imple-
menting safer-by-design principles
for the physical and chemical prop-
erties of the materials produced,
and ATS can play an important role
in their development.

A key challenge to utilizing ATS
data is the development and appli-
cation of validation criteria, which
include reliability, relevance, and re-
producibility of an assay (Figure 1).
The validation process would also
typically include evaluation of varia-
bility within an assay and across
laboratories for selected assays

and reference particles.®® Given that
some ATS assays are only performed
in one laboratory (e.g., one-of-a-kind
robot system, patented process),
evaluation in multiple laboratories
may not be possible. Instead, valida-
tion for ATS must be flexible in order
to enable fit-for-purpose develop-
ment of new methods, for example,
as part of a tiered toxicology testing
framework.” Past validation efforts
that involved the use of expensive
and time-consuming cross-labora-
tory validation procedures may be
too restrictive for HTS methods used
in prioritization procedures (e.g., in
tier 1 assessments).”%* In vitro data
used in tiered testing would enable
the selection of priority materials (e.g.,
highest toxicity within a category)
in the in vitro assays to go forward in
focused or targeted animal studies
(Figure 2).

The validation process should
also be based on relevant informa-
tion necessary to make informed
decisions about the predictability
of the assay within a material do-
main, and with respect to its dosi-
metric and mechanistic relevance.
Selection of relevant dose metrics
and dose levels in vitro and in vivo
remains a challenge to such ana-
lyses, but biologically based and
quantitative dose—response extra-
polation approaches have been
suggested.'®*1434950 Tg facilitate
the validation and use of ATS data
in hazard ranking and risk assess-
ments, standard sets of particle
descriptors, dose metrics, and re-
sponse parameters are needed to
compare MOA and dose—response
relationships within and across
studies.’

Anticipating the emergence and
potential impacts of ENMs and ob-
serving the interest in the stake-
holder community to work collabora-
tively provides an unprecedented
opportunity to incorporate recent
advances into the decision-making
framework for evaluating these ma-
terials' environmental, health, and
safety impacts throughout the pro-
duct lifecycle.®®> The U.S. Environ-
mental Protection Agency (U.S. EPA)
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supports and is funding the devel-
opment of systems to evaluate the
environmental health and safety of
ENMs. In light of recent advances in
toxicology, biology, chemistry, and
bioinformatics, the development of
approaches that take advantage of
these innovations are of significant
interest to the U.S. EPA. In this con-
text, ATS can be used as a means for
establishing various categories of
ENMs and evaluative tools to be
used for risk assessment and green
or benign design. More broadly, ATS
could enhance and inform decision-
making, help reduce regulatory un-
certainty, and contribute to the know-
ledge base of regulatory processes.

Alternative test
strategies could
enhance and inform
decision-making, help
reduce regulatory
uncertainty, and
contribute to the
knowledge base of

regulatory processes.

Nanotechnologies still represent
emerging technologies. There are two
implications that follow from this.
First, the relatively low penetration
of the technology into the market-
place to date provides both industry
and regulators with more degrees
of freedom to introduce and to
approve the use of ENMs in com-
merce than exist with a large num-
ber of entrenched chemicals and
materials. These degrees of free-
dom can enable robust dialogues
among stakeholders around which
nanoscale properties provide bene-
ficial performance characteristics,
while minimizing potential adverse
impacts to humans and the envi-
ronment. Second, although the U.S.
EPA has almost a decade of experi-
ence in evaluating new ENMs, the
sample sizes of ENMs reviewed
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under the TSCA new chemicals pro-
gram is still too small to adopt read-
across and SAR approaches broadly
for premanufacturing notification
decisions on new ENMs. The U.S.
EPA's recent discussions with com-
panies that have submitted or plan
to submit TSCA premanufacture no-
tices indicate an agreement on the
importance of identifying inherent
material properties. Those proper-
ties relate to the behavior of nano-
scale particles in the environment,
allowing the creation of more ro-
bust databases to support decision-
making for safe development, man-
ufacture, and use of ENMs. There is
also agreement that an important
contributor to this database will
come from data generated by ATS,
including in vitro and in silico
approaches.

Carbon nanotubes, because of
their potentially broad applications
in products as well as the ability to
produce them in many forms with
different physicochemical and ma-
terial properties, offer a promising
starting point for building a robust
regulatory science database that
incorporates data generation by
ATS. Complementing animal data
with in vitro and in silico information
will not only enable better-informed
decisions on CNT safety, but can
also bring new testing approaches
into the broader chemical decision
context.

The need for new testing ap-
proaches is particularly evident as
the emergence of ENMs plays a
central role in challenging historical
risk assessment paradigms. Not
only can nanotechnology be a driv-
ing force for new and better pro-
ducts, but it can also play a role in
transitioning cutting-edge testing
approaches from pharmaceutical
development and academic sciences
to private- and public-sector deci-
sion makers.
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