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ORIGINAL ARTICLE

Bridging Clinical Outcomes of Canakinumab Treatment
in Patients With Rheumatoid Arthritis With a Population

Model of IL-1B Kinetics

S Ait-Oudhia', PJ Lowe? and DE Mager"

Canakinumab, an anti-interleukin-1p (IL-18) monoclonal antibody, is approved for cryopyrin-associated periodic

syndromes and is under investigation for the management of other inflammatory disorders. In this study, population-based
pharmacokinetic-pharmacodynamic models were developed to understand responses to canakinumab in patients with
rheumatoid arthritis (RA). Total canakinumab and total IL-1B concentrations were obtained from four clinical trials (n = 472).

In contrast to traditional models, free IL-1B concentrations were calculated and used to link canakinumab to changes in
C-reactive protein (CRP) concentrations and American College of Rheumatology (ACR) scores of 20, 50, and 70% improvement.
Temporal patterns of total canakinumab, total IL-1B, CRP, and ACR scores were all well described. Simulations confirmed

that 150 mg every 4 weeks improved ACR scores in patients with RA, but no additional benefit was provided by higher doses

or more frequent administration. Integrating predicted endogenous free ligand concentrations with biomarkers and clinical
outcomes could be extended to new therapies of anti-inflammatory diseases.
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Rheumatoid arthritis (RA) is a chronic, systemic inflammatory
disease affecting ~1% of the world population.’? Like many
other autoimmune diseases, it disproportionately affects
women.® Inflammation is the hallmark feature of RA which
usually starts within the small joints, but may also affect other
organs such as cartilage and bone.* In inflammatory joints,
the synovial membrane is hyperplasic, highly vascularized,
and infiltrated with activated immune cells. As the disease
progresses, patients experience pain, stiffness, and swelling
of the joints leading to an impaired physical function and ulti-
mately a reduced life expectancy.®

Interleukin-13 (IL-1B) is a well-known proinflammatory
cytokine released by various cells such as macrophages,
keratinocytes, fibroblasts, mastocytes, endothelial, and neu-
ronal cells. Initially, a full length precursor peptide (pro-IL-1p)
is synthesized then cleaved within the inflammasome com-
plex by the caspase-1 protein to form active IL-1p, which is
released into the extracellular space.®” IL-1J exerts its effects
upon binding to its receptor (IL-1BR). A dysregulation of IL-13
activity is characteristic of RA and occurs from either an
excess of IL-1B production, resulting in increased systemic
concentrations of the cytokine, or from a qualitative or quan-
titative deficiency of IL-1BR.®

Current anti-RA therapies are symptomatic and aim at
reducing the uncontrolled auto-inflammatory response. Four
groups of anti-RA medications are approved by the US Food
and Drug Administration which are corticosteroids, disease
modifying antirheumatic drugs, nonsteroidal anti-inflammatory
drugs, and biologic response modifiers.® In the latter group,
therapies are either monoclonal antibodies that inhibit the
activities of some proinflammatory cytokines such as IL-6,"°
tumor necrosis factor-o.,° and IL-13"" or recombinant human

proteins that are IL-1BRI antagonists.' Although the effective-
ness of biologics in RA treatment has been largely shown, dis-
ease progression and drug resistance are commonplace.

Canakinumab (llaris)'® is a humanized monoclonal antibody
targeted against IL-1B."" Canakinumab was recently approved
by the US Food and Drug Administration'* for the treatment
of the Muckle-Wells syndrome and the familial cold auto-
inflammatory syndrome.’ The European Medicines Agency
approved canakinumab for all cryopyrin-associated periodic
syndromes.'® In addition to neutralizing IL-1f3, canakinumab
exhibits intracellular effects with data suggesting that the drug
can exert a negative feedback on IL-1f production and normal-
izes IL-1B concentrations to those of healthy subjects."” Phar-
macologically, canakinumab binds to and captures IL-1p3 and
thereby neutralizes its activity, preventing interactions with its
receptor (IL-1BR). A single subcutaneous injection of 150mg
of canakinumab in patients with RA showed that peak serum
concentrations occur around 7 days; drug disposition appears
to be linear and stationary, with half-life ranging from 22 to 33
days and a mean clearance of the total drug of ~0.17 I/day in
patients with an average weight of 70kg."®

The objectives of this analysis were to (i) develop a phar-
macokinetic (PK) model for total canakinumab and IL-13
disposition in patients with active RA, (ii) develop pharma-
codynamic (PD) models that link predicted free IL-13 expo-
sure with the temporal profiles of a continuous biomarker
and a categorical clinical outcome, namely C-reactive protein
(CRP) and the American College of Rheumatology (ACR)
scores (x = 20, 50, or 70% improvement) and (iii) use final
models to predict the signal from IL-1B across escalating
doses of canakinumab and evaluate the impact on clinical
outcome in patients with RA. ACR, scores are binary PD
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endpoints that reflect percent improvement levels in RA from
baseline conditions.' These criteria were recommended in
1995 by the ACR to standardize outcome measures in RA
trials and are now key criteria for regulatory decisions by the
US Food and Drug Administration for antirheumatoid thera-
pies.?’ In contrast to traditional PK/PD models in which drug
concentrations are directly linked to response variables, we
used model predicted plasma concentrations of free IL-1f to
regulate temporal changes in plasma concentrations of CRP
and the probabilities of achieving ACR,,, ACR,,, and ACR,_,
in patients with RA.

207 50’

RESULTS

Data were obtained from four clinical trials including 472
patients with RA, 80% of whom were women, with a median
age of 57 years (range 18-87 years) and a median weight
of 74kg (range 40—111kg). A total of 349 patients received
canakinumab (doses ranged 0.1 mg/kg to 900mg) as a sub-
cutaneous injection or 2-h intravenous infusion every 2 or 4
weeks, providing 6,918 total canakinumab and total IL-13
plasma concentrations. The remaining 123 patients received
placebo. Biomarker measurements included 7,925 plasma
concentrations of CRP; 11,394 ACR_ scores were recorded.

Structural models

The final PK/PD models are depicted in Figure 1. The PK of
total canakinumab was described using a standard two-com-
partment model, with a first-order absorption rate constant
(k,) and alinear clearance (CL) from the central compartment.
A quasi-equilibrium model was used to describe the binding
of canakinumab to the ligand (IL-18),%' which was assumed
to be synthesized at a zero-order rate (k_ ) and eliminated
with a clearance CL, . Free canakinumab (A_) binds free IL-1§3
(A) to form a drug-ligand complex, governed by equilibrium
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Figure 1 Pharmacokinetic/pharmacodynamic (PK/PD) model
diagram for canakinumab. A_, A, and A_ are the amounts of free
canakinumab in the subcutaneous site, central, and peripheral
compartments, respectively. A and drug-ligand complex are
the amounts of free IL-1B and the complex of IL-1B bound to
canakinumab in the central compartment. CRP, are the transit
compartments for C-reactive protein and ACRL is a latent variable.
CRP, C-reactive protein; V_ and Vp the canakinumab central and
peripheral volumes of distribution.
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dissociation constant (K,) and removed by a linear clearance
CL,,. Total canakinumab, T, as assayed, is the sum of A,
and drug-ligand complex; total IL-1B3, T, is the sum of A
and drug-ligand complex. During the model building process,
estimates of CL, and CL were found to be similar; therefore,
CL,, and CL were assumed to be equal; therefore, CL repre-
sents the overall or total clearance of canakinumab.

The time delay in the dynamical response of CRP was
captured using a transit compartment model.?2 As shown
in Figure 1, three transit compartments were included, with
CRP production as a zero-order process (k). The transfer
from one compartment to the next was through a first-order
process (k ), assumed to be identical for each compartment.
Normalized plasma concentrations of free IL-1[3 served as a
stimulatory driver for the production of CRP. An amplification
process, modeled as a y-parameter on the input to the third
differential in the CRP series, was incorporated empirically to
achieve a better fit to the CRP data.

The final model for ACR, scores used a modified latent
variable (ACRL) approach for multiple related binary outcome
variables.?® The disease condition was modeled using a single
transit compartment with identical first-order production and
loss rate constants (1/t, reciprocal of the mean transit time).
The difference of free IL-1B from its baseline was incorpo-
rated into a sigmoidal E___function to indirectly represent the
inhibitory effect of the drug on disease processes (described
in Methods section). The latent variable was related to the
probability of achieving 20, 50, or 70% improvement from
baseline conditions using a logit transform.

Pharmacokinetics of total canakinumab and total IL-13
The timecourse of observed and predicted total canaki-
numab and total IL-1B3 concentrations for three representative
patients are shown in the left and middle panels of Figure 2.
Total canakinumab profiles suggested a long terminal half-
life. Total IL-1B concentrations increased substantially, some-
times over 100-fold, to a new steady-state level. Estimated
population PK parameters, along with variability between
subject (BSV) and residual terms for drug and IL-1j, are
reported in Table 1. All parameters were estimated with good
precision. Bioavailability following subcutaneous administra-
tion was incomplete at 67%. The interpatient variability for
the absorption rate and bioavailability was estimated to be
low at 5% and 4%. Especially, the absorption rate may reflect
the limited information available from relatively sparse sam-
pling in the first half-week postdosing. As expected, the vol-
ume of distribution of canakinumab was slightly greater than
blood volume (about 7 liters), and the clearance of IL-1 was
greater than that of the drug or drug-ligand complex (13.7
vs. 0.107 I/day). The effects of body weight, age, gender, and
methotrexate comedication were tested for explaining BSV
of model parameters controlling free drug and total IL-1B.
Only body weight was identified as a statistically significant
covariate on CL, CL, CL,, V, and Vp. Model diagnostics
are provided in Supplementary Materials and Methods
online (Supplementary Figures S1-S3 online) and normal-
ized visual predictive checks are shown in Supplementary
Figure S4 online. No systematic deviation from unity was
observed for the ratio of the median to predicted concentra-
tions obtained after simulating 100 data sets.
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Figure 2 The time-course of plasma concentrations of total canakinumab (left panels), total interleukin-1 (IL-1B) (center panels), and
C-reactive protein (CRP) (right panels) for representative patients all administered subcutaneously with canakinumab at 2 mg/kg. Symbols
represent the observed concentrations. Solid and broken lines are the mean population and individual model predicted concentrations.

CRP pharmacodynamics

The baseline plasma concentration of CRP was 8.4 mg/l, but
exhibited a relatively high BSV of 67% (Table 2). Drug admin-
istration resulted in a gradual decrease of CRP concentra-
tions suggesting substantial inhibition of CRP in response to a
decrease in free IL-1f (Figure 2, right panels). The model well
captured the overall trend of CRP concentration—time profiles
(Figure 2). Estimated model parameters for CRP are reported
in Table 2; all terms showed good precision. The first-order
transit rate constant was slow (1.06/day) and a signal ampli-
fication factor significantly improved model fitting (y = 1.92).
Model diagnostics for CRP are also shown in the Supplemen-
tary Materials and Methods online (Supplementary Figures
S1-S4 online) and suggest reasonable model performance.

ACR, clinical response

The visual predictive checks for the probabilities of ACR scores
over time are shown in Figure 3. The model well described the
data as demonstrated by the centrally located 50th percentiles

(dashed lines) and the 5th and 95th percentiles (shaded areas)
encompassing the range of the observed ACR, frequencies.
Estimated parameters and BSV terms are reported in Table 2.
The capacity parameter for the maximal effect of the drug was
greater than that of the placebo treatment (E__ 0.75 vs. 0.25).
Model simulated responses

To evaluate the role of canakinumab dose, model simulations
of total drug, total and free IL-1B, and the difference between
baseline and predicted IL-1B concentrations were conducted
for 150, 300, 600, and 900mg given subcutaneously every 2
weeks for five doses (Figure 4). With the exception of canaki-
numab pharmacokinetics, temporal profiles of mean concen-
trations show little differences across dose levels. A drug effect
was confirmed in simulations comparing ACR_ scores, and the
latent variable (ACRL), in placebo and canakinumab-treated
patients with RA following a single subcutaneous dose of
150mg (Figure 5). However, the apparent lack of additional
benefit from increasing the dose beyond 150mg was further
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Table 1 Fixed and random effect parameters of canakinumab and IL-13
kinetics

Estimate Variability*

Parameter (unit)  Definition (%RSE) (%RSE)

0,, (day™) First-order absorption 0.266 (3) 5(4.47)
rate constant

0, (1) Central volume of 3.71 (4) 37 (8)
distribution

0,, (1) Peripheral volume of 2.24 (4) 39.9(9)
distribution

0, and 6., (/day) Drug (and drug-ligand) 0.104 (5) 11.8(19.4)
clearance

0., (/day) Free IL-1B clearance 13.7(7) 32.4 (11)

0, (I/day) Intercompartment 0.165(5) 13.2(15.4)
clearance

6., (nmol/l) Equilibrium dissociation 0.38(8) 34 (12)
constant

0 (-) Bioavailability 0.667 (3) 3.68(5.88)

Residual variability

a, (%) Total drug proportional 11.1 (16)
error

b, (nmol/l) Total drug additive error 0.217 (1)

a, (%) Total IL-1B proportional 61.6(7.8)
error

b, (nmol/l) Total IL-1B additive error 0.317 (2)

IL, interleukin; RSE, relative standard error.

aEstimates are apparent coefficients of variation for the between-subject
variability.

0,.,, = 7-4ng/day, is the zero-order production rate constant of IL-18 and is
calculated as

eksyn: CT,L (0)- CLDL

supported with simulations comparing the probability of ACR,
responses following single subcutaneous injections of increas-
ing doses (Supplementary Figure S5 online).

DISCUSSION

In this analysis, population-based models were developed to
provide insights into the potential use of canakinumab for treat-
ing RA. A wide range of dose levels were evaluated following
intravenous and subcutaneous administration on once every
2- or 4-week schedules. Although canakinumab appeared to
improve clinical scores, based on our simulations, increas-
ing dose levels beyond 150mg (up to 900 mg) failed to further
improve outcomes. The final PK/PD models effectively linked
a continuous endogenous biomarker (i.e., IL-1B) to a binary
clinical response variable (i.e., ACR ) and provided insights
into the apparent lack of a dose-response relationship.

The pharmacokinetics of total canakinumab appear to be
linear and stationary over the range of dose levels tested.
A standard two-compartment model was sufficient for char-
acterizing total canakinumab disposition, with dose linear-
ity confirmed by a noncompartmental analysis.?*®* The
integrated canakinumab-IL-13 PK—PD model resembles a
quasi-equilibrium approximation of target-mediated drug
disposition?' where temporal changes in both antibody and
ligand are available and influence one another. As total canaki-
numab disposition is linear, the individual parameters of the

CPT: Pharmacometrics & Systems Pharmacology

Table 2 Fixed and random effects of the population pharmacodynamic model
for CRP and ACR,

Parameter Estimate Variability?

(unit) Definition (%RSE) (%RSE)

CRP

0 cqpo (MY/l) Baseline CRP 8.44 (6) 66.9 (14)

0, (day™") First-order transit rate 1.06 (10) 32.4(7.4)
constant

0, (-) Power coefficient for the 0.25(12) 75.3(17.2)
stimulatory function

0,(-) Power coefficient for the 1.92 (12) 63.6 (1.7)
transit compartment

ACR,

O max () Maximum effect of free IL-13 0.741 (0.21)

Occsoi 10 Free IL-1p concentration 0.204 (0.82)

(pg/ml) inducing 50% of E_

0_(day) Transit time for the latent 55.9(0.89)
variable

O (day") First-order rate constant for 0.524 x 107" (1.24)
placebo onset

G Maximum placebo effect 0.259 (NA)

6,(-) Between subject variability 54.3(2.1)

Residual variability

a (%) Exponential error term for

CRP

11.1(16)

ACR,, Amernican College of Rheumatology with x% amelioration; CRP,
C-reactive protein; NA, not available; RSE, relative standard error.
aEstimates are apparent coefficients of variation for the between subject
variability.

two-compartment model were fixed and the binding model
was applied to total IL-1f concentrations. The half-life of IL-1f3
was less than that of canakinumab (4.5h vs. 25 days). The
clearance of the drug-ligand complex was assumed to be
the same as that of the free antibody. As expected for mono-
clonal antibodies, the absorption half-life for canakinumab
was extended (1.9 days) and its bioavailability incomplete
(67%, Table 1). These findings are aligned with previously
published results following a subcutaneous administration
of canakinumab.?*?” The estimated equilibrium dissociation
constant was 6.4-times lower than the in vitro measurement,
but similar to the estimated value reported in patients expe-
riencing cryopyrin-associated periodic syndromes.'®'” The
well-estimated PK parameters were also in good agreement
with values submitted to the US Food and Drug Administra-
tion.?® This model was used to predict free IL-13 concentra-
tions to drive downstream pharmacological effects of IL-153 on
inflammatory processes.

The model mean estimated baseline CRP concentration
was similar to the average value reported for healthy volun-
teers.2® The number of transit compartments for describing
the CRP profiles was varied and three compartments were
determined to be optimal (data not shown). Despite identify-
ing the optimal number of compartments, simulations sug-
gested that the stimulatory signal from normalized free IL-1
concentrations on CRP production was relatively low (data
not shown). Therefore, an amplification factor was applied
on the input to the third transit compartment to enhance
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Figure 3 Visual predictive checks for American College of Rheumatology with x% amelioration probabilities. Symbols represent observed
frequencies, and broken lines are the median (i.e., 50th percentile) of 100 simulated data sets. Shaded areas represent the bounds of the 5th

and 95th percentiles of the predicted confidence interval.

the signal. This addition significantly improved model fitting
and, although the mechanistic explanation remains to be
determined, temporal CRP profiles in plasma were then well
captured for all patients. The half-life of the CRP response
system, 15.7h, calculated from the value of k ,, of 1.06/d,
was similar to the half-life of CRP itself (about 19 h).%°

A logistic regression model was used to link endogenous
IL-1B concentrations and a latent variable to capture the time-
course of the probability of ACR _response with high fidelity
(Figure 4). We modified the ACRL approach of Hu et al.®® to
include regulation of the latent variable by an endogenous
factor. The model of Hu et al® is an extension of the mixed
effect logistic regression approach with a continuous latent
variable described by Hutmacher et al.®' Another approach
includes a Markov transition model;® however, the multiple
outcomes methodology allows for the simultaneous fitting of
the model to all ACR, scores. At the beginning of the study
(time = 0), the logit term approaches —e, resulting in a proba-
bility response prob (ACR = 1) of 0, which is representative of

the initial clinical condition for these patients. In addition, the
standard logistic regression approach requires an intercept
to be estimated for each ACR_ probability response, whereas
the ACRL technique uses a modified logit term that is flexible
and allows intercepts to differ according to the ACR, score
without adding more parameters to the model.

The final ACR_model differed from the original® in that
ACRL was modeled using a transit compartment driven by
predicted free endogenous ligand exposure rather than drug
concentrations. Despite the relatively large BSV (54% coef-
ficient of variation), the model well captured the trend of the
observed data (Figure 3). The mean transit time for the ame-
lioration of RA was 56 days and was consistent with litera-
ture results.?® Model predictions showed that the drop in free
IL-1pB concentrations after binding to free canakinumab has a
greater potential for the amelioration of patient symptoms as
compared with the placebo effect (£, 0.75 vs. 0.25).

The cellular signaling of IL-13 is complex and involves
multiple competing ligands interacting with different forms

(6]
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Figure 4 Simulated temporal profiles for (a) total canakinumab, (b) total IL-1pB, (c) free IL-1B3, and (d) difference between baseline and
predicted free IL-1f concentrations. The simulated regimen was canakinumab administered subcutaneously at 2 (solid line), 4 (dashed line),

8 (dotted line), and 12mg/kg (dashed and dotted line) Q2W.

of IL-18 membrane-bound or soluble receptors.t The IL-1Rl
receptor and its associated accessory protein, IL1-RACP,
initiate IL-1B signaling activity, which is tightly controlled by
physiological processes including negative feedback regula-
tion loops, neutralization and endocytosis of IL-13 and binding
to decoy and soluble receptors.®® Canakinumab selectively
attenuates systemic high concentrations of IL-13 to the
pmol/l range, but allows high concentrations of IL-1f in local
inflammatory spaces, such as joint synovial fluid. Although
IL-1B is thought to act locally, rather than systemically, it is a
potent cytokine, requiring <5% receptor occupancy to induce
maximum response.?*3® In addition, experimental measure-
ments of IL-1 concentrations in peripheral tissues are often
unavailable. Hence, the final model was implemented using
IL-1B systemic concentrations to avoid parameter identifiabil-
ity concerns.

A cell-based activity assay for IL-1B signaling activity fol-
lowing exposure to XOMA-052, a recombinant monoclonal
antibody with high affinity and specificity for IL-13, confirms

CPT: Pharmacometrics & Systems Pharmacology

activity at low IL-1B concentrations around 1-2pmol/l.%6:57
The final model predicted a 10-fold lower EC_, for IL-1f
than this in vitro measurement (Table 2); this may result
from competitive binding processes to IL-1RI that occur in
vivo but not in vitro. Of note, simulations of free IL-13 sys-
temic concentrations following escalating doses given at the
same schedule reveal that concentrations remain below the
EC,, for all regimens, which may explain the lack of a dose-
dependent benefit in ACR, responses for patients receiving
canakinumab (Supplementary Figure S5 online). Indeed, it
is the insight into potential mechanisms which are advanta-
geous over more traditional methods of linking plasma drug
concentrations to clinical responses. Although it may have
been possible, and perhaps quicker, to create a model where
canakinumab indirectly influenced CRP and the probability of
an ACR response, it would have been necessary to invoke
virtual or latent intermediaries to achieve a model fit. As data
were available directly quantitating the capture of IL-1B by
canakinumab, it was sensible to incorporate this to generate
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American College of Rheumatology.

further understanding on the role of cytokine binding on the
dose-time-responses.

In summary, this analysis confirmed that canakinumab does
have a clinically small but statistically significant efficacy in
RA. It also demonstrated that increasing canakinumab doses
to >150mg are unlikely to provide further benefit in RA clini-
cal outcomes. The final PK/PD models captured the temporal
changes in total canakinumab and IL-1f3 exposure as well as
CRP concentrations and clinical ACR, scores. On the basis
of IL-1p signal transduction that can result from low recep-
tor occupancy, the clinical endpoint model used exposure of
a free endogenous ligand as the pharmacological driver for
subsequent effects. The model also provided a hypothesis
for the lack of a clear dose response for canakinumab in RA,
in that the extent of the involvement of IL-1f in the RA dis-
ease process, though definitely existent, is not as marked
as other cytokines such as tumor necrosis factor-o. and IL-6,
making the early development detection and characterization
of a dose response more difficult. Furthermore, following this
analysis is the realization that lower doses would have had
to have been tested. Nevertheless, the final model improves
understanding of this system and could be further adapted to
pre-existing or new therapies of inflammatory diseases with
continuous and binary clinical endpoints.

METHODS

Clinical trials. Data were obtained from four randomized,
placebo-controlled clinical studies lasting from 12 weeks to
2 years and 4 months.?”38 A total of 472 patients with active
RA were recruited, and 349 patients received canakinumab
at doses ranging from 0.1mg/kg to 900mg (123 patients
received placebo). Canakinumab was administered following
a short intravenous infusion (2h) or subcutaneously every
2 or 4 weeks (Q2W or Q4W) alone or in association with
methotrexate. Individual study designs and clinical trial refer-
ences are listed in Supplementary Materials and Methods
online (Supplementary Table S1 online). Study protocols
were approved by medical ethics committees and institutional
review boards of the participating centers and all subjects
provided written informed consent before enroliment.

Analytical assays

Total canakinumab and total IL-13 serum concentrations.
A competitive enzyme-linked immunosorbent assay was used
to determine total canakinumab concentrations in human
plasma as described elsewhere.'”” The limit of quantification
was 42.6ng/ml. IL-1B serum concentrations were measured
using the Quantikine HS Human IL-1 immunoassay (R&D
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pg)

Systems, Minneapolis, MN), which was validated at Novar-
tis (data not shown). Total IL-18 (i.e., sum of free IL-1p3 and
canakinumab-IL-1B complex) was detected with a limit of
detection of 0.1 pg/ml in human serum.

CRP plasma concentrations. CRP concentrations were mea-
sured with a high-sensitivity automated microparticle-enhanced
latex turbidimetric immunoassay (CO-BAS MIRA; Roche, Rot-
kreuz, Switzerland). The limit of quantification was 0.2mg/|
with an interassay coefficient of variation of 6.3% at 1 mg/I.

Mathematical models
Total canakinumab and total IL-1 PK. Total canakinumab PK
was described with the following set of differential equations

dTSC:_ka'Tsc (1)
at
chzKa‘Tsc_ %4_9 .TC_,_Q.T 2
a7 v, v, )ty
aT, Q Q
o Y+ Y1
dt v, v P ®)

with T_, T, and Tp as the total amounts of canakinumab at the
subcutaneous injection site, the central, and peripheral com-
partments, respectively, V_and V the canakinumab central
and peripheral volumes of distribution, and Q the intercom-
partmental drug clearance. Initial conditions were defined as
T, (0) = F- Dose, T(0) = 0, and T (0) = 0. The bioavailabil-
ity parameter was modeled in the logit domain: F = (1/1 +
6. - e"". Total canakinumab concentrations in the sampled
central compartment were calculated as T/V_and converted
from molar concentrations to (pg/ml) by accounting for molec-
ular weight (150kDa).""'3

The binding and dissociation of canakinumab to IL-1p was
characterized using an equilibrium target-mediated disposi-
tion model.?! Endogenous total IL-1p turnover was described
by the following equation

aT, CL, CL cL,
Lok, | 2R T (T —A)—— T,
dt syn ( Vc V ) ( C C) V L (4)

c c

which describes the zero order production of IL-1f, ksyn, fol-
lowed by a loss of the drug—ligand complexes (TC-AC), (e.g.,
by internalization, CL /V,), then elimination of free IL-13 (TL-
(TC-AC)) by CL/V,. The clearance of the drug-ligand (DL)
complex, CL,, , was assumed to be the same as free drug. The
concentration of total IL-1B (pg/ml) was calculated as C;, =
T,/V,, converted from molar concentrations by accounting for its
molecular weight (17 kDa),* and the initial condition was fixed
to observed baseline values. Free amounts of canakinumab, A,
in Figure 1, were defined as the solution to the quadratic

AC:05|:(TC_TL_KDVC)+\/(TC—71—KDVC)2+4KDVCTC:| (5)

Predicted free IL-1B concentrations were calculated as

G, =C; - Gy, with G, as the drug-ligand complex:
A
CDL:CT,L '%/KD"'V:
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CRP dynamics. Predicted free IL-1B concentrations were
used as a driver for stimulating the production of CRP. The
series of differential equations for the transduction model was

9CRP k. -5(t)-k,, -CRP, (®)
dt

dCRP: k., (CRP,—CRP,) ™)
dt

AR K (CRP ~CRP,) @

The stimulation function was defined as S(f) = (C, /C, (0))".
An E__ or Hill type function was evaluated; however, the EC_
parameter was not identifiable. Thus, a more simplistic equa-
tion with a reduced number of parameters to be estimated
was used to stabilize the model. The initial conditions, CRP(0),
were CRP,(0) = CRP,(0) =k, /k . and CRP,(0) = [CRP,(0)]"=
[k /k ) . The zero-order production rate constant (k) was
computed as a secondary parameter: k. = [CRP_ x k 71" An
empirical amplification parameter, y, was added to the input
of the final differential equation, dCRP,, in order to better fit
the model to plasma CRP data. The output from the trans-

duction series, CRP,, was fitted to the plasma CRP data.

ACR, probability responses. The rate of change of a continu-
ous latent variable was described as a transit compartment
model?®

dACRL

—(PROD-ACRL)/ )

The initial condition to Eq. 9 was set to 1, with 1 the mean
transit time. The input signal (PROD) was defined as PROD
=1-E, - E,, which is driven by a stimulatory Hill function
including the difference between baseline and free predicted

IL-1pB concentrations.

Emax ! (Cf,L (0) - Cf,L)
(Cf,L (O) - ECso ) + (Cf,L (0) - Cf,L )

Ef,l_ = (10)

The contribution of the placebo effect (Eplb) on the latent vari-
able was added to the production process as:

Eplb=p|bmax '(1_9_’%4) (11)

where plb__ is the maximum placebo effect; t is the time after
the first dose; and kIDIb is a first-order rate constant. The prob-
ability of achieving 20, 50, or 70% improvement from base-
line was described using a logit transform

X
logit (prob[ACR_ =1])=logit| 1- ——
ogit (prob[ACR, =1]) 09'( 100)

+logit (1-ACRL)+n

where the logit function is defined as logit(n = In(n/1-n).
Simultaneous modeling of ACR, was achieved by transform-
ing the binary outcomes to categorical variables

e achieving ACR,, = prob(ACR,, = 1)

e achieving ACR,, = prob(ACR,, = 1) — prob(ACR,, = 1)
e achieving ACR,, = prob(ACR,, = 1) — prob(ACR,, = 1)
* not achieving ACR, = 1 — prob(ACR,, = 1)

with probabilities given by Eq. 12.

(12)



Data analysis. Population parameters were estimated with the
Stochastic Approximation Expectation Maximization algorithm
in Monolix (version 3.1 R2; http://www.lixoft.com/)* The BSV
on population parameters were estimated and all interindi-
vidual terms were assumed to follow a log-normal distribution:
Ijizepl.e”Pi (13)
where P, was the PK parameter for the ith individual, 6,
the population typical value for P, and n,, the BSV random
effect, which was normally distributed with a mean of 0 and
variance o7 . Additive and proportional residual variability
models were applied for total canakinumab and total IL-1§
concentrations
C:é+(81+82‘é) (14)
whereas an exponential residual variability error model was
used for CRP plasma concentrations:
C=C ¢ (15)
with C as the observed plasma concentrations, C the model
predicted value, €, €, and e the additive, proportional, and
exponential residual error terms of the observed concentra-
tions for D, L, and CRP, respectively, which were assumed to
be random Gaussian variables with mean zero and variance
(6?). The final model included body weight as a significant
covariate on D and L clearances as well as the central and
peripheral volumes of distributions such as: CL = 6 - e"* -
(BWT/70)% and V= 6, - e - (BWT/70).

Goodness of fit for canakinumab, total IL-1B, and CRP vari-
ables were evaluated by visual inspection of diagnostic plots.
Binning was required to overcome the differences in sampling
times over the four studies and visual predictive checks were
performed through simulations of 100 data sets using the final
PK and PD parameters. For drug, ligand, and CRP measure-
ments, the ratios from the median of the predicted data over
the median of the observed data were calculated and plotted
againsttime.For ACR scores, 5th, 95th, and 50th percentiles of
the predicted ACR, probability responses were superimposed
with the observed ACR, response frequencies. Confidence
intervals around the frequencies were obtained according to

Cl =P +1.96-\JP-(1-P)/N, where P is the observed ACR_
frequency and N the total number of patients at time, t.
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Study Highlights

WHAT ISTHE CURRENT KNOWLEDGE ON
THETOPIC?
Currently,populationpharmacokinetic—pharmacodynamic
models tend to describe links between drug concentra-
tions and downstream pharmacodynamic responses
via direct or indirect response systems whereby drug
concentrations are set to control a response or turnover
thereof.

WHAT QUESTION DIDTHIS STUDY ADDRESS?

This study addressed the inclusion of more mechanism-
based detail, describing, at the molar level, canakinumab
binding to and capture of IL-1f in patients with RA.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
The calculated suppression of an unmeasurable variable,
free (unbound) IL-1p was linked to downstream biomarker
and clinical responses, C-reactive protein and ACR scores
for 20, 50, and 70% improvement in disease status.

HOW THIS MIGHT CHANGE CLINICAL
PHARMACOLOGY ANDTHERAPEUTICS

Given that the model fitted the data well, simulations
were used to extract the dose—time-response relation-
ships. These confirmed that 150mg every 4 weeks cap-
tured the majority of IL-1B, lowering it below an EC_
for improving ACR scores in patients with RA; no addi-
tional benefits were provided from higher doses or more
frequent administration.
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