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bstract

This report summarizes the proceedings of the September 9–10, 2005 meeting of the Expert Working Group on Hazard Identifi-
ation and Risk Assessment in Relation to In Vitro Testing, part of an initiative on genetic toxicology. The objective of the Working
roup was to develop recommendations for interpretation of results from tests commonly included in regulatory genetic toxicology

est batteries, and to propose an appropriate strategy for follow-up testing when positive in vitro results were obtained in these
ssays. The Group noted the high frequency of positive in vitro findings in the genotoxicity test batteries with agents found not to be
arcinogenic and thought not to pose a carcinogenic health hazard to humans. The Group agreed that a set of consensus principles for
ppropriate interpretation and follow-up testing when initial in vitro tests are positive was needed. Current differences in emphasis
nd policy among different regulatory agencies were recognized as a basis of this need. Using a consensus process among a balanced
roup of recognized international authorities from industry, government, and academia, it was agreed that a strategy based on these
rinciples should include guidance on: (1) interpretation of initial results in the “core” test battery; (2) criteria for determining when
ollow-up testing is needed; (3) criteria for selecting appropriate follow-up tests; (4) definition of when the evidence is sufficient to
efine the mode of action and the relevance to human exposure; and (5) definition of approaches to evaluate the degree of health

isk 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
ssessing the need for further testing, selecting appropriate follow-up tests, and determining a sufficient weight of evidence to
ttribute a level of risk and stop testing. The discussion included case studies based on actual test results that illustrated common
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ituations encountered, and consensus opinions were developed based on group analysis of these cases. The Working Group defined
ircumstances in which the pattern and magnitude of positive results was such that there was very low or no concern (e.g., non-
eproducible or marginal responses), and no further testing would be needed. This included a discussion of the importance of the
se of historical control data. The criteria for determining when follow-up testing is needed included factors, such as evidence of
eproducibility, level of cytotoxicity at which an increased DNA damage or mutation frequency is observed, relationship of results
o the historical control range of values, and total weight of evidence across assays. When the initial battery is negative, further
esting might be required based on information from the published literature, structure activity considerations, or the potential
or significant human metabolites not generated in the test systems. Additional testing might also be needed retrospectively when
ncrease 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
r learned from the nature of the responses observed in the initial tests. The initial findings, and available information about the
iochemical and pharmacological nature of the agent, are generally sufficient to conclude that the responses observed are consistent
ith certain molecular mechanisms and inconsistent with others. Follow-up tests should be sensitive to the types of genetic damage
nown to be capable of inducing the response observed initially. It was recognized that genotoxic events might arise from processes
ther than direct reactivity with DNA, that these mechanisms may have a non-linear, or threshold, dose-response relationship, and
hat in such cases it may be possible to determine an exposure level below which there is negligible concern about an effect due to
uman exposures. When a test result is clearly positive, consideration of relevance to human health includes whether other assays
or the same endpoint support the results observed, whether the mode or mechanism of action is relevant to the human, and –
ost importantly – whether the effect observed is likely to occur in vivo at concentrations expected as a result of human exposure.
lthough general principles were agreed upon, time did not permit the development of recommendations for the selection of specific
ests 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,
a mammalian 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, etc.), 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 concern, i.e., 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

nteraction, and/or primary DNA damage [1,7].

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

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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esolved, or were not addressed because of time con-
traints or lack of available data. A general approach to
etermining the need for follow-up testing was defined.
ase study examples are given that illustrate the extent of

nformation (weight of evidence) needed to reach deci-
ions about the extent of risk (risk assessment) based on
he available data about the mode of action from testing
esults. Further, the steps needed to make recommenda-
ions about specific tests to be used in follow-up testing
trategies were discussed.

. Weight of evidence and mode of action
onsiderations

Current regulatory practice often involves decision-
aking based on the results of batteries of tests

esignated by applicable regulatory agencies. These test
atteries rely heavily on in vitro tests. Although there is
eneral agreement that in vitro tests are useful for identi-
ying potential genotoxic carcinogens and mutagens, the
igh incidence of positive findings in these in vitro assays
10] with agents that appear not to pose a carcinogenic
ealth risk under certain conditions of exposure implies
hat reliable cancer health risk determinations cannot be

ade on the basis of in vitro findings alone. Recognition
f the high rate of positive findings in in vitro assays
as created a need for consensus agreement about how
hese results should be interpreted, and how appropriate
ollow-up testing should be structured in order to define
he risks to humans.

The need to place findings into the context of
heir relevance to the health risks associated with spe-
ific exposures is, of course, not new. It has been
ecognized since regulatory mutagenicity testing was
nstituted in the mid-1970’s that assessment of in vivo
isk was an essential component of mutagenicity test-
ng. A department-wide committee of the Department of
ealth Education and Welfare in the U.S. (the approx-

mate equivalent of the current Department of Health
nd Human Services) was convened in the mid-1970’s to
ecommend appropriate approaches to regulatory muta-
enicity testing in the United States. The stated objective
f this committee was “. . .to aid officials of regulatory
gencies who have the responsibility for deciding: (1)
dvisability of promulgating test requirements for muta-
enicity at the present time under any of their legislative
uthorities; (2) the appropriateness of mutagenicity tests
or a wide range of product use and exposure cate-

ories; and (3) the reliability and interpretation of data
rom mutagenicity tests developed on substances of com-
erce within their regulatory purview in spite of the

bsence of formal testing requirements”. This report
earch 627 (2007) 41–58 43

[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 vivo. 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.
earch 627 (2007) 41–58

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.

http://www.hesiglobal.org/Committees/EmergingIssues/toxtesting/
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Table 1
Example of a statistically but not biologically significant chromosomal
aberration result due to low control values

Test article
concentration

Mean (%) mitotic index Mean (%)
abnormal cellsa

0 10 0.5
10 �g/mL 9 1
20 �g/mL 6 2
30 �g/mL 5 5.5*

Positive control 6 12

Negative historical control range 0–5%.
V. Thybaud et al. / Mutat

. Non-reproducible or marginal results of low
oncern

Occasionally, an increase in the measured genotoxi-
ity parameter is seen that is considered significant by
idely accepted criteria, such as a statistically significant

ncrease over a negative control, or a value greater than
given fold change, e.g., 2- or 3-fold, but the increase is
eak or marginal. Subsequent repeats of the assay may

ail to reproduce the increase. Other information, such as
rom other assays with a similar endpoint, or metabolism
tudies indicating no potentially reactive metabolite,
ay suggest that the singular marginal response is not a

ignificant concern. Case Study 1 (Appendix A) presents
uch an example, where an initial statistically signifi-
ant increase in the number of human lymphocytes with
hromosome aberrations with values slightly outside the
istorical control range was not reproduced, and there-
ore was judged not to be a significant concern. The

orking Group agreed that in such cases, the marginal,
on-reproducible increase would be considered of no
urther concern for genotoxicity, and no testing beyond
he standard battery of assays for that type of substance
ould be required. Case Study 2 (Appendix B) presents

nother case where there was a significant increase in
he number of cells with chromosome aberrations just
utside the historical control range. The Working Group
oncluded that it would be of low concern for human
afety if repeat testing verified a weak borderline effect
r showed a negative result.

There are also instances when an assay produces
arginal or weak increases in response to chemical expo-

ure, and these results are reproducible. Alternatively
he chemical may produce a combination of weak and
egative responses. There are several considerations that
an help resolve whether these weak or equivocal results
equire follow-up testing. GLP study protocols gener-
lly specify in some detail conditions under which a
tudy will be classified as positive, negative, or equiv-
cal. While most protocols give some latitude to the
rofessional judgment of the study director, evaluation
riteria are often fairly rigid. For example, for cytogenet-
cs studies, the criteria from one representative contract
aboratory are:

“The test article will be considered to induce a positive
response when the percentage of cells with aberra-
tions is increased in a dose-responsive manner with

one or more concentrations being statistically signifi-
cant and clearly outside the historical solvent control
data (p ≤ 0.05). However, values that are statistically
significant but do not exceed the range of historical
a Mean of two cell cultures: cells with structural chromosome aber-
rations excluding gaps.

* p ≤ 0.05.

negative or solvent controls may be judged as not
biologically significant.”

These criteria can lead to situations where, if one has
a low value for the concomitant vehicle control, and the
values for the low and mid doses of the test article appear
to be dose-responsive but are well within the historical
range for the vehicle control, the high dose becomes sta-
tistically different from the control but just outside the
range of historical control value. An example of such
data is given in Table 1.

The Working Group agreed that in case of non-
reproducible or marginal results, it is advisable to
develop a weight of evidence approach, considering the
following points:

• The dose-response relationship needs to be examined
– less concern is raised if the marginal response is
not part of an increasing dose-response (i.e., it is not
dose-related).

• If the marginal increase is seen at high cytotoxicity
(e.g., approaching 50% or greater cytotoxicity in a
cytogenetics assay, or >80% in the mouse lymphoma
assay) but no increase is seen at lower, more moderate,
toxicity, then there is less concern.

• Comparison of the magnitude of the marginal increase
to historical negative control observations can help
assess the probability that the result occurred by
chance. Marginal responses within the historical neg-
ative control range (particularly at high concentrations
and/or high toxicity) are of less concern. The Working
Group agreed that more weight should be given to the
historical data, and that better definition of how to use
historical control data was needed. Preliminary com-

ments on the use of historical control data are included
in Appendix E. However, there is a need for further
discussions in the future. Alternative approaches, such
as selecting the 95 or 99% upper confidence interval



ion Res
46 V. Thybaud et al. / Mutat

to define the range, or use of data distribution includ-
ing median values, instead of the absolute upper limit,
may be more appropriate. Also, it should be discussed
whether observations in individual cultures rather than
group means are sometimes more appropriate.

• Corroborating data can be sought from other exper-
iments. Failure to confirm the marginal increase
between replicates or experiments of the same assay or
between different assays examining similar endpoints
indicates a lower concern.

• Structure activity data can be useful. If no structural
alerts are found for the chemical and if there is some
evidence that the test compound is not a DNA damag-
ing agent (e.g., Ames test negative), then the marginal
increases becomes of less concern.

Weight of evidence approaches have previously been
described by Brusick et al. [43,44].

Considering the points listed above, the development
of such weight of evidence arguments can lead to a con-
clusion that, for a marginal or equivocal response, there is
a low or no level of concern, and no further testing is nec-
essary, except possibly a repeat experiment using similar
experimental conditions to check the reproducibility.

5. Follow-up strategy for a clear positive assay
result

In some cases a clear and reproducible positive in vitro
result is seen, yet the other assays in the initial battery,
including any required in vivo test, are negative. The in
vitro result is not automatically overruled by the negative
in vivo result, and some follow-up testing or investiga-
tion is generally necessary to determine the relevance of
the in vitro positive result. For example, the ICH scheme
[6,7] suggests follow-up testing with a second in vivo test
in addition to the in vivo cytogenetics test in the initial
regulatory battery. It might be assumed that the concern
about the positive in vitro result lessens as the number
and types of negative in vivo assay results increase. How-
ever, this assumption may not be valid since the in vivo
assays may have different sensitivities and /or evaluate
different genotoxic endpoints. It is important that rele-
vant endpoints are examined in the most relevant tissues
in vivo.

To understand the basis for a positive in vitro result in
the absence of a corresponding in vivo result, follow-
up testing may require only a few additional studies

(or tests), or more extensive research. Regardless of
the question(s), the testing should be based on the
full knowledge of the chemical, its physico-chemical
and toxicological properties, and anticipated human
earch 627 (2007) 41–58

exposure scenarios. An understanding of the type(s)
of genotoxic insult(s) induced and the nature of the
response(s), with any indications of possible mecha-
nism, is crucial. Aspects, such as formation of DNA
adducts or strand breaks, involvement of reactive oxygen
or nitrogen species, nucleotide pool imbalance, inhibi-
tion of DNA synthesis or topoisomerases, and disruption
of mitotic spindle need to be considered in order to iden-
tify rational testing approaches to pursue. Because each
situation is likely to be different, follow-up testing is not
amenable to a “one size fits all” approach, and flexibility
is important to determine the most appropriate follow-up
strategy to pursue.

A mode of action approach is used to determine
whether a chemical that has intrinsic genotoxic prop-
erties might lead to an adverse effect, such as cancer
[24]. The mode of action approach takes into account all
available genotoxicity information and, in combination
with other available information (e.g., structure activity
data, pharmacokinetics, ADME (absorption, distribu-
tion, metabolism and excretion) data, other biological
responses, etc.) helps characterize whether a chemical
is likely or not to pose a risk for exposed humans. The
mode of action approach allows a full examination of
whether the singular positive assay result should warrant
a concern for human risk or not.

Case Studies 3 (Appendix C) and 4 (Appendix D)
exemplify the weight of evidence and mode of action
approaches in case of clear positive results. Case Study 4
is an example of a potential aneugen which, as discussed
in several publications in recent years [33,34,37,38],
might be considered to act via an indirect mechanism
with a non-linear dose-response relationship suggesting
a threshold.

Further discussion and recommendations on follow-
up testing in the case of clearly positive results are given
below.

The workshop discussion and case studies presented
in the appendices led to the development of a frame-
work for follow-up testing (displayed in Fig. 1). As
discussed above, criteria for determining when follow-up
testing beyond the initial battery is needed were agreed
upon. When follow-up testing is needed, it should be
based on all available information on chemical structure
and mode of action, and also information learned from
the nature of the response observed in the initial tests
and anticipated human exposure patterns. The nature
of these results (endpoint, magnitude, association with

toxicity, etc.), and available information about the bio-
chemical and pharmacological nature of the agent, are
generally sufficient to conclude that the results observed
are consistent with certain mechanisms and inconsistent
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ig. 1. Framework for interpretation of standard battery and follow-up
OC = level of concern.

ith others. For example, it may be possible to deter-
ine whether such factors as DNA adducts or DNA

trand breaks, involvement of reactive oxygen or nitro-
en species, nucleotide pool imbalance and/or nucleotide
is-incorporation, interference with cell cycle kinet-

cs, inhibition of DNA synthesis or topoisomerases, or
itotic spindle disruption are likely to be involved in the
ode of action.
The different tests in the battery are selected

ecause they measure different genotoxic effects and
ifferent genotoxic mechanisms of action, thereby
roviding important mechanistic information. For exam-
le, generation of chromosomal aberrations involves
trand breakage and rejoining, reversion of the Ames’
almonella tester strains containing specific base substi-
utions requires base mutations that may arise from DNA
lkylation or mis-repair of bulky adducts, and reversion
f the Ames’ strains containing frameshift mutations
equires induction of a second frameshift that is charac-
eristic of intercalating agents and other classes, but not
mall molecular weight alkylating agents. These types
f information should be used to guide the interpreta-

ion of the results and the selection of follow-up tests. In
ivo endpoints should be chosen to reflect the types and
he mechanisms of damage found in the initial screening
attery.
ults. SAR = structure activity relationship, WOE = weight of evidence,

It is recognized that some genotoxic agents act
through disruption of cellular biochemistry that occurs
only above certain treatment levels (for example, see
[40]). They therefore exhibit a dose-response that is
expected to be non-linear, and exhibit a threshold below
which there will not be a concern. Examples of such
agents include those that induce nucleotide pool imbal-
ances (without incorporation of a nucleotide that can
cause mis-pairing or strand termination at concentrations
relevant to use), mitotic spindle disruption, inhibition
of DNA synthesis, topoisomerase inhibition, etc. These
agents are often referred to as “indirect gentoxins”
or “non-DNA-reactive gentoxins”, in contrast to those
thought to act by primary reactivity with DNA. It is
generally accepted that those indirect mechanisms or
modes of action lead to non-linear response curves,
sometimes reported as threshold effect. The Working
Group recognized that when an agent can be demon-
strated to act though such an “indirect” mechanism, and
a dose can be established below which the effect is
not observed or deemed not a concern, then appropri-
ate margins of safety for exposure below that dose can

be established. This means that human exposures suffi-
ciently below exposures associated with the no observed
effect dose should not present a significant genotoxic
risk. These issues have been discussed in a special
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issue of Mutation Research edited by Parry and Sarrif
[45].

It will be easier to build weight of evidence or mode
of action arguments when the positive result is found in
a test with low specificity (i.e., tests frequently positive
but not confirmed in the in vivo studies), such as the in
vitro chromosomal aberration test or mouse lymphoma
assay. Agents that are positive in multiple tests with dif-
ferent endpoints, especially if they are positive in vivo,
impart the highest level of concern and would require
extensive investigations to develop a sufficient weight
of evidence to establish conditions under which human
exposure might be permissible.

Although these general considerations were dis-
cussed, and it was agreed that they should be the basis
of selection of appropriate tests, time did not permit
development of more detailed recommendations, such
as identification of specific tests to follow-up on spe-
cific outcomes in standard batteries. It was agreed that
consensus recommendations about specific test options
would be useful, and it was suggested that the Working
Group should meet again in the near future to develop
such recommendations.

Considerations when choosing an in vivo assay as
a follow-up test to an initial finding include choice of
the appropriate tissue(s) in which evaluations should
be performed. This depends on anticipated route(s) of
exposure, tissue distribution (often known from other
toxicology or pharmacokinetic studies), and metabolic
degradation and/or activation in various tissues as well
as target organ in long-term toxicity studies. It was noted
that such considerations might dictate the use of non-
standard studies (i.e., not in the regulatory initial battery
or standard follow-up studies but sufficiently validated)
and that in those cases the use of non-standard studies
would be preferable to a standard in vivo assay in which
the endpoint or target tissue is not relevant. It was fur-
ther noted that when metabolic modification of an effect
is observed to occur, consideration should be given to
human metabolism in relation to the laboratory mod-
els being considered. Likewise, the relationship between
exposure-response information in laboratory models to
blood and tissue levels from human exposures is impor-
tant, and it is desirable to determine this relationship
whenever possible.

6. Conclusions
A summary of the discussion and principal conclu-
sions reached by the Working Group is as follows:

The Working Group agreed to limit the focus of the
meeting to somatic cell risk in humans, with emphasis
earch 627 (2007) 41–58

on carcinogenic risk, although the group recognized the
importance of potential health risks from both somatic
and germ cell mutations.

The Working Group agreed not to discuss the
improvement of the standard batteries, but to focus on
interpretation and appropriate follow-up testing for the
tests currently in use in the standard battery. The Work-
ing Group noted that genetic toxicity test batteries vary
among regulatory agencies and specific situations, but
generally include a bacterial test for gene mutations and
a mammalian cell test sensitive to chromosomal damage
(most commonly a mammalian cell test for chromosomal
aberrations and/or the mouse lymphoma tk+/− mutation
assay), and, depending on the products and their use,
an in vivo test in rodent bone marrow for chromosome
damage.

When the initial test battery is clearly negative, there
is generally no need for further testing unless there
is (a) evidence that metabolites that differ from those
generated in the assays may be present in the human,
(b) structural alerts suggest possible activity that would
not have been detected in the battery employed, or (c)
evidence from the literature, previous experience, or sub-
sequent test results suggests possible activity that would
not have been identified in the battery. In these cases,
follow-up testing may be indicated, and appropriate tests
should be selected on the basis of the information that
raised the concern.

When a non-reproducible or marginal in vitro posi-
tive result is obtained, and results from other assays with
a similar endpoint are negative, the weight of evidence
should be considered to determine if further testing is
necessary or whether, based on the available data, the evi-
dence suggests a low level of potential risk that does not
require further testing. Factors that may suggest lower
concern include: (a) weak effects without a strong dose
relationship and values within or close to a range that
could occur by chance variability (negative control his-
torical data), (b) effects that occur only at very high levels
of cytotoxicity, but not at moderate levels, in the chromo-
somal aberration or mouse lymphoma tk+/− assays (e.g.,
approaching 50% or greater cytotoxicity in the chromo-
some aberration test, or >80% in the mouse lymphoma
assay), (c) results that are not consistently repeatable, and
(d) the absence of structural alerts or any other cause of
concern. In most cases, the result is not of concern and
no testing beyond the standard battery for that type of
substance will be required.
When a clear positive result is obtained in in vitro
test battery, further testing is generally indicated in order
to provide a sufficient body of evidence to determine
the mode of action, relevance to the human expo-
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ure situation, and potential human health risk. Such
esting should be based on the knowledge available
bout the nature and/or mode of action of the original
esponse, e.g., whether the initial result was consistent
ith DNA adducts versus strand breaks, involvement
f reactive oxygen or nitrogen species, pool imbalance,
pindle disruption, etc. If the evidence suggests an “indi-
ect” mode of action (not involving direct or proximate
eactivity with the DNA), such as nucleotide pool imbal-
nce, spindle disruption, inhibition of DNA synthesis or
opoisomerases, etc., then tests that provide additional
vidence that supports this hypothesis and that rule out
irect DNA reactivity should be selected. It is often use-
ul to determine if a positive result, found only under a
pecific condition in one test, is confirmed in further test-
ng in other assays evaluating the same endpoint (e.g.,
hromosome aberration test versus mouse lymphoma
ssay).

When choosing an in vivo assay for follow-up test-
ng, an endpoint appropriate to the nature of the original
esponse observed should be selected, and in addition,
ue consideration should be given to the route of human
xposure, the expected tissues and times of highest
xposure (i.e., pharmacokinetic considerations), and the
otential for metabolic activation and deactivation in
arious tissues. Although regulatory guidelines often
ention in vivo assays that may possibly be employed

or follow-up testing, non-standard studies supported
y peer-reviewed published literature may, when justi-
ed, be more appropriate and informative than standard
ssays. The Working Group acknowledged that there are
ases where mechanistic studies can be considered suffi-
ient to support the indirect mode of action, and therefore
dditional in vivo data may not be necessary.

When addressing the relevance of findings to human
ealth risks, the total weight of evidence should be con-
idered. In addition to the factors noted above, when
odification of an effect by a mammalian metabolizing

ystem is observed, consideration should be given to the
etabolism of the agent in the human relative to the lab-

ratory model. Whenever possible, exposure-response
nformation for comparison to blood and tissue levels
rom human exposures is desirable.

Remaining issues that were identified during the
orkshop, but not addressed due to time limitations,

nclude the development of recommendations for the
election of specific assays, particularly in vivo assays,
nd the appropriate use of historical control data. It is

nticipated that recommendations on these issues will
e developed at a future meeting of this Working Group.
imilarly, the evaluation of structural alerts was iden-

ified as a useful component of the weight of evidence
earch 627 (2007) 41–58 49

approach, but not discussed in detail. This topic will have
to be re-visited in the future.

Disclaimer

This manuscript represents the views of the authors
and the contents do not necessarily reflect the views or
policies of the authors’ agencies or institutions. Men-
tion of trade names or commercial products does not
constitute an endorsement or recommendation for use.

Appendix A. Case Study 1: Compound with a
weak non-reproducible increase in chromosome
aberration test

Compound A is an early orally applied drug devel-
opment candidate for a non-life threatening therapeutic
indication and low systemic exposure. There was no
evidence of increased revertant numbers in the Ames
test up to the limit dose level of 5000 �g/plate, using
the plate incorporation method in the presence and
in the absence of metabolic activation on Salmonella
typhimurium TA98, TA100, TA1535, TA1537 and E. coli
WP2 uvrA.

Compound A was tested for clastogenic activity
in human lymphocyte cultures. Chromosome aberra-
tions were evaluated by metaphase analysis after 3 h
treatments with and without metabolic activation at con-
centrations ranging from 47.2 to 84.0 �g/mL and 10.6
to 75.0 �g/mL, respectively. In addition, chromosome
aberrations were evaluated after 24 h treatment with-
out metabolic activation at concentrations ranging from
8.30 to 33.3 �g/mL. In all tests, the highest test con-
centration evaluated produced a 48 to 59% reduction of
the mitotic index. There were no significant increases
in the number of cells with chromosome aberrations at
any concentration evaluated in either the 3 or 24 h tests
without metabolic activation. However, Compound A
produced a dose-related, statistically significant increase
in the number of cells with chromosome aberrations in
the initial test with metabolic activation at the two high-
est concentrations (58 and 68.2 �g/mL); only the highest
concentration produced a value outside the range of the
historical data, i.e., 5.5% abnormal cells as compared
to the historical control range of 0–4% (Table 2, Test
1). A confirmatory 3 h test with metabolic activation
using blood of a second donor produced a statistically
significant increase in chromosome damage only at the

highest concentration of 84.0 �g/mL, the observed value
being within the acceptable range of the historical neg-
ative control data, i.e., 3.5 versus 0–4% (Table 2, Test
2). This response was not clearly reproducible between



50 V. Thybaud et al. / Mutation Res

Table 2
Lack of reproducibility of a weak increase in structural chromosomal
aberrations in cultured human lymphocytes with Compound A in three
independent tests with metabolic activation

Compound A (�g/mL) Mean (%)
abnormal cellsa

Mean (%) mitotic
suppression

Test 1
1% DMSO 0.5 0
49.3 2.5 29
58.0 4.0* 52
68.2 5.5* 49
CPb 29.0* 45

Test 2
1% DMSO 0.5 0
47.2 1.0 0
63.0 0.5 14
84.0 3.5* 48
CPb 24.3* 31

Test 3
1% DMSO 2.5 0
52.4 1.5 21
65.5 1.0 36
81.9 2.5 56
102.0 2.0 58
128.0 1.5 65

CPb 58.0* 59

Negative historical control range 0–4%.
a Mean of two cell cultures: cells with structural chromosome aber-
rations excluding gaps.
b Cyclophosphamide at 5 �g/mL.
* Statistically significant (one-tailed Fisher’s exact test p < 0.05).

the replicate cultures and the negative control response
was low (0.5% abnormal cells as compared to the histor-
ical control range of 0–4%). A follow-up 3 h exploratory
cytogenetics study with metabolic activation using blood
of a third donor was performed on a larger number of
concentrations in order to better characterize the cyto-
toxicity profile of Compound A in the lymphocyte test
system. The results of this follow-up test did not repro-
duce the previous results using the same S9 batch but
different blood donors and failed to show an increase
in chromosomal aberrations at concentrations ranging
from 52.4 to 128 �g/mL, which produced a 21 to 65%
reduction in the mitotic index (Table 2, Test 3) and 13
to 70% reduction in cellular ATP levels (not shown).
Based on the overall test results, Compound A was con-
cluded as being equivocal for the induction of structural
chromosome aberrations.

Compound A was tested for the induction of micronu-
clei in male and female rat bone marrow cells in vivo.

Male and female rats were administered the vehicle only
as the negative control, or Compound A at dose levels of
15, 30, and 60 mg/kg in males, and 7.5, 15, and 30 mg/kg
in females by oral gavage once a day for 2 consecu-
earch 627 (2007) 41–58

tive days. The numbers of micronucleated (MN) PCE in
any of the test groups did not significantly increase. In
conclusion, Compound A did not induce chromosome
damage in the bone marrow cells of male or female
rats when tested up to estimated maximum tolerated
doses of 60 and 30 mg/kg, respectively. The mean max-
imum serum concentrations occurred 3.5 h after dosing,
achieving values of 645 and 620 ng/mL in males and
females, respectively, and the mean AUC0–24 h expo-
sures were 8560 and 9030 ng h/mL, respectively. The
serum concentration in this study was expected to exceed
the pharmacologically active concentration by approxi-
mately 60-fold.

The Working Group considered that the original
increase in the number of human lymphocytes with
chromosome aberrations was weak, and was not clearly
reproducible in follow-up testing. Based on the overall
profile of this compound in the standard genetic toxi-
cology test battery, the Working Group concluded that
the genotoxicity findings of Compound A were of low
concern for human safety and did not require further
follow-up testing.

Appendix B. Case Study 2: Compound with
marginal increase in the number of cells with
chromosome aberrations at a cytotoxic
concentration

Compound B is an early drug candidate in a chronic
use indication with inhaled drug application and low sys-
temic exposure. It tested negative in the Ames assay up
to levels of compound insolubility and the gene muta-
tion test in CHO cells at hprt locus up to cytotoxic
concentrations. Compound B did not induce chromo-
somal aberrations in cultured human lymphocytes when
tested in a 24 h exposure without metabolic activation,
or a 3 h exposure with metabolic activation (Table 3).
However, when it was tested in a 3 h exposure without
metabolic activation, a single concentration that induced
58% mitotic suppression produced a statistically signif-
icant increase in chromosomal aberrations just outside
of the historical control range (5% of cells with chro-
mosome aberrations versus 0–4% acceptable range for
negative control data). Compound B was also tested in
a mouse bone marrow micronucleus assay up to a maxi-
mally tolerated dose and did not lead to an increase in the
incidence of MN PCE in the bone marrow. Toxicity was
seen in the bone marrow indicating compound reached

this tissue.

Based on the initial results from the 3 h exposure, the
Working Group came to the consensus that the response
was of low concern to human safety since it occurred
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Table 3
Weak increase in structural chromosomal aberrations in cultured human lymphocytes at cytotoxic concentrations of Compound B

3 h direct 24 h direct 3 h + S9

Compound B
(�g/mL)

Mean (%)
abnormal
cellsa

Mean (%)
mitotic
suppression

Mean (%)
abnormal
cellsa

Mean (%)
mitotic
suppression

Mean (%)
abnormal
cellsa

Mean (%)
mitotic
suppression

0.1% DMSO 0 0 2 0 1 0
25 – – 1 15 – –
28 – – – – 0 20
32 – – 3 30 – –
35 – – – – 1.5 32
41 – – 2 55 – –
44 – – – – 1 54
101 0.5 8 – – – –
120 0 28 – – – –
144 5* 58 – – – –
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egative historical control range 0–4% in 3 h direct test.
a Mean of two cell cultures: cells with structural chromosome aberr
* Statistically significant (one-tailed Fisher’s exact test p < 0.05).

nly at a high concentration that produced more than
0% cytotoxicity in human lymphocytes. Importantly,
concentration that produced 28% mitotic suppression
id not generate a significant induction of aberrations.
n addition, the increase was just outside the historical
ontrol range, and the compound did not produce chro-
osomal aberrations in the corresponding 24 h exposure.
he Working Group suggested that a repeat of the pos-

tive arm of the test, to evaluate reproducibility, might
ontribute further to the assessment of Compound B.
aking into account the steep cytotoxicity dose-response
urve, a new test should, if possible, include a concentra-
ion producing between 28 and 58% reduction in mitotic
ndex.

If a similar pattern of results, or negative results, are
btained in the repeat test, the Working Group would
onsider that no further testing would be needed, and
ould conclude the response to be of low concern for
uman safety.

ppendix C. Case Study 3: Development of
eight of evidence approach with a clearly
ositive result in cytogenetics assays

Compound C is a topically applied early drug devel-
pment candidate intended for short term treatment of
ermal scarring. It produced high local concentrations
t the target site in the skin but was rapidly cleared sys-
emically and showed only very low systemic exposure.

here was no evidence of increased revertant numbers in

he Ames test up to the limit dose level of 5000 �g/plate,
sing the plate incorporation method in the presence and
n the absence of metabolic activation on Salmonella
xcluding gaps.

typhimurium TA98, TA100, TA1535, TA1537 and E. coli
WP2 uvrA.

Compound C was tested for clastogenic activity in
human lymphocyte cultures (Table 4). Chromosome
damage was evaluated by metaphase analysis after 3 h
with and without metabolic activation at concentrations
ranging from 154 to 240 �g/mL and 33.4 to 52.2 �g/mL,
respectively. In addition, chromosome damage was
evaluated after 24 h without metabolic activation at
concentrations ranging from 6.30 to 9.84 �g/mL. In
all the tests, the highest concentrations produced a 52
to 57% reduction of the mitotic index. Compound C
did not induce a significant increase in the number of
abnormal cells at any concentration evaluated when
treated in the presence of metabolic activation. In the
absence of metabolic activation, Compound C produced
concentration-related statistically significant increases
in aberrant cells over a range of concentrations, which
spanned both cytotoxic and non-cytotoxic test condi-
tions in both 3 and 24 h exposures, producing 6.5 and
7.5% abnormal cells at 3 and 24 h, respectively.

Compound C was tested for the induction of micronu-
clei in Chinese hamster ovary (CHO-WBL) cells
(Table 5). A slight increase (1.7- to 2.3-fold above
mean background) was observed in the 24 h test without
metabolic activation, whereas more substantial increases
of 2.3- to 4.9-fold were observed in the test with acti-
vation. An additional 3 h test without activation was
performed in response to the slight increase observed in

the 24 h test and a significant increase (3.1-fold above
mean background) was observed in cultures treated
with concentrations of 68.5 and 107 �g/mL. Kineto-
chore analysis was performed to assess whether the
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Table 4
Induction of structural chromosomal aberrations in cultured human lymphocytes by Compound C

3 h direct 24 h direct 3 h + S9

Compound C
(�g/mL)

Mean (%)
abnormal
cellsa

Mean (%)
mitotic
suppression

Mean (%)
abnormal
cellsa

Mean (%)
mitotic
suppression

Mean (%)
abnormal
cellsa

Mean (%)
mitotic
suppression

0.1% DMSO 1.5 0 0.5 0 1 0
6.3 – – 2 8 – –
7.9 – – 5.5* 20 – –
9.8 – – 7.5* 52 – –
12.3 – – – – – –
33.4 5.5* 23 – – – –
41.8 6.0* 41 – – – –
52.2 6.5* 56 – – – –
154 – – – – 1 16
192 – – – – 0.5 34
240 – – – – 3 57

ations e

Negative historical control range 0–4% in 3 h direct test.

a Mean of two cell cultures: cells with structural chromosome aberr
* Statistically significant (one-tailed Fisher’s exact test p < 0.05).

observed increases were the result of structural (clas-
togenic) or numerical (aneugenic) chromosomal events
(Table 6). Over 140 micronuclei induced by a 3 h treat-
ment with metabolic activation at soluble concentrations
ranging from 107 to 168 �g/mL were evaluated using
anti-kinetochore antibody staining technique. A 3- to
5-fold increase in micronucleated cells above DMSO-
treated controls was again observed and these cells were
predominately kinetochore negative indicating a clasto-

genic response.

Induction of micronuclei in vivo in rat bone mar-
row PCE was evaluated after continuous intravenous
(IV) infusion at a rate of 2 mL/kg/h for approximately

Table 5
Induction of micronuclei by Compound C in Chinese hamster ovary cells

24 h test without metabolic activation 3 h test without metabolic

Compound
C (�g/mL)

Cytotoxicitya % MN cellsb Compound
C (�g/mL)

Cytotox

0 0 1 0 0
1.8 17.5 1.7 68.5 33.6
3.5 25.2 1.7 107 45.2
7.0 45.9 2.3* 168 67.3
14.0 81.1 INS 210 76.3
POSc 15.4 9.6* POSd 43.3

INS: insufficient number of cells for evaluation. T: toxic, less than 20% cells
a Cytotoxicity = 100 − 100 × {(CBPIT − 1/CBPIC − 1)}, with CBPI = (no. o

inucleated cells)/total number of cells.
b Percent micronucleated cells; evaluating a minimum of 1000 binucleated
c Positive control mitomycin C at 0.05 �g/mL.
d Positive control mitomycin C at 0.4 �g/mL.
e Positive control cyclophosphamide at 10 �g/mL.
* Statistically significant (one-tailed Fisher’s exact test p < 0.05).
xcluding gaps.

24 h up to a maximum feasible dose of 655 mg/kg.
Approximately 24 and 48 h following completion of the
infusion, bone marrow was extracted and assessed for
the induction of MN PCE. There was no bone mar-
row cytotoxicity and no statistically significant increases
in MN PCE at any dose level or harvest time (data
not shown). Mean plasma concentrations of Compound
C measured after approximately 24 h of infusion were
2.93 and 3.20 �g/mL in males and females, respectively.

Attempts to assess target (bone marrow and liver) tis-
sue exposure to Compound C resulted in concentrations
below assay detection limits, possibly attributed to tis-
sue metabolism and rapid clearance. Plasma exposures

activation 3 h test with metabolic activation

icitya % MN cellsb Compound
C (�g/mL)

Cytotoxicitya % MN
cellsb

1.2 0 0 0.8
3.7* 134 0 3*

3.7* 168 39.7 1.9*

1.2 210 24.5 3.9*

INS 262 T T
21.7* POSe 0 5.0*

when compared to negative control
f mononucleated cells + 2 × no. of binucleated cells + 3 × no. of mult-

cells.
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Table 6
Classification of micronuclei induced by Compound C in Chinese hamster ovary cells using kinetochore staining

Compound C (�g/mL) Cytotoxicitya % MNb K− MNc K+ MNd Proportion K+ MNe

0 0 1.6 1.3 0.3 19
107 16.8 3.6* 3.4* 0.2 6
134 31.4 6.6* 6.0* 0.6 9
168 42.1 6.2* 5.3* 0.9 14

a Cytotoxicity = 100 − 100 × {(CBPIT − 1/CBPIC − 1)}, with CBPI = (no. of mononucleated cells + 2 × no. of binucleated cells + 3 × no. of mult-
inucleated cells)/total number of cells.

b Frequency of micronuclei per 100 cells.
c Frequency of kinetochore negative micronuclei per 100 cells indicating a chromosomal breakage.
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from the excised skin, dropped onto glass slides, stained
with acridine orange and evaluated for the presence
of micronuclei. There were no significant increases in

Table 7
Induction of micronuclei in dermal keratinocytes following topical
application with Compound C

Compound C
(mg/animal/day)a

% Micronucleated keratinocytes

Males Females

0b 0.03 ± 0.04 0.06 ± 0.05
2 0.04 ± 0.05 0.02 ± 0.03
4 0.05 ± 0 0.02 ± 0.03
Frequency of kinetochore positive micronuclei per 100 cells indic
e Percent kinetochore positive micronuclei among total micronuclei
* Statistically significant (one-tailed Fisher’s exact test p < 0.05).

n the rat during the in vivo assay were slightly (2–4-
old) higher than skin concentrations of Compound C
rom human biopsy specimens of 2 of 6 subjects follow-
ng 12 h topical application to the intact skin of healthy
olunteers.

Compound C was also tested for gene mutational
ctivity in the hprt gene mutation test in CHO cells. The
est in the absence of metabolic activation was conducted
ver a concentration range from 5 to 80 �g/mL, and the
est conducted in the presence of metabolic activation
panned concentrations ranging from 75 to 250 �g/mL.
ompound C did not induce a mutagenic response up

o concentrations that produced significant cytotoxicity
data not shown).

There was no evidence that Compound C induced
nscheduled DNA synthesis (UDS) in male rats at dose
evels of 54.6 and 437 mg/kg at the 2 or 16 h time points,
espectively (data not shown). Compound C was there-
ore evaluated as inactive in the in vivo/in vitro assay for
nscheduled DNA synthesis in rat primary hepatocyte
ultures at two time points when administered by contin-
ous IV infusion up to the maximum feasible dose based
n compound solubility. Mean plasma concentrations
f Compound C measured in the in vivo/in vitro UDS
ssay after 2 and 16 h of continuous drug infusion were
.99 and 4.29 �g/mL, respectively. Thus, slightly higher
lasma levels were achieved than in the bone marrow
icronucleus test, and therefore a slightly greater mar-

in, when compared with human skin concentrations,
as achieved.
Radiolabeled 14C-Compound C was incubated with

alf thymus DNA (1mg/mL) in triplicate at 75, 150,
nd 300 �g/mL for 4 h at 37 ± 2 ◦C (with and without

etabolic activation). After the incubation, DNA was

urified by treatment with RNase A, T1, and proteinase
followed by organic extraction and precipitation. Fifty
icrogram DNA from each sample was counted in a
romosomal loss.

liquid scintillation counter. Results showed that 14C-
radioactivity counts obtained from the test article-treated
DNA were not significantly higher than the background
level counts obtained from untreated DNA. The pos-
itive control 14C-benzo[a] pyrene-treated DNA with
metabolic activation showed significantly higher 14C-
radioactivity, most likely resulting from binding of a BaP
metabolite. It is concluded that, results obtained under
these experimental conditions did not show evidence for
tight association or binding of 14C-Compound C.

Compound C was tested for the induction of micronu-
clei in rat skin keratinocytes (Table 7). Male and
female rats were administered Compound C (2, 4, or
8 mg/animal/day) by topical application once a day for
4 consecutive days to intact skin clipped free of fur.
The topical route of administration and dose levels used
were selected to reflect the intended route of clini-
cal administration and drug exposures in humans. The
day following the last dose, keratinocytes were isolated
8 0.05 ± 0.08 0.02 ± 0.03
CPc 4.19 ± 2.95 4.83 ± 2.13

a mg/20 cm2 for 3 consecutive days.
b Ethanol, glycerol and water (70:5:25; v/v/v).
c 12 mg/animal/day cyclophosphamide for 4 consecutive days.
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the numbers of MN keratinocytes with either sex. Con-
centrations of Compound C in the target tissue after 3
consecutive days of dosing at 8 mg/animal/day ranged
from 72 to 175 �g/g of skin. This exceeded intended
human skin concentrations by more than 20-fold.

The Working Group concluded that the initial
response in the cytogenetics test and micronucleus assay
when examined in isolation warranted further follow-up
testing to assess the mechanism and relevance to humans
exposed to the drug by dermal application. Follow-up
testing yielded negative results in the in vivo micronu-
cleus assay in rats, the rat liver in vivo/in vitro UDS
test, and the hprt gene mutation test in CHO cells. This
data set was considered by some members of the Work-
ing Group to be insufficient to address the concerns for
Compound C. The reasons were as follows:

• The rat bone marrow micronucleus study using IV
dosing produced systemic exposures that were only
slightly above the human skin concentrations.

• The in vivo/in vitro UDS and hprt gene mutation test
in CHO cells were considered to be of limited value,
since they were both likely to be insensitive to com-
pounds inducing DNA strand breakage, as clastogens
would be expected to do.

The other additional studies were considered use-
ful. The lack of DNA binding with calf thymus DNA
was considered important additional information but
the argument could have been strengthened by con-
ducting the binding experiment in human lymphocyte
cultures. Finally, the Working Group considered the der-
mal micronucleus assay as being the crucial study to
address the concern for human safety since it addresses
the relatively high concentration at the site of first con-
tact and achieved safety multiples over intended human
exposure.

Based on the overall weight of evidence, and in partic-
ular the DNA binding and dermal micronucleus results,
the Working Group considered Compound C to be of
low concern for human safety and that no further genetic
toxicology testing is needed in addition to the presented
package.

Appendix D. Case Study 4: Mode of action
approach: a substance that does not directly
react with DNA, such as a spindle poison
Compound D is intended for long-term treatment of
severe autoimmune conditions, such as multiple sclero-
sis. In clinical trials, plasma Cmax was 1.65 �g/mL and
plasma AUC was 37.1 �g h/mL. The drug is extensively
earch 627 (2007) 41–58

protein bound in vivo giving only 2.5% free drug in rats
and 1.5% in humans. Approximately 60% is unbound in
cell cultures.

There was no evidence of increased revertant num-
bers up to the limit dose level of 5000 �g/plate, when the
Ames test was conducted on Salmonella strains TA98,
TA100, TA1535, and TA1537 plus E. coli WP2 uvrA,
using both plate incorporation and preincubation meth-
ods in the presence of S9, and plate incorporation in the
absence of S9.

In the mouse lymphoma assay (MLA), cells were
treated for 3 h in the absence and presence of S9 at
concentrations up to 10 mM (3569 �g/mL). In the pres-
ence of S9 the treatments were very toxic, but there
were no increases in mutant frequency at concentrations
producing reductions in relative total growth (RTG) to
<10%. In the absence of S9, at the limit concentration
(10 mM, 3569 �g/mL), only 60% reduction in RTG was
seen. The 24 h treatments (two separate experiments)
in the absence of S9 had some concentrations where
the mutant frequency increased above control by more
than the global evaluation factor [39] of 126 × 10−6

for the microwell method. However, this was only
at the 250 �g/mL concentrations in both experiments
where relative survival (RS) was reduced to 9.88 and
8.97%, respectively (see Fig. 2a and b). Relative total
growth (RTG), which is currently the recommended
measure of toxicity in the MLA, did not reduce as
much as RS, and was, respectively, 0.27 and 0.20 at
this 250 �g/mL concentration in the two 24 h experi-
ments in the absence of S9. The result could therefore be
considered as borderline in that these responses would
be excluded from consideration if judged by RS but
not by RTG. At the time the study was done, both RS
and RTG were considered acceptable for judgment of
toxicity. No clear information on the type of damage
caused at these borderline positive concentrations could
be gleaned from colony sizing as frequencies of both
large and small colony mutants increased. In light of the
data obtained subsequently it might be argued that this
unusual response in the MLA may reflect an aneugenic
mode of action.

For the in vivo micronucleus (MN) test, rats were
dosed orally on 2 consecutive days and bone marrow
sampled 24 h after the second dose. Statistically signif-
icant increases in MN frequency to 3-fold concurrent
control levels and slightly above the historical control
range were found at the 180 and 360 mg/kg/day (Fig. 3).

Although the response was relatively weak, the study
was concluded as positive.

To investigate this in vivo finding, MN tests were con-
ducted in vitro both in V79 cells and human lymphocytes.
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ig. 2. Mouse lymphoma results with Compound D following 24 h
reatments in the absence of S9 ((a) first independent experiment
nd (b) second independent experiment). MF = mutant frequency.
TG = relative total growth. RS = relative survival.

n both cases, substantial and statistically significant
ncreases in MN frequency were seen after the 24 h treat-
ents (but not after short treatments) in the absence
f S9. The positive effects were seen at low levels of
oxicity (Figs. 4 and 5). The MN in the human lympho-
yte preparations were probed with a pan-centromeric

ig. 3. Results of rat bone marrow micronucleus (MN) test with Com-
ound D. Rats were dosed orally 2× daily and bone marrow sampled
4 h after the second dose. Data are accumulated from two separate
xperiments. Two thousand polychromatic erythrocytes (PCE) were
cored per animal.
Fig. 4. Micronucleus (MN) data in V79 cells treated with Compound
D.

DNA probe, using a fluorescent in situ hybridization
method. 77% of the MN in the drug-treated cultures
were centromere-positive, which is comparable to the
70% value observed with carbendazim tested as the pos-
itive control aneugen, and much higher than the 7%
centromere-positive MN seen with the clastogenic pos-
itive control, cyclophosphamide (Table 8). There were
too few MN from solvent controls to be probed for pres-
ence or absence of centromeres, but the historical control
range for centromere-positive MN in human lympho-
cytes in the testing facility was 9–14.5%.

The pattern of results observed with this drug, (i.e.,
borderline 24 h MLA positive responses in the absence
of S9, the strong induction of micronuclei in vitro and
high frequency of centromere-positive MN induced in
human lymphocytes), was consistent with chromosome

loss (aneuploidy). The result of the in vivo MN assay
was very weak. At doses where no associated increase
in MN was seen, the plasma exposures (Cmax or AUC)
were 75–125× the proposed human exposure levels.

Fig. 5. Micronucleus (MN) data in human lymphocytes treated with
Compound D.
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Table 8
Centromere labeling with FISH probe for pan-centromeric DNA, for
Compound D in micronucleus test in human lymphocytes

Treatment No. of micronucleated
binucleated cells probed

% C+ % C−

Compound D
194.5 �g/mL

100 77 23

Carbendazim
2.5 �g/mL

100 70 30

Cyclophosphamide
3.125 �g/mL

27 7 93

%C+: percent of cells with micronuclei containing a centromere.

%C−: percent of cells with micronuclei containing no centromere.
Pan-centromeric probing was not performed on concurrent solvent
control slides. However, the historical frequency of C+ MN in human
lymphocytes in the testing laboratory is 9–14.5%.

The Working Group agreed that, from the existing
data, it was not clear whether the MN in vivo were solely
due to chromosome loss. Even though 77% of the MN
drug-treated cultures in vitro were centromere-positive,
a secondary (e.g., clastogenic) mechanism based on
a direct DNA-mediated effect could be involved. It
was suggested that it was necessary to demonstrate the
absence of a direct DNA mechanism, and this could be
done either in vitro or in vivo. Approaches that could be
considered were:

• Demonstrate absence of DNA binding
• Demonstrate absence of induction of structural chro-

mosomal aberrations
• Demonstrate absence of induction of DNA strand

breaks.

The investigation of chromosomal aberration induc-
tion in vivo could be performed either in an acute study
(scoring bone marrow) or in a repeat dose (e.g., 28-day)
study (scoring blood lymphocytes).

The Working Group discussed the evidence that is
needed to convincingly describe a non-linear or thresh-
old mechanism. It became clear that in addition to
obtaining evidence in favour of a non-linear mechanism
it might be necessary also to obtain evidence against a
linear mechanism, i.e., ruling out direct DNA reactiv-
ity. In this case study, evidence was obtained that was
consistent with a chromosome loss (aneugenic) mode of
action. However, this was not considered sufficient on
its own. The mode of action should be more fully sup-
ported to be plausible. Further information on potential

to affect the mitotic apparatus, or negative results in a
rigorous test for chromosome breakage or for potential
to damage DNA, would be very supportive. In this case
the aneugenic mechanism of action would be accepted,
earch 627 (2007) 41–58

no further genotoxicity testing would be required, and
safety margins could be determined.

Appendix E. Use of historical control data in
assessment of genotoxic response

Historical control data have been used as a convenient
tool for explanation of the lack of relevance of a weak
positive response, usually revealed by statistical signifi-
cance when the response is compared with the concurrent
negative control. For this purpose, the minimum and
maximum values of the accumulated control data in the
laboratory are usually used. The historical control data,
however, should be more accurately and appropriately
based on the distribution of the control data accumulated
in the laboratory. To achieve this, certain experimental
conditions, as summarized by Margolin and Risko [41]
need to be achieved as follows:

• The experimental protocol must have remained fixed
throughout the period covered by the historical data
and the current experiment

• The method of scoring the response must be
unchanged during the period

• The experimental unit must be comparable throughout
the period

• The data must have been gathered by the same inves-
tigators within the same laboratory

• There must exist no known systematic differences
between the various control groups, current and his-
torical, that would produce systematic differences in
response.

All control data should be included, even out-of-range
data, unless there is a convincing rationale for exclusion.
As long as the criteria above for obtaining historical con-
trol data have been met, these data may be combined over
some different experimental conditions (e.g., solvents,
sampling times).

When historical control data fulfils the requirements
above, they can provide a good guide for evaluation
of experimental data. They can be compared with con-
current control data by using statistical methods. An
example of a procedure for data analysis using historical
control data has been proposed by Hayashi et al. [42].
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