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28-Day study of 4EP in young rats

In the dose-finding study. 4/5 males and all 5 females at 2000 mg/
kg/day died after the first dosing and the remaining 1/5 males was
killed because of moribundity on day 3 of dosing. At 1000 mg/kg/
day, 1/5 females showed soiled perineal fur on days 5-7 of dosing
and then died on day 8 of dosing. The body weight of females was
significantly lower on day 2 of dosing at 1000 mg/kg/day. Signifi-
cantly high values of ALT and total cholesterol at 1000 mg/kg/day
and significantly high value of ALT at 500 mg/kg/day were detected
in males. Significantly low value of alkaline phosphatase and sig-
nificantly high value of potassium at 1000 mg/kg/day were detected
in females. In the necropsy findings for rats died during the dosing
period, acute changes, such as red coloration of the lung, forestom-
ach and kidney, thinning of the mucosa in the glandular stomach,
discoloration of the liver and spleen, blood pooling in the urinary
bladder and abdominal dropsy were observed at 2000 mg/kg/day
and reddish spots of the glandular stomach and atrophy of the
thymus and spleen were detected at 1000 mg/kg/day. For the sur-
viving rats, thickening of the mucosa in the forestomach was
observed in 2/5 males and 3/4 females at 1000 mg/kg/day at the
end of the dosing period. At 1000 mg/kg/day, significantly high
values of the relative liver weight in males and females and a
significantly low value of relative spleen weight in females were
observed. At 500 mg/kg/day, a significantly low value of relative
spleen weight in females was observed.

In the main study (Table 2 and Fig. 5), clinical signs, such as
salivation, staggering gait, a lateral position and soiled perigenital
fur, were observed in 11/14 males and 9/14 females at 1000 mg/
kg/day. At this dose, salivation for males and females was observed
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Fig.5 Body weight curves in 28-day study of 4-ethylphenol (4EP) in
young rats.
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within 30 min after dosing daily from day 6 to the end of the dosing
period. Staggering gait and a lateral position were occasionally
observed in males and females for | h from a few minutes after
dosing, and soiled perigenital fur was occasionally observed for
males and females. Significantly low body weights from days 7-
28 of dosing in males and from days 14-28 in females were also
observed. In urinalysis, a significantly high volume of urine was
observed in females at 1000 mg/kg/day at the end of the dosing
period. In the blood biochemistry, significantly high values of ALT
in males and total cholesterol in females at 1000 mg/kg/day were
observed. In the necropsy findings, thinning of the mucosa in the
glandular stomach in 5/7 males and 6/7 females and reddish spots
in the glandular stomach in 1/7 females were observed at 1000 mg/
kg/day at the end of the dosing period. Significantly high values of
relative liver weight at 300 and 1000 mg/kg/day in males and at
1000 mg/kg/day in females were observed at the end of the dosing
period. Significantly high value of relative kidney weight at
1000 mg/kg/day in males was observed at the end of the dosing
period. Erosion, hyperplasia of squamous cells, degeneration of
squamous cells and/or edema of the submucosa in the forestomach
was observed in all 7 males at 1000 mg/kg/day. Hyperplasia of
squamous cells in the forestomach was observed in 1/7 males at
300 mg/kg/day. Hyperplasia of squamous cells in the esophagus,
degeneration of squamous cells, edema of the submucosa, granu-
lation of the submucosa, hyperplasia of squamous cells and/or ulcer
in the forestomach were observed in 6/7 females at 1000 mg/kg/
day. There were no effects of 4EP treatment at the end of the
recovery period except for the lowered body weight of males at
1000 mg/kg/day.

DISCUSSION

In the present paper, we determined the toxicity of 3EP and 4EP in
newborn rats and reevaluated the toxicity of these chemicals in
young rats, then compared the susceptibility of newborn rats in
terms of NOAEL and UETL with that of young rats.

As for the administration of 3EP. NOAEL in the newborn rat
study was concluded to be 100 mg/kg/day based on the lowered
body weight at 300 mg/kg/day, although an increase in relative liver
weight in females with no histopathological change and no changes
in parameters of blood biochemistry related to liver damage was
observed at 100 mg/kg/day in the main study. NOAEL in the young
rat study was concluded to be 300 mg/kg/day based on the clinical
toxic signs (staggering gait, prone/lateral position, tremor and
soiled perigenital fur), changes in the liver (high values of weight
and ALT or total cholesterol) and lesions in the forestomach at
1000 mg/kg/day. As clear toxicity did not appear in the newborn
rat study even at the highest dose, we were not able to estimate
UETL for 3EP.

As for the administration of 4EP. NOAEL in the newbom rat
study was concluded to be 30 mg/kg/day based on the delay in the
development of the righting reflex at 100 mg/kg/day. At 300 mg/
kg/day, most animals showed clinical toxic signs and some females
died in both the main and dose-finding studies. NOAEL in the
young rat study was concluded to be 100 mg/kg/day, based on the
lesions in the forestomach at 300 mg/kg/day. At 1000 mg/kg/day,
clinical toxic signs were observed in all animals with the lesions in
the forestomach. At this dose, no animal died in the main study but
1/5 females died in the dose-finding study (data not shown). When
the dose of 1000 mg/kg/day for young rats was presumed as a
UETL, which was the minimum lethal dose expecting the possibil-
ity of one female death, equivalent UETL for newborn rats was
considered to be in the range of 200-250 mg/kg/day because 2/12
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and 2/5 females died at 300 mg/kg/day in the main and dose-finding
newborn studies, respectively.

In the newborn rat studies, slightly lowered body weight was
observed after 3EP treatment, and deaths, hypoactivity, Straub tail,
deep respiration and a delayed righting reflex were clearly observed
after 4EP treatment. In the young rat studies, salivation, staggering
gait, changes in the liver, including high values of liver weight and
ALT or total cholesterol and lesions in the forestomach were clearly
observed after 3EP and 4EP treatments. As for NOAEL, the sus-
ceptibility of newborn rats to 3EP and 4EP was approximately 3
times higher than that of young rats. The reason that newborn rats
had higher susceptibility than young rats could be that newborn rats
have immature metabolic activity, thus oxidation and conjugation
of 3EP or 4EP in their livers would occur less, and toxic eftects of
the parent chemicals would continue longer.

The change of the mucosa and lesions of the submucosa and
squamous cells in the forestomach caused by the corrosiveness of
3EP and 4EP were observed in young rats, but not in newborn rats.
Generally, the phenols have similar toxicological effects and phenol
is a protoplasmic poison and extremely corrosive (Bloom & Brandt
2001; Manahan 2003). 3EP and 4EP are irritating to the eyes, skin,
mucous membranes and upper respiratory tract (Lenga 1985). His-
topathological findings were not observed in the newborn rat study
at any dose. The fact could be expected from the assumption that
the membrane of the gastrointestinal tract of newborn rats would
be more quickly renewed than that of young rats because of a higher
turnover rate of the gastric membrane in developing newborn rats
(Majumdar & Johnson 1982).

Methylphenol is an analog chemical of ethylphenol. Methylphe-
nols or cresols, including three isomers, were reviewed as to their
toxicity, and they have strong skin irritation and induce symptoms
of poisoning (ASTDR 1992; WHO 1995; Stouten 1998). These
reviews show that 4-methylphenol is more toxic than 3-methylphe-
nol on the repeated-dose toxicity. In the present study, severer
lesions in the forestomach were found after administration of 4EP
than with 3EP in young rats. 4EP was also more toxic than 3EP in
the newborn rat study. Deaths occurred after administration of 4EP.

Based on NOAEL, the susceptibility of newborn rats to 3EP and
4FEP appeared to be almost 3 times higher than that of the young
rats, being consistent with our previous results for four chemicals,
4-nitrophenol, 2,4-dinitrophenol, 3-aminophenol and 3-methylphe-
nol, which showed 2—4 times differences in the toxic response
between newborn and young rats. As for 3EP, unequivocal toxicity
was not observed in the newbom rat study. As for 4EP, UETL in
the young rat study was 4-5 times higher than that in the newborn
rat study. In conclusion, newborn rats were 3-5 times more suscep-
tible to 3EP and 4EP than young rats.
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Abstract

In vitro genotoxicity assays are often used to screen and predict whether chemicals might represent mutagenic and carcinogenic
risks for humans. Recent discussions have focused on the high rate of positive results in in vitro tests, especially in those assays
performed in mammalian cells that are not confirmed in vive. Currently, there is no general consensus in the scientific community
on the interpretation of the significance of positive results from the in vitro genotoxicity assays. To address this issue, the Health
and Environmental Sciences Institute (HESI), held an international workshop in June 2006 to discuss the relevance and follow-up
of positive results in in vitro genetic toxicity assays. The goals of the meeting were to examine ways to advance the scientific
basis for the interpretation of positive findings in in vitro assays, to facilitate the development of follow-up testing strategies and to

* This document represents the consensus of the participants’ views expressed as individual scientists and does not necessarily represent the
policies and procedures of their respective institutions.
* Corresponding author. Tel.: +1 202 659 3306; fax: +1 202 659 3617.
E-mail address: membry @hesiglobal.org (M.R. Embry).
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define criteria for determining the relevance to human health. The workshop identified specific needs in two general categories,
i.e., improved testing and improved data interpretation and risk assessment. Recommendations to improve testing included: (1)
re-examine the maximum level of cytotoxicity currently required for in vitro tests; (2) re-examine the upper limit concentration for
in vitro mammalian studies; (3) develop improved testing strategies using current in vitro assays; (4) define criteria to guide selection
of the appropriate follow-up in vive studies; (5) develop new and more predictive in vitro and in vivo tests. Recommendations for
improving interpretation and assessment included: (1) examine the suitability of applying the threshold of toxicological concern
concepts to genotoxicity data; (2) develop a structured weight of evidence approach for assessing genotoxic/carcinogenic hazard;
and (3) re-examine in vitro and in vivo correlations qualitatively and quantitatively. Conclusions from the workshop highlighted a
willingness of scientists from various sectors to change and improve the current paradigm and move from a hazard identification
approach to a “realistic” risk-based approach that incorporates information on mechanism of action, kinetics, and human exposure..
© 2007 Elsevier B.V. All rights reserved.

Keywords: Genotoxicity; In vitro assays; Carcinogenesis; Workshop report

1. Introduction

Human exposure to DNA-damaging agents is an
important health issue because gene and chromosomal
mutations can potentially lead to adverse health con-
sequences, including cancer, reproductive impairment,
developmental anomalies, or genetic diseases. Current
regulatory practice is to use a battery of genetic toxicity
tests to determine if a chemical has the potential to cause
mutations or chromosomal damage. Tests conducted in
vitro in bacteria and mammalian cells play an impor-
tant role in this battery [1-13]. During the past 15 years,
accumulated evidence has shown a high rate of positive
results in the in vitro tests, especially in those assays
performed in mammalian cells [14]. Importantly, a large
number of the mammalian in vitro positive findings have
not been confirmed in in vivo genotoxicity and/or car-
cinogenicity studies, and this raises the question of their
specificity and relevance in human risk assessment [15].

Positive in vitro results generally lead to costly and
time consuming additional testing, including mecha-
nistic studies and in vivo genetic toxicity testing in
rodent models. In the context of regulating pharmaceuti-
cals, pesticides or industrial chemicals, such positive in
vitro results could potentially lead to prohibiting the use
and/or development of compounds of negligible concern
for adverse human effects. Itis increasingly accepted that
positive results should not be considered in isolation, and
that a weight of evidence approach considering all per-
tinent data should be the preferred approach [4,16—18].
As part of this weight of evidence approach, information
on the mode of action, kinetics, and the extent of human
exposure is useful for risk assessment.

The low dose portion of the dose—response curve is
generally assumed to be linear with no threshold for
compounds known to interact with DNA directly (e.g.,
alkylating and intercalating agents). Other compounds
can induce DNA damage as a secondary effect and act

through non-DNA reactive mechanisms (e.g., inhibition
of topoisomerase, mitotic spindle disruption, inhibition
of protein and DNA synthesis, imbalance of nucleotide
pools). In this latter case, it is accepted that a thresh-
old dose level exists below which no genotoxic effect is
expected to occur. Despite recently accumulated infor-
mation about possible indirect mechanisms of action
[19-22], there is still a need to improve and enhance
our understanding of these mechanisms and to provide
clear recommendations on the approaches to be used to
identify the mode of action and include these data in risk
assessment.

It is agreed that in vitro models are imperfect models
of in vivo biology. Nonetheless, business and regulatory
decisions are often made on the basis of qualitative out-
comes in these assays. In addition, extreme experimental
conditions currently recommended in regulatory guide-
lines for the in vitro genotoxicity models are seen as a
potential source of artifacts and irrelevant findings (e.g.,
high level of cytotoxicity, precipitating concentrations,
concentrations up to 5000 pg/ml or 10 mM that are very
unlikely to be attained in vive). Hence, there is a need for
a better understanding of the limitations of the currently
used in vitro models in order to more adequately interpret
the in vitro findings, and to identify the key criteria for
the development of better and more relevant predictive
models for in vivo biology.

The need to re-consider the evaluation of in vitro
positive findings and their impact on risk assessment
has been recently highlighted by regulatory authorities
[16,17,23-25], and organizations such as the Interna-
tional Workshops on Genotoxicity Testing (IWGT) and
European Centre for the Validation of Alternative Meth-
ods (ECVAM) [18,26].

Taking all these questions/points into consideration,
the Health and Environmental Sciences Institute (HESI),
the global branch of the International Life Sciences
Institute (ILSI) recently identified “the relevance and
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follow-up of positive results in in vitro genetic toxic-
ity” as an emerging issue. A HESI subcommittee was
formed to address the following key objectives:

e improve the scientific basis of the interpretation of
results from in vitro genetic toxicology tests for pur-
poses of accurate human risk assessment,

o develop follow-up strategies for determining the rele-
vance of in vitro test results to human health, and

e provide a framework for the integration of the in vitro
testing results into a risk-based assessment of the
effects of chemical exposures to human health.

In order to identify the actions to be initiated, HESI
organized an international multi-sector workshop in
Washington, DC, on June 21 and 22, 2006, which
was attended by 45 experts in the fields of genetic
toxicology, carcinogenesis and risk assessment. Partic-
ipants included representatives from the United States
Department of Agriculture (USDA), United States
Environmental Protection Agency (USEPA), United
States Food and Drug Administration (USFDA), Health
Canada, Japan National Institute of Health Sciences
(NIHS), and the European Food Safety Authority
(EFSA), and over 15 companies from various industries
involved in the development of products including indus-
trial chemicals, agricultural chemicals, pharmaceuticals,
and cosmetics. Several of the participants were also
involved in other initiatives such as IWGT or ECVAM,
and this workshop facilitated coordination between the
different initiatives. Further information about the work-
shop participants and their affiliations can be found at
http://www.hesiglobal.org/Committees/Emerginglssues/
ToxTesting.

The program of this workshop consisted of a series of
plenary lectures followed by break-out group sessions to
address three main topics. These were:

e Break-out group #1: how to establish relevance of in
vitre findings to humans using mechanistic and in vivo
data.

e Break-out group #2: how to factor in quantitative con-
sideration of the impact of dose-response.

e Break-out group #3: how to improve our testing for
genetic toxicity.

This publication summarizes the three break-out
group discussions and deliberations, and provides rec-
ommendations by the workshop participants to support
the development of more reliable approaches to genetic
toxicity risk assessment and risk management. No
attempt was made at harmonizing the format of break-out

group reports, but Table 1 captures the key recommen-
dations and some of the commonalities shared between
the three break-out groups. The conclusion statements
will be used as a starting point for the next steps of the
collaborative work. The different topics identified will
be examined further in depth in the near future, in order
to evaluate if new technical and scientific approaches can
be used to address the identified issues and questions.

2. Summaries of the break-out group discussions

2.1. Break-out group #1: how to establish relevance
of in vitro findings to humans using mechanistic and
in vivo data

2.1.1. Break-out group #1: background

The positive results obtained in in vitro genotoxic-
ity tests are often not confirmed in in vivo genotoxicity
and carcinogenicity tests. To predict carcinogenesis from
in vitro findings, there is a significant need to develop a
weight of evidence approach that considers human expo-
sure information and incorporates an understanding of
the mechanism of action, metabolism and tissue distri-
bution in vivo. The participants of this break-out group
evaluated the relevance of in virro data to humans by
focusing on the concordance with in vive genotoxicity
and carcinogenicity data. This evaluation was done for
different endpoints (e.g., gene mutations, chromosome
damage, primary DNA damage) with consideration of
mechanistic information. The discussion also included
the level of information needed to define a threshold and
a potential safety margin in humans.

2.1.2. Break-out group #1: report

Genetic toxicology testing is an integral and essential
part of the safety evaluation of chemicals (pharmaceu-
ticals, pesticides, industrial chemicals, and consumer
products). The primary focus of this testing is to assess
the inherent potential of a substance to compromise the
integrity of the genetic material. The types of heritable
genetic events that are relevant to human risk assess-
ment include gene mutations, structural chromosomal
changes, and aneuploidy. Hence, all three end points
should be included in human health assessments.

Currently, a battery of short-term tests is initially used
to identify the genotoxic potential of a test material.
There was a general consensus among the members of
the break-out group that this initial battery of tests could
be prescriptive. Towards this end, a battery, comprised
of three or four tests (e.g., a bacterial reverse mutation
test, a test for chromosomal aberrations and/or muta-
tions in mammalian cell cultures, and an in vivo test for
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cytogenetic damage in bone marrow of rodents), as pre-
scribed by a number of expert/regulatory bodies around
the globe (e.g., ICH, EEC, U.S.EPA, JMHLW, etc.), are
considered to be still valid. For certain molecules, one
or more of the above tests may not be relevant or useful
(e.g., bacterial reverse mutation test for peptides). Posi-
tive findings (i.e., identification of genotoxicity) in one
or more of the initial tests may require further investi-
gation and usually trigger additional testing. However,
the selection of additional test(s) at this stage cannot be
prescriptive and should be handled on a case-by-case
basis.

There was also a general consensus that the protocols
and data interpretation strategies currently used in the
conduct of the initial battery of tests needed improve-
ment. For example, the rationale for the selection of
the top concentration including the required levels of
cytotoxicity currently prescribed by various regulatory
guidelines for in vitro tests may need further exami-
nation. In this context, the group identified a need to
undertake a retrospective analysis of any available inter-
nal exposure data from animal toxicokinetic and, where
available, human pharmacokinetic studies to help estab-
lish a general guidance to limit the highest concentrations
that need to be evaluated in in vitro genotoxicity stud-
ies utilizing mammalian cell cultures. Using information
from such an analysis, one might be able to identify an
appropriate top concentration to be used in in vitro assays
(instead of the current 10 mM limit) that could generally
be agreed not to be excessively above the typical pharma-
cologically active range for most drugs, above the Kp,s
for most relevant enzymes including those involved in
metabolic activation/detoxification, and above the typi-
cal blood and tissue levels expected at the most extreme
human exposures that would occur in actual usage sit-
uations. While this approach might be suitable in most
cases, there could be instances where higher concentra-
tions may need to be evaluated with certain agents which
may have potentially extreme human exposures.

The group acknowledged that toxicokinetic and tox-
icodynamic considerations dictate that findings from a
well conducted in vivo genetic toxicity test that evaluates
relevant endpoints and target tissues should carry more
emphasis or weight than conflicting results from corre-
sponding in vitro assays. At this time, however, there
are no validated in vivo protocols amenable to assess
all genetic events of human relevance (i.e., mutations,
chromosomal aberrations, and aneuploidy) in multi-
ple tissues. Because of this limitation an integrative
approach of different in vitro genetic toxicology stud-
ies will continue to play an important role in safety
assessment programs. Furthermore, although analyses

performed to date suggest that the results from in vivo
tests correlate better than in vitro tests in predicting the
outcomes of animal carcinogenicity studies, an exhaus-
tive analysis of all available databases has not yet been
performed that would allow one to make a definitive con-
clusion on this issue. Therefore, this group identified
such an analysis as a worthwhile future activity.

Genetic toxicology is an integral part of the field
of toxicology and as such the general weight of evi-
dence principles of data interpretation widely accepted
for other toxicities should be equally applicable to geno-
toxicity (i.e., considering all pertinent information when
available including, metabolism, kinetics, mechanism,
dose-response and human exposure, placing empha-
sis on reliable in vivo results over in vitro findings,
and acknowledging data limitations). The central dogma
in toxicology is that it is the dose that determines
the risk of toxicity. Accordingly, an experimentally
derived no-adverse-effect-level (NOAEL) or mathemati-
cally modeled “bench mark dose (BMD)” in conjunction
with a set of uncertainty factors usually forms the basis to
establish a human exposure level to toxicants without an
expectation of an adverse outcome. The group had a cur-
sory discussion on the applicability of such an approach
to mutagenicity data, irrespective of the mode of action
of an agent (i.e., even for DNA reactive mutagens which
are currently excluded from this approach), for setting
acceptable exposure levels. The following uncertainties
were discussed in the use of experimental data to derive
allowable human exposure levels: (1) extrapolation from
in vitro o in vivo situations, (2) extrapolation from non-
human species to humans, (3) existence of susceptible
subpopulations among humans, (4) severity of the effect
studied, and (5) deficiency in the database used to derive
the NOAEL or BMD. The group concluded that further
discussion is needed on the suitability of this approach as
well as the use of factors (e.g., 3 x or 10x) to account for
each of the identified uncertainties to be used in deriving
the permissible exposure levels.

2.1.3. Break-out group #1: conclusions and
recommendations

Based on the deliberations described above, break-
out group #1 proposed the following conclusions and
recommendations:

e Critically examine the currently required maximum
level of cytotoxicity in in vitro mammalian assays.

e Re-evaluate the current 10mM upper limit con-
centration for in virro mammalian studies using a
retrospective analysis, taking into account the follow-

ing:
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animal and human pharmacokinetic data;

metabolic efficiency;

enzyme saturation;

typical blood and tissue levels at the most extreme

human exposure situations.

e Apply general weight of evidence principles of data
interpretation accepted for other types of toxicity to
genotoxicity data, considering:

- metabolism;

- kinetics;

- mechanism;

- dose-response and human exposure;

- placing emphasis on reliable in vivo results over in
vitro findings;

- acknowledging data limitations.

e Critically examine the suitability of applying the con-
cepts of benchmark dose, NOAELs, LOAELs, and
uncertainty factors to genotoxicity data.

e Conduct a retrospective in-depth review of the avail-
able genotoxicity databases to better understand the
respective contribution of in vitro and in vivo assays
to the prediction of carcinogenic potential.

2.2. Break-out group #2: how to factor in a
quantitative consideration of the impact of
dose—response

2.2.1. Break-out group #2: background

The participants of this break-out group focused
on how to use knowledge of the in vivo factors that
determine genotoxic responses (including exposure,
pharmacokinetics, metabolism, and mechanism) to inter-
pret responses in in vitro and in vivo laboratory genetic
toxicology tests, and to improve estimation of the risk
of genetic damage and/or adverse health outcomes in
humans. The discussion was focused on situations in
which decisions must be made in the absence of car-
cinogenicity data, such as (a) the stage of pharmaceutical
development at which in vitro and limited in vivo genetic
toxicology information, but no carcinogenicity data, are
available or (b) screening of industrial chemicals, and
included (c) the near future of cosmetic and health-care
product regulation in which decisions may need to be
made primarily on the basis of in vitro data or at most
with some limited in vive data.

2.2.2. Break-out group #2: report

The general question addressed by this group was:
“What information on exposure and genotoxicity such as
potency, nature of genetic lesion, shape of dose-response
curve and mode of action is needed to define accept-
able exposure levels or levels of no concern for exposed

humans”. The specific questions addressed included:

e [s there a quantitative relationship between potency
in vitro and potency in vive for induction of the
types of damage of interest (e.g., adducts, strand
breaks, nucleotide alterations, mutations, chromoso-
mal aberrations, etc.), for (1) agents that do not require
metabolic activation and (2) agents that do require
metabolic activation?

e Can a combination of in vitro potency data, with or
without in vive potency data, and human exposure
data provide an index of risk that supports regulatory
decision-making in the absence of carcinogenicity
data?

e By using such an index, can a level of risk be defined
that is considered inconsequential or acceptable for a
given human exposure?

Additionally, the general default assumptions about
the shape of the dose-response curves for “genotoxic”
versus “‘non-genotoxic” agents were discussed, includ-
ing the assumptions that (1) agents that react with or
“directly” damage, DNA should be assumed to have
linear dose-response relationships as a conservative
default, whereas (2) DNA non-reactive agents, i.e., geno-
toxicants that act through a primary target or mechanism
other than direct reaction with DNA, are considered
likely to have non-linear dose-response relationships
with a definable “threshold” below which in vive risk
of damage can be considered negligible. In particular,
the extent of the scientific data available that supports
these presumptions was questioned. It was felt that some
generalizations can be made with regard to type of dam-
age, mechanism of action, and/or class of agents, but
that a more rigorous evaluation of the situations and
conditions involved was needed. For certain classes of
chemicals, such as specific DNA synthesis inhibitors
or agents that interact very specifically with known
non-DNA targets, it was agreed that a threshold below
which significant DNA damage would not occur could
be defined. Systematic approaches to evaluate available
data that supports improved categorization of chemi-
cal classes and supports appropriate assumptions about
expected dose-response relationships are recommended
(see below).

Some data were presented suggesting that there are
practical thresholds even for DNA-reactive genotoxic
agents [27,28] and showing also that agents considered
non-genotoxic, such as sucrose, can produce significant
effects even in vive if sufficient exposure is achieved
[29]. The limited data presented suggests that a more
comprehensive survey and analysis of results in the liter-
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ature and those available from HESI member companies
is warranted in order to determine whether practical
thresholds can be defined for DNA-reactive genotoxic
agents. Based on this analysis, an informed decision can
be made as to whether it is necessary to move from
the current practice of decision-making on the basis
of qualitative or semi-quantitative characterization of
agents to a more quantitative assessment of genotoxic
risk under defined exposure conditions in vivo. As noted
above, the group felt that sufficient data were already
available to document that some classes of non-DNA
reactive genotoxicants, such as most aneugens (based on
known modes of action/dose-response data), agents that
cause nucleotide pool imbalance or glutathione deple-
tion, and DNA synthesis inhibitors, have a non-linear
dose-response curve and that safe thresholds or margins
of exposure can be defined for such agents. The group
recommended a systematic compilation and analysis of
data for both DNA reactive and non-reactive mutagens
that explores the dose-response and modes of action to
more thoroughly examine the default presumption of low
dose linearity. A logical mechanism for achieving this
would be via an expert committee charged with produc-
ing a “white paper” and subsequent journal publication.
It was noted that it would likely also be necessary to
build a consensus on acceptable methods for describing
the shape of the dose-response curve and for evaluating
the mode of action. ‘

Considerable attention was placed on the question of
whether information on the extent of human exposure
(magnitude, duration, and route) can be used to define
levels of concern about genotoxic damage. The “level
of concern” and “threshold of toxicological concern”
concepts (LOC, TTC) used for assessing environmental
risks, direct and indirect food additives and pharmaceu-
tical impurities [2,30-33] were cited as examples of how
this is already being done in certain cases. The possibil-
ity of extending these concepts by combining human
exposure information with information about in vitro
dose—response relationships and/or in vivo animal geno-
toxicity information was discussed and it was concluded
that this could be a profitable area of focus within the
current HESI project.

The group recommended that in vive potency infor-
mation (both genotoxicity and carcinogenicity informa-
tion), information about in vitro concentration—effect
relationships in relation to effects in in vive models,
and likely concentrations achieved in anticipated human
exposure situations should be evaluated as a basis for
future recommendations. It was recommended that this
analysis include a determination of whether available
information allows development of semi-quantitative

categories (bins) of concern (e.g., low, intermediate,
high) for some classes of chemicals based on:

e human exposure data;

e in vivo potency test data (e.g., tumor data, genetic
toxicity data);

e in vitro concentration far exceeding achievable in
vivo exposure (e.g., blood/tissue concentrations, DNA
adducts);

e mode of action and metabolism/pharmacokinetics.

It was suggested that a weight of evidence approach
that considers structural alerts, weaknesses and strengths
of each assay, and consistency and reproducibility of
the findings would be needed. Along with human
exposure information, the biological plausibility for
the response to occur in humans should be consid-
ered. Because positive findings in in vitro assays,
particularly in mammalian cell systems, can be prob-
lematic, correlative in vive data are preferred to
evaluate the potential for human risk. However, the
limitations of in vivo assays (e.g., ability to mea-
sure relevant events in potential target cell populations,
sensitivity of certain endpoints when exposure is short-
term, metabolic and pharmacokinetic differences among
species) need to be considered in developing an
appropriate weight of evidence approach. The above
recommendations for activities to be undertaken are
directed at providing evidence-based approaches to these
issues.

The group noted that any effort undertaken should be
coordinated with the existing effort of the International
Workshops on Genotoxicity Testing (IWGT) directed at
improved genetic toxicology testing strategies, and espe-
cially the IWGT working group on appropriate follow-up
testing when in vitro positive genotoxic responses occur
[18].

2.2.3. Break-out group #2: conclusions and
recommendations

Based on the discussions described above, break-out
group #2 proposed the following conclusions and rec-
ommendations:

e Although in vitro assays are useful, recent analyses
of expanded datasets have illustrated the limitations
of these tests. Improved approaches are needed that
allow the results of these in vitro assays to be better
used in assessing genotoxic hazard.

e Anevaluation of in vivo and in vitro genetic toxicology
data including dose-response, by chemical class and
type of damage, is needed to determine the feasibil-
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ity of developing a tiered or quantitative classification

system for genotoxic hazard.

- The evaluation should include examination of the
relationship between in vitro and in vivo responses,
for different mechanistic classes of genotoxicants,
analyzed separately by whether the agent is directly
active or requires metabolic activation for genotoxic
activity.

- The evaluation should include correlation of tis-
sue exposure in vivo with genetic damage in vivo
(including tumor response) and in vitro, to sup-
port development of (semi) quantitative estimates
of levels of concern.

- An analysis is recommended to determine if we
can develop different bins of concemn (e.g., low,
intermediate, high) for some classes of chemicals
based on human exposure data; in vivo potency test
data (e.g., tumor data, genetic toxicity data); and in
vitro concentration in relation to achievable in vivo
exposure (e.g., blood/tissue concentrations, DNA
adducts).

e Anevaluation of the literature and available data bases
(pesticides, drugs, NTP, etc.) is needed to determine
the scientific support for low dose linearity versus
practical thresholds for different classes of genetic
toxicants.

e Whenever possible, in vivo dose-response and human
exposure information should be used in a weight of the
evidence approach to evaluate the potential for human
risk.

- Because concerns were raised over limitations of
currently available in vivo methods, a review should
be undertaken of available information to define
these limitations so that the combination of in vitro
and in vivo information can be used more effec-
tively.

2.3. Break-out group #3: how to improve our testing
for genetic toxicity

2.3.1. Break-out group #3: background

The participants in this break-out group started with
the premise that we can not throw out the ‘tried and
tested’ approaches without having something with which
to replace them. It was recognized that the ‘Ames test’
has a very robust database and would be difficult to throw
out, and that the most problematic tests are currently the
in vitro chromosome damage tests, as they demonstrate
the higher rates of positives. Additionally, it has been
suggested that the Ames results generally correspond
with structure-activity models based on electrophilicity
[34]. This break-out group focused their attention on the

need to develop in vitro models that are more predictive
models for in vive biology, and that reduce artifacts.

2.3.2. Break-out group #3: report

All in vitro systems are at best imperfect models for
the biological effects seen in vivo. This generalization
holds true for in vitro genotoxicity tests used as hazard
identification tools in the prediction of carcinogenicity,
especially in view of our current understanding that epi-
genetic events play a key role in carcinogenicity. One
of the challenges in using in vitro genotoxicity assays
as predictors of carcinogens was highlighted in a recent
analysis by Kirkland et al. [15,35] of over 700 chemi-
cals that have rodent carcinogenicity data, which found
that 75-95% of non-carcinogens were positive in one
or more of the standard in vitro genotoxicity assays. In
this analysis, the false positive rate (defined as positive
in mutagenicity assay but negative in a rodent cancer
bioassay) was highest in mammalian cell tests such as
the chromosomal aberration assay in Chinese hamster
cells or the tk gene mutation assay in L5178Y mouse
lymphoma cells. As a consequence of such positive in
vitro genotoxicity data, numerous animal studies and
mechanistic research projects are conducted in order to
determine whether effects seen in vitro are biologically
relevant in vivo. These studies are costly, time consum-
ing, utilize many animals, and do not always give a
definitive answer.

The findings reported by Kirkland et al. [15,35] and
in several other earlier analyses [36-38] have recently
been confirmed in an analysis by Matthews et al. [39.40]
of a larger database of FDA and EPA chemicals. These
recent analyses confirm earlier analyses on smaller data
sets in the late 1980s to early 1990s. It is recognized that
efforts to correlate the genetic toxicology assays with
the cancer bioassay data are complicated by the fact that
not all the genetic toxicology and cancer data have been
evaluated according to current standards of acceptabil-
ity and interpretation. Despite this, there was consensus
that there is great value in developing new tests and/or
approaches for predicting in vivo genotoxins and poten-
tial carcinogenic chemicals. This topic was the focus of
the break-out group.

In vitro genotoxicity assays are used for a variety of
purposes, from the rapid screening of potential drugs or
other chemicals of interest to the detailed mode of action
analyses for carcinogenicity risk assessment [16,23].
The participants focused their discussions on the use of
genetic toxicity tests for predicting whether a chemical
has the potential to cause carcinogenicity via a muta-
genic mechanism, i.e., hazard identification. This use of
genetic toxicity tests to determine whether the mode of
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action (MOA) of a known carcinogen is via a mutagenic
mechanism was not addressed by this workgroup.

Over the years, it has been become apparent that the
in vitro genotoxicity tests, particularly the mammalian
cell assays, detect some non-DNA reactive agents (ie.,
the pnimary target of the chemical or its metabolite(s)
is not DNA, for example, topoisomerase inhibitors) in
addition to DNA-reactive agents. In fact, there has been
an effort over the years to expand the spectrum of genetic
events detected in each assay, for instance by extending
the length and types of chemical treatment. Furthermore,
there has been pressure to increase the numbers and types
of assays in various genotoxicity testing batteries in order
to detect the full spectrum of genetic events and/or as
many rodent carcinogens as possible. The majority of the
working group felt that this proliferation of testing was
contributing to the generation of “false positive results”
with respect to predicting whether a chemical will be
a carcinogen. As such, we discussed the necessity of
refocusing genetic toxicology tests on the detection of
DNA reactive carcinogens. Other members expressed
the view that genotoxicity assays detect genetic damage
and would be expected to respond to all insults that dam-
age DNA (regardless as to whether the damage is caused
“directly” or “indirectly”). Both short-term and long-
term solutions to address these issues were discussed.

2.3.2.1. Possible short-term solutions. There is a need
to identify potential sources of false positive results (for
predicting carcinogenicity) obtained with the current in
vitro genotoxicity assays. This issue relates to determin-
ing what assay conditions cause biologically irrelevant
positive responses—artifacts of the in vitro conditions.
This issue was also viewed as essential for developing
any new tests or longer term approaches. To this end,
we addressed the question “What kind of research or
efforts can be used to improve current in vitro tests?”
The following possible activities were discussed:

e Re-examine whether a top concentration of 10mM is
justified. The original guidance to use a top concen-
tration of 10 mM in the mammalian cell assays when
there is no toxicity is based on early analyses of small
databases which showed that there was a need to test
up tol0mM to detect some mutagens. Because such
mutagens may be detected in the bacterial gene muta-
tion (Ames) assay, there was agreement that there may
be inadequate justification for routine use of 10 mM
in mammalian cell assays. Another factor in setting
a top concentration of 10 mM was to avoid osmolal-
ity effects in these assays (i.e., effects due to osmotic
conditions that cannot be achieved in vivo). Changes

in osmolality are controlled for in assays conducted
by today’s standards.

e Re-examine the maximum level of cytotoxicity
needed and the appropriate measures of cytotox-
icity. By virtue of being in vitro tests, high,
non-physiological concentrations of test chemicals
can be added to in vitro genotoxicity assays. Simi-
larly to the above, this group felt there was a need
to determine whether detection of in vivo mutagens
and/or DNA reactive carcinogens required routine
testing up to the cytotoxic levels used in current
protocols.

e Determine whether both long exposures as well as
short exposures in the mammalian cell assays are
required to detect in vivo mutagens and/or DNA reac-
tive carcinogens, particularly those not detected by the
bacterial reverse mutation assay.

e Determine if induced rat liver S9 is the most appro-
priate metabolic activation for in vive mutagens
and/or DNA reactive carcinogens. Investigate other
metabolic activation systems.

e Determine if cytogenetic assays in human lympho-
cytes are better predictors of human hazard and more
relevant to human risk assessment than currently used
mammalian cell lines. Anecdotal data as well as recent
publications [4 1] have been discussed at various meet-
ings to suggest fewer “irrelevant” positive results
occur in the chromosome aberration assay and/or
micronucleus assay when conducted in human lym-
phocytes than in other mammalian cell lines. There
is a need to determine whether this possibility can be
confirmed since this could lead to a simple solution
to the problem of false positives for predicting car-
cinogenicity. It was, however, unclear whether there
was sufficient data available with human cells for this
analysis.

e After the meeting there was a proposal to conduct
a thorough analysis of the existing genotoxicity and
cancer databases to create a dataset that includes only
data that meets current acceptance and interpretation
criteria. Once such an analysis has been completed,
the information can be used to more accurately access
the ability of the current genotoxicity assays to pre-
dict whether a chemical will be a carcinogen. This
effort would also provide a sound foundation for
addressing and perhaps modifying some of the assay
parameters (top dose, required cytotoxicity level,
etc.).

2.3.2.2. Approaches for the possible short-term solu-
tions. To initiate these activities, the following
approaches were discussed:
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e Form an expert panel to identify a list of definitive in
vivo genotoxins and/or DNA reactive mutagenic car-
cinogens which we expect in vitro genotoxicity tests
to detect, and then search these chemicals to answer
the above questions.

e Form an expert panel to analyze the role of metabolism
in the mutagenicity and/or carcinogenicity of in vivo
genotoxins and/or of DNA reactive mutagenic car-
cinogens.

e Initiate a collaborative experimental study to ana-
lyze different measures of cytotoxicity to determine
if appropriate measures are being used.

e Search existing databases to determine whether fewer
false positive results occur in human lymphocyte cyto-
genetics assays than in other mammalian cell lines.

e Collect HESI member company data to determine
whether there are fewer “false positive” results in
human lymphocyte cytogenetics assays. This data col-
lection exercise should address the following points:
- Include data to address whether there is increased

variability of human lymphocytes relative to other
commonly used cell types (data collection from con-
tract and testing labs that use HPBL).

- Focus on chemicals negative for bacterial gene
mutation.

- Include data comparing rat lymphocytes to other
commonly employed cell lines to address the possi-
bility that primary lymphocytes yield more relevant
results.

e Initiate a collaborative experimental effort to compare
cytogenetic results between different cell types. It was
recognized that this effort will take the largest amount
of resources, but would be the most definitive way to
address the question since analyses of databases are
complicated by the quality of the studies that were not
designed for this purpose.

2.3.2.3. Possible mid-term solutions. Based on the
analyses of current databases, the bacterial reverse muta-
tion assay has been shown to have the highest specificity
for prediction of rodent carcinogenicity of the currently
used in vitro genotoxicity assays [15,35]. Based on this,
the group discussed whether the in vitro mammalian cell
assays could be replaced by tests or approaches that com-
pliment the bacterial reverse mutation assay, i.e., that
detect in vivo genotoxins and/or DNA reactive muta-
genic carcinogens that are negative in the bacterial assay
[38]. Because changing the standard genotoxicity test-
ing battery would require changes in regulations, this
was viewed as a possible mid-term solution.

As a first step, we discussed the question “Can we
accept a battery of the bacterial reverse mutation assay

and an in vivo MN or another assay for routine testing
acknowledging that some chemical classes may require
alternative testing?” Types of chemicals that are poten-
tial hazards that are known to be negative in the bacterial
assay include: metals, steroids/hormones, topoisomerase
inhibitors, nucleoside analogs, mammalian receptor-
specific chemicals and chemicals whose primary activity
is the induction of large deletions and other chromosomal
damage. It is the detection of this latter class of chemicals
(chromosomal mutagens) that led to the establishment of
the current battery.

2.3.2.4. Approaches for possible mid-term solutions.
One suggested approach to address this question is to
conduct a database analysis of bacterial reverse mutation
and in vivo MN tests (or other assays) to see if these detect
relevant in vivo genotoxins or/fand DNA reactive muta-
genic carcinogens. Classes not detected by this battery
could be identified and appropriate testing recommen-
dations determined. This would involve the following
steps: search existing databases like the database used by
Kirkland et al. [15,35]; the database used by Matthews et
al. ([40.41), EPA GENE-Tox [42], and others; and obtain
HESI member Company data. This is best accomplished
using databases that have been thoroughly evaluated to
include only data that meets all current criteria for accept-
ability and interpretation.

2.3.2.5. Possible long-term solutions. While the above
approaches have the potential to reduce problems with
current in vitro genotoxicity tests and their interpretation
in the near term, which was the primary focus of this
workshop, there was also some discussion about the need
for the development of new generation tests that could
be used in the future—tests that could be specifically
designed to address the features that the current tests
lack. Features of new tests that were discussed included
use of mammalian cells/cell lines to insure appropriate
mammalian cell targets are present, use of p53 and DNA
repair proficient cells that are metabolically relevant, and
development of assays that would allow multi-endpoints
analyses.

There was also discussion of the use of only in vivo
genotoxicity tests in the future and/or of the need for
the development of a new generation of in vivo tests that
measure the full spectrum of mutagenic events. For opti-
mal utility, such new systems should provide for rapid
mutant detection and not require the in vitro growth of
cells to enumerate mutants. While deemed scientifically
appropriate, it was noted that the use of in vivo tests alone
would not, under some current regulatory guidelines, be
acceptable for some testing purposes, including indus-
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trial chemicals, cosmetics, etc., but their use could be
valuable for some applications.

2.3.2.6. Approach for the possible long-term solutions.
We discussed the utility of holding a workshop to discuss
new generation in vitro and in vivo tests. In a workshop
recently sponsored by ECVAM, some of the newer in
vitro assays were discussed [26]. A workshop that dis-
cussed both new in vitro and new in vivo tests would be
valuable.

2.3.3. Break-out group #3: conclusions and
recommendations

This workgroup approached its discussion with the
goal of capturing a wide variety of opinions and generat-
ing a number of options for improving the identification
of chemicals that are carcinogens prior to the comple-
tion of any cancer bioassays. While there were diverse
opinions concerning the utility of the current tests and
approaches, there was general agreement that new tests
and approaches are needed. The workgroup also agreed
that, to make significant progress on this issue in a rea-
sonable length of time, a variety of parallel activities
would be required. As such, we encourage partnering of
the various interested stakeholders in these initiatives.

3. Overall workshop conclusions

Table 1 summarizes the key recommendations of the
workshop, and identifies some of the commonalities
shared between the three break-out groups.

There was general agreement among workshop par-
ticipants that the rate of in vitro positive findings not
confirmed in vivo is too high to justify using qualitative
outcomes as the sole basis of regulatory decision-making
and that there is a critical need for an improved evaluation
process and for better predictive models. The active par-
ticipation of the workshop attendees in the discussions
during the break-out groups highlighted a willingness to
change and improve the current paradigm and to move
from a hazard identification approach to a risk based
approach that considers both toxicity and human expo-
sure information. A general consensus was reached that
the following points should be considered in the near
future:

e Genotoxicity data should be considered along with
other pertinent information, including extent of
human exposure and dose-response relationships, in
line with other toxicology end points. A weight of
evidence approach should be widely applied that
considers genotoxic exposure (e.g., reproducibility,

presence of cytotoxicity, corroborative data between
studies evaluating the same end point), the relative
potencies of these responses (by chemical class and
type of damage), as well as the route, magnitude
and duration of human exposure. When available, the
weight of evidence approach should also integrate
information on mode of action (e.g., presence of DNA
adducts/strand-breaks), metabolism and tissue con-
centrations in vivo, and tumor-related response such
as relevant non-neoplastic and preneoplastic lesions.
Moreover, whether the genotoxicity observed with a
given chemical is a key event in the multistep process
of carcinogenesis and the role of other key events (e.g.,
regenerative proliferation, mitogenic stimulation of
preneoplastic foci) should be further evaluated in case
of tumor findings.

Protocols need to be improved to reduce and possibly
avoid the generation of artifacts and the unnecessary
and extensive use of animal studies and resources, to
minimize extreme high dosing conditions that would
never be achieved in vive, and to incorporate dosing
conditions that are more realistic to human exposure
situations to enable better extrapolation of the results.
A collaborative effort was suggested to compare the
results obtained with different cell types (e.g., primary
human lymphocytes versus cell lines), to evaluate the
limits of different cytotoxicity measurements in vitro,
to re-consider the rationale for the selection of the top
concentration levels (e.g., level of cytotoxicity, pre-
cipitates, and 10 mM limit), to review data obtained
after short- and long-term exposures, to reconsider
the metabolic activation in the in vitro systems, and
in the case of in vivo tests to develop the possibil-
ity of evaluating multiple genotoxic end points from
the same treated animals. This could be accomplished
by examining existing databases, private and public,
and by determining if certain assays could be elimi-
nated or substituted. It is likely that some experimental
work would be needed to obtain the information
needed.

The appropriateness of non-linear low dose—response
extrapolations for both DNA reactive and non-reactive
carcinogens should be further evaluated. A white
paper should be prepared to examine the scientific
validity or lack thereof of the low dose linear extrap-
olation for genotoxicity/carcinogenicity. Moreover,
guidance should be given to clarify the acceptable
approaches to define dose-response relationships, and
to establish the existence of non-linearity. The devel-
opment of uncertainty factors for establishing the
“thresholds” or (semi) quantitative estimates of levels
of concern was suggested.
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The workshop participants stressed the importance
of developing a risk-based paradigm for evaluating
genotoxicity data that incorporates dose-response and
human exposure information. Specific needs were iden-
tified in two general categories, i.e., improving testing,
and improving data interpretation and risk assessment.
Recommendations to improve testing included (1) re-
examine and evaluate the maximum level of cytotoxicity
currently required for in vitro tests; (2) re-examine the
current 10mM upper limit concentration for in vitro
mammalian studies; (3) develop improved testing strate-
gies using current in vitro assays to more reliably assess
genotoxic hazard and predict carcinogenesis; (4) define
criteria to guide selection of the appropriate follow-up
in vivo studies; (5) develop new and more predictive in
vitro and in vivo tests, that could ultimately be used
in addition or in replacement of the current models.
Recommendations for improving data interpretation and
risk assessment included: (1) examine the suitability
of integrating threshold concepts in the assessment of
genotoxicity data; (2) develop a structured weight of
evidence approach for assessing genotoxic/carcinogenic
hazard; and (3) re-examine in vitro and in vivo cor-
relations. Additionally, the participants identified the
critical need for support and coordination of an inter-
national collaborative effort to address these issues.
The HESI subcommittee will facilitate this coordina-
tion, address the recommendations of this workshop,
and identify specific research projects that will facili-
tate the development of a framework for the integration
of in vitro testing results into a risk-based assess-
ment of the effects of chemical exposure on human
health.
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Abstract

This report summarizes the proceedings of the September 9-10, 2005 meeting of the Expert Working Group on Hazard Identifi-
cation and Risk Assessment in Relation to /n Virro Testing, part of an initiative on genetic toxicology. The objective of the Working
Group was to develop recommendations for interpretation of results from tests commonly included in regulatory genetic toxicology
test batteries, and to propose an appropriate strategy for follow-up testing when positive in vitre results were obtained in these
assays. The Group noted the high frequency of positive in vitre findings in the genotoxicity test batteries with agents found not to be
carcinogenic and thought not to pose a carcinogenic health hazard to humans. The Group agreed that a set of consensus principles for
appropriate interpretation and follow-up testing when initial in vitro tests are positive was needed. Current differences in emphasis
and policy among different regulatory agencies were recognized as a basis of this need. Using a consensus process among a balanced
group of recognized international authorities from industry, government, and academia, it was agreed that a strategy based on these
principles should include guidance on: (1) interpretation of initial results in the “‘core” test battery; (2) criteria for determining when
follow-up testing is needed; (3) criteria for selecting appropriate follow-up tests; (4) definition of when the evidence is sufficient to
define the mode of action and the relevance to human exposure; and (5) definition of approaches to evaluate the degree of health
risk under conditions of exposure of the species of concern (generally the human).

A framework for addressing these issues was discussed, and a general “decision tree” was developed that included criteria for
assessing the need for further testing, selecting appropriate follow-up tests, and determining a sufficient weight of evidence to
attribute a level of risk and stop testing. The discussion included case studies based on actual test results that illustrated common
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situations encountered, and consensus opinions were developed based on group analysis of these cases. The Working Group defined
circumstances in which the pattern and magnitude of positive results was such that there was very low or no concern (e.g., non-
reproducible or marginal responses), and no further testing would be needed. This included a discussion of the importance of the
use of historical control data. The criteria for determining when follow-up testing is needed included factors, such as evidence of
reproducibility, level of cytotoxicity at which an increased DNA damage or mutation frequency is observed, relationship of results
to the historical control range of values, and total weight of evidence across assays. When the initial battery is negative, further
testing might be required based on information from the published literature, structure activity considerations, or the potential
for significant human metabolites not generated in the test systems. Additional testing might also be needed retrospectively when
increase in tumors or evidence of pre-neoplastic change is seen.

When follow-up testing is needed, it should be based on knowledge about the mode of action, based on reports in the literature
or learned from the nature of the responses observed in the initial tests. The initial findings, and available information about the
biochemical and pharmacological nature of the agent, are generally sufficient to conclude that the responses observed are consistent
with certain molecular mechanisms and inconsistent with others. Follow-up tests should be sensitive to the types of genetic damage
known to be capable of inducing the response observed initially. It was recognized that genotoxic events might arise from processes
other than direct reactivity with DNA, that these mechanisms may have a non-linear, or threshold, dose-response relationship, and
that in such cases it may be possible to determine an exposure level below which there is negligible concern about an effect due to
human exposures. When a test result is clearly positive, consideration of relevance to human health includes whether other assays
for the same endpoint support the results observed, whether the mode or mechanism of action is relevant to the human, and —
most importantly — whether the effect observed is likely to occur in vive at concentrations expected as a result of human exposure.
Although general principles were agreed upon, time did not permit the development of recommendations for the selection of specific
tests beyond those commonly employed in initial test batteries.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Genetic toxicity testing is routinely performed to
identify potential genotoxic carcinogens and germ cell
mutagens. With regard to the identification of genotoxic
carcinogens, all the minimal batteries of genetic toxicol-
ogy tests recommended by regulatory agencies include at
least two or three test procedures, generally an Ames test,
amammalian cell chromosome damage test, and in some
cases a mammalian cell mutation assay [1-15]. Depend-
ing on the responses in the tests, the types of substances
tested, and on their intended uses (e.g., pharmaceuticals,
pesticides, chemicals, cosmetics, efc.), one or more in
vivo rodent tests (e.g., bone marrow micronucleus; liver
UDS) also have to be conducted [1-15].

The standard batteries of tests are selected to address
two types of genetic damage of concem, ie., gene
mutations and chromosome damage. Some more recent
guidelines [1,15] have suggested inclusion of the in vitro
micronucleus test to detect chromosome loss. Additional
tests may be needed to clarify the substances’ activity,
or to determine if the activity seen in the initial testing is
relevant. Such additional testing may include investiga-
tion of aneuploidy, chromosome non-disjunction, DNA
interaction, and/or primary DNA damage [1,7].

The International Workshop on Genotoxicity Testing
(IWGT) was formed in 1993 to bring together interna-
tionally recognized experts to examine genetic testing

methods and strategies through meetings and workshops.
Three workshops have been held so far, in 1993, 1999
and 2002. At the 2002 workshop, the IWGT Steering
Committee initiated a discussion of testing strategies,
but only limited topics were discussed and agreed upon
at that time [16]. One topic that was not finalized was
the selection of follow-up testing approaches following
in vitro positive or equivocal results in the test battery. To
address this issue, the IWGT Working Group reconvened
during a fourth IWGT workshop in San Francisco, Cali-
fornia, on September 9-10, 2005. The primary objective
of this Working Group was to define the most appropri-
ate follow-up testing strategy in case of positive results,
and not to recommend revisions to the current batteries
of tests.

During the past 30 years, genetic toxicology test-
ing has been mainly used for hazard identification.
Nevertheless, it is recognized that the discipline of regu-
latory genetic toxicology testing should consider moving
from hazard identification towards an integrated risk
assessment. At this IWGT meeting, the Working Group
decided to focus on strategies for assessing the risk of
cancer, although the importance of other health conse-
quences of genetic damage to somatic and germ cells
was recognized.

This publication describes those areas where a con-
sensus was achieved among the members of the Working
Group, and identifies areas that were discussed but not
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resolved, or were not addressed because of time con-
straints or lack of available data. A general approach to
determining the need for follow-up testing was defined.
Case study examples are given that illustrate the extent of
information (weight of evidence) needed to reach deci-
sions about the extent of risk (risk assessment) based on
the available data about the mode of action from testing
results. Further, the steps needed to make recommenda-
tions about specific tests to be used in follow-up testing
strategies were discussed.

2. Weight of evidence and mode of action
considerations

Current regulatory practice often involves decision-
making based on the results of batteries of tests
designated by applicable regulatory agencies. These test
batteries rely heavily on in vitro tests. Although there is
general agreement that in vitro tests are useful for identi-
fying potential genotoxic carcinogens and mutagens, the
high incidence of positive findings in these in vitro assays
[10] with agents that appear not to pose a carcinogenic
health risk under certain conditions of exposure implies
that reliable cancer health risk determinations cannot be
made on the basis of in vitro findings alone. Recognition
of the high rate of positive findings in in vitro assays
has created a need for consensus agreement about how
these results should be interpreted, and how appropriate
follow-up testing should be structured in order to define
the risks to humans.

The need to place findings into the context of
their relevance to the health risks associated with spe-
cific exposures is, of course, not new. It has been
recognized since regulatory mutagenicity testing was
instituted in the mid-1970’s that assessment of in vivo
risk was an essential component of mutagenicity test-
ing. A department-wide committee of the Department of
Health Education and Welfare in the U.S. (the approx-
imate equivalent of the current Department of Health
and Human Services) was convened in the mid-1970’s to
recommend appropriate approaches to regulatory muta-
genicity testing in the United States. The stated objective
of this committee was “. . .to aid officials of regulatory
agencies who have the responsibility for deciding: (1)
advisability of promulgating test requirements for muta-
genicity at the present time under any of their legislative
authorities; (2) the appropriateness of mutagenicity tests
for a wide range of product use and exposure cate-
gories; and (3) the reliability and interpretation of data
from mutagenicity tests developed on substances of com-
merce within their regulatory purview in spite of the
absence of formal testing requirements”. This report

[17], Approaches to Determining the Mutagenic Prop-
erties of Chemicals: Risk to Future Generations, stated:

“It is not sufficient merely to identify substances
which may pose a genetic hazard to the human popu-
lation. Many such compounds will have a significant
benefit factor and hence cannot reasonably be elim-
inated from use. Therefore, it is necessary to obtain
quantitative data from relevant animal model systems
from which extrapolation to humans can be made to
predict virtually safe or tolerable levels of exposure™.

Subsequently, the appropriate steps for conducting
risk assessments and risk characterization of mutagens
have been addressed [ 18] and the International Commis-
sion for Protection Against Environmental Carcinogens
and Mutagens (ICPEMC) has delineated and published
a detailed approach and recommendations [19,20]. The
ICPEMC recommendations follow closely the general
principles of risk assessment established by the landmark
National Academy of Sciences report on risk assess-
ment in the U.S. Federal government [21]. The evolution
of strategies for assessment of mutagenic risk has been
reviewed by MacGregor et al. [22].

Although the principles of risk assessment from
exposures to genotoxic agents have been delineated,
application of these principles varies within different
regulatory agencies. Most place a major emphasis on
mutagenicity data as a part of the weight of evidence for
cancer risk assessment. The U.S. Environmental Protec-
tion Agency (EPA), in particular, established a procedure
that incorporates information on mode of action as the
focus of the risk assessment approach taken in the EPA
cancer risk assessment guidelines [23]. The guidelines
define the term “mode of action” as a sequence of key
events and processes, starting with interaction of an
agent with a cell, proceeding through operational and
anatomical changes, and resulting in cancer formation.
Increasingly, one of the key events and processes being
considered is whether the carcinogenic agent is muta-
genic/genotoxic or not, and if so, whether that genotoxic
activity contributes to the induction of cancer (approach
described in Dearfield and Moore [24]). Further, a geno-
toxic mode of action is coupled with more stringent
regulatory control. For example, as described in a sup-
plement to its cancer guidelines, if a mutagenic mode
of action is determined for the induction of cancer, EPA
will apply age-dependent adjustment factors to the can-
cer slope factor under certain conditions to assure further
protection from early life exposures to the chemical
[25]. As another example, genotoxic agents are gener-
ally restricted from use in healthy volunteers in clinical
trials of new therapeutic agents [26,27].
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The impact of genotoxicity data on regulatory deci-
sions, interpretation of positive findings with respect to
human risk, and the degree of quantitative risk assess-
ment applied to genotoxicity data also varies among
agencies. For example, most agencies acknowledge that
mutagenic damage to germ cells constitutes a risk to
subsequent generations [3,7,13,15,28], but it is quite
rare to conduct a formal risk assessment of either ger-
minal or somatic cell mutagenesis. EPA has a formal
procedure for assessing germ cell risk [28], but has
only conducted formal germ cell risk assessments in
a few cases (ethylene oxide [29]; acrylamide [30]).
For industrial chemicals [15] and for plant protection
products [8] in Europe, an assessment of germ cell
risk is required if a substance demonstrates genotoxic
activity in somatic cells in vive. The UK Committee
on Mutagenicity guidance also includes assessment of
germ cell risk as a separate exercise [1]. Although no
formal guidance exists, experience indicates that Euro-
pean agencies assessing the safety of new medicines
also view germ cell risk as separate from cancer
risk. The U.S. Food and Drug Administration (FDA),
in contrast, generally assumes that control of cancer
risk also controls other health risks associated with
genotoxic activity, and does not request quantitative
assessments of germ cell risk. The approaches used
by different agencies have recently been reviewed by
Cimino [31].

In view of the differences in emphasis and policy
among different regulatory agencies, and due in large
part to the extent of positive findings in the genotoxicity
tests with agents found not to be carcinogenic and
thought not to pose a carcinogenic health hazard to
humans under conditions of anticipated exposure
[10,32-34], there is a general agreement among scien-
tists and regulators in the field that a more detailed set
of consensus principles for appropriate interpretation
and follow-up testing when screening tests are positive
would be useful. The focus of several important bodies
on this issue is testimony to this general consensus;
these include this IWGT effort, a recently initiated
collaborative project of the International Life Sciences
Institute (ILSI) on the relevance and follow-up of posi-
tive results in the genetic toxicology testing (http://www.
hesiglobal.org/Committees/EmergingIssues/toxtesting/),
and the issuance by the FDA of a new guidance that
emphasizes a weight of evidence approach to assessing
the relevance of genotoxicity test results [26,27]. In
order to ensure recognition and widespread adoption
of such principles, it is important that they be achieved
via a consensus process among recognized international
authorities in the field.

3. Negative results that may require follow-up
testing

In most cases, when a chemical is found negative
in the initial regulatory battery of tests, and appropri-
ate conditions have been used, follow-up testing is not
required. However, there are some situations in which
additional testing may be necessary even when an ini-
tial regulatory battery of tests is negative. Such cases
are also discussed in other reports in this volume (e.g.,
Ku et al.; Tweats et al.). One important consideration is
the relative metabolism in the laboratory model versus
the human. Metabolism studies may show that humans
generate a metabolite from the chemical under scrutiny
that is not seen in the animal or cellular laboratory
models (including rat liver S9 used in the tests). In
this case, the chemical would not have been properly
evaluated for human risk. Typically, if the metabolite
were present at significant levels in human, additional
testing with the metabolite itself (or systems that pro-
duced it) would be necessary to fully assess the potential
of the chemical to induce genotoxic effects in humans
[35].

In some cases, results from studies in vivo may
suggest a need for additional genotoxicity testing. For
example, positive or equivocal results in rodent car-
cinogenicity assays, epidemiology evidence in humans,
or as suggested by some Working Group participants
observation of pre-neoplastic lesions in toxicity stud-
ies, may trigger requests for additional genotoxicity
testing. This situation is also discussed elsewhere in
this volume (Kasper et al.). Such testing could include
evaluation for the presence in the target organs of
DNA adducts [36] and other DNA primary damage
(e.g., with assays for strand breaks), or indicators of
genetic damage, such as micronucleated erythrocytes
in the test animals at the end of the sub-chronic
toxicity study. Newer tools, such as transgenic ani-
mals and genomics technologies may be useful in this
regard.

Chemicals with structural alerts for mutagenicity but
with negative results in an initial regulatory battery
would usually not require additional testing, provided
that the initial battery is sensitive to the type of effect
indicated by the alert. The Working Group agreed that
a structural alert can raise a concern, but study data are
usually the final arbiter of hazard. However, if a chemical
is in a structural class known to give positive results in
specific genotoxicity tests or under specific experimental
conditions that were not employed, then additional test-
ing that includes these specific tests or conditions should
be conducted.



