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Non-clinical QT-related assays aligned to the pharmaceutical drug discovery and development phases are used in several ways.
During the early discovery phases, assays are used for hazard identification and wherever possible for hazard elimination. The
data generated enable us to: (i) establish structure-activity relationships and thereby; (ii) influence the medicinal chemistry
design and provide tools for effective decision making; and provide structure—activity data for in silico predictive databases; (jii)
solve problems earlier; (iv) provide reassurance for compound or project to progress; and (v) refine strategies as scientific and
technical knowledge grows. For compounds progressing into pre-clinical development, the ‘core battery’ QT-related data
enable an integrated risk assessment to: (i) fulfil reqgulatory requirements; (ii) assess the safety and risk-benefit for compound
progression to man; (iii) contribute to defining the starting dose during the phase | clinical trials; (iv) influence the design of
the phase | clinical trials; (v) identify clinically relevant safety biomarkers; and (vi) contribute to the patient risk management
plan. Once a compound progresses into clinical development, QT-related data can be applied in the context of risk
management and risk mitigation. The data from ‘follow-up’ studies can be used to: (i) support regulatory approval; (ii)
investigate discrepancies that may have emerged within and/or between non-clinical and clinical data; (iii) understand the
mechanism of an undesirable pharmacodynamic effect; (iv) provide reassurance for progression into multiple dosing in humans
and/or large-scale clinical trials; and (v) assess drug-drug interactions. Based on emerging data, the integrated risk assessment
is then reviewed in this article, and the benefit-risk for compound progression was re-assessed. Project examples are provided
to illustrate the impact of non-clinical data to support compound progression throughout the drug discovery and development
phases, and regulatory approval.
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Introduction

Since the release a decade ago of the draft points to consider
document providing guidance on the assessment for the
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potential for QT prolongation by non-cardiovascular medici-
nal products, there have been growing regulatory concerns
regarding drug-induced sudden deaths associated with the
development of a cardiac arrhythmia known as Torsades de
Pointes (for review see Redfern et al., 2003; Pugsley etal.,
2008). Although it should be acknowledged that drug-
induced QT interval prolongation was recognized as a clinical
issue well before it became recognized as a regulatory concern
(for review, see Redfern et al., 2003; Pugsley et al., 2008). The
increased regulatory concern led to the withdrawal from the
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market of several products and the release of several guidance
documents (Anon., 2000; 2005a,b). Over the last decade,
there have been significant scientific and technological
advancements that have enabled the pharmaceutical industry
to develop and apply strategies at all stages of the pharma-
ceutical discovery and development process in order to reduce
the likelihood of developing novel and innovative medicines
carrying such safety liabilities. The objective of this review in
the context of the 2008 EPHAR symposium on ‘reducing QT
liability and proarrhythmic risk in drug discovery and devel-
opment’ is to illustrate, via project examples, the impact of
non-clinical data to support compound progression through-
out the drug discovery and development phases, and regula-
tory approval.

Evaluation of hERG/QT liabilities in
the pharmaceutical discovery and
development process

To achieve an effective evaluation of hERG/QT liability in the
drug discovery and development process, studies can be
aligned and applied to the different phases of pharmaceutical
drug discovery and development (Anon., 2000; 2005a; Valen-
tin and Hammond, 2006; 2008; Pugsley et al., 2008). More
specifically, the non-clinical safety studies should aim to: (i)
identify undesirable pharmacodynamic properties of a sub-
stance that may have relevance to its human safety; (ii) evalu-
ate adverse pharmacodynamic and/or pathophysiological
effects of a substance observed in toxicology and/or clinical
studies; and (iii) investigate the mechanism of the adverse
pharmacodynamic effects observed and/or suspected (Anon.,
2000). The impact of the studies aimed at assessing hERG/QT
liability in relation to these objectives refer primarily to: (i)
hazard identification and elimination; (ii) risk assessment;
and (iii) risk management and mitigation, respectively
(Figure 1).

DISCOVERY
Nb compounds 108

Hazard identification and elimination:
front-loaded approaches

Although hazard can be identified at any stage of the phar-
maceutical drug discovery and development process, it is
most cost-effective to identify and wherever possible to elimi-
nate hazards during the early drug discovery phases.
Approaches that are being used should be amenable to the
chemistry make-test cycle, by having rapid turn-around time
and low compound requirements. Consequently, the
approaches used involve primarily in silico paradigms and in
vitro assays. The impact of the assays is primarily to: (i) estab-
lish structure-activity relationships and thereby; (ii) influence
the medicinal chemistry design and provide tools for effective
decision making, and provide structure-activity data for in
silico predictive databases; (iii) solve problems earlier; (iv)
provide reassurance for compound or project to progress; and
(v) refine strategies as scientific and technical knowledge
Srows.

Examples of impact include the utilization of: (i) pathway
mapping analysis to interrogate unstructured data and iden-
tify potential liabilities; (ii) in silico models to estimate the
potency at the hERG channel; (iii) in vitro assays to increase
the separation between activity at the primary target for effi-
cacy and the potency at the hERG channel; and (iv) in silico
and in vitro hERG data to refine the strategies regarding utili-
zation and alignment of these approaches to the pharmaceu-
tical drug discovery phases. These four examples are detailed
below.

Over the recent years, pathway mapping tools have become
available to better understand, deconvolute and optimally
utilize unstructured data, either proprietary or from the
public domain. For example, one can ask the question as to
whether there is a potential link between the primary molecu-
lar target and the hERG-encoded K channel. If the answer is
yes, the project team may consider assessing the potential QT
liability of new chemical entities (NCEs) early in the discovery
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process. Nb compounds, approximate number of compounds synthesized per project; FTIM, first time in man.
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Figure 2 Hazard identification and elimination: Examples of structure activity relationship showing increased separation between activities at
the primary target and hERG resulting in increased safety index. Separation was achieved by either reducing hERG potency while maintaining
the potency at the primary target (open squares), or by increasing the potency at the primary target while maintaining low hERG potency (filled

squares). Each square represents a different compound.

process. In silico models have been developed and applied to
estimate the potency at the hERG channel, enabling millions
of virtual compounds to be screened, thus streamlining chem-
istry to avoid synthesizing compounds likely to be potent
hERG blockers (Gavaghan et al., 2007; Lesson and Springth-
orpe, 2007). Correlation between predicted and measured
hERG potencies is usually good, although it may vary from
one chemical series to another. Medicinal chemists can now
modulate physico-chemical properties known to be associ-
ated with increased (dipole moment, positive charges, lipo-
philicity, size, tertiary amine, aromatic amine) or decreased
(polar surface area, negative charges/anion, hydrogen bond
donors) hERG potency (Gavaghan et al., 2007; Lesson and
Springthorpe, 2007). Historically, one of the limitations of
developing in silico tools has been the lack of large and con-
sistent databases. Several companies have expended consid-
erable resources creating proprietary databases focusing on
different areas of chemical/pharmacological space so that
in silico tools can now be applied more effectively (Armstrong
et al., 2008). In vitro assays to assess drug effects on the hERG
channel (Bridgland-Taylor et al., 2006) are used during the
lead identification and optimization phases in order to estab-
lish SAR and therefore influence the medicinal chemistry
design and provide tools for effective decision making.
Examples of SAR showing increased separation over time
between activities at the primary target and hERG resulting in
increased safety index are illustrated in Figure 2. Separation
was obtained by reducing hERG potency while maintaining
the activity at the primary target, or by increasing the potency
at the primary target while maintaining low hERG potency.
As our scientific understanding and technical capabilities
developed, the positioning and utilization of in silico and
in vitro models to assess drug effects on the hERG-encoded
channel have evolved as illustrated in Figure 3. For example,
the manual patch clamp technique used in the late 1990s to
screen NCEs against hERG has been superseded by medium-
throughput, semi-automated assays (Bridgland-Taylor et al.,
2006). Nowadays, the manual patch clamp is only used for
good laboratory practice regulatory studies. As the confidence
in in silico models increases, one can reasonably ask the ques-
tion whether they will eventually supersede wet biology
testing.

Risk assessment: ‘core battery’ studies

Once an NCE is identified to progress into pre-clinical devel-
opment, ‘core battery’ studies (Anon, 2000; 2005a) are con-
ducted and data are used to build an integrated risk
assessment for the cardiovascular system with a focus on
detecting adverse effects, such as QT-interval prolongation.
These studies are primarily, but not exclusively, conducted in
relevant animal models. The data generated are used in
several ways to: (i) fulfil regulatory requirements; (ii) assess
the safety and risk-benefit for compound progression to man;
(iii) contribute to defining the starting dose during the phase
I clinical trials; (iv) influence the design of the phase I clinical
trials; (v) identify clinically relevant safety biomarkers; and
(vi) contribute to the patient risk management plan.

Examples of impact of data supporting the safe progression
of NCEs through the non-clinical development phases
include: (i) establishing an integrated risk assessment for an
NCE prior to first administration to humans; and (ii) assessing
the potential for delayed effect on QT interval of an NCE
following chronic treatment as part of the 1-month dog toxi-
cology study. These examples are further developed below.

Figure 4 summarizes the data set that forms the basis of an
integrated risk assessment to assess the liability of an NCE to
prolong the duration of the QT interval in relation to the
expected therapeutic plasma exposure in man (see section on
integrated risk assessment below for further details). In that
example, the core battery studies were supplemented by an
assessment of the drug’s effect on the duration of the cardiac
action potential. The recommendation was to thoroughly
monitor the duration of the QT interval during the phase I
clinical trials, which resulted in the human volunteers data
included in Figure 4. The clinical QTc data showed a slight
erosion of the safety margin, as assessed by the reduction of
the NCE concentration yielding 10% QTc prolongation in
humans compared with dogs. Consequently, it was felt that
for the intended therapeutic indication and the targeted
patient population, the benefit-risk did not warrant progres-
sion to patients.

In another example, the potential for a delayed prolonga-
tion of the QT interval duration of an NCE was assessed as
part of the 1-month dog toxicology study using a non-
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Figure 3 A company perspective illustrating the evolution of the life cycle of Ix./hERG-related assays and associated screening strategies. The
manual patch clamp technique used in the late 1990s to screen NCEs against hERG has been superseded by medium-throughput,
semi-automated assays (i.e. lonWorks). Nowadays, the manual patch clamp is only used for good laboratory practice (GLP) regulatory studies.
As the confidence in in silico models increases, one can reasonably interrogate whether they will eventually supersede wet biology testing. The
* refers to Sanguinetti et al. (1995), while ** refers to Schroeder et al. (2003).
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Figure 4 Example of integrated risk assessment to assess the poten-
tial of a NCE to prolong the duration of the QT interval in man. APD,
action potential duration; QTc, rate corrected QT interval duration in
dogs and humans. Black arrows represent unbound (free) plasma
concentrations at which 50% hERG block or 10% change in QTc or
APDgy occurred. The other arrow shows the free plasma concentra-
tion associated with 2.5% change in QTc (i.e. ~10 ms) in human
volunteers. The thick dotted line represents the anticipated free Cnax
for efficacy. The recommendation was to thoroughly monitor the
duration of the QT interval during the phase | clinical trials, which
resulted in the human volunteer data shown. Consequently, it was
felt that for the intended therapeutic indication and the targeted
patient population, the benefit-risk did not warrant progression to
patients.
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Figure 5 Example of risk assessment to evaluate the liability of an
NCE to prolong the QT-interval in a 1-month dog toxicology study
using a non-invasive jacketed telemetry system. The ECG was
recorded once a week for 24 h continuously on pre-study (P-S) day,
and days 2, 7, 14, 21 and 27. The NCE dose and time dependence
prolonged the duration of the QTc interval. The magnitude of
increases in QTc interval duration, almost negligible at day 2 of
dosing, became significant after several days of treatment. Conse-
quently, appropriate ECG monitoring was incorporated into the
design of the single and most importantly the multiple ascending
dose phase | human studies.

invasive jacketed telemetry system (Figure 5). The ECG was
recorded once a week for 24 h continuously, and the ECG
interval durations were analysed. The NCE dose and time
dependently prolonged the duration of the QTc interval. The
magnitude of increases in QTc interval duration, almost neg-
ligible after 2 days of dosing, became significant after several
days of treatment. Consequently, appropriate ECG monitor-
ing was incorporated into the design of the single and most
importantly the multiple ascending dose Phase I human clini-
cal trials.
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Figure 6 Example of risk management and mitigation to evaluate the in vivo combination of two QT-prolonging drugs. The combination did
not lead to an additive or synergistic effect on QT interval duration. Rather, an apparent interference between ondansetron and compound
Z, compared with ondansetron and vehicle alone, was noted. Although the mechanistic basis for this outcome is unclear, these empirical
findings supported, with careful monitoring in place, the proposed clinical combination. In that study, eight dogs anaesthetized with propofol
and alfentanil were divided into two groups of four. Group 1 (red symbols) received three i.v. doses of ondansetron (1, 1.5 and 3 mg-kg™'; doses
1-3) followed by 20.75 mg-kg™" of compound Z (dose 4) and a repeat of the previous ondansetron doses (doses 5-7). [Note that in a previous
study, this dose of compound Z alone had been shown to prolong the QT interval in this model by around 18%)]. In group 2 (black symbols),
the same sequence of doses was given except dose 4 was the vehicle for compound Z (15% HP-b-cyclodextrin in 1.6% mannitol in water).
Parameters were monitored for the 45 min during each intravenous infusion; there was no recovery period between doses. The first
ondansetron dose-response curve (doses 1-3) caused a dose-related increase in QTcV in both groups (17% for group 1 and 14% for group
2) relative to the group baseline. A recovery in the increased QTcV was apparent in both groups during vehicle or compound Z infusion (dose
4). Administration of the second ondansetron dose-response curve (doses 5-7) caused further increases in QTcV in group 2; however, no
additional increase in QTcV was apparent in group 1.

Risk management and mitigation: A set of experiments was conducted to test the hypothesis
’follow-up’ studies that two known hERG blocking and QT-prolonging drugs
[ondansetron (Benedict et al., 1996) and a proprietary NCE]
Once an NCE progresses into clinical development, data can  could have an additive or synergistic effect on QT interval
be applied in the context of risk management and risk miti-  duration in vivo. In an anaesthetized dog model, two suc-
gation. In this context, the studies can be conducted at any  cessive dose-response curves to ondansetron were estab-
stage during the pharmaceutical development process, based  lished in the presence of the proprietary NCE or its vehicle.
on cause for concern that emerges from clinical and/or  The results (Figure 6) demonstrated an absence of additive
toxicological studies, literature information and knowledge or synergistic effect of the two compounds on QT
about the class and/or pharmacology of that specific or similar ~ interval duration. Rather, an apparent interference between
drugs (Anon., 2000; 2005a). The data are used in several ways  ondansetron and compound Z, compared with ondansetron
which include, but are not limited to: (i) supporting regulatory ~ and vehicle alone, was noted. Although the mechanistic
approval; (ii) investigating discrepancies that may have basis for this outcome is unclear, these empirical findings
emerged within and/or between non-clinical and clinical data; ~ supported, with careful monitoring in place, the proposed
(iii) understanding the mechanism of an undesirable pharma-  clinical combination.
codynamic effect; (iv) providing reassurance for progression The duration of the QT interval is used as a surrogate
into multiple dosing in humans and/or large-scale clinical = marker of drug-induced pro-arrhythmia, although it is widely
trials; and (v) assessing drug-drug interactions. Based on  recognized that it might be an imperfect marker. Additional
emerging data, the integrated risk assessment is reviewed, and  electrophysiological indices of pro-arrhythmic risk are being
the benefit-risk for NCE progression re-assessed. evaluated as potential biomarkers of drug-induced TdP; such
Examples of impact of data in support to the safe progres- markers include, but are not limited to: transmural and spatial
sion of NCEs through the clinical development phases dispertion of repolarization, Tyex — Tend, triangulation, reverse
include: (i) assessing the potential for an additive or synergis-  use dependence, instability, early after depolarization and T
tic effect on QT interval prolongation of known hERG block- ~ wave morphology (Lawrence et al., 2008). Furthermore, short-
ing and QT-prolonging drugs; (ii) identifying and validating  term variability of ventricular repolarization could be a useful
potential novel biomarker of drug-induced Torsades de  biomarker of torsadogenic risk, although additional valida-
Pointes; (iii) investigating discrepancies between non-clinical  tion is required. In mid-myocardial canine ventricular myo-
and clinical effect on cardiac repolarization to support pro-  cytes, the short-term variability in APDy, was greater in cells
gression throughout clinical development; and (iv) investigat-  that developed early after depolarizations compared with cells
ing the pro-arrhythmic potential of an NCE to support that did not, despite similar degree of APDy, lengthening
registration. These examples are presented below. (Abi-Gerges et al., 2010). The human equivalent of such find-
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Table 1 Effect of Viozan and Ranolazine on indices of cardiac repo-
larization and pro-arrhythmia

Test system Species Viozan Ranolazine
Cardiac repolarization
indices
in vivo QT/QTc interval* Human Positive*** Positive
in vitro lx./hERG Human Negative Positive
in vitro APD** Dog Negative Positive
in vivo QT/QTc interval Dog Negative Positive
Pro-arrhythmia indices
Isolated heart Rabbit Negative Negative
Wedge preparation Dog - Negative
Isolated myocyte Guinea-pig - Negative
A-V block in vivo Dog - Negative
Torsades de Pointes Human Negative Negative

Negative: no statistically/biologically significant effect at exposures up to 100-
fold the clinically relevant free plasma concentration. *Positive clinically accord-
ing to the criteria defined by the ICHE14, although neither Viozan or Ranolazine
were evaluated in a dedicated thorough QT/QTc study.

**purkinje fibre and epicardial cells for Viozan and Ranolazine respectively. —,
not tested.

***|rrespective of the correction formulae considered, i.e. Bazett, Fridericia or
subject specific. Data extracted from: Valentin and Hammond (2006), Valentin
et al. (2006, 2007) and Newbold et al. (2007).

ings have been described by Hinterseer et al. (2008) showing
that patients with history of drug-induced long QT Syndrome
had significantly greater short-term variability compared to
their respective age and sex-matched controls. Thus, short-
term variability of ventricular repolarization could prove to be
a useful biomarker of torsadogenic risk, although further vali-
dation is required.

Viozan (Sibenadet) is a dual D, dopamine receptor and
B.-adrenoceptor agonist that was developed in the 1990s as an
inhaled treatment for chronic obstructive pulmonary dis-
eases. In 32 human volunteers, Viozan (250-750 ug inhaled)
dose-dependently increased heart rate, and consequently
shortened uncorrected QT interval (ranging from ~10 to 25
beats per min, and ~10 to 30 ms placebo subtracted at the low
and high dose respectively). When corrected for heart rate,
using Bazett, Fridericia or a subject-specific correction
formula, QTc was dose-dependently prolonged in all cases
(Newbold et al., 2007). Although Fridericia and subject-
specific QTc correction resulted in a much reduced QTc pro-
longation compared with Bazett-corrected QTc, the
magnitude of QTc changes was still >10 ms at the lowest,
clinically relevant, dose tested (Newbold et al., 2007). Nowa-
days, such a magnitude of change in QTc would be considered
as ‘positive’ in the context of a ‘thorough QT/QTc study’
(Anon, 2005b; Table 1). Furthermore, there had been no
report of Torsades de Pointes in patients treated with Viozan,
although the number of patients that received Viozan was
limited. Retrospectively, we sought to determine whether
there was evidence from non-clinical studies that Viozan
affected cardiac repolarization (Table 1; Valentin et al., 2006).
Viozan, at concentrations up to a significant multiple (i.e.
>100-fold) of the clinical free plasma C.y, failed to inhibit the
hERG tail current amplitude or to prolong the duration of the
action potential in canine Purkinje fibres or prolong the Van
de Water-corrected QTcyqw) in conscious dogs (either teleme-
tered or restrained) treated once daily for up to 1 year. Fur-
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thermore, when QTcyqw) was plotted against heart rate and
logCrax, the slope for each curve was not statistically different
from zero. Finally, in rabbit isolated Langendorff hearts,
Viozan failed to elicit any prolongation of the action potential
duration or overt signs of pro-arrhythmia. Despite prolonging
the rate-corrected QT interval in human volunteers, Viozan,
at clinically relevant concentrations, did not appear to affect
cardiac repolarization in non-clinical models and did not
appear to be pro-arrhythmic. The retrospective analysis of the
non-clinical studies, conducted during clinical development,
contributed to demonstrate the safety profile of Viozan with
respect to its effect on cardiac repolarization and pro-
arrhythmic potential. The non-clinical data provided reassur-
ance to the product team to proceed with the clinical
development of Viozan.

Ranolazine (Raxena) is an anti-anginal agent approved for
the treatment of chronic stable angina pectoris for use as a
combination therapy when angina is not adequately con-
trolled with other anti-anginal agents (for review, see Valentin
et al., 2007). Although the exact mechanism of action of
Ranolazine remains unclear, a partial inhibition of fatty acid
oxidation and inhibition of the late sodium current, and
subsequent reduction in intracellular sodium-dependent
calcium overload have been postulated. Nevertheless, its anti-
ischaemic and anti-anginal effects do not appear to depend
upon changes in blood pressure or heart rate. In patients,
Ranolazine has been associated with a slight, but dose-
dependent, prolongation of QTc. In contrast to Viozan,
Ranolazine was shown to affect cardiac repolarization in non-
clinical models (Table 1). However, the effect of Ranolazine on
ventricular repolarization was shown to be mechanistically
different from that of other hERG blockers that possess pro-
arrhythmic effects; in effect, Ranolazine did not exhibit pro-
arrhythmic properties in several non-clinical pro-arrhythmia
models. Because Ranolazine was shown to possess multi-ion
channel blocking properties, including Ik, Ixs, Ica, Ino Within a
clinically relevant concentration range, it can be hypoth-
esized that such pharmacological properties could contribute
to its overall non-pro-arrhythmic potential. Non-clinical
studies, conducted in parallel to clinical development, con-
tributed to demonstrate the safety profile of Ranolazine with
respect to a pro-arrhythmic/torsadogenic potential. The non-
clinical data were instrumental in supporting the approval of
Ranolazine. Moreover, recent non-clinical studies demon-
strated that Ranolazine possess anti-arrhythmic properties,
thereby opening the door for its potential use in additional
therapeutic indications as an anti-arrhythmic agent.

Integrated risk assessment

The integrated risk assessment is the stepwise and holistic
evaluation of non-clinical study results in conjunction with
any other relevant information, and should be scientifically
based and individualized for an NCE. Such an assessment can
contribute to the design of clinical investigations and the
interpretation of their findings. The ICH S7B guideline rec-
ommends combining the in vitro Ik, and in vivo QT data to
establish a non-clinical integrated risk assessment prior to
administration of the NCE to man (Anon., 2005a).
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Severity of QT liability assessment outcome

Minor

Moderate Major

Therapeutic target Existing therapy 100x 10x
Good X
Partially effective X
Poor/none
Good
Partially effective
Poor/none
Good
Partially effective

Poor/none

Minor

Debilitating

Life threatening

Tx 100x 10x 1x 100x 10x 1x

X

X

Qe X

X

Outcomes situated to the left of the cross line are acceptable, those outcomes situated to the right are unacceptable, whereas outcomes on or near the line of
identity would require further discussion and possibly further investigations. Source: Modified from Redfern et al. (2002). 100x, 10x, 1x represents the exposure
levels at which a particular QT liability outcome is observed, and are fixed at 100, 10 or 1-fold the therapeutic dose/concentration respectively.

Risk assessment in terms of protecting Phase I clinical trial
participants is relatively straightforward, as it does not take
into account any consideration of the therapeutic target
(unless the Phase I trials include patients) or the degree of
unmet medical need. Therefore, the assessment of the safety
data (including cardiac repolarization assays) has to take into
consideration the ‘severity’ of the outcome in any given test
(see below, bearing in mind the sensitivity and specificity of
the assays), and the plasma concentration at which it
occurred relative to the expected exposure in the clinical trial.
Depending on the stage of drug development, the integrated
risk assessment should consider contribution of metabolites,
as well as metabolic differences between humans and animals.

In terms of early risk assessment of NCE viability (i.e. as a
potential product), the situation is more complex. In an
attempt to simplify and standardize how safety data can con-
tribute to early risk assessment of project viability, Redfern
etal. (2002) proposed a matrix-type approach described
below. This requires a grading process: each of the factors in
the risk assessment can be graded into, for example, three
categories (low, medium and high). Starting with the outcome
of the safety pharmacology tests themselves, they can be
categorized as follows: (i) minor - predictive of non-serious,
reversible side effects (e.g. minor and transient increase in
heart rate); (ii) moderate - predictive of impairment of
‘quality of life’ (e.g. syncope); and (iii) major — predictive of
potentially life-threatening effects (e.g. prolonged QT inter-
val, pronounced hypotension). The next step consists of
grading the therapeutic target according to disease severity: (i)
‘minor/moderate’ disease (e.g. eczema, rhinitis, Raynaud’s
syndrome); (ii) ‘debilitating’ disease (e.g. asthma, epilepsy,
Parkinson’s, stroke, angina); and (iii) ‘life-threatening’ disease
(e.g. cancer, AIDS, myocardial infarction). The third compo-
nent that can be considered is the existing therapy; the NCE
must be anticipated to be superior to existing therapy. There-
fore, the existing therapy cannot be classified as ‘excellent’;
instead, it can be rated as: (i) good; (ii) partially effective with
side effects; and (iii) poor/non-existent. Once collected, the
set of information can be put together in a matrix that also
takes into account the plasma concentration level at which
the effects were observed in the non-clinical assays, in com-

parison to the expected clinical exposure (preferably free
plasma concentration), as shown in Table 2. Effects to the left
of the line of crosses are acceptable without further debate,
those to the right of it are unacceptable and those situated on
or near to the line of crosses would require further discussion.
Hypothetical examples are presented to illustrate the useful-
ness of such a matrix (Table 2). In the first example, an NCE
was targeted at Raynaud’s syndrome — a ‘minor/moderate’
disease for which existing therapy is poor. The NCE is found
to block the hERG channel and prolong the QT interval at a
relatively low multiple (e.g. ~10-fold) above the expected
therapeutic plasma concentration, which are risk factors for
Torsade de Pointes (Redfern et al., 2003; De Bruin et al., 2005).
According to the matrix analysis, the decision would be either
to discontinue the progression of the NCE into development
or to accept embarking on an extensive and expensive clinical
programme in compliance with the ICH E14 guidance
(Anon., 2005b). At the other end of the spectrum, an NCE is
targeted at treating leukaemia, where the existing therapy is
partially effective and has marked side effects. The NCE was
found to cause QT prolongation at a large multiple (e.g. ~100-
fold) of the therapeutic exposure; this would not be seen as a
major issue to progress into clinical development. However,
this could become a challenge if the NCE eventually reaches
the market, and has to compete with a rival NCE of similar
efficacy, but lacking this side effect. Other factors should be
considered such as: (i) the target population: for example,
syncope as a side effect may be more problematic in elderly
patients; and (ii) the ultimate project objective: for example,
QT interval prolongation as a side effect may be manageable
and acceptable for an NCE aimed at demonstrating proof of
mechanism or proof of principle. Overall, the evidence of risk,
as part of an integrated risk assessment can support the plan-
ning and interpretation of subsequent clinical studies.
Integrated risk assessment may be conducted for any mea-
sured parameter, and at its most simplistic, can involve cre-
ation of a series of normalized concentration-response curves
for the parameter of interest; these can also be related to the
predicted or measured effective human plasma concentration
(total or free). This is illustrated in the example provided
above (Figure 4). The concentration/exposure effect curves of
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QTc prolongation in human volunteers and conscious dogs,
the prolongation of APDy, in canine Purkinje fibres and the
inhibition of hERG current measured in CHO cells are pre-
sented in Figure 4. The dotted line is drawn at the 50% inhi-
bition of hERG and at the 10% change level, and where it
intersects with the data from conscious dogs and dog Purkinje
fibres the effective concentration (free) of NCE can be read
from the X-axis. The 10% change is used because it reflects the
statistical power of these non-clinical models, whereas
the 50% hERG inhibition represents the pharmacological
measure of the ICso. The thin dotted line is drawn at the 2.5%
change in QTc level to illustrate the sensitivity required in the
‘thorough QT/QTc study’ (i.e. ~10 ms; Anon, 2005b). In this
case, where it intersects with data from human volunteers,
the effective concentration (free) can again be read from the
X-axis. In that example, the clinical QTc data showed a slight
erosion of the safety margin, as assessed by the reduction of
the NCE concentration yielding 10% QTc prolongation in
humans compared to dogs; the mechanism(s) of which is (are)
not fully understood. Consequently, it was felt that for the
intended therapeutic indication and the targeted patient
population, the benefit-risk did not warrant progression to
patients. To further increase our confidence in the predictive
value of non-clinical models, it is of primary importance to
understand correlations between assays/models including
human data, such attempts are on-going within individual
organizations (e.g. Pfizer; Wallis, 2010) and via consortia
efforts (e.g. ILSI-HESI; Trepakova et al., 2009).

Summary and conclusion

Non-clinical data sets related to QT interval prolongation
are being generated at all stages of the pharmaceutical drug
discovery and development process. The non-clinical assays
are used in the context of: (i) hazard identification and
elimination, primarily during the early discovery phases; (ii)
risk assessment, primarily before first administration to man;
and (iii) risk management and mitigation, primarily during
clinical development and life cycle management. The out-
comes from these assays are currently added to an integrated
risk assessment, and used to aid internal and external deci-
sion making to provide a rational basis for drug progression
in relation to risk assessment, management and mitigation
based on an assessment of the risk versus benefit for the
intended patient population. Over the last decade, signifi-
cant scientific and technological advancements have been
made that enable the development of NCEs that have a low
likelihood to prolong the duration of the QT interval in
humans.

However, some significant challenges remain to be
addressed, in particular understanding: (i) the incidence,
impact and mechanisms underpinning non-hERG-mediated
QT prolongation; (ii) the molecular, pharmacological and
physiological mechanisms underpinning discrepancies
within non-clinical assays and between non-clinical assays
and the clinical outcome; (iii) whether non-hERG-mediated
mechanisms of QT interval prolongation do carry similar
pro-arrhythmogenic risk; and lastly, (iv) the incidence,
impact and mechanisms underpinning drug-induced QT
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interval shortening (see review from Shah, 2010 in this
issue). Although significant scientific and technological
progresses have been made over the last few years to address
the challenges listed above (for review, see e.g. Hoffmann
and Warner, 2006), and some are being addressed via con-
sortia efforts (e.g. ILSI-HESI; Trepakova et al., 2009), they do
remain a significant limitation to our ability to develop safer
medicines.
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