Chapter 16
Pharmacometric Applications in Inflammation

Sujatha Menon and Sriram Krishnaswami

16.1 Introduction

A comprehensive list of inflammatory conditions would comprise over hundred
diseases, including Alzheimer’s disease, ankylosing spondylitis (AS), arthritis (os-
teoarthritis, OA, rheumatoid arthritis, RA, psoriatic arthritis, PsA), asthma, athero-
sclerosis, Crohn’s disease, colitis, dermatitis, diverticulitis, fibromyalgia, hepatitis,
irritable bowel syndrome (IBS), systemic lupus erythematosus (SLE), nephritis,
Parkinson’s disease (PD), ulcerative colitis, etc. (List of inflammatory diseases
2013) A brief review of the literature suggests that there are numerous successful
and ongoing pharmacometric endeavors in many of these diseases. Pharmacometric
applications to neurodegenerative disorders, such as Alzheimer’s disease and PD,
are discussed elsewhere as are applications to diseases, such as plaque psoriasis, in
the dermatology area.

Numerous mathematical models have been developed to describe the disease
progression and effects of anti-inflammatory drugs (Lon et al. 2012). In the excel-
lent review by Lon et al. (2012), the authors illustrate the state of the art in modeling
the effects of diverse drugs for treating inflammation, describe relevant biomarkers
amenable to modeling, and summarize major advantages and limitations of the pub-
lished pharmacokinetic/pharmacodynamic (PK/PD) models. The authors review the
development of models ranging from direct inhibitory models to indirect response
models to characterize symptoms and biomarkers. Target-mediated and transduc-
tion models as well as systems pharmacology models have been successfully ap-
plied to capture the PK/PD of many anti-inflammatory drugs and describe disease
progression of inflammation. In addition, biologic treatments offer opportunities to
develop different types of models due to their specific mechanisms of action, such as
neutralization of specific cytokines, elimination of specific immune cells, blockade
of costimulation for T-cell activation, and inhibition of cell adhesion (Lon et al.
2012). Small systems models have also been developed to describe bone formation
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and resorption using biomarkers as well as clinical outcomes such as bone mineral
density (Lemaire et al. 2004; Marathe et al. 2008, 2011; Schmidt et al. 2011).

Apart from PK/PD/disease models, large-scale systems biology models have
also been developed, ranging from those describing the underlying disease process
(inflammation and erosion of joints) in patients with RA (Rullmann et al. 2005) to
bone homeostasis models (Peterson and Riggs 2010) to those that combine the strat-
egies of systems biology and network pharmacology to investigate multi-targeted
mechanisms of traditional Chinese medicine (Zhang et al. 2013).

Given this background, we have attempted to focus on a few documented ap-
plications in optimizing drug development strategy and/or regulatory approval. The
selected case studies are by no means comprehensive or a reflection of the most
influential or impactful endeavors because many successful applications are likely
not in the public domain. Instead, the examples highlight some key learnings that
should be broadly applicable in drug development decision making. In addition,
an attempt has been made to provide a comprehensive reference list of various
pharmacometric endeavors in this multifaceted therapeutic area.

16.2 Case Studies

16.2.1 Decision to Terminate Clinical Development
of Canakinumab for the Treatment of RA
(Demin et al. 2012)

Canakinumab (ACZS885) is a fully human monoclonal antibody that suppresses
IL-1p-mediated joint inflammation and cartilage destruction in mice. A successful
proof-of-concept (POC) study in patients with RA triggered a decision to conduct
a dose-finding study. The key question was whether the magnitude of efficacy was
sufficiently robust to warrant progression to a large phase 3 development program,
which typically costs several hundreds of millions.

RA is an autoimmune disease that leads to inflammation, progressive joint damage,
and disability. It affects ~ 1 % of adults worldwide, predominantly women. Advances in
understanding the pathogenesis of this highly heterogeneous disease have fostered the
development of several new therapeutics with vastly improved outcomes over the past
decade. Numerous cytokines, growth and differentiation factors, and intracellular sig-
naling molecules and transcription factors have been implicated in the pathogenesis of
RA (Table 16.1). However, to date, there are no reliable predictive biomarkers of prog-
nosis, therapeutic response, or toxicities such as increased mortality, cardiovascular, and
other systemic complications of the disease.

Current international treatment recommendations for the management of RA state
that the treatment of RA should be aimed at reaching a target of remission or low
disease activity as soon as possible in every patient; and as long as the target has not
been reached, treatment should be adjusted by strict monitoring every 1-3 months
(Smolen et al. 2010). Methotrexate (MTX) is part of the first treatment strategy in
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Table 16.1 Key molecules and signal mediators implicated in the pathogenesis of rheumatoid

arthritis

Molecule or signal mediator

Key disease relevant functions

Status®

Cytokines

TNF-a

Activates leukocytes, endothelial
cells, and synovial fibroblasts,
inducing production of cytokines,
chemokines, adhesion molecules,
and matrix enzymes; suppression of
regulatory T-cell function; activation
of osteoclasts; and resorption of car-
tilage and bone; mediates metabolic
and cognitive dysfunction

Approved drug

Interleukin-1o and 1B

Activate leukocytes, endothelial
cells, and synovial fibroblasts;
induce matrix-enzyme produc-
tion by chondrocytes; activate
osteoclasts; mediate fever; enhance
glucose metabolism; and reduce
cognitive function

Approved drug

Interleukin-6

Activates leukocytes and osteo-
clasts; is involved in B-lymphocyte
differentiation; regulates lipid
metabolism, acute-phase response,
and anemia of chronic disease; and
is implicated in hypothalamic—pitu-
itary—adrenal axis dysfunction and
fatigue

Approved drug

Interleukin-7 and 15

Promote and maintain T-cell and
natural killer—cell activation and
T-cell memory, block apoptosis, and
maintain T-cell-macrophage cognate
interactions

Phase 2 trial completed

Interleukin-17A and 17F

Act synergistically to enhance
activation of synovial fibroblasts,
chondrocytes, and osteoclasts

More than one phase 2
trial with positive results

Interleukin-18

Promotes activation of Thl, neutro-
phils, and natural killer cells

Interleukin-21

Activates Th17 and B-cell subsets

Interleukin-23

Expands Th17

Interleukin-32

Activates cytokine production by
several leukocytes and promotes
osteoclast differentiation

Interleukin-33

Activates mast cells and neutrophils

Growth and differentiation factors

BLyS and APRIL

Activate B cells and have a role
in the maturation of B cells and
enhancement of autoantibody
production

In phase 2 trial
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Table 16.1 (continued)
Molecule or signal mediator | Key disease relevant functions Status®
GM-CSF and M-CSF Enhance differentiation of granulo- | In phase 1 trial

cyte and myeloid-lineage cells in the

bone marrow and synovium

RANKL Promotes maturation and activation | Phase 2 trial completed

of osteoclasts

Intracellular signaling molecules and transcription factors

JAK Tyrosine kinase that regulates cyto- | Approved drug
kine-mediated leukocyte maturation
and activation, cytokine production,
and immunoglobulin production

Syk Tyrosine kinase that regulates More than one phase 2
immune-complex—mediated and trial with positive results
antigen-mediated activation of B
and T cells and other Fc receptor-
bearing leukocytes

PI3K Mediates signals that drive prolifera- Phase 1 trial planned
tion and cell survival
BTK Plays an important role in the Phase 1 trial planned

activation of B cells, macrophages,
mast cells, and neutrophils, through
regulation of B-cell receptor and Fc
receptor signaling as appropriate

NF-kB Helps integrate inflammatory signal-
ing and is important for cell survival

APRIL a proliferation-inducing ligand, BLyS B-lymphocyte stimulator, B7K Bruton’s tyrosine
kinase, GM-CSF granulocyte—macrophage colony-stimulating factor, JA4K Janus kinase, M-CSF
macrophage colony-stimulating factor, PI3K phosphatidylinositol 3-kinase, RANKL receptor acti-
vator of NF-kB ligand, Syk spleen tyrosine kinase, 7h1 type 1 helper T cells

a Status indicates the investigational status of agents targeting the molecule or signal mediator.
Approved drugs have been approved by the Food and Drug Administration and European Medi-
cines Agency for use in patients with rheumatoid arthritis. Trials are clinical trials that are ongoing
or have been completed. Reproduced with permission from Mclnnes and Schett (2011)

patients with active RA. However, the majority of patients experience an inadequate
response to a therapeutic intervention with MTX, and many are treated with at least
two nonbiologic disease-modifying antirheumatic drugs (DMARDs) before receiv-
ing a tumor necrosis factor inhibitor (TNFi). The remaining patients are treated
with a biologic DMARD, especially a TNF1, typically administered in combination
with MTX, which is now the standard of care (SOC). Often one or more TNFis are
prescribed, but ultimately many patients move to biologic DMARDs with other
mechanisms of action, and medical needs are not fully met for many patients. Thus,
there remains an unmet medical need for additional therapeutic options with unique
mechanisms of action, proven efficacy, and acceptable safety profiles in patients
with moderate-to-severe active RA.

A systematic review of the published literature on clinical trials of biologi-
cal treatments in RA was performed, using processes that have been previously
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described (McDevitt et al. 2009). The majority of the trials were placebo controlled,
in one trial (Schiff et al. 2008), a head-to-head comparison of two biologics (abata-
cept and infliximab) was performed. For the purposes of the meta-analysis, only
data on approved doses and regimens were retained.

This integrated analysis included data from 37 phase 2-3 studies describing
13,474 patients. The primary end point for decision was the American College of
Rheumatology (ACR)20 responder rate, which is the percentage of patients who
responded to the relevant criterion based on improvements in tender or swollen
joint counts and improvement in three of the following five parameters: acute phase
reactant (such as sedimentation rate), patient assessment physician assessment, pain
scale, and disability/functional questionnaire. Since nearly all published pivotal tri-
als use this measure of efficacy, it provides for a standardized way to compare treat-
ments. However, as would be expected, the ACR end point is limited by reduced
precision compared to a continuous measure such as disease activity score. The
final nonlinear mixed-effects model used for fitting ACR20 time course data was:
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where i is the index over studies, / is the index for treatment arm within a study,
and j is the index over time within a study. The index k represents therapies, and £,
represents drugs. Two different y  values were estimated: one for biologics and one
for placebo-plus-MTX and true placebo (m=1, 2). The £ parameter ¢, is logit
transformed with =100 for all treatments except certolizumab and infliximab
(drugs with decreasing response at later time points), for which M=300. The fixed-
effects 0,, values represent £ parameters, and fixed-effects 0,,, values are time
course parameters. The offset of the effect parameter a is set at 1 for all treatments
except certolizumab and infliximab, for both of which a<1. Random-effects pa-
rameters 71, and 52, represent between study variability (BSV) and between treat-
ment arms variability (BTAV), respectively. Residual unexplained variability, Epp
and BTAV, #2,, are adjusted according to the number of subjects in a treatment arm.
The model was implemented in a Bayesian framework and coded in WinBUGS.
Figure 16.1 shows the model-based predictions of the time course of ACR20
responder rates for canakinumab in comparison to SOC treatments, etanercept and
adalimumab, as well as placebo. It showed that, with the tested doses/regimens of
canakinumab, there was only a low probability that this drug would be better than
the most effective current treatments. At the most effective dose, the analysis pre-
dicted a very low probability (<3 %) of canakinumab being better than certolizumab
or infliximab, and 8% probability of being better than adalimumab, per ACR20
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Fig. 16.1 Model-based comparison of ACR20 responder rates for canakinumab versus placebo and
SOC treatments, etanercept and adalimumab. Canakinumab (both panels, red solid lines), etanercept
(panel a, brown dash-and-dot line), adalimumab (panel b, blue dash-and-dot line), and placebo (both
panels, gray broken lines). Blue circles represent placebo-plus-MTX data from the canakinumab
study. Yellow squares represent the observed ACR20 values (with red vertical bars for 95% con-
fidence intervals) for canakinumab. The shaded areas are the respective 90 % Bayesian confidence
intervals for model-based predictions. (Reproduced with permission from Demin et al. 2012, CPT)

scores after 12 weeks of treatment. This finding supported the decision not to con-
tinue with clinical development of canakinumab in RA.

16.2.2 Decision to Expand the Size and Scope of a Dose-Finding
Study and Using Benefit and Risk Data to Select Doses for
Phase 3 Testing. (Milligan et al. 2013)

This example illustrates the prospective application of model-based drug develop-
ment (MBDD) concepts to the late-stage development of tofacitinib, a potent im-
munomodulator with a novel mechanism of action, for the treatment of RA. Results
from a POC trial demonstrated a high degree of efficacy but with side effects. The
challenge was to identify dose(s) of this orally administered, small molecule for
pivotal registration trials that would achieve a minimally acceptable product profile
of similar efficacy as biologic injectables, with acceptable safety.

Tofacitinib is a Janus kinase (JAK) inhibitor. JAK enzymes transmit the sig-
naling of several pro-inflammatory cytokines involved in the pathogenesis of RA
through pairings of JAKs (e.g., JAK1/JAK3, JAK1/JAK?2) and tofacitinib works by
inhibiting the activities of these combinations, resulting in modulation of cellular
processes of hematopoiesis and immune cell function.

The first evidence of efficacy in RA patients was observed in a 6-week POC
study of 5, 15, and 30-mg twice-daily (BID) doses of tofacitinib and placebo (Kre-
mer et al. 2009). All doses demonstrated efficacy as measured by the ACR response
criteria but were also associated with side effects, such as dose-dependent chang-
es in laboratory markers (e.g., decreased neutrophils). The challenge was to ef-
ficiently yet comprehensively characterize dose-response relationships to identify
optimal dose(s) for confirmatory trials. This process began by gaining agreement
with stakeholders on the key questions and setting quantitative and action-oriented
objectives for the phase 2b program, as illustrated below (Sheiner 1997).



16 Pharmacometric Applications in Inflammation 483

What do we need to know? Identify the lowest dose with at least 30 % differ-
ence in ACR20 response versus placebo by week 12. ACR20 response was chosen
because it was the primary efficacy end point in the study to demonstrate superiority
to placebo. However, the operating characteristics of the study were also verified to
be reasonable with respect to ACR50 and ACR70 end points.

How sure do we want to be? Desire 80 % probability that the true response for
the model-estimated dose will be within £20% of the target efficacy magnitude,
i.e., 24-36%.

What are we willing to assume? A pharmacologically based, longitudinal £__
model will be applied; the dose range derived from the monotherapy POC study
data will be applicable to combination treatment with MTX; priors for the model-
based analysis will be weakly informed by the POC study data.

Various longitudinal, dose-response models were developed, including an in-
direct latent variable response model, relating pharmacologically based models to
categorical data (Hutmacher et al. 2008). The various models gave similar predic-
tions of the data but showed differences in their predictive performance when ex-
trapolating to lower doses and later time points. Consequently, they were used as
“data-generation” models to ensure that the design chosen had robust operating
characteristics over a range of “true” relationships (Krishnaswami et al. 2009). A
similar approach was implemented to characterize decreases in absolute neutrophil
counts. Since the neutropenia incidence data from the POC study were too sparse,
modeling efforts were focused on characterizing neutrophil counts using indirect
response and semi-mechanistic models (Gupta et al. 2010) to provide a more stable
basis for dose and time interpolation/extrapolation. Using clinical trial simulations,
it was determined that the 10th percentile of the neutrophil count distribution was
related to the risk of neutropenia and estimated with greater precision than the neu-
tropenia incidence data, thereby providing an efficient way to eliminate doses with
unacceptable neutropenia event rates predicted based on changes in continuous data.

Two 6-month, phase 2b studies were performed in which tofacitinib was ad-
ministered either as monotherapy (Fleischmann et al. 2012) or in combination with
MTX (Kremer et al. 2012). Both studies evaluated placebo and tofacitinib doses of
1,3, 5,10 and 15 mg BID. The sample sizes of these studies, totaling >800 patients,
were larger than traditional phase 2 sample sizes because they were designed to sup-
port quantitative decision criteria aimed at identifying an optimal dose rather than
statistical separation from placebo. Traditional pairwise comparisons would have
necessitated a 70 % increase in study size (approximately 1300 patients) to achieve
similar performance characteristics over a model-based approach.

Model-derived inferences, updated using Bayesian methods, were used to calcu-
late the probability of technical success, i.e., the probability of achieving efficacy
similar to that of SOC TNF inhibitor treatment (Tan et al. 2011; Tofacitinib FDA
Advisory Meeting 2012). As predicted from the POC study, changes in neutrophils
and predicted incidence of neutropenia were within acceptable limits and, there-
fore, not considered to limit the dose range under consideration for phase 3 trials.
However, dose-dependent changes in hemoglobin levels were noted. A longitudi-
nal model was applied to capture the relationship between dose and hemoglobin
levels. An empirical model was applied to capture the apparent inverted U-shaped
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Fig. 16.2 Tofacitinib—probability of achieving targeted differences versus placebo. Solid sym-
bols and lines represent model-based probability estimates for ACR responses and anemia. ACR
American College of Rheumatology, Pbo placebo. (Reproduced with permission from Milligan
etal. 2013)

relationship between dose and hemoglobin levels, possibly arising out of beneficial
effects (improvement in the anemia associated with chronic disease, i.e., active RA)
at lower doses and a combination of beneficial and deleterious effects (potentially
due to JAK?2 inhibition) at higher doses. The probability that the incidence of clini-
cally important anemia (defined as >2 g/dl decreases from baseline in hemoglobin
or absolute value <8 g/dl) will not exceed 5% above placebo over 6 months of
treatment was calculated. As shown in Fig. 16.2, modeling based on the MTX com-
bination study predicted that doses from 5 to 10 mg BID inclusive would meet
both the desired efficacy and safety criteria of having approximately 50 % or greater
probability of achieving efficacy similar to SOC, with anemia rates <5% above
placebo. In contrast, a 3-mg dose had a 10% chance of achieving the ACR70 target
compared to 40 % for the 5-mg dose. It is noteworthy that while the MTX combina-
tion study was designed to identify a dose that produced at least 30 % difference in
ACR20 rates from placebo, none of the doses in this study actually showed differ-
ences >30 %, attributable to an unexpectedly high placebo rate (>40%). On the oth-
er hand, ACR50 and ACR70 response rates from the study encompassed a range of
responses typically associated with TNF inhibitor treatment. As a consequence, the
acceptance criteria for ACR 20 dose selection was modified to at least a 20 % differ-
ence from placebo to provide better discrimination of doses between 1- and 15-mg
dose range while the original criteria was retained for ACR50 and ACR70 rates.
The choice of 5- and 10-mg doses was independently verified in the monother-
apy phase 2b study which became available after phase-3 dose selection was made
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based on the MTX combination study. This study monotherapy showed that doses
>5 mg provided the requisite level of efficacy, including >30 % differences in ACR
20 rates from placebo, whereas a 3-mg dose was considered clinically suboptimal,
even though it separated from placebo (Fleischmann et al. 2012). Thus, the totality
of the data justified the choice of 5- and 10-mg BID doses for phase 3 studies.

The results from the phase 3 program were consistent with these model predic-
tions. The efficacy of 5 mg BID was as predicted (29 % difference in ACR20 rate vs.
placebo across five phase 3 studies) and, more importantly, similar to that of SOC
TNF inhibitor treatment (adalimumab; van Vollenhoven et al. 2012a). The rates
of anemia and neutropenia were low and considered manageable with appropriate
clinical monitoring.

A prospective approach to (a) designing studies to a stringent quantitative crite-
ria, (b) characterizing exposure—response relationships using well-established clini-
cal outcome data in patient populations representative of the phase 3 program, and
(c) selecting doses based on efficacy and safety using probability of technical suc-
cess as a common metric allowed demonstration of a positive benefit: risk profile
with the desired product attributes. Tofacitinib 5 mg BID was approved in 2012 by
the FDA for the treatment of moderately-to-severely active RA.

16.2.3 Decision to Approve a Pediatric Dose and Formulation

Not Tested in a Pivotal Registration Trial (Krishnaswami
etal 2012)

Celecoxib is a nonsteroidal anti-inflammatory drug (NSAID) that exhibits anti-
inflammatory, analgesic, and antipyretic activities by inhibiting prostaglandin
synthesis, primarily via inhibition of cyclooxygenase-2 (COX-2) but not COX-1 at
therapeutic concentrations in humans (Gierse et al. 2002). In addition to adult in-
dications, it is currently approved for the treatment of juvenile rheumatoid arthritis
(JRA), a group of disorders characterized by idiopathic inflammatory arthritis. The
key question during the pediatric development program was whether an alternative
dosing scheme supportable by available formulation could be derived from studies
that used an investigational formulation to evaluate efficacy, safety, and PK.

Prior to and during the conduct of the efficacy/safety trial in JRA patients
(Foeldvari et al. 2009), several attempts were made to develop an age-appropriate
pediatric formulation, including oral suspension, orally disintegrating tablets, and
chewable tablets. None of these were suitable for commercialization in a timely
manner because of technical challenges. Thus, the development team was faced
with the conundrum of having efficacy, safety, and PK data, in the pediatric popula-
tion, but without a commercializable formulation. Thus, the overall objective of this
pharmacometric endeavor was to bridge data across formulations, methods of ad-
ministration, and populations to derive dosing recommendations for JRA patients.
This was achieved in three steps: (1) assessing exposures in JRA and adult RA pa-
tients administered celecoxib suspension (i.e., formulation used in the efficacy trial)
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Fig. 16.3 Bridging strategy for celecoxib sprinkles in patients with JRA. (Reproduced with per-
mission from Krishnaswami et al. 2012)

and characterizing the PK/PD relationship, (2) comparing the suspension exposures
to capsule (marketed formulation) exposures, and (3) evaluating the suitability of
administering celecoxib capsules as sprinkles (on applesauce) for those who may be
unable or unwilling to swallow an intact capsule (Fig. 16.3).

A complicating factor in bridging capsule and suspension was that although
similar AUC was expected between the two dosage forms at the same doses, C,
would be higher (approximately doubled) for the capsule formulation. Therefore,
the rationale for the selection of capsule doses was based on achieving concentra-
tions that do not exceed those observed in the JRA trial using the suspension formu-
lation (safety boundary), while achieving similar overall exposures as those shown
to be noninferior to naproxen (efficacy boundary), an approved drug for the treat-
ment of JRA. Because two doses (3 and 6 mg/kg BID) of celecoxib suspension were
evaluated in the efficacy trial and both were found to be noninferior to naproxen
7.5 mg/kg BID and well tolerated (Foeldvari et al. 2009), concentrations in between
those of the two dose groups were targeted. The prediction of pediatric capsule PK
profiles was made by combining historical capsule parameter estimates in adults
and the estimated power exponents for the effect of weight on CL/F and V/F in the
JRA efficacy trial. It was fortuitous that the power exponent for the weight effect on
CL/F was 0.265+0.074, resulting in typical oral clearance (L/h) values that were
only 40 and 24 % lower in patients weighing 10 and 25 kg, respectively, compared
with a 70-kg patient. This allowed the potential use of a less flexible dosing form
(capsule) compared to a liquid formulation.

Mechanistically, whether these results were a true reflection of the weight—
clearance relationship or an artifact arising out of possible influence of collinear
covariates was evaluated by fixing the weight effect to an allometric model (typi-
cal CL/F=01 x[weight/41]°0.75; typical V/F=02x[weight/41]) and estimating
the relationship between age and CL/F and age and V/F using centered power
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Fig. 16.4 Comparison of typical clearance estimates between allometric-plus-age model and
weight-effect model. Symbols represent body weight; lines represent clearance ratios for 3rd
(lower dotted), median (solid), and 97th (upper dotted) percentile body weights by age according
to CDC weight chart. (Reproduced with permission from Krishnaswami et al. 2012)

functions. The motivation for choosing age as the second covariate was not based
on the plausibility of incomplete maturation of metabolism or excretion processes,
because patients typically attain full function by 2 years of age, but rather from a
report showing a similar departure from allometry for another anti-inflammatory
agent (leflunomide) in the JRA population (Shi et al. 2005).

Recent evidence suggests that inflammation due to underlying infectious or
inflammatory conditions is associated with downregulation in the expression of
several drug-metabolizing enzymes (Schmith and Foss 2010). This raised the pos-
sibility that age could be a surrogate of inflammatory burden (i.e., younger children
having a lower burden of disease/inflammation compared with older children, and
thus resulting in decreasing oral clearance with increasing age). Although the addi-
tion of two such parameters describing the relationship between age and CL/F and
age and V/F resulted in only a 6.3-point decrease in the objective function (not sta-
tistically significant) relative to the weight-effect model (power exponent=0.265),
the parameters were estimated reasonably well (relative SE <25 %). This suggests
that caution should be exercised in interpreting the weight—clearance relationship
from a mechanistic standpoint. However, the model choice or philosophy would not
be expected to affect dosing decisions because the estimate of the power exponent
in the weight-effect model should reflect a net effect of allometry and age. Indeed,
typical clearance values calculated over a range of theoretical age (2—17 years) and
weight (10-100 kg) combinations according to the 3rd, 50th, and 97th percentile
Centers for Disease Control and Prevention weight charts are mostly similar be-
tween the allometric-plus-age model and the weight-effect model (Fig. 16.4). The
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Fig. 16.5. Simulated PK/PD profiles for suspension and capsule dosing schemes of celecoxib in
juvenile theumatoid arthritis (JRA). Black short and long dash lines represent 3 and 6-mg/kg BID
suspension, respectively, in JRA; black solid line represents (a, b) 50-mg bid or (¢, d) 100-mg BID
capsule in JRA; gray short and long dash lines represent 100- and 200-mg BID doses of capsule,
respectively, in adult rheumatoid arthritis patients. DO/ definition of improvement. (Reproduced
with permission from Krishnaswami et al. 2012)

models diverge only under extreme scenarios (e.g., a 2-year-old child would have
to weigh 40 kg to need twice the dose as compared with a 10-year-old weighing
40 kg under the allometric-plus-age model). Moreover, at younger ages, the allome-
tric-plus-age model tends to suggest the need for higher doses under such extreme
weight scenarios, making it of less utility in the absence of safety data. Thus, the
simpler and more conservative weight-effect model was considered appropriate to
derive dosing instructions.

Simulations supported a reduction in the number of weight-based dosing tiers
employed in the JRA efficacy trial from five (10-12, 13-25, 26-37, 38-50, and
>50 kg) to two (10-25 and >25 kg). An overall summary is shown in Fig. 16.5,
where the simulated PK (including historical adult capsule data for reference) and
efficacy profiles (percent responders) are depicted for the 10- to 25 and >25-kg
weight categories for the suspension doses used in the efficacy study and for the rec-
ommended capsule doses. The results are consistent with the approach of achieving
efficacy closer to that of the lower dose (3 mg/kg) tested in the efficacy study while
ensuring that C__, particularly in lighter patients, is not significantly greater than
those of the higher dose (6 mg/kg) tested in the efficacy study (Fig. 16.5).
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Finally, the interchangeability of different delivery methods (administration of
the commercial capsule intact or as sprinkles) was demonstrated in adults in order
to support dosing in children who are unable to swallow intact celecoxib capsules.

16.2.4 Decision to Test Higher Dose Space Based on Knowledge
Derived from Totality of Internal and External Data
(Kowalski et al. 2008)

SC-75416 is a benzopyran (chromene) COX-2 inhibitor, a novel class of com-
pounds with anti-inflammatory and analgesic activity demonstrated in preclinical
models of pain and inflammation. An initial dose-ranging study in post-surgical
dental patients indicated that the tested doses of a capsule formulation of SC-75416
did not achieve pain relief (PR) response similar to SOC. PR scores were measured
on a 5-point Likert scale (PR=0: no pain relief; PR=4: complete pain relief). In ad-
dition, patients receiving SC-75416 dropped out of the study and took rescue medi-
cation at a higher rate than those receiving the reference standard (rofecoxib 50 mg,
currently withdrawn from the market). The key development question was whether
the dose range tested was adequate to support compound termination at that point in
time, or if there was a rationale to pursue higher doses that would ultimately provide
efficacy differentiation from marketed products.

A modeling and simulation strategy was employed to leverage internal and ex-
ternal data from SC-75416, and from other products (rofecoxib, valdecoxib, and
ibuprofen) to address this question. Models to characterize PR as well as dropout
(time to rescue) were employed based on previously published methodology for
the analysis of non-randomly censored ordered categorical data, which is typical
of analgesia trials (Sheiner 1994; Mandema and Stanski 1996; Sheiner et al. 1997).
A key data piece that shed light on the potential reason for the less-than-expected
efficacy was the lower and more variable absorption profile of the capsule formula-
tion of SC-75416 in the first 6 h after dosing in patients with dental pain compared
to that of an oral solution (previously evaluated in healthy subjects). To assess the
impact of this difference, the PR and dropout models together with the observed PK
profile for the oral solution were used to predict the PR score profile for the oral so-
lution formulation. These predictions, which are extrapolations outside of the data
generated from the initial dental pain study using capsule, suggested that equivalent
doses of the compound administered as an oral solution should provide higher PR
response compared to those of the capsule. More importantly, higher doses of the
oral solution were predicted to surpass the efficacy of an approved drug (ibuprofen
400 mg). To further increase the confidence to invest in another study to test this hy-
pothesis, particularly to estimate the probability of success relative to ibuprofen, ad-
ditional PK/PD modeling was performed pooling post-oral surgery pain data from
valdecoxib studies where 400-mg ibuprofen had been used as an active comparator.
The PR and dropout model parameters estimated were used to obtain two sets of
population mean predictions of efficacy for SC-75416 oral solution doses ranging
from 30 to 360 mg. An important assumption was made that all of these drugs can
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Table 16.2 Comparison of observed and predicted TOTPARG6 responses for the SC-75416 oral
solution post-oral surgery pain study. (Reproduced with permission from Kowalski et al. 2008)

Treatment group | TOTPAR6 (mean+SE) ATOTPARe?

Predicted® Observed Predicted® Observed
Placebo 3.9+0.9 1.4+0.6 -7.1 -9.6
60 mg SC-75416 | 10.1+1.4 9.2+1.2¢ -0.9 -1.8
180 mg SC-75416] 13.0£1.2 13.7£1.2° 2 2.74
360 mg SC-75416, 14.2+0.9 14.3+£0.8° 3.2 3.34
400 mg ibuprofen | 11.0+£0.8 11.0+£0.8° 0 0

2 Difference in TOTPARG relative to 400 mg ibuprofen
b Predicted based on Model 1IA/IIB

¢ Significantly different (P <0.05) relative to placebo

4 Significantly different (P<0.05) relative to ibuprofen

achieve the same maximum drug effect, and differences in effectiveness between
the compounds is dependent only on their exposure relative to their potency.

Because different data sources were used to obtain the two sets of population
mean predictions of efficacy, considerable discrepancy in the dose—response predic-
tions were noted between the two models. The predicted SC-75416 oral solution
dose—response profile based on the single study was steeper compared to that pre-
dicted based on the analysis of competitor data. The parameter estimates of the PR
and dropout models are less precise for the SC-75416 capsule post-oral surgery pain
model because they are based on the results of a single study, and because the SC-
75416 treatments had unexpectedly low exposure due to the poor absorption of the
capsule formulation. For these reasons, the more conservative predictions based on
the post-oral surgery pain modeling of the data from the valdecoxib studies were con-
sidered more robust and hence were used in subsequent clinical trial simulations to
evaluate designs in planning the SC-75416 oral solution post-oral surgery pain study.

Based on the updated PK/PD and dropout models from the valdecoxib study and
the potency (EC50) estimate for SC-75416 from the fit to the SC-75416 capsule
post-oral surgery pain study, clinical trial simulations were conducted to evaluate
and optimize the study design (doses and sample sizes) for a superiority trial. The
design was optimized using probability of success as the metric, which was defined
as a greater than 0 value for the lower bound of a 95 % confidence interval of the
difference in efficacy between SC-75416 and ibuprofen. Seven different design op-
tions were evaluated and the chosen design was a study with a 2:1 randomization
with N=50 patients per arm for the placebo and 60- and 180-mg SC-75416 oral
solution treatments, and N=100 patients per arm for the 360-mg SC-75416 oral
solution and 400-mg ibuprofen treatments. A second post-oral surgery study was
then conducted using a study design optimized to test the hypothesis that a dose of
SC-75416 could achieve superior PR to 400-mg ibuprofen.

The results were remarkable, in that the observed results were consistent with
model predictions and the data confirmed the hypothesis that a high dose (360 mg)
of SC-75416 administered as an oral solution can achieve clinically relevant and sta-
tistically significant improvements in PR relative to 400-mg ibuprofen (Table 16.2).
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16.3 Summary

The case studies presented herein highlight tangible impact (in terms of time, cost,
and/or risk mitigation) achieved via the application of pharmacometric approaches
to a variety of decisions that are at the core of clinical drug development. A sum-
mary of the impact of these approaches to drug development decision making is
provided below:

* Case study 1: In the absence of head-to-head data, model-based meta-analysis
was used to provide a quantitative basis for driving the decision to terminate the
development of a compound with efficacy, but insufficient to be superior to SOC
therapy. The framework is broadly applicable to support internal and external
decision making at all stages of development.

* Case study 2: Use of model-based methods to design and analyze dose-find-
ing studies resulted in efficiency gains by way of needing 437 fewer patients
(~USS$ 3 million in cost) compared to traditional methods. Prospective planning
and pre-specification of the desired level of confidence in the magnitude of ef-
ficacy and safety resulted in larger than traditional phase 2 sample sizes, but ul-
timately allowed the identification of doses that produced the desired outcomes
in phase 3 studies. Thus, model-based drug development should be viewed more
as a risk mitigation tool than a cost-reduction tool.

* Case study 3: Use of model-based methods to bridge data across formulations
and populations, along with the collection of extensive PK and PD data in the
pediatric population including evaluation of the efficacy of two doses, resulted
in the approval of interpolated doses and dosage forms that were not studied in
the efficacy trial.

» Case study 4: Modeling and simulation providing the rationale, i.e., generated a
hypothesis, for pursuing the high-dose strategy and designing a study to test the
efficacy differentiation hypothesis that might not have otherwise been consid-
ered. The M and S strategy allowed progress to be made in understanding PK/
PD relationships without having to wait for an improved solid dosage form to
be developed, a time saving of approximately 9 months. Models that allowed
predictions of clinically meaningful and statistically familiar end points were
critical to gaining support to further invest in a study to evaluate the full potential
of the molecule.

It must be mentioned, however, that these examples do not fully reflect the length
and breadth of basic/fundamental pharmacometric research and application already
demonstrated in the areas of systems biology, systems pharmacology, newer statis-
tical methods as well as other types of applications to improve decision making in
drug discovery and development (Table 16.3). The presented examples can be seen
as defining the core pharmacometric activities that need to become standardized and
“industrialized” so that resources can be better spent on the next frontiers of model-
based development, such as characterization of drug target properties, better trans-
lation of drug attributes from preclinical to clinical space, and pharmacoeconomics.



S. Menon and S. Krishnaswami

492

(9002) 'Te 30 1BIS

SPI0IA}SOO1II0D JO J091JO OTWAISAS
Q1] J0J JONIeW JANISUSS QIO © S
uoissaiddns [0s11100 9z11010BIRYD O]
so)KooydwA] €03 uo

199139 Y 03 9AIE[AI s)asqns jLooyd
-WAT Y} UO JOJ Y} 9JeN[BAD O],

wypAyl
UBIPBOILO YA [SpOW YT

BUUYISE/S[OAS] [OSIIIOD PUE
sjesqns pue KooydwL] [ejo],

opruosapng

(L007) TE 30 NX

ewse[d U SUOIBNUIOUOD SUO]
-ostupaid ejo3 101pa1d 03 duojosIu
-paxd pue [0s1100 udOMIoq Sulpulq
urojoxd aannedwos pue ‘uorssard
-dns [0S1}105 10J [opowr (I 9SeI[I
Teaur] ‘suojostupaid pue suostupaxd
991J JOJ S[OpOW S[J SeuIquIo))

[opowt
Ad/3Id dNSIUEYIIW-TWAS

suonIpuod Auew/3J

auojostupald

(0102) e X

spunodwod om)
Jo sonzadoid qd/31d Jo uostredwoo
PIseq-[opoul pue UONRZIINIRIRYD)

[opowt
Al ‘ad/3id vonemdod

SUONIPUOD JAY)0 pue
euy)se/uoissarddns [os1100)

9jeuordoid ouos
-BONN[J PUB OPIUOSI[OID)

(0007) T 30 TweASEUYSLY

SPI0JA)S0D11I09 JO AJQLIeA B 10]
uorssaxddns [0s13100 dAT)R[NWND 301D
-o1d pue AJnuenb 0y [opowr qJ/3d
® UO Paseq W10 e paseq-[ooxy

Topow Y[ Sursn uonenuiIg

SUOIIPUOD IAY)O pue
ewy)se/uorssaiddns [osn10)

SPI0IO}SOOT}I00 PABYU]

pajen[eaa

Q10M UOTIENT) 950D JO Joedu [e1jUS
-IOJJIp pue KOBOIJJ UI SOOUAISIFIT

s[eLn

PEOY-0}-pEay JO IQUINU PAYIWI] 0}

(saavna)
snip onewnayI-nue sur

(1107) T8 10 BWOPUR]N | NP AJBO1J JO UOoSLIRdWO Jo21Ipu] Jopouwl VINGIN VI/0TIDV | -AJIpow dseasIp sor3ojorg
SOIIY)IE PIOJEWNAYI JO JUSUILAT)
a1 10J qewINUBRURd Jo judtdo [opowr
-[9ASP [BOTUI[O AJBUILID) 0} UOISIOAT (VINGIN) StsAJeue-eiouwt
(2107) Te 10 urwo(q | Juowdo[oAdp 9JRUTIII) 0) UOTSIOA( | PASeq-TOPO [eUIpM)ISuo] VI/0TIDV qewmunyeue))
Q0URIJOY (s)uoneorddy [oPOIN aseasiputod pug Sniq

SOSEASIP AIOJRUWIWEJUT UI SIOABOPUD o1owodewreyd JO MAIAIOAQ €°9T J[qEL



493

16 Pharmacometric Applications in Inflammation

(8007) 'Te 30 JoyorWINy

a1nsodxa 3nip yym payuI| oq

ued s[opow asuodsar Joa1rpur yorym
ySnouiy) ‘jopou 9[qeLIeA Judje| o[qe
-AJesqoun ue jo uonesrjdde jsing

[opow asuodsax
d]qeLIBA JUQJE] 1021IpU]

VI/0TIOV

qunIoTjOL

(Z107) 'T& 10 IweMSBUySLIY]

e1ep osuodsax

amsodxa pue d[J Suisn (VY[)
SOLIYIE PIOJRWNAYI S[TUdAN[ [)Im
syuanyed ur qrx099[ad Jo asn A1) 10§
SUOTJEPUAWIIOIAT FUISOP SALIOP O,

[opour uoIs
-501391 213130 S109JJO-PIXIN

V[ puswdAordur
JO uonruap O¢-vIf

qIx099[2)

(1107) 'Te 30 3oyoEwmNy

S}091J9 WOPUEI AU} UO SUoN
-dwnsse jo Apiqisnerd ayy oaoxduur
0} pue saxmonys [opou jo Ayord
-wrs oy djowold 03 pado[oAdp sem
Sur10sudo 10J juouodwod pooyrayI
B M A30)en)S UONBUWLIOJSURT)
BJEP SOWIOINO PIPUNOQ SNONUNUOD
Jo suonewoysuen jusworduwr of,

[opowt
osuodsa1-esop [eurpmiduo]

VI/(OVH) 211e
-uonsonb juowissosse YieoH

qumoejo

(2107) Te 10 uaspRIN

AdOD YA sjuoned ut sjern
[eoTUI[9 21NN 10} SUOHBPUIUIIOIAT
Sursop wIoyuI 03 I9pI0 Ul J AT
pue (joxojou[es pue S¢e01900

-qd) sistuoSe ejoq Junoe-3uof
parequI oM} usamiaq diysuoneror
9suodsoI—osop oY) 9Z110)9.IeYD O

Ss[opowr
asuodsai—osop [eurpmiduo]

(@dod)
aseasip Areuownd 2ARONISqO

aruoayd/(1 AqJ) puodas auo
ur awnjoA A1oyerrdxa padio

SS€01900-dd parequ]

[e1n [esrur]d e ur sisayjodAy
UOTJENUAIMIIP AOBOIIFO 9} 1S9} 0}
pue A30jens asop-y31y ansind 0y

s[opou (JeAIA

ured

(8007) T 10 DIS[eMO] QOUSPIJUOD PASLAIOUI PIPIAOIJ -ms) modoip pue qd/Md| ASms [e10-jsod/arfar ureq 91¥SL-DS
asuodsar 07DV JO 25I0d dwn
1) JO SUONB[NWIS JNSI[BAI DIOW I0]
Mo[[e 0] 9su0dsal YDV Ul uomne[ar
(6007) 'Te 10 X10108T | -100 BLI0S [eNU2)0d J0J SJUN0OIY | [OPOUT S)IQJJO-PIXTUI AONIBA VI/0TIDV qemNZI[0312)
Q0URIJOY (s)uonyeorddy [oPOIN aseasiputod pug Sniq

(ponunuod) €97 qeL



S. Menon and S. Krishnaswami

494

(+007) 'Te 30 d11RWA]

U0 Paseq 9q PJNod S[OPOwW Injny
ey ySisur Surpraoid ‘uondiosar
PUB UONBULIOJ AUOQ SIQLIISIP

JBY) [OpOW SW)ISAS [[ews & Jursn
Koeo1jJo 119y uo paseq sarderdyy
[enuajod 9)en[eAd puB dUIWLINAP O,

[opowr Aem

-yred DJO-TINVY JINVY
/19pout Surjopowal duog
/[opou UOTIORIAIUI [[20—dU0g

SOSBASIP [E19[YS IO
pue s15010d02)50/S)SB[002)SO
QAT}OR PUE S)SB[QO)SO OAOR

Surpnpour ‘syndur opdnnyy

sarderoy) aandiosar auog

(8007) 'Te 10 sodwenng

JWO9INO ISLISIP
pajorpard oALIp 0 (ST-TI Pue -1
©3-9) skemyped [eonLIO AJHUdpI

pue $9)£00IpUOYd pUe S)SB[qOIqLY
[BIAOUAS “WNI[OYIOPUD ‘S[[00 AI0}
-BWIWEBJUI JO 9[0AD 9JI] 9ZLIQJOBIRYD
0} [OpOW UONE[WIS ONISTUTULISO]

woyjerd [opowr qejoIsAyq

VI/0TIOV

sarderoy) vy

(T102) TR0 1A9]

K)1AT)OR OSBISIp
Furonpar ur 3y/3W § ULy} A}
dJow SI $y/Sw § qRWINZI[IO0],

[opot A1

Vd/8C-Svd

qewnzIjIoo],

(1107) Te I

SOLIYIE PIOJeWNayl

ut (g1-11) g1-unnapiolut jo ajox
oy a101dxo pue sjer (Y[D) oULIYMe
paonpuI-uaFe[[0o Ul eIulyeue

JO $109130 U} dZLId)IBIBYD O]

uorssaigord aseasiq/qd/Sd

Vd/19pow 1l VI

BIUDRUY

(2102) T8 30 sarex

Apnys qg aseyd
& 10J suondo Sursop oje[nwis of,

[opouw ¥dI

Vd/O-ANL Wniag

€LL6-AZY

(€107) 'Te 10 199014

Suwadey asop aziundo

V uLodsoor) yum pajeon
sjuardroar yuefdsuern Jeuar oLyerpad
ur suona9fa1 9noe AqLISIQ

[opOoUI JUSAD 0} AL,

jue[dsuen,uonoafar 9noy

surodsofor)

(€102) TR 9 NH

[opout asuodsax
2s0p [eUIPMISUO[ J[qELIBA JUJE]
Sursn asuodsor 9sop 9Z119)oRIEYD O],

[opow asuodsax
d]qeLIBA JUQJE] 1021IpU]

VY/0L°0S 02DV

qewnuijon

QIOURIRJIY

(s)uoneorddy

[9POIN

aseosip/jutod pug

Iniqg

(ponunuod) ¢'9[ AqeL



495

16 Pharmacometric Applications in Inflammation

(1107) ‘Te 19 1prwyds

sonodoad orwreuAp 1oy

Ul SOOUIYIP 9[qISI[Sou Y3Im Pa)so)
syurod pu2 2} JO UONRZLIAORIRYD
10J 9[qe}INS PUNOJ 0I0oM S[OPOWT
paonpai,, 1orduis ayy pue spPpow
2Irewd ] [RUISLIO Q) ‘UONUIAIIUL
onnaderay) pue uorssardord aseasip
JO 9[eds own & UO Jey) MOYS O],
SISATeUE [EUOISUSWIP-0M)

‘oL1ow 03 € 10J Aem ay) pauado
0S[& pUE SOIWBUAPD $}I JO UOISSNISIP
judredsuen e 10J pamojre Ayxard
WO S,[9POW A} FUIONPIY "WISAS
[RUOISUSWIP-0M] B 0} -921[} B WOLJ
PooNpaI oq P[nood dIrewo ] £q [opou
UOI10BIUI [[99 du0q [en}doouod oy ],

[epow Aemyped Hdo

“TIINVY JINVY 21rewio]
Y} JO UOISIOA POINPY

s15010d02)s0 Sk yons
Sur[opowaI 9U0q-01 SUORIPUOI
[eo13oo1sAydoyed pue [eo
-130]01sAyd snoLreA/s)se[909)s0
QAT}OR PUE S)SB[qO)SO OATIOR
Surpnpour ‘syndur opdnny

qewnsoua(J

Q0UBAJ[QI [BOIUI]d Ful

-praoid snyj ‘opow 10A0UIN) QUOQ
' 3uisn (A Jequn uo sgnip
9SOU) JO SI00JJ9 Y} SZLIORIBYD O,
uowom [esnedousunysod ur [opowsIs
-BJSOQWOY du0q pojer3ajur ue Juisn
‘9yeuoIpueql JO PUE ‘QBUINSOUdP JO

SISE}SOaWOY dU0q

s1s010d0)s0/(IN g Tequin|
pue (s1oxreworq uordiosar

(1107) ‘TR0 ayerey | senxadoxd qJ ayp 9zuojorIeys of, | Je[n[[oo Suisn [opowt qd/Md u0q) X.1LD/XIN S[AQT | 9jeuoIpuURq[/qRWNSOUd(]
syuoned JAJA Ul qewunsoudp Jo dd
A} 9Z119)0RIRYD 0) ([OpOoU dIBWA ewofoAuwr
U} JO UOIEIIIPOW €) [9POUI SISE)S SISE}SOOWOY 9U0q ordnnuuy/s[oAd] (Josreworq
(8007) 'Te 10 ayjeIe| -0owoy uoq Je[n[[ao & Ajdde of, | reny[eo 3ursn [opow qd/3d uondiosar auoq &) X IN qewnsousd(J
Q0UIJY (s)uoneorddy [9POIN aseasipurod pug gniqg

(ponunuoo) €97 alqe],



496 S. Menon and S. Krishnaswami

References

Demin I, Hamrén B, Luttringer O, Pillai G, Jung T (2012) Longitudinal model-based meta-anal-
ysis in theumatoid arthritis: an application toward model-based drug development. Clin Phar-
macol Ther 92(3):352-359. doi:10.1038/clpt.2012.69. Epub 2012 Jul 4

Fleischmann R et al (2012) Phase IIb dose-ranging study of the oral JAK inhibitor tofacitinib (CP-
690,550) or adalimumab monotherapy versus placebo in patients with active rheumatoid ar-
thritis with an inadequate response to disease-modifying antirheumatic drugs. Arthritis Rheum
64:617-629

Foeldvari I, Szer IS, Zemel LS et al (2009) A prospective study comparing celecoxib with naprox-
en in children with juvenile rheumatoid arthritis. ] Rheumatol 36(1):174—182

Frobel AK, Karlsson MO, Backman JT, Hoppu K, Qvist E, Seikku P, Jalanko H, Holmberg C,
Keizer RJ, Fanta S, Jonsson S (2013) A time-to-event model for acute rejections in paediatric
renal transplant recipients treated with ciclosporin A. Br J Clin Pharmacol 76:603-615

Gierse J, Kurumbail R, Walker M et al (2002) Mechanism of inhibition of novel COX-2 inhibitors.
Adv Exp Med Biol 507:365-369

Gupta P, Friberg LE, Karlsson MO, Krishnaswami S, French JA (2010) A semimechanistic model
of CP-690,550-induced reduction in neutrophil counts in patients with rheumatoid arthritis. J
Clin Pharmacol 50:679-687

Hu C, Xu Z, Mendelsohn AM, Zhou H (2013, Feb) Latent variable indirect response modeling
of categorical endpoints representing change from baseline. J Pharmacokinet Pharmacodyn
40(1):81-91

Hutmacher MM, Krishnaswami S, Kowalski KG (2008) Exposure-response modeling using latent
variables for the efficacy of a JAK3 inhibitor administered to rheumatoid arthritis patients. J
Pharmacokinet Pharmacodyn 35:139-157

Hutmacher MM, French JL, Krishnaswami S, Menon S (2011) Estimating transformations for
repeated measures modeling of continuous bounded outcome data. Stat Med 30(9):935-949

Kowalski KG, Olson S, Remmers AE, Hutmacher MM (2008) Modeling and simulation to support
dose selection and clinical development of SC-75416, a selective COX-2 inhibitor for the treat-
ment of acute and chronic pain. Clin Pharmacol Ther 83(6):857-866

Kremer JM et al (2009) The safety and efficacy of a JAK inhibitor in patients with active rheuma-
toid arthritis: results of a double-blind, placebo-controlled phase Ila trial of three dosage levels
of CP-690,550 versus placebo. Arthritis Rheum 60:1895-1905

Kremer JM et al (2012) A phase 1Ib dose-ranging study of the oral JAK inhibitor tofacitinib (CP-
690,550) versus placebo in combination with background methotrexate in patients with ac-
tive theumatoid arthritis and an inadequate response to methotrexate alone. Arthritis Rheum
64:970-981

Krishnaswami S, Hochhaus G, Derendorf H (2000) An interactive algorithm for the assessment
of cumulative cortisol suppression during inhaled corticosteroid therapy. AAPS PharmSci
2(3):E22

Krishnaswami S et al (2009) Modeling and clinical trial simulation to design a dose ranging study
for CP-690,550 in rheumatoid arthritis patients. Clin Pharmacol Ther 85(1):PII-78

Krishnaswami S, Hutmacher MM, Robbins JL, Bello A, West C, Bloom BJ (2012) Dosing celecox-
ib in pediatric patients with juvenile rheumatoid arthritis. J Clin Pharmacol 52(8):1134—1149

Lacroix BD, Lovern MR, Stockis A, Sargentini-Maier ML, Karlsson MO, Friberg LE (2009) A
pharmacodynamic Markov mixed-effects model for determining the effect of exposure to cer-
tolizumab pegol on the ACR20 score in patients with rheumatoid arthritis. Clin Pharmacol
Ther 86(4):387-395

Lemaire V, Tobin FL, Greller LD, Cho CR, Suva LJ (2004) Modeling the interactions between
osteoblast and osteoclast activities in bone remodeling. J Theor Biol 229(3):293-309



16 Pharmacometric Applications in Inflammation 497

Levi M, Grange S, Frey N (2012, Feb 14) Exposure—response relationship of tocilizumab, an anti-
IL-6 receptor monoclonal antibody, in a large population of patients with rheumatoid arthritis.
J Clin Pharmacol 53:151-159

List of inflammatory diseases (2013). http://www.progesteronetherapy.com/list-of-inflammatory-
diseases.html#ixzz2QcK2V4Ap. Accessed 4 June 2013

Liu D, Lon HK, Dubois DC, Almon RR, Jusko WJ (2011) Population pharmacokinetic-pharmaco-
dynamic-disease progression model for effects of anakinra in Lewis rats with collagen-induced
arthritis. J Pharmacokinet Pharmacodyn 38(6):769-786

Lon HK, Liu D, Jusko WJ (2012) Pharmacokinetic/pharmacodynamic modeling in inflammation.
Crit Rev Biomed Eng 40(4):295-312. Review

Mandema JW, Stanski DR (1996). Population pharmacodynamic model for ketorolac analgesia.
Clin Pharmacol Ther 60:619-635

Mandema JW, Salinger DH, Baumgartner SW, Gibbs MA (2011) A dose-response meta-analysis
for quantifying relative efficacy of biologics in rheumatoid arthritis. Clin Pharmacol Ther
90(6):828-835

Marathe A, Peterson MC, Mager DE (2008) Integrated cellular bone homeostasis model for deno-
sumab pharmacodynamics in multiple myeloma patients. J Pharmacol Exp Ther 326(2):555—
562

Marathe DD, Marathe A, Mager DE (2011) Integrated model for denosumab and ibandronate phar-
macodynamics in postmenopausal women. Biopharm Drug Dispos 32(8):471-481

McDevitt H et al (2009) Infrastructure development for building, maintaining and modeling indi-
cation-specific summary-level literature databases to support model-based drug development.
PAGE Meeting 18, Abstr 1455

Mclnnes IB, Schett G (2011) The pathogenesis of theumatoid arthritis. N Engl J Med 365(23):2205—
2219

Milligan PA, Brown MJ, Marchant B, Martin SW, van der Graaf PH, Benson N, Nucci G, Nichols
DJ, Boyd RA, Mandema JW, Krishnaswami S, Zwillich S, Gruben D, Anziano RJ, Stock TC,
Lalonde R (2013) Model-based drug development: a rational approach to efficiently accelerate
drug development. Clin Pharmacol Ther 93(6):502-514

Nielsen JC, Hutmacher MM, Cleton A, Martin SW, Ribbing J (2012) Longitudinal FEV1 dose-
response model for inhaled PF-00610355 and salmeterol in patients with chronic obstructive
pulmonary disease. J Pharmacokinet Pharmacodyn 39(6):619—634

Peterson MC, Riggs MM (2010) A physiologically based mathematical model of integrated cal-
cium homeostasis and bone remodeling. Bone 46(1):49-63

Rullmann JAC, Meeuwisse CM, Struemper H, Defranoux NA, van Elsas A (2005) Systems biol-
ogy for battling rheumatoid arthritis: application of the Entelos PhysioLab platform. IEE Proc
Syst Biol 152(4):256-262

Schiff M et al (2008) Efficacy and safety of abatacept or infliximab vs placebo in ATTEST: a phase
111, multi-centre, randomised, double-blind, placebo-controlled study in patients with rheuma-
toid arthritis and an inadequate response to methotrexate. Ann Rheum Dis 67:1096-1103

Schmidt S, Post TM, Peletier LA, Boroujerdi MA, Danhof M (2011) Coping with time scales
in disease systems analysis: application to bone remodeling. J Pharmacokinet Pharmacodyn
38(6):873-900

Schmith VD, Foss JF (2010) Inflammation: planning for a source of pharmacokinetic/pharmaco-
dynamic variability in translational studies. Clin Pharmacol Ther 87(4):488-491

Sheiner LB (1994) A new approach to the analysis of analgesic trials, illustrated with bromfenac
data. Clin Pharmacol Ther 56:309-322

Sheiner LB (1997) Learning versus confirming in clinical drug development. Clin Pharmacol Ther
61:275-291

Sheiner LB, Beal SL, Dunne A (1997) Analysis of nonrandomly censored ordered categorical
longitudinal data from analgesic trials. ] Am Stat Assoc 92:1235-1244



498 S. Menon and S. Krishnaswami

Shi J, Kovacs SJ, Wang Y et al (2005) Population pharmacokinetics of the active metabolite of
leflunomide in pediatric subjects with polyarticular course juvenile rheumatoid arthritis. J
Pharmacokinet Pharmacodyn 32(3—4):419-439

Smolen JS, Aletaha D, Bijlsma JW, Breedveld FC, Boumpas D, Burmester G, Combe B, Cutolo
M, de Wit M, Dougados M, Emery P, Gibofsky A, Gomez-Reino JJ, Haraoui B, Kalden J, Key-
stone EC, Kvien TK, Mclnnes I, Martin-Mola E, Montecucco C, Schoels M, van der Heijde D,
T2T Expert Committee (2010) Treating rheumatoid arthritis to target: recommendations of an
international task force. Ann Rheum Dis 69(4):631-637

Stark JG, Werner S, Homrighausen S, Tang Y, Krieg M, Derendorf H, Moellmann H, Hochhaus G
(2006) Pharmacokinetic/pharmacodynamic modeling of total lymphocytes and selected sub-
types after oral budesonide. J Pharmacokinet Pharmacodyn 33(4):441-459

Struemper H, Ramanujan S, Shoda LKM, Séderstrom K, Defranoux NA (2008) Using biosimula-
tion to identify a biological basis for poor response to TNF-o neutralizing therapies Entelos Inc.
http://wan253-192.ippl.jhu.edu/courses/540.409/docs/lit/Entelos.pdf. Accessed 11 Sept 2014

Tan H, Gruben D, French J, Thomas N (2011) A case study of model-based Bayesian dose re-
sponse estimation. Stat Med 30:2622-2633

Tofacitinib Arthritis Advisory Committee Meeting (2012) FDA Advisory Committee. Washing-
ton, DC. http://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/
Drugs/ArthritisAdvisoryCommittee/UCM304200.pdf. Accessed 11 Sept 2014

van Vollenhoven RF, Fleischmann R, Cohen S, Lee EB, Garcia Meijide JA, Wagner S, Forejtova
S, Zwillich SH, Gruben D, Koncz T, Wallenstein GV, Krishnaswami S, Bradley JD, Wilkinson
B, ORAL Standard Investigators (2012a) Tofacitinib or adalimumab versus placebo in rheuma-
toid arthritis. N Engl J Med 367(6):508-519

Xu J, Winkler J, Derendorf H (2007) A pharmacokinetic/pharmacodynamic approach to predict
total prednisolone concentrations in human plasma. J Pharmacokinet Pharmacodyn 34(3):355—
372

XuJ, Nave R, Lahu G, Derom E, Derendorf H (2010) Population pharmacokinetics and pharmaco-
dynamics of inhaled ciclesonide and fluticasone propionate in patients with persistent asthma.
J Clin Pharmacol 50(10):1118-1127

Yates JW, Das S, Mainwaring G, Kemp J (2012) Population pharmacokinetic/pharmacodynamic
modelling of the anti-TNF-a polyclonal fragment antibody AZD9773 in patients with severe
sepsis. J Pharmacokinet Pharmacodyn 39(6):591-599

Zhang Y, Wang D, Tan S, Xu H, Liu C, Lin N (2013) A systems biology-based investigation into
the pharmacological mechanisms of wu tou tang acting on rheumatoid arthritis by integrating
network analysis. Evid-based Complement Altern Med 2013:Article ID 548498


http://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/ArthritisAdvisoryCommittee/UCM304200.pdf
http://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/ArthritisAdvisoryCommittee/UCM304200.pdf

	Chapter-16
	Pharmacometric Applications in Inflammation
	16.1 Introduction
	16.2 Case Studies
	16.2.1 Decision to Terminate Clinical Development of Canakinumab for the Treatment of RA (Demin et al. 2012)
	16.2.2 Decision to Expand the Size and Scope of a Dose-Finding Study and Using Benefit and Risk Data to Select Doses for Phase 3 Testing. (Milligan et al. 2013)
	16.2.3 Decision to Approve a Pediatric Dose and Formulation Not Tested in a Pivotal Registration Trial (Krishnaswami et al. 2012)
	16.2.4 Decision to Test Higher Dose Space Based on Knowledge Derived from Totality of Internal and External Data (Kowalski et al. 2008)

	16.3 Summary
	References





