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This second article on genotoxic / mutagenic impurities (GTls) will focus on toxicological aspects
and discuss in more detail some of the themes mentioned in the first part of the series [1]. The

current [2,3] and evolving guidance [4] is based on a number of key toxicological principles:

- Biological determination, using an appropriate testing protocol, of the presence or absence of RELATED CATEGORIES
DNA-reactivity in a compound that is actually (or potentially) present as an impurity in a drug
substance or drug product. A compound that tested positive would be considered to be a GTI. Pharmaceutical Analytical Testing

- Prediction of DNA-reactivity based on the chemical structural alerts of the impurity (denoting Services / Contract Analytical Testing »
electrophilic centers in the molecule), and/or appropriate reference compounds and/or in-silico
systems. An impurity possessing a structural alert is often called a potentially genotoxic
impurity (PGI) until further data (from biological or in-silico testing) confirm or deny its DNA-
reactivity.

- Control of GTls and/or PGls using:

Pharmaceutical Analytical Testing
Services / Contract Analytical Testing »

- Generic limits for chronic exposure such as the TTC (Threshold of Toxicological Concern
[2-3]) when an impurity is shown to be DNA-reactive (GTI) or a worst-case assumption is FOLLOW PO
made regarding a PGl (i.e. that it could be a GTI)

- Compound-specific limits (chronic exposure)

Keep up with our latest articles, news and
events. Plus, get special offers and more
»» Based on linear extrapolation of carcinogenicity potency data delivered to your inbox.

»» Use of standard ICH Q3A [5] qualification thresholds if an in-vivo biological threshold for Your Email Address

genotoxic activity can be demonstrated
»» Potentially higher limits based on exposure from other sources, particularly foodstuffs. Baxter

- Modification of limits in situations where exposure is less than chronic (LTL - less than

lifetime exposure). Clinical to Commercial
, , : L Contract Manufacturing
Biological Evaluation of DNA-Reactivity for Your Injectables
A recent review [6] provides a critical assessment of the current genotoxicity testing paradigm. The
Ames bacterial mutagenicity assay, developed in the mid-1970s, has stood the test of time and has N’ Your Premiere CMO

=
gained a strong consensus as the assay of choice for prediction of mutagenicity and carcinogenicity. !
It has no serious shortcomings for most chemical classes of test substances, and is a highly robust K

and reliable standalone assay. On the other hand, the most widely used in-vitro assays for

BioPharma
Solutions

mammalian chromosomal damage, for example, the Mouse Lymphoma Assay (MLA), have
encountered serious challenges and several reviews have demonstrated that unlike the Ames assay,
these in-vitro mammalian genotoxicity assays have poor correlation with rodent carcinogenicity [7,8].
Positive responses in chromosomal-damage assays can occur through a variety of processes

including direct DNA damage, delayed or inhibited repair, interference with repair-processing
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these types of assays are poorly understood at the present time and the value of continuing with
clastogenicity-based assays has been seriously questioned. In fact the quite common finding of
positive mammalian clastogenicity but negative Ames mutagenicity (often accompanied by negative
in-vivo genotoxicity data) has been labelled as a “false positive”, especially when the weight of
evidence indicates that the in-vitro positive results arise under conditions not achievable in-vivo e.g.
in terms of test material concentration [9] or through indirect mechanisms unlikely to occur at lower

clinical concentrations in man.

In order to assess the
robustness of the MLA, a

Table 1. Ames/ML Assay Concordance. Adapted from Seifried et al., 2006 [10]

for those compounds for which both Ames and MLA data are cited

f 37 m n
: No = o dataset of 370 compounds
was utilized, comprising a
Total number of compounds 370 ’ P 9
P | = e wide variety of chemical
= =z structures [10], for which
AmesMLA both positive” 67 18.1
= 7 both Ames and MLA results
Ames positive/MLA negative® 16 43
are available (Table 1).
Ames negative/MLA positive® 165 44.6 ( )
s A proative e Geta ol | e HA There was a false-positive
*Traditional evaluation criteria for interpretation of MLA assay rate (in respect of the non-

concordance of MLA vs.
Ames) of 44.6% when the positive MLA result was identified using “traditional” criteria (two-fold
increase in mutant frequency) and 28.6% when evaluated by proposed “new” interpretation criteria.
Thus, in this dataset, the MLA produces an unacceptably high proportion of false-positive results
even when conventional mitigating factors are taken into consideration [11]. Worryingly, many of the
MLA false positives relate to compounds devoid of conventional structural alerts, some of which are
shown in Table 2.

Overall, it can be concluded that data obtained using mammalian cell assays should not be taken
into consideration in relation to determining the DNA-reactivity of actual or potential pharmaceutical
impurities. This approach is consistent with the current guidance in the EMA Q&A supplement [12]
(i.e. if the Ames assay is negative, there is no need for further testing) and with the development of
in-silico mutagenicity prediction systems based solely on Ames-test results (see below). On the other
hand, as highlighted in the earlier article [1], the EU guideline [2] contains a measure of ambiguity on
this issue and does not completely rule out the consideration of mammalian-cell data for Ames-

negative impurities.
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dlse Fositives using

Evaluation Criteria, from Seifried et al., 2006 [10]

Compound Compound CAS no Structure
~
2-Acetylpyridine 1122-62-9 5
o
Allyl alcohol 107-18-6 >
4 Anisaldehyde 123-11-5 xn,©/§°
Diaminomaleonitrile 1187-42-4 ";)—{t
1,1-Diethoxymethane 462-95-3 TN
Diisopropylcarbodiimide 693-13-0 St
L
N,N-Dimethyl-4-toluidine 99-97-8 /[’:“‘ | R
Fumaric acid 110-17-8 S
S—_
Fumaryl acetone 62966-21-6 ky)
Indole-3-carbinol 700-06-1 [f’jr;g
Methyl isocyanate 624-83-9 A
Naphthalene 91203 O
2-Phenylphenol 90-43-7 Pt st
Phthalazine 253-52-1 e
Propenoic acid (acrylic acid) 79-10-7 Wm
Quinoxaline 91-19-0 |$f':::|
Sesamol 533-31-3 i < =
Thiophene 110-02-1 <7
- o~ SaAR S B
2-Tolunitrile 529-19-1 [;_,-']
2,4,6-Tribromophenol 118-79-6 u

Prediction of DNA-Reactivity

In conventional terms, a compound is considered to be potentially DNA-reactive, i.e. a PG, if it
contains an electrophilic structural feature (e.g., an Ashby-Tennant structural alert for mutagenicity).
Tabulations of alerting structural moieties are available in numerous publications [13,14], although it
is often difficult or impossible to ascertain the origin and basis of the alerts shown, i.e. does the
alert apply to all or just a few compounds with that structural feature?; is the alert associated with
either mutagenicity/clastogenicity/carcinogenicity? Recently, structural alerts have been assessed
with specific relevance to mutagenic impurities. Kazius et al. [15] evaluated a “training” dataset of
4,337 molecular structures with corresponding Ames-test data, with approximately 55% being
assigned as mutagens and the remainder as non-mutagens. Structural alerts were identified using a
mixture of data mining and expert knowledge, and the main alerts were identified as aromatic
nitros, aromatic amines, strained ring systems (e.g. epoxides, aziridines), nitroso compounds
(particularly N-nitrosos), heteroatom-bonded heteroatoms (e.g. N-hydroxy compounds), azo
compounds, aliphatic halides and polycyclic aromatic ring systems. Overall, 29 structural alerts were

identified along with various detoxifying fragments and an accuracy of 82% was claimed for the
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exceptions in the Kazius structural alerts compared to those normally presented [13]:

- Saturated alkyl aldehydes: only formaldehyde tests positive, all others being Ames-negative
with occasional in-vitro clastogenic responses [16].

- Carbamates: only vinyl carbamate is clearly Ames-positive (based on metabolically mediated
epoxide formation), all others appear to be Ames-negative (although occasional high-
concentration positives have been reported for ethyl carbamate, and there is one report of a
positive response in only TA 1535 with ethyl N,Ndimethylcarbamate). Some carbamates, e.g.
propoxur/Baygon (but not methyl or ethyl carbamates), may be MLA-positive [10]. Ethyl and
vinyl carbamates are genotoxic carcinogens, the proximate carcinogen being vinyl carbamate
epoxide [17]. On the other hand, methyl carbamate is a non-genotoxic carcinogen with a rat
NOAEL of 100 mg/kg/day (negative in the mouse) [18].

- Michael acceptors (electron-withdrawing group with adjacent a,B-double bond): Apart from
some a,B-unsaturated aldehydes, virtually all Michael acceptors are Ames-negative.
Waegemaekers and Bensink [19] evaluated 27 acrylic acid esters in the Ames assay and
reported that all gave negative results, whereas alkyl acrylates tend to be MLA-positive [10].
(See also mesityl oxide discussion.)

- N-Oxides: Conventionally, N-oxides of aromatic heterocyclic bases are considered (probably
erroneously) to be structurally alerting whereas those of aliphatic or alicyclic tertiary amines are
not. N-Oxides of picoline, pyridine and quinoline [20] and levofloxacin [21] are reported to be
Ames-negative. Many tertiary amine drug substances (such as trimethoprim and sorafenib) are
metabolized to N-oxides, and this kind of transformation is normally associated with
detoxification [22]. In some cases the parent aromatic amine may be mutagenic, as is the case
with adenine - possibly involving DNA intercalation [22].

A straightforward application of such structural alerts to typical pharmaceutical impurities will give
rise to a high proportion of false-positive predictions (and a few false-negatives) owing mainly to a
mismatch between structural features present in public domain datasets and the presence of
structural elements that diminish or eliminate the effect of the alerting moiety (detoxifying

fragments).

At the molecular level the reasons for this complexity are thought to relate mainly to issues of the
“chemical space” in the vicinity of the alerting moiety, which could hinder DNA interaction with the
reactive center, impede cell entry (in the presence of bulky substituents), alter the hydrophilic-
lipophilic balance, impair metabolic activation, etc. QSAR (quantitative structure-activity
relationships) systems that correlate physicochemical parameters with mutagenic potential have
been partially successful in terms of their predictive ability particularly for homologues within a

series of structurally similar congeners [6].

The use of in-silico systems for predicting mutagenic activity is of enormous interest across many
areas of toxicology, not just pharmaceuticals, owing largely to the potential to reduce or eliminate
biological testing. Some believe that the use of QSAR computational toxicology in relation to

pharmaceuticals has many advantages [6]:

- Methodology is cheaper and faster than biological testing and can provide information on
mechanism and mode of action

- In-cerebro QSAR assessment using conventional structural alerts is considered obsolete by
some, but by no means all toxicologists, since:

- Many different pharmaceutical-specific structural alerts exist

- It does not account for detoxifying fragments, whereas a computer-based system can
evaluate all structural alerts and detoxifying motifs

- Machine learning/statistical models, which are available only to in-silico systems, can
usefully complement structural alert-based approaches.

- Ability to use two or more systems which is expected to improve the accuracy of
prediction.

In-silico expert systems fall into three main categories: rule-based systems such as Toxtree [23] and
Derek [24], statistical/machine-learning models such as TOPKAT [25], MultiCASE [26] and CAESAR
[27]1, and hybrid systems that combine knowledge-based and statistical-based approaches [28].

The overall accuracy of mutagenicity prediction (taking into account both positive and negative
predictions) is normally reported as 70-75% using various commercial and open-source systems.
There are many publications on the use of in-silico mutagenicity prediction systems; an estimate of
at least 100 such papers was cited recently [28], and many more have been published subsequently
involving training/benchmark datasets of up to nearly 10,000 compounds. The general picture that
emerges using either single or combined in-silico models is that systems using public-domain
datasets (as is normally the case) perform adequately to predict the genotoxic potential of
compounds in the same or similar “applicability domains” (ADs), but are deficient when challenged
with pharmaceutical impurities, which typically have higher molecular weights, higher lipophilicity

and more complex structures [29,30].

- @—= SCORR IS YOUR Competitire. ADVANTAGE

https://www.pharmoutsourcing.com/Featured-Articles/121196-Genotoxic-Impurities-... 06/04/2018



Genotoxic Impurities Part 2: Toxicological Overview | Pharmaceutical Outsourcing - ... Page 5 of 15

the performance of four proprietary in-silico systems. Accuracy and specificity were broadly similar
when evaluating public data, but sensitivity was significantly reduced for proprietary data. The
expert systems generally showed higher sensitivity and lower specificity when compared to QSAR-
based tools, which displayed the opposite behavior. Performance differences between the public and
proprietary data are likely to relate to the proportion of Ames +/- compounds in the datasets and to
“chemical space” issues. Dobo et al. [29] reported that much higher prediction rates (99%) were
attained using one or more commercial/in-house in-silico systems combined with expert human
interpretation. Interestingly, using more than one in-silico system failed to improve the accuracy of
prediction. However, this apparently impressive performance appeared, in general, to be greatly

aided by the fact that the impurity structures evaluated fell into the “company-specific chemical

space.”

The CAESAR (Computer

Assisted Evaluation of

CAFSAR Literatu . . .
Alkyl Chloride CAS No. 2 " | References | industrial chemical
Prediction Data
3 - Substances According to
1-Chloropropane 540-54-5 Suspect mutagen | -ve [33]
Regulations) system [27,
2-Chloropropane 75:29-6 Suspect mutagen | +/-ve B4 * 9 ) sy [
= 51— 32] is an open-source

1-Chlorobutane 109-69-3 Suspect mutagen |

pac il +ve [36] software tool that employs
2-Chlorobutane 78-86-4 Suspect mutagen -:; :;2; a dataset of 4,337

compounds for training

1-Chloro-3-methylbutane 107-84-6 Suspect mutagen -ve o]
TEeh : e purposes. The overall
2-Chloro-2-methylpropane 2 e -
(t-Butyl chloride) sl St 4ve 136] accuracy of predicting both
Ethyl 2-chloroacetate 105-39-5 Suspect mutagen | -ve 1371 positive and negative Ames
Sucralose 56038-13-2 Suspect mutagen —ve 138] results is claimed to be
*Conventional assay negative; positive when tested in a desiccator; **Numerous investigators; 85%. The system has a two-
§ Applicability Domain

stage design and comprises
a machine learning algorithm from the Support Vector Machines (SVM) collection, to build an initial
model with the best statistical accuracy, then an ad-hoc expert system based on known structural
alerts tailored to refine the initial predictions. The performance of the CAESAR system has been
evaluated using a series of structurally alerting alkyl chloride compounds, most of which are
reported as testing Ames-negative. The compounds involved, the CAESAR predictions and literature

data are shown in Table 3.

The key conclusions are:

- Data on 2/8 compounds (both correctly recorded as Amesnegative) are present in the
underlying training dataset.

- 7/8 compounds were predicted to be suspect mutagens, even the two compounds reported as
Ames-negative in the original dataset.

Thus, it seems that for this particular group of compounds, CAESAR [32] performed extremely
poorly, and it appears that the various C-Cl structural alerts were given undue weight in the
predictions. Another facet of this small group of compounds is that Ames-testing using normal
procedures gives negative results, but when tested in the desiccator assay (often employed for
volatile substances), 4/8 compounds were positive. The positive results on three of these
compounds employ only one strain of Salmonella and are not accompanied by control data, and so

may not be particularly reliable.

Figure 1. Sucralose

Sucralose (Figure 1) possesses a

considerably more complex

structure than the compounds in

o Cli the training dataset, having three
separate C-Cl structurally alertin
HO ey o . . veerng
= motifs, but it also contains five
H ci

hydroxyl groups which could be

considered to act as detoxifying
elements since the compound is non-metabolized, tests negative in the Ames and other genotoxicity
assays, and is also non-carcinogenic [38]. Many in-silico systems would, most likely, predict
sucralose and other chlorodeoxy sugars to be DNA-reactive since a chlorine attached to an aliphatic
carbon is potentially susceptible to nucleophilic displacement, in contrast to an aromatic chloro
compound such as chlorobenzene. A more holistic approach based on the metabolic stability of
particular chloro sugars, rather than identifying alerting molecular fragments, is more appropriate
for this class of compounds (and possibly others). An ADI (acceptable daily intake) of 0-15
mg/kg/day has been determined by all of the major food agencies for sucralose [39], suggesting
that an intake up to 1.5 g/day would be safe for a 100 kg adult (106 times greater than the default
TTO).
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Figure 2). Mesityl oxide, possesses a conventional a,B-unsaturated ketone structural alert, and is
often identified as a PGl in drug substances that have been crystallized from acetone, as it is a

potential impurity in this solvent.

Figure 2. Mesityl Oxide

Although mesityl oxide is reported

to be Ames-negative [40], some O
reviewers have requested a repeat [
Ames assay “conducted to
regulatory acceptable

standards” [16].

In conclusion, it is clear that there are numerous uncertainties in respect of using structural alerts
and in-silico systems for evaluating PGls. An additional potential issue concerns the need to ensure
that there is a “level playing field” in terms of DNA reactivity assessed by in-silico systems (whose
underlying datasets are based to a large extent on public domain data) and by direct citation of a
specific publication. Whereas, the latter might well suffer “push-back” during regulatory review (as
for mesityl oxide), with an attendant demand for a “gold-standard” Ames assay, in-silico predictions

are gaining increasing regulatory acceptance without the need for confirmatory biological studies.

Threshold of Toxicological Concern (TTC)

During the development of regulatory guidance on GTls, a key factor concerned the limits to apply to
a GTl and/or a PGl a GTI, or a PGI for which no clear prediction concerning the absence of mutagenic
activity could be made. As explained in the previous paper [1], the critical issue for such impurities is
DNA-reactivity as relates to potential carcinogenicity. Hence an apparently logical solution was to
create an approach based on carcinogenicity potency data for a wide variety of compounds with
structural alerts representative of those present in pharmaceutical impurities. The Threshold of
Toxicological Concern (TTC), whose origins lie in the food rather than the pharmaceutical sector,
was adopted as a “ready made” solution. Kroes et al. [41] identified a group of genotoxic and
nongenotoxic carcinogens (700+) from the Carcinogenic Potency Database (CPDB) [42] and employed
model-free linear extrapolation of their TDy, values; i.e. a measure of carcinogenic potency which, in
simple terms, is the dose in mg/kg/day associated with the occurrence of treatment-related tumors
in 50% of the test animals in a conventional rodent lifetime bioassay. In order to predict the doses

with an increased cancer

Table 4. Numbers and Fractions of Compounds in Different Structural Groups

risk of > 1in 10 in humans Estimated to Produce a Risk = 1 in 10° at Different Intake Levels [41]

over a lifetime (assumed to el 0.15 pg/day (Fraction) 1.5 pg/day (Fraction)
be 70 years), the TDs, [ 5 (0.03) 510,31}

values were divided by Aromatic nitro compounds 2 (D.06) 8(D.24)

500,000, yielding a value Azo compounds Do) 9(0.5)

for the virtually safe dose Benzidine derivatives 2(0.14) 6 (D.43)

(VSD) for each compound Carbarmates 0 8(0.4)

(in mg/kg/day). Assuming a | pydrazines 2 (0.09 30(0.53)

human bodyweight of 60 Miseellaneous Ashby alerts 2 (0.05) 50.12)

kg, the doses (which range Strained rings 1(0.07) 9 (0.60)

from 0.15-150 pg/ day) Vinyl containing compounds 2 (0.05) 13 (0.33)

associated with a

carcinogenic risk of 1 x 10, were tabulated for different structural classes (Table 4). The largest

numbers of compounds were either aromatic amines (162) or N-nitrosos (105), and the most potent
were aflatoxins-like compounds, azoxy compounds and N-nitroso compounds (> 45% of these three
compound groups had a carcinogenic risk of > 1 in 106 at a dose of 0.15 pg/day). Kroes et al. [41]
included these three structural types in the “cohort of concern”, and these were omitted from the
scope of the TTC.

Kroes et al. [41] then recommended that a global TTC of 0.15 pg/day could be determined for
compounds containing a structural alert for carcinogenicity (but not mutagenicity). It was
recommended that compounds within the cohort of concern should be evaluated on a compound-
specific basis. Due to the enhanced risk / benefit ratio applicable to pharmaceuticals, an increased
risk of 1in 105 was considered relevant when drawing up guidance on genotoxic impurities, thus
producing a TTC of 1.5pg/day. The EU guideline [2] indicates that: “It should be recognized in this
context that the methods on which the original TTC value is based, are generally considered very
conservative since they involved a linear extrapolation from the dose giving a 50% tumor incidence
(TDsy) to a 1 in 104 incidence, using TD;, data from the most sensitive species and most sensitive
sites (i.e. several “worstcase” assumptions).” Note also that the EU guideline [2] and the draft FDA
guidance [3] refer to a structural alert relating to genotoxicity as a prerequisite for applying the TTC

limit.
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the use of data from the most sensitive tissue, gender, species in rodent bioassays, have been
identified [43]. Overall, the current derivation of the TTC in relation to genotoxic impurities can be
considered as flawed and non-transparent [43]; it contains multiple layers of over-conservatism and
bias such as the use of atypical TDg, values (lowest statistically significant oral TDg, as used by
Cheeseman et al. [44]), employing data only on compounds judged to be carcinogenic [43,44], and
excluding structurally alerting noncarcinogens (a significant number of which are present in the core
CPDB database [42, 43]), employing only one highly conservative extrapolation technique
(inappropriate for non-genotoxic carcinogens and structurally alerting/genotoxic non-carcinogens),
and ignoring the fact that nongenotoxic carcinogens are normally considered to be thresholded
with respect to dose-response relationships [46,47]. In addition, the final step of the Kroes
procedure (in relation to genotoxic impurities) relies on just 16 compounds in the highest risk group
(Table 4) and, unfortunately, the identity of these key compounds cannot be ascertained with
certainty in order to evaluate whether they truly represent genotoxic carcinogens (and not non-
genotoxic carcinogens or non-carcinogens). A reevaluation of the TTC based only on structurally
alerting compounds in the CPDB with extrapolation techniques tailored to the

genotoxicity/carcinogenicity status of the compounds should be eminently possible.

Control of Ames-positive GTls and PGls without Ames Data

A variety of strategies are available for managing Ames-positive GTls. If none of the approaches

mentioned below is applicable, then the default TTC limit is considered appropriate.

Oncology Products

In the context of mitigating genotoxic risk in oncology APIs and drug products, ICH S9 is highly
relevant [48]. The guideline indicates that conventional limits for GTls are not appropriate for
pharmaceuticals intended to treat patients with advanced cancer, and, with justification, higher
limits can be applied (i.e. ICH Q3A [5]). This approach is based on the premise of a shortened
lifespan for cancer patients, the likelihood that the API is genotoxic / carcinogenic or cytotoxic in its
own right and the fact that the concomitant medications used in cancer therapy are also likely to be
genotoxic / carcinogenic or cytotoxic. Against this background, the additional risk arising from the
presence of a GTl in the drug substance is considered negligible. In contrast, Callis et al. [49]
propose a slightly higher limit of 30 pg/day in oncology products, administered on a daily basis,
over a 2-year period. It is interesting, that other disease states where a similar shortened lifetime (<
2-years) can be anticipated, e.g. many inborn errors of metabolism (Phenylketonuria, Gaucher’s
disease, Zellweger syndrome, etc), do not appear to have been explicitly excluded (in a similar

manner to ICH S9 [48]) from existing genotoxic impurity guidances [2,3].

Purity of Test Material for Ames Assays

Impurities in test materials can be a confounding factor in Amespositive findings. Levels as low of
0.15% of highly potent genotoxins such as 2-aminoanthracene or sodium azide [50] can produce
positive results. Hence a test-material purity of 99%+ is recommended to provide absolute assurance
that the finding is truly applicable to the impurity in question. Assessment of individual results from
each of the five bacterial strains used in the Ames test can be useful in delineating any ambiguity.
Thus if other compounds in this particular alerting class typically elicit a positive effect in TA 98, but
the GTl in question elicits a positive effect in TA 1538 and an alkylating agent used as a precursor in
the synthesis of the GTI would also likely elicit a positive effect in the same strain (TA 1538), then
this strongly suggests that the positive findings may be attributable to an impurity in the test
material (e.g. a reagent used in the synthesis of the impurity). In which case, purification of the test

material followed by a repeat of the Ames test is warranted.

A well documented example is for impurities present in 3-nitro-9- fluorenone. The original sample
gave a strongly positive result in TA 98 strain of Ames test. However, after column purification the
purified sample was 6-times less potent. Two extremely potent impurities (2,7-dinitro-9- fluorenone

and 2-acetamido-3-nitro-9-fluorenone) were isolated and both tested positive in the Ames assay [50].

Thresholded GTls

If a threshold can be identified for the specific GTI, then the NOAEL (no observed adverse effect
level) or LOAEL (lowest observed adverse effect level) is divided by a suitable safety factor to
establish a PDE (permitted daily exposure) as outlined in ICH Q3C [51]. A recent example of this
approach applies to EMS (ethyl methanesulfonate - present in the ethanolcontaminated reagent
methanesulfonic acid), which was identified as an impurity in Viracept (nelfinavir mesylate) leading to

the product’s temporary withdrawal in Europe during 2007 [52]. The marketing authorization holder
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[51], i.e. around 70-fold greater than the default TTC [2]. Muller et al. [52] indicated that ‘although
the findings cannot currently be extrapolated to other genotoxins, it has become obvious that the
generally applied assumption of linear dose relationships for mutagenicity (and by default
carcinogenicity) for one of the most typical alkylating agents is not based on fact.” Maller et al. [53]
concluded that ‘the TTC approach (based on linear extrapolation) should not be seen as being set in
stone even for DNA-damaging genotoxins.” A combination of compound-specific toxicokinetic data
together with the human-equivalent threshold dose for DNA alkylation imply a limit in the region of
10-100mg/day [54], although a limit of no more than the one mentioned above (ca. 100pg/day)

seems to be favored by regulators [55].

If no threshold can be assumed or derived, linearity is often assumed (despite EMS findings) and the
applicable risk assessment techniques depend on available data. In respect of deciding on a suitable
testing paradigm for establishing a threshold for an Ames-positive impurity, clear guidance is
currently lacking. It is to be hoped that an evidence-based series of follow-on tests can be devised

that enables “staged” limits to be applied depending on the outcome of individual/multiple tests.

GTls with Carcinogenicity Data Available: Use of Carcinogenicity Data

to Set Limits

As mentioned above, the conventional approach in regulatory toxicology is to distinguish between
genotoxic (non-thresholded) and nongenotoxic carcinogens (thresholded). For the latter, a
compound-specific risk assessment can be made by applying a variety of assessment factors to the
NOAEL determined in a chronic toxicity/carcinogenicity study. Limits for five Class 2 solvents were
derived in this way [56]. Unfortunately, extrapolation of carcinogenicity potency data, strictly
applicable only to genotoxic carcinogens, has also been used in the derivation of the TTC and to
obtain limits for non-genotoxic carcinogens. As shown in Table 5, much lower limits are produced by
linear extrapolation of carcinogenicity data compared to those obtained by conventional
NOAEL/assessment factor techniques employed in ICH Q3C [51]. The principal potency metrics

employed in the risk assessment of genotoxic carcinogens are the TDg,, BMD and T,; [57].

TDs

The full definition of the TDy, is as follows: “For any particular sex, strain, species and set of
experimental conditions, the TDs, is the dose rate (in mg/kg body weight per day) that, if
administered chronically for a standard period (the “standard lifespan” of the species), will halve the
mortality corrected estimate of the probability of remaining tumorless throughout that period”.
Values for specific compounds can be accessed via the CPDB. Linear extrapolation at a risk level of 1
in 105 of the TDy, value for the particular compound can be used to determine a suitable limit [55,
58]. To determine a PDE (permitted daily exposure) or VSD (virtually safe dose), the TD50 is divided
by 50,000 (linear extrapolation to risk of 1 in 105) and multiplied by 50 (standard patient body
weight specified in ICH Q3C [51]). Thus, the PDE will have the same value as the TDg, but in units of
ug/day rather than mg/kg/day. It should be remembered that a PDE/VSD determined in this manner
is highly conservative, being based on lifetime exposure. It is generally recognized that linear
extrapolation of the most appropriate TDg, value is the simplest and possibly the most robust
approach to determining a PDE/VSD for a genotoxic impurity for which carcinogenicity data are

available.

T2s

The T,5 potency index [57] is defined as “the chronic dose rate in mg/ kg body weight per day, which
will give 25% of the animals tumors at a specific tissue site, after correction for spontaneous
incidence, within the standard lifetime of that species”. The T,5 was proposed as a simplified method
not requiring sophisticated statistical methods and computer software, and to be specifically used in
regulatory settings when a ranking according to carcinogenic potency is deemed necessary for
classification of carcinogens. The T, is pres%ntly used within the European Union for various

regulatory purposes.

BMD

The BMD [57] is the benchmark dose. The BMD,, (the dose that gives rise to a 10% tumor increase) or
BMDL,, (the lower 95% confidence limit of the BMD, ) is used as the point of departure (POD) for risk
assessment in a particular animal carcinogenicity study. The BMD values are determined by

statistical modelling of the tumor incidence data (Figure 3). Using linear extrapolation from the POD,

A ramear clama Famtae (ae nead in tha IDIC Aatalaca b tha Cavieanmantal Deatasting Amames [E0O1 A o

. @—= SCORR IS YOUR Competitive ADVANTAGE

https://www.pharmoutsourcing.com/Featured-Articles/121196-Genotoxic-Impurities-... 06/04/2018



Genotoxic Impurities Part 2: Toxicological Overview | Pharmaceutical Outsourcing - ... Page 9 of 15

tumor risk of 1 in 100,000). Limits based on cancer potency factors derived by OEHHA (Office of
Environmental Health Hazard Assessment) are reported as NSRLs (no significant risk levels) [61]. A
comparison of NSRLs for several typical genotoxic carcinogens with limits obtained by linear

extrapolation of TDs, data is shown in Table 6.

No Carcinogenicity Data Available

In those cases where carcinogenicity data are not available, the TTC is applied by default unless the
applicant can demonstrate that higher levels are justifiable based on duration of exposure or based
on preexisting exposure, e.g. via foodstuffs. One example is crotonaldehyde for which, even in non-
drinking, non-smoking consumers, exposure via food is estimated to be around 150 pg/day [62]. A
further interesting example is N-nitrosamines for which there are independent confirmatory reports

that dietary/endogenous human exposure is

typically 100 pg/day [63,64]. The specific nitrosamines involved include two that are
noncarcinogenic (N-nitrosoproline and N-nitrosohydroxyproline) and several that are highly potent
(N-nitrosodimethylamine, N-nitrosopyrrolidine and N-nitrosopiperidine) with TD,, values ranging
from 0.1-1.3 mg/kg/ day. N-Nitrososarcosine appears to be less potent but it is still classified as a
likely human carcinogen [17]. These data suggest a potential conflict with the notion of all

N-nitrosamines being part of the “cohort of concern” [2,3].

Staged TTC or LTL (less than lifetime) Concept

Although this topic was discussed previously [1], it is helpful to consider the toxicological basis of
permitting higher levels of GTIs when less-than-lifetime exposure is involved. A key publication is by
Bos et al. [65] which is referenced in the draft FDA guideline [3] but not in the EU guideline [2].
According to Bos et al. [65], the starting point for any evaluation is the VSD, which is based on
lifetime exposure. The TTC is just a generic VSD, rather than a compound-specific value, and so the
staged TTC/LTL concepts can be viewed as derivatives of the more general approach based on VSD.
Therefore, it is completely logical to be able to apply an LTL adjustment to a compound-specific VSD

as well as to a TTC limit.

Conclusions

Although the main elements of regulatory guidance on GTls have been in place for several years,
there is still considerable scientific uncertainty on many key toxicological issues. For example,
structural alerts are not clearly defined or agreed, the role of data from mammaliancell assays
remains unclear, the current TTC appears somewhat biased and certainly overly conservative and the
methodology for its derivation is inconsistent with prior art established for non-genotoxic solvents in
ICH Q3C. Furthermore, the introduction of in-silico techniques into the regulatory arena brings with
it a number of critical issues on the appropriate number of independent systems, data integrity and
the role of expert interpretation. Various risk assessment techniques are available for non-genotoxic
and genotoxic carcinogens and it is currently unclear which are likely to be more or less acceptable.
Overall, facile solutions are not possible for many issues and it is to be hoped that eventual ICH
guidance will acknowledge such problems and permit a range of approaches provided that they are

scientifically justified.
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- ICH Q3C* | NSRL* | EPA IRIS TD,,
[51] 1611 1591 SCPDB** [42] | Cheeseman®* [44]

Chloroform 600 20 N/A 111 48
Dichloromethane | 6000 50 N/A 724 1430
1,4-Dioxane 3800 30 7 204 123
Nitromethane 500 39 MN/A 40 N/A
Trichloroethylene | 800 50 10 668 153
N/A = not available; *Based on a patient body weight of 50 kg; **Based on a patient body
weight of 70 kg: *Harmonic mean TD,,

Figure 3. Hypothetical Dose-Response Data Showing BMD

Metrics [57]

0 4 ? .
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I. -
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0s : v ~—
1 10
Daily dose
P Lower 95% confidence interval on dose giving a 10% response
Note: In this case the benchmark response, BMR, is a 10% increase in tumor incidence.,

Table 6. Comparison of Oral

Genoto
Compound NSRL [61] =
CPDB [42] Cheeseman [44]

2-Anisidine.HCI o 29.7 278
Azobenzene 6 241 3.85
Benzyl chloride 4 61.5 40.6
Chloroethane 150 1810 1380
4-Cresidine 5 54.3 44.7
Ethylene oxide 2 21.3 7.43
Glycidol 0.54 4.28 1.49
Methyl methanesulfonate 7 31.8 0.178
2-Naphthylamine 0.4 39.4 17.4
1,3-Propane sultone 0.3 3.84 MN/A
N/A = not available; See footnotes for Table 5.
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