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ABSTRACT: US Food and Drug Administration (FDA) has identified innovation in clinical
evaluations as a major scientific priority area. This paper provides case studies and updates to
describe the efforts by the FDA’s Office of Clinical Pharmacology in its development and appli-
cation of regulatory science, focusing on modeling and simulation. Key issues and challenges
are identified that need to be addressed to promote the uptake of modeling and simulation
approaches in drug regulation. Published 2013. This article is a U.S. Government work and is
in the public domain in the USA. 102:2912-2923, 2013
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INTRODUCTION

One important aspect of the United States Food and
Drug Administration (US FDA)’s mission is to make
drug therapies available to the American public in
a timely manner. In its recent efforts to foster ef-
ficient and informative drug development, the US
FDA has made priorities of promoting biomedical
innovation, early communication with drug develop-
ers, and administrative and scientific flexibility.! The
US FDA approved 35 new molecular entities in fis-
cal year 2012. Approvals included groundbreaking
treatments for a variety of unmet medical needs.
(Table 1) Additionally, many of these therapies were
developed, evaluated by US FDA, and/or approved via
expedited mechanisms. Despite these successes, there
have been intermittent calls to reform the drug de-
velopment and regulatory enterprises (Ref. 2 and ref-
erences therein). Provisions in the recently enacted
US FDA Safety and Innovation Act (FDASIA)? and
the reauthorized Prescription Drug User Fee Act V
(PDUFA V) underscore the need for and importance
of developing new approaches to streamline drug de-
velopment and regulatory evaluation. Various pub-
lic—private partnerships have been formed under the
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“critical path initiatives”® to improve the exchange
of innovations and information about drug develop-
ment among the US FDA, industry, academic scien-
tists, and patient advocacy groups. A recent update
on these activities has shown results of leveraging
collaborations in regulatory science.®

The United States Food and Drug Administration
continues to target improvements in regulatory sci-
ence, including the development of scientific tools that
can bridge the gap between cutting-edge discoveries
and real-world diagnostics and therapeutics. US FDA
has identified innovation in clinical evaluations (e.g.,
through modeling and simulation) as a major scien-
tific priority area.” US FDA’s Office of Clinical Phar-
macology (OCP) has used modeling and simulation
strategies to address a variety of drug development,
regulatory, and therapeutic questions over the past
decade.®1! Notwithstanding, the science of quantita-
tive clinical pharmacology continues to advance at a
rapid pace such that regulators must constantly eval-
uate the most appropriate applications of modeling,
simulation, and other innovations in the public health
context.?

In this paper, we discuss recent efforts by the US
FDA’s OCP in the development and application of reg-
ulatory science focusing on modeling and simulation.
Case studies and updates are provided to illustrate
(1) the impact of pharmacometric analyses on the
premarket approval and labeling of new drugs and
the application of accumulated regulatory experience
to the review of investigational new drugs (INDs),
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(2) the potential for physiologically based pharma-

. - ° cokinetic (PBPK) modeling to address questions re-
g % 3 § U: o 8 lated to individualization of doses based on patient-
i = &% 5 gfg > specific factors (e.g., age, sex, race, organ dysfunc-
518 & 88 £._. A § £ tion, concomitant drug administration), and (3) re-
2l ~—.8 s BE —-ES . C .
/2 g E 5% 52 55 quired processes for the development of predictive
AR %8 £2 aSz safety tools employing preclinical, in vitro, and in sil-
~'8.27Q QW% 85 8% 4
£33 pE ®°. <& E ico methods using the vast US FDA database and
E S 0 3 = — .2 N 3.5 . . . .
PAGH: & 23 B2 %53 other “precompetitive” information with collabora-
C- s g2 5o tions from multiple internal and external parties.
> O A = =
‘c:a ﬁ PHARMACOMETRIC MODELING
22> > ~> . ) . L
E‘é The utility of modeling and simulation in drug
<& development and regulatory review has been well
documented.'®12 Among the many applications, most
= § of the OCP efforts have been focused on late phase
:8 o> > ~ ~ ~> decisions such as dosing and labeling or postapproval
R evaluation of unstudied doses or dosing regimens.!0-11
Recently, we have increased efforts to apply modeling
. and simulation to assist in dose selection and trial
g P design for late phase trials based on data obtained
° g ~ ~ ~ .. . .
&5 from early phase clinical trials. Three case studies
< g are highlighted below to illustrate the application of

pharmacometric analyses to address two major chal-
lenges: dose optimization and extrapolation of thera-
peutic effect to unstudied populations.’®-® The mod-
els applied in our evaluation are listed in Table 2.

Orphan
Drug

Dose Optimization—Experience from Trastuzumab for

[]
© = £ Metastatic Gastric Cancer
~ = [=}
n 3 o O
2% g §&8 L
3 88 L2 285 Dose optimization has not been the focus of oncol-
B 2 E S g Jw p . .
- g S8 22 £58§ ogy drug development until recent years. Insufficient
. g g T 5 . . .
g % > s 8 S EZ2 § selection of dose and dosing schedule is one of the
= -~ <] —
Sl= ks £2 3 E § *é 5 many reasons that could be related to the low suc-
IR ) g5 835 B cess rates in oncology drug development programs
S| 8 o gy g P progr
ki % g é g g g £ gf;, in which dose-ranging trials to optimize dose selec-
o 0+ D - = .
< E g g ,% :% %og ST tion for efficacy are rarely conducted. In the absence
o o . . .
f %E g %‘g L: £8 § = of activity-based, dose-ranging studies, exposure—re-
o o o o o (134 ”»
£ 5 = S = sponse (E-R) analyses of data from “pivotal” efficacy
trials may aid in dose refinement and/or risk/benefit
3 = evaluation; here, we present one such example.
1 N o p p
Al g o B 2 Trastuzumab was initially approved by the US
— (=) o B .
g 8 5 N S - FDA in 1998 for metastatic HER2-overexpressing
& 8 % o ) g breast cancer. In 2010, the US FDA approved
— [$] . .
<5 gn 5 Z 5 trastuzumab for HERZ2-overexpressing metastatic
< < = = = astric cancer (mGC). In the phase 3 trial for
g p
g trastuzumab for mGC, the same dosing regimen ap-
28 g —_ roved for breast cancer was chosen for the new pa-
: TR = g g e o p
< 2 a £% £ = E 3 tient population. During the regulatory review, an
Z T gEBE E ) analysis based on clinical data obtained from this
= « RS =t 8 g [ca ) =1 . .
g > = 3.8 B [~ &= hase 3 trial, which employed one dose level, was
o < v T = E < p p y )
© 9% ZEE3z 22 = conducted to assess whether the proposed dosing reg-
Elg R/ftE SE =z . proposed dosing reg
~ < =R Eg < imen was supported by the E-R relationship. Be-
z |8 28 pp y p
o Z MEgEm o35 & - .
= wE =988 = BE 3 cause of the nonrandomized nature of this E-R anal-
& sl8 & 7) E N ysis, there were multiple confounding factors. To ad-

dress this, an additional case—control analysis was
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Table 2. Models Used in Three Cases Presented Under the “Pharmacometric Modeling” Section

Trastuzumab

Boceprevir/telaprevir

Topiramate

Model Compartmental pharmacokinetic model for exposure
and statistical models (Cox model and case—control

analysis) for exposure-response analysis

Mathematical models for proportions

Compartmental

in subgroups of a population pharmacokinetic model

conducted to minimize the bias in the estimation
of the treatment effect at a certain exposure level.
The matched factors included Eastern Cooperative
Oncology Group Performance Score, prior gastrec-
tomy, number of metastatic sites, Asian ethnicity, and
immunohistochemistry.!> The pharmacometric anal-
ysis suggested that patients in the lowest quartile
of trastuzumab trough concentrations were at signif-
icant risk of treatment failure (as measured by de-
creased overall survival). These patients could be sub-
ject to known serious toxicities of trastuzumb without
the benefits from the trastuzumab treatment. As a re-
sult of the pharmacometric analysis, several postmar-
keting requirement (PMR) studies were requested of
the sponsor to conduct further evaluations, including
one trial to evaluate alternate (higher or individual-
ized) dosing regimens.!* This type of pharmacometric
analysis, if conducted early during drug development,
may help optimize patient dose and improve the suc-
cess rate of phase 3 trials of oncology drug products.

Extrapolation of Indications to Unstudied Patient
Group—Boceprevir and Telaprevir for Chronic
Hepatitis C

Chronic hepatitis C is a major cause of cirrhosis in
North America. Before the US FDA’s approval of bo-
ceprevir and telaprevir in May 2011, the standard of
care for chronic hepatitis C was peginterferon alfa
in combination with ribavirin for 48 weeks. Tradi-
tionally, patients with chronic hepatitis C are divided
into two broad categories (treatment naive and treat-
ment experienced) based on their previous exposure
to interferon-based therapy. Treatment experienced
subjects who failed the previous round of peginter-
feron/ribavirin treatment are further classified into
relapsers, partial responders, and null responders.
Boceprevir and telaprevir are hepatitis C virus
(HCV) NS3/4A protease inhibitors and represent a
new class of small molecules that directly targets
virus replication. Despite the convincing efficacy re-
sults of both drugs in treatment-naive patients, there
were still considerable concerns about the efficacy
and the optimal doses in the treatment-experienced
and a subgroup of treatment-naive patients.!® Un-
resolved questions addressed in the boceprevir and
telaprevir reviews included: (1) Is there evidence of
boceprevir effectiveness for prior null responders with
peginterferon/ribavirin (a subgroup that was specifi-
cally excluded from the pivotal study)? (2) What is

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 9, SEPTEMBER 2013

the appropriate boceprevir dosing regimen for a sub-
set of treatment-naive subjects who are late respon-
ders?, and (3) Can telaprevir response guided ther-
apy, which can shorten the treatment duration from
48 weeks to 24 weeks in >60% of the treatment-naive
patients, be approved in prior relapsers with pegin-
terferon/ribavirin (a group in which response guided
therapy was not prospectively evaluated). To address
these challenging questions, multiple additional clin-
ical trials would typically be required by US FDA to
gather additional information. However, a novel phar-
macometric method!®-1” was applied in the review
process to quantitatively bridge knowledge between
treatment naive and experienced patients when in-
formation was lacking in one population. Detailed
description of the method is described in separate
papers.’®-17 This analysis demonstrated that inter-
feron responsiveness for a second course of pegin-
terferon/ribavirin treatment did not change after the
first course of treatment. This novel pharmacometric
method was presented at both boceprevir and telapre-
vir Advisory Committee meetings and the analyses
served as the foundation for the following US FDA
decisions on telaprevir and boceprevir: (1) the effec-
tiveness of boceprevir for the unstudied treatment-
experienced subgroup can be established from avail-
able data in treatment-naive patients; (2) the ap-
propriate boceprevir dosing regimen for treatment-
naive subjects who are late responders was estab-
lished based on data from treatment-experienced pa-
tients; and (3) telaprevir response guided therapy can
be approved in a subgroup that was not studied in the
trials. The approval of these two new drugs for HCV
patients with appropriate dosing regimens provided
the timely benefit to all HCV patients and avoided
delay and suboptimal dosing regimen in certain sub-

groups.

Extrapolation of Indications to Specific Pediatric
Patients—Topiramate for Epilepsy

Anticonvulsants are generally studied and approved
initially for adjunctive use as such clinical efficacy
trials can be readily performed. However, subsequent
clinical trials for monotherapy present particular ex-
perimental and ethical challenges, especially for pe-
diatric patients. Therefore, alternative methods are
needed to substantiate the approval decision and to
identify the appropriate dosing regimen for monother-
apy in pediatrics.

DOI 10.1002/jps
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Topiramate has been approved for adjunctive ther-
apy in adults and in children 2 years and older based
on phase 3 trials. It is also approved for monotherapy
to treat partial onset seizures and primary general-
ized tonic—clonic seizures in adults and children 10
years and older based on phase 3 trials. Efficacy data
for monotherapy in pediatrics 2—10 years old could not
be obtained from clinical efficacy trials. A pharmaco-
metric method was developed and applied to quanti-
tatively bridge knowledge between adults and pedi-
atrics in monotherapy and adjunctive therapies. This
approach consisted of first showing a similar E-R re-
lationship between adults and pediatric patients 2
years and older when topiramate was given as an ad-
junctive therapy. Next, the similarity of the E-R re-
lationships was demonstrated in adults and pediatric
patients ages 6 to <16 years when topiramate was
given as initial monotherapy. Specific dosing in chil-
dren 2 to <10 years of age was then derived from sim-
ulations utilizing plasma exposure ranges observed in
pediatric and adult patients treated with topiramate
in monotherapy. The above analyses made it possi-
ble to extrapolate monotherapy efficacy from patients
10 years and older to pediatric patients 2 to <10 years
old by matching the topiramate exposures in these
pediatrics to exposures observed in adults and older
pediatric patients. The safety data obtained in the rel-
evant pediatric patients given at a higher dose level of
topiramate was used to ensure that the targeted topi-
ramate exposure is within the “safe” exposure range.
Because of the limited strengths of topiramate tablet
(the lowest strength is 25 mg), an additional optimiza-
tion algorithm was implemented to individualize the
dosing regimen to target the desired topiramate expo-
sure as closely as possible for each pediatric patient.
This individualized dosing regimen was approved for
topiramate pediatric monotherapy.!®

2008 2009 2010 2011

PBPK MODELING

Physiologically based pharmacokinetic modeling has
been used extensively in the past in the estimation of
human exposure of environmental chemicals. Recent
advancement in the understanding of physiological
and biological processes, drug disposition including
drug transport,'® and computer science, coupled with
the availability of several specialized PBPK software
packages, has contributed to more widespread use
of PBPK in drug discovery, drug development, and
regulatory review. PBPK has been applied for early
in vitro to in vivo predictions of the PK of investiga-
tional drugs in first-in-human studies??-2! and for the
evaluation of the effects of intrinsic and extrinsic fac-
tors, alone or in combination, on drug exposure.?2-23
Between 2008 and 2012, the US FDA received 33
IND/NDA (Investigational New Drug/New Drug Ap-
plication) submissions containing PBPK modeling ap-
proaches. In parallel with the increasing number of
submissions containing PBPK, the agency has in-
creasingly utilized de novo (i.e., US FDA initiated)
PBPK in its reviews to help characterize PK in a
variety of complex clinical scenarios. Figure 1 shows
the number of submitted IND/NDA containing PBPK,
and the number of models developed by OCP during
its regulatory review from 2008 to 2012. The following
cases illustrate application of PBPK to inform several
decisions related to therapeutic use from a regulatory
standpoint (Fig. 2).

Drug-Drug Interactions

Case 1—Focused Clinical Drug Interaction Studies
Based on in Vitro Inhibition Data

Cabazitaxel is approved for hormone-refractory
metastatic prostate cancer. Although in vitro data
suggested that it could inhibit CYP3A, a PBPK

M Sponsor's PBPK (IND)
Sponssor's PBPK (NDA)

M Reviewer's PBPK

2012

Figure 1. The number of PBPK applications contained in IND/NDA submissions or developed

by US FDA reviewers from 2008 to 2012.
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B Absorption

B Pharmacogenetics
5 DDHPG

B Hepatic impairment
B Pediatrics

= DDI

Figure 2. Areas of applications in the 33 PBPK submissions in IND/NDA received by US
FDA’s Office of Clinical Pharmacology from 2008 to 2012.

analysis, considering the drug’s disposition (intra-
venous administration, short plasma half-life, etc.),
indicated minimal effect on the exposure of midazo-
lam (a CYP3A probe) in humans, even at an inhi-
bition potency that is an order of magnitude higher
than that obtained in vitro. The simulation results
obviated the need for the US FDA review team to
request a PMR study to evaluate a possible interac-
tion between cabazitaxel and CYP3A substrates in
humans.?

Case 2—Extrapolation to Unstudied Drug Interaction
Scenarios

Fesoterodine is a prodrug of 5-hydroxymethyl toltero-
dine (5-HMT) for the treatment of overactive blad-
der. The recommended initial dose is 4mg daily,
which can be increased to 8 mg once daily. The ac-
tive moiety 5-HMT is significantly metabolized by
CYP3A4 and polymorphic CYP2D6, in addition to
undergoing renal excretion. Several drug interaction
and pharmacogenetic studies have been conducted in
CYP2D6 extensive metabolizers (EM) and poor me-
tabolizers (PM).24?5 The results are summarized in
Table 3. On the basis of these data, the labeling indi-
cated that the recommended fesoterodine daily dose
should not exceed 4 mg when taken with a potent
CYP3A inhibitor, such as ketoconazole, itraconazole,
and clarithromycin.?6 However, whether fesoterodine
dose needs to be adjusted when coadministered with
a moderate CYP3A inhibitor (e.g., fluconazole) in sub-
jects with varying CYP2D6 activities, is the next
regulatory question. A PBPK model of 5-HMT was
constructed using in vitro metabolism and human
PK data. The model was verified with the available
drug—drug interaction and pharmacogenetic data. As
shown in Table 3, the model-simulated fold changes in
AUC and Cp,ax under various scenarios that have been
tested in humans were in close agreement with those
observed. Compared with CYP2D6 EM without tak-
ing fluconazole, the PBPK simulated fold-changes in
the AUC of 5-HMT were 1.3 and 2.6-fold, respectively,
when fluconazole was coadministered in CYP2D6 EM

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 9, SEPTEMBER 2013

Table 3. Observed and PBPK-Simulated 5-HMT Exposure
Changes, Measured by the AUC Ratio of 5-HMT, in the Presence
of Strong and Moderate CYP3A4 Inhibitors in Subjects with
CYP2D6 Extensive (EM) or Poor Metabolizer (PM) Status

AUC Ratio of 5-HMT

Observed Predicted

EM with/without ketoconazole 2.3 1.9

PM with/without ketoconazole 2.5 3.3

PM/EM 2.3 1.6

PM with ketoconazole/EM without 5.7 5.4
ketoconazole

EM with/without fluconazole 1.3 1.3

PM with fluconazole/EM without - 2.6
fluconazole

and PM, respectively. The model simulated exposure
data of 5-HMT in CYP2D6 PMs taking a moderate
CYP3A inhibitor, along with known data in CYP2D6
EMs taking fluconazole, provided the needed infor-
mation for regulatory review and decision making.?”
The current labeling indicated that “there is no clini-
cally relevant effect of moderate CYP3A inhibitors on
the pharmacokinetics of fesoterodine.”?6

Application to Specific Patient Populations—Pediatrics

Physiologically based pharmacokinetic models have
been developed and applied in pediatric drug
development.?83% These pediatric PBPK models
leverage extensive drug-independent information de-
scribing growth- and development-related physiologi-
cal processes in pediatric patients based on published
data.28-30 Between 2008 and 2012, OCP reviewed six
pediatric submissions containing PBPK, four of which
were discussed in a recent report describing the ap-
plication of PBPK in pediatric drug development.3!
The models were used to simulate pharmacokinet-
ics of investigational drugs in pediatric populations
of different age groups to support dose selection for
clinical trials. For example, a PBPK model of a drug
was used to determine the dose for the 12—18-year-old
group that would produce systemic exposure levels
matching those in adults. On the basis of the clinical
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data obtained in this age group, the model was sub-
sequently refined to determine the appropriate doses
for younger age groups. Some of these pediatric PBPK
simulations also explored situations when a dedicated
clinical PK study is difficult to conduct. For exam-
ple, for a recently approved progestin-containing in-
trauterine system for prevention of pregnancy,?? the
sponsor used PBPK to simulate plasma exposure of
levonorgestrel in postmenarcheal pediatric subjects
(up to 18-year old). A physiological uterine compart-
ment was incorporated into the PBPK model, which
allowed simulation of uterine drug release using ki-
netic data determined in vitro. The simulated pedi-
atric PK of levonorgestrel in pediatric subjects sup-
ported the use of this product in a pediatric trial for
females postmenarcheal to 18, an age group for which
there is currently no data.

A recent US FDA Clinical Pharmacology Advisory
Committee meeting®® discussed the clinical pharma-
cology aspects of pediatric clinical trial design and
dosing to optimize pediatric drug development. The
committee endorsed the use of modeling and sim-
ulation in pediatric drug development. Importantly,
the committee emphasized that PBPK models need
to be prospectively verified using adult PK data, in-
cluding those from drug interactions, renal impair-
ment, hepatic impairment available at the time of
model building.?? In addition, the committee empha-
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sized the drug’s disposition needs to be well defined
to yield maximally informative models-based results.

MECHANISM-BASED DRUG SAFETY
EVALUATION USING SYSTEMS
PHARMACOLOGY

As pharmacology and clinical pharmacology move for-
ward from reductionist approaches toward integra-
tive systems approaches to address problems, OCP
has initiated an effort to leverage the new science
that is evolving in systems pharmacology.?* This is
focused on the prediction of adverse drug events us-
ing the tools of cheminformatics, bioinformatics, and
systems biology.?? To move regulatory science forward
in this area, the approach and the tools that still re-
quire development have recently been defined.?®

Ontology of Adverse Events

The initial activities are both within the US FDA and
in collaboration with partners in the pharmaceutical
industry and academia. The framework for a predic-
tive drug safety systems model is being structured as
a series of ontologies at different levels of biological
organization.?” These are developed to organize the
massive amount of pertinent information that will
populate this framework. (see Fig. 3) This includes
an “ontology of adverse events” that is building on
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Pathway, i ADR;,
ADR,

®
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Bai, Jane P.F. and Abernethy, Darrell R., 2013.
Annu. Rev. Pharmacol. Toxicol. 53:451-473.
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Figure 3.

Interaction map showing n number of drugs, £ number of proteins, m number of

pathways, and A number of adverse drug reactions (ADRs). Abbreviation: GI, gastrointestinal

(reproduced with permission from reference D3).
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the ontology of adverse events recently developed for
characterization of vaccine related adverse events.?®
All of these ontologies are developed in the format con-
sistent with recommendations from the National Cen-
ters for Biomedical Ontology to make use of standard-
ized elements in existing ontologies at various levels
of biological organization (e.g., gene ontology, cell line
ontology, systematized nomenclature of medicine clin-
ical terms).3? A major challenge that is currently be-
ing addressed in this program within the US FDA
is the aggregation and definition of MedDRA terms
in a manner that allows these terms to be mapped
to organ dysfunction, cell dysfunction, and the bio-
logical pathways and alterations in gene expression
that are associated with drug-induced toxicities. As
this evolves, it will constitute the systems pharma-
cology network that defines a drug mediated adverse
event from observed changes in gene expression up
through organelle function, cellular expression, or-
gan level toxicity and that ultimately maps to the
MedDRA terms.

Databases—Leveraging “Precompetitive” Data

An important element of the program is the collec-
tion and organization of drug toxicity data. Published
data are relatively easy to obtain and organize, and a
number of public and proprietary efforts are creating
such databases. These are useful for different forms
of data mining and establishing associations between
drug toxicities, the data supporting the mechanism of
such toxicity, and in some instances the prediction of
toxicity from similar chemical structures.*’ In other
instances the prediction of clinical toxicities based on
the biological pathways that are involved based on
data in the public domain for drugs that have simi-
lar targets has been used.*! More challenging to ob-
tain are the data contained in drug development pro-
grams, either those that were successful, or equally
important, those that were not successful due to drug
toxicity or for other reasons. An effort is underway to
encourage pharmaceutical companies to define what
of these data can be viewed as “precompetitive” and
can be shared to build more complete drug toxicity
databases that are publicly available. All of these
data will be placed in a common platform that al-
lows easy integration across different data formats. A
likely platform for this will be tranSMART, a utility
developed within the pharmaceutical industry, but re-
cently placed in the public domain under a nonprofit
501c3 format.*>*3 We believe this will evolve into a
public drug safety data warehouse that will be mod-
eled after other such data warehouses sponsored by
US FDA such as the EKG data warehouse.** Going
forward such a resource will contain the data neces-
sary to populate the systems networks that are de-
fined for specific drug toxicities and their mechanism.
In addition it is likely to be useful to the greater drug
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development community to allow greater efficiency
for drug candidate toxicity prediction and thus drug
candidate selection or patient population selection for
a drug candidate. At present such databases reside in
many of the larger pharmaceutical companies, how-
ever they are limited to the data that resides in that
company and to some extent augmented by data in
the public domain.

Initial Test Cases: Cardiotoxicity and Hepatotoxicity

The extent of the systems network needed to effec-
tively predict particular drug toxicities is likely to be
variable depending on the target(s), both desired and
not desired, for the drug or series of related drugs
to be evaluated. An initial “use” case is being devel-
oped to study the non-QT cardiotoxicity of tyrosine ki-
nase inhibitor drugs. The clinical reports of depressed
left ventricular cardiac function with exposure to se-
lected tyrosine kinase inhibitors have certainly raised
a potential safety signal.*> However, the extent or re-
versibility of this cardiotoxicity is not clear and it is
also unclear if this is a class effect or only tyrosine
kinase inhibitors that target specific kinases are im-
plicated. The predictive systems model for this case is
being developed as a collaborative effort, primarily at
the Systems Biology Institute 6-47 and the University
of Tokyo with the US FDA as a collaborative partner.
A number of pharmaceutical companies are express-
ing interest in joining the collaboration, as there is
extensive effort to target various tyrosine kinases for
an increasing number of clinical indications.

A systems network for the prediction of drug
induced hepatotoxicity is being developed at The
Hamner Institute in collaboration with a number
of pharmaceutical companies and with US FDA in-
teracting and contributing when appropriate. This
is a very highly specified model that encompasses
a limited, but very well characterized, systems net-
work. The utility of this approach from in vitro/
in vivo extrapolation and across species hepatotoxic
effects for methapyrilene and acetaminophen was
demonstrated.*® This is somewhat in contrast to other
systems analysis efforts such as the one at the Sys-
tems Biology Institute, which cover a wider systems
network, however with relationships between nodes
in the system less well characterized. As experience
accumulates, the comparative utility of these ap-
proaches or a synthesis of them will become more evi-
dent. At this time the extent of the overall system and
how well characterized the relations between nodes
and edges of the system are necessary for a particu-
lar predictive drug toxicity problem requires further
exploration and testing.

Applications of this program to regulatory deci-
sion making has to date been focused on the use of
data mining to establish relationships between com-
mon biological pathways across drugs and targets and
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expected or observed clinical safety signals. In addi-
tion the tools of cheminformatics have been incorpo-
rated to predict toxicities based on molecular struc-
tural elements of the drug or compound class in as-
sociation with the biological pathways affected. This
latter activity is a further evolution of the quanti-
tative structure—activity relationship effort that has
been ongoing at US FDA for some years.*® The out-
comes have been incorporation of added safety infor-
mation in labeling in some cases, providing a basis
to not include certain risks in other cases, and signal
strengthening and in some cases signal weakening
based on pharmacological mechanistic rationale for
potential safety signals noted in post market adverse
event monitoring.

CONCLUSION AND FUTURE DIRECTIONS

United States Food and Drug Administration has
been proactive in the development of regulatory sci-
ence to address an array of public health challenges.
Modeling and simulation have been important scien-
tific investment areas for US FDA’s OCP, and will
continue to be a major area of growth. Modeling and
simulation, tools of quantitative and systems phar-
macology, will need to be put into the larger trans-
lational science context to reach full potential. Key
issues will need to be addressed (probably in a recur-
ring fashion) to see enhanced uptake of modeling and
simulation approaches in drug regulation.?*-%2 Key
needs include:

e Better understanding of the mechanisms of
drug action, including off target effects and max-
imal elucidation of the disposition pathways of
drug molecules

e “Vertical integration”: synergistic assimilation
of the bottom up (cellular level) and the top-
down (organism level) models to scale from
molecular interactions to organismal physiology

e Targeted training and education of regulatory
and nonregulatory scientists

e Sharing of precompetitive data (preclinical
and clinical datasets); efficient use of the
private—public partnership models to foster
academia—industry—government interactions

e Development of best practices in the develop-
ment of models fit for regulatory use

e Development of mechanisms that allow for
timely evaluation (and reevaluation) of models
in view of rapidly evolving methodologies and
science

e Development of robust PD markers to facilitate
the continuing development in the E-R relation-
ship

Despite these challenges, improved understanding
of molecular mechanisms is enabling us to employ
modeling and simulation in evaluation of “subset” ef-
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fects (based on subtype of diseases, age, sex, race, ge-
netics, organ dysfunctions, concomitant medications,
etc.). For example, recently published US FDA guid-
ance documents related to drug interactions®® and
early phase pharmacogenomic evaluation®® have in-
cluded recommendations for the use of PBPK where
appropriate. There are several US FDA and ICH
guidelines that discuss the relevance of modeling in
several aspects of drug development.51-55-56 Meaning-
ful, pragmatic advice to drug developers will need
to be science and experience based. As such, the
knowledge gained from predict-learn-confirm exer-
cises will contribute to regulatory decision mak-
ing, and collaboration among stakeholders—industry,
global regulatory agencies, academia, and others will
be important.2-46.57.58
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