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Abstract

The IL-23/Tw17/IL-17 immune pathway has been identified to play an important role in
the pathogenesis of psoriasis. Many therapeutic proteins targeting IL-23 or IL-17 are currently
under development for the treatment of psoriasis. In the present study, a mechanistic PK/PD study
was conducted to assess the target-binding and disposition kinetics of a monoclonal antibody
(mAb), CNTO 3723, and its soluble target, mouse IL-23, in an IL-23-induced psoriasis-like (PsL)
mouse model. A minimal physiologically-based pharmacokinetic (mPBPK) model with target-
mediated drug disposition (TMDD) features was developed to quantitatively assess the kinetics
and interrelationship between CNTO 3723 and exogenously administered, recombinant mouse
IL-23 (rmIL-23) in both serum and lesional skin site. Furthermore, translational applications of
the developed model were evaluated with incorporation of human PK for ustekinumab, an anti-
human IL-23/1L-12 mAb developed for treatment of psoriasis, and human disease
pathophysiology information in psoriatic patients. The results agreed well with the observed
clinical data for ustekinumab. Our work provides an example on how mechanism-based PK/PD
modeling can be applied during early drug discovery and how preclinical data can be used for
human efficacious dose projection and guide decision making during early clinical development

of therapeutic proteins.
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Introduction

Psoriasis is a chronic immune-mediated inflammatory skin disorder (Schon and
Boehncke, 2005). Many cytokines and immune cells have been identified to promote the disease
initiation and propagation (Schon and Boehncke, 2005); among those, the 1L-23/Tw17/IL-17
immune pathways play pivotal roles (Lima and Kimball, 2010). A recent psoriasis disease model
has identified IL-17 secreted by Tn17 cells as one of the key cytokines in psoriasis disease
development. Tn17 cells are activated by IL-23 (Nestle et al., 2009; Lowes et al., 2013). In
psoriatic patients, both IL-23 and IL-17 exhibit elevated expression in lesional skin sites (Arican
et al., 2005). There are several therapeutic mAbs targeting IL-23 and 1L-17 for the treatment of
psoriasis, including ustekinumab, guselkumab, risankizumab, tildrazumab, secukinumab, and
ixekizumab (Hu et al., 2014; Dong and Goldenberg, 2017). These biologics neutralize target
cytokines at the lesional skin site, and exert anti-inflammatory activity.

Ustekinumab is an anti-1L-23/IL-12 dual therapeutic monoclonal antibody (mAb) that
shows great therapeutic effect for the treatment of psoriasis. It neutralizes both IL-12 and IL-23
by binding to the p40 subunit shared by IL-12 and IL-23. Free cytokine suppression at target
tissue sites is anticipated to drive the magnitude and duration of therapeutic effect. Albeit the
pharmacokinetics (PK) of ustekinumab in serum have been well-characterized and relationships
with pharmacodynamics (PD) has been established with semi-mechanistic PK/PD models (Zhou
et al., 2010), less is known about the drug exposure at lesional skin site and its interaction with
IL-23 and IL-12 therein. The aim of the present study was to develop mechanistic- and
physiologically-based PK/PD models for quantitative characterization of the tissue distribution
kinetics of an anti-IL-23 mAb and its IL-23-binding ability in the lesional skin site with a mouse
psoriasis-like (PsL) disease model.

Mechanism-based PK/PD models contain quantitative expressions of the causal

relationship between drug exposure and pharmacological effects (Danhof et al., 2007). These
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components involved in the exposure-response relationship for biologics often include tissue
distribution to the target site, target binding and interaction, and downstream pharmacological
cascade. More importantly, mechanism-based models distinguish drug- and system-specific
characteristics and provide a way to quantitatively translate the PK/PD relationship between
preclinical species and humans (Agoram et al., 2007).

The minimal physiologically-based pharmacokinetic (mPBPK) models (Cao and Jusko,
2012; Cao et al., 2013) inherit and lump major physiologic attributes from the whole-body PBPK
models and generate physiologically-relevant PK parameters, while allowing for assessment of
any tissue of interest with the flexibility to add additional tissue compartments. Importantly, with
measurements of target interaction in blood or specific tissues of interest, the mPBPK model can
incorporate dynamics of target binding and disposition by implementing target-mediated drug
disposition (TMDD) kinetics into plasma or the specific tissue compartments (Cao and Jusko,
2014). The first-generation mPBPK model (Cao and Jusko, 2012) is more applicable to small
molecule drugs or small size proteins. The model includes blood/plasma and one or more lumped
tissue compartments. Drug tissue distribution is assumed to be driven by the Fick’s Law of
diffusion. The second-generation mPBPK model is more suitable for biologics such as mAbs
(Cao et al., 2013). It adapts all essential components of the full PBPK models for biologics.
Tissues are lumped into two compartments (tight or leaky) based on their vascular endothelial
structure. Para-vascular convection and lymph drainage are assumed to be the dominant pathways
for biologics uptake and removal from tissues (Cao et al., 2013).

Our group has previously published work on applying the mPBPK modeling approach to
quantitatively assess the kinetics and interrelationship between an anti-IL-6 mAb and IL-6 in both
serum and joint lavage fluid in a mouse collagen-induced arthritis (CIA) model (Chen et al.,
2016). A second example focusing on the interplay between an anti-1L-23 mAb and IL-23 in both

serum and lesional skin site is presented here.
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Repeated intradermal (ID) injection of recombinant murine (rm)IL-23 into the ear of a
mouse induces psoriasis-like (PsL) epidermal hyperplasia, which serves as a suitable preclinical
disease model for investigating drug candidates targeting the 1L-23/Tw17/IL-17 pathway for
psoriatic indications (Kopp et al., 2003; Chan et al., 2006; Rizzo et al., 2011). A mechanistic
study was conducted to assess the binding and disposition kinetics of CNTO 3723, a mADb, and its
target rmIL-23 in this model. A mPBPK model incorporating TMDD was developed to
guantitatively assess the kinetics and interrelationship between CNTO 3723 and rmIL-23 in both
serum and lesional skin site. Potential application of this model in translational pharmacology
was examined by comparing model predictions to observed ustekinumab effect in psoriatic
patients.

Methods

Test Articles

A rat anti-mouse I1L-23 mAb, CNTO 3723, was produced at Janssen R&D, LLC (Spring
House, PA, USA) and used in the study. Recombinant murine IL-23 (rmIL-23) was purchased
from eBioscience (San Diego, CA, USA, cat# 14-8231-63) and used for development of 1L-23-

induced PsL mouse disease model.

Animal Study Design and Sample Collection
The in-life part of the animal study was conducted at WuXi AppTec (Suzhou, China). All
studies were approved by the Institutional Animal Care and Use Committee (IACUC) of WuXi

AppTec.

CNTO 3723 and rmlIL-23 PK characterization

Healthy C57BL/6 WT female mice (n = 52) were randomly assigned to 3 groups (Groups
A - C) to study the PK of CNTO 3723 and rmIL-23. Animals in Group A (n = 12) received a

single 1V bolus dose of CNTO 3723 at 10 mg/kg. Animals in Group B (n = 16) received a single
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IV bolus dose of rmIL-23 at 400 ng. Animals in Group C (n = 24) received a single intra-dermal
(ID) dose of rmIL-23 at 400 ng into the left ear. Terminal and retro-orbital blood samples were
collected at various sampling time points (Table 1).

Target engagement (TE) assessment in 1L-23-induced PsL mouse model

Our previous data had shown that daily ID injection of rmIL-23 for five consecutive days
can induce psoriasis-like inflammation as reflected by ear thickness, ear weight and
histopathology analysis (N. Rozenkrants, internal data).

A second set of C57BL/6 WT female mice (n = 45 x 4) were randomly assigned to 4
groups (Groups D — G) to study CNTO 3723 target engagement in I1L-23-induced PsL mouse
disease model. Animals in Groups D, E, F and G received a single IV bolus dose of CNTO 3723
at 3.3, 3.3, 10 and 3.3 mg/kg on Study Day 0, respectively, and five consecutive daily ID
injection of rmIL-23 at 50, 200, 200 and 500 ng, respectively, in 10 pL of PBS/ 0.1% bovine
serum albumin (BSA) on Study Days 2, 3, 4, 5 and 6, respectively, into the lateral left ear.
Another 20 mice in Group H were administrated with an 1V bolus dose of CNTO 3723 at 10
mg/kg on Study Day 0 and an ID injection of 200 ng rmIL-23 into left ear on Study Day 2.
Terminal and retro-orbital blood samples were collected at various sampling time points (Table
1). At all terminal sampling time points, an 8 mm biopsy punch of each of the two ears were
collected from the animal, and tissue homogenate was prepared with Qiagen TissueLyser Il (30
Hz x 2 min) in 500 pL of homogenization buffer containing 1xPBS with 0.1% BSA, 1% Triton
X-100 and 2% (v/v) Protease Inhibitors. The homogenate was centrifuged at 12000x g for 15 min

at 4°C and the collected supernatants was stored at -80°C until analysis.

Bioanalytical Methods
The concentration of CNTO 3723 in serum and ear tissue homogenates were quantified
by a fluorescence-based immunoassay on the Gyrolab™xP platform (Gyros AB, Uppsala,

Sweden). The lower limits of quantification (LLOQ) for serum and ear tissue homogenates
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CNTO 3723 concentrations were both 80 ng/mL. The concentration of total and free rmIL-23
concentrations in serum and ear tissue homogenate were determined using an
electrochemiluminescence-based immunoassay (ECLIA) using the Meso Scale Discovery
(MSD®) platform (Meso Scale Discovery, Rockville, MD, USA) with LLOQ of 27.4 pg/mL for
both total and free rmIL-23 concentration in serum and 9.14 pg/mL for both total and free rmiL-

23 concentration in ear tissue homogenates.

A mPBPK Model to Characterize the Interplay between CNTO 3723 and rmIL-23 in 1L-23-
induced PsL Mice

The mPBPK model with TMDD features was adapted to characterize the
interrelationship between CNTO 3723 and rmIL-23 in 1L-23-induced PsL mice. The
pharmacokinetics of CNTO 3723 and rmIL-23 in mice were first characterized using a second-
generation and a first-generation mPBPK models (Step I and 1), respectively. Alteration of
CNTO 3723 and rmlL-23 pharmacokinetics due to repeated ID injections of rmIL-23 into mouse
ear were subsequently assessed (Step I11). At last, the mPBPK models for rmIL-23 and CNTO
3723 were overlaid with TMDD features incorporated to characterize the interrelationship

between CNTO 3723 and rmIL-23 (Step IV).

Step |: Serum pharmacokinetics of CNTO 3723

Serum concentration profiles of CNTO 3723 in animal Group A were described with the
second-generation mPBPK model. The model includes serum, lymph, and two lumped tissue
compartments (leaky and tight, based on vascular endothelium structures) connected in an
anatomical manner (Figure 1a). The model was described as:

dCS_Clymph-L—Cs-Ll-(1—01)—CS-L2-(1—02)—CS-CLS c (O)_Dose
dat v, SN

ey
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dCtight _ Cs'Li-(1—0)—Li-(1—0)- Ctight
dt Viignt

Ctight (0) =0 (2)

dCleaky _ Cs-Ly- (1 - 02) —Ly- (1 - UL) ' Cleaky
dt Vleaky

Cleaky(o) =0 (3)

dClymph _ Ly- 1- UL) ’ Ctight + L, 1- GL) ’ Cleaky - Clymph "L

dt Vlymph

Clymph(o) =0 (4

where Cs, Ciight and Cieaky are concentrations of CNTO 3723 in serum and interstitial fluid (ISF) in
two types of lumped tissues categorized by continuous and fenestrated vascular endothelium, and
Ciympn is the concentration of CNTO 3723 in lymph. The Viign: (0.65  ISF « K, where K is the
available fraction of ISF for antibody distribution) and Vieaxy (0.35 « ISF ¢ K;) are ISF volumes of
the two lumped tissues (Cao et al., 2013). The Viymen represents lymph volume, which is assumed
equal to blood volume. The L is total lymph flow rate and L and L, account for 1/3 and 2/3 of the
total lymph flow (Cao et al., 2013). The o1 and o, are vascular reflection coefficients for leaky
and tight tissues. The o is the lymphatic capillary reflection coefficients and is assumed to be 0.2

(Cao et al., 2013). CLsrepresents the linear serum clearance of CNTO 3723.

Step Il: Pharmacokinetics of rmIL-23

The serum and ear homogenates concentration profiles of rmIL-23 in animal Groups B
and C were fitted with a first-generation mPBPK model to characterize the pharmacokinetics of
rmlL-23. The model has a serum compartment and lumps all tissues into one tissue compartment
(Figure 1b). Following IV bolus administration, the model is described as:

Ct 1123
dCq 1123 —Cs1123* (CLs 123 + fa* Qco) + K, “fa " Qco Dose
= C 0) =
dt Vs SIL23( ) Vs

)

C
tlg;zg' 'fd *Qco

dCt 123 _ Cs 123 'fd “Qco —
dt v,

Cei123(0) =0 (6)

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on February 2, 2018 as DOI: 10.1124/jpet.117.244855
This article has not been copyedited and formatted. The final version may differ from this version.

JPET# 244855

where Cs 23 and Cq 123 are concentrations of rmIL-23 in serum (Vs) and tissue ISF (V4), Qco is the
cardiac plasma flow (Cao and Jusko, 2012), fy is the fraction of Qco for Vi, K is the tissue
partition coefficient and CLi23is the serum clearance.

The absorption kinetics following ID injection of rmIL-23 in the ear was assumed to be
mixed exponential-decay and constant first-order absorption kinetics. Following ID injection in

the ear, the model is described as:

dA
%ILB = _(kinj - g Kaim't + kabs) “Aear Aear(o) = Dose (7)
dCs 123

dt

ke C

(kinj - e Kam't 4 kabs) "FAearin—23 — Csir23” (CLs 23+ fd ’ Qco) + t]égze’ 'fd *Qco

- Z
Cs IL23(0) =0 (8)
C

dc Csnz3 " fa Qco — tIéLB “fa Qco

02 P Cer123(0) =0 €C))

dt V;

where Acar is the amount of rmIL-23 at the site of injection, kin is the first-order absorption rate

constant caused by blister formation following ID injection and kgim is the exponential decay

factor to describe blister healing process, Kans is the first-order absorption rate constants from

dermis, F presents the bioavailability. The remaining symbols are the same as previously defined.
The measured concentration of rmIL-23 in ear homogenates is described as:

_Aearii23

Cear 1123 = Arec (10)

Vbuffer
where Vpurrer IS the volume of buffer used to prepare ear tissue homogenate (Vbuier = 0.5 mL) and
arec 1S the recovery rate of rmIL-23 following tissue sampling and homogenate procedures (orec =

10%).

10
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Step 111 Impact of repeated ID injection of rmlIL-23 on the pharmacokinetics of rmlIL-23 and

CNTO 3723
Our data showed that repeated ID injections of rmIL-23 in mouse ear led to alteration in
the pharmacokinetics for both rmIL-23 and CNTO 3723 (See Figure 3 for details).

Impact on rmIL-23 absorption

Following repeated rmIL-23 administration, the apparent decrease in the rate of
absorption of rmIL-23 from ear following each additional dose was described by a decrease of the
first-order absorption rate constant (kaps). The concentration profiles of total rmIL-23 in ear
homogenates in Groups D — H were applied to fit with the absorption kinetics model (Equation
7). Parameters related to rmIL-23 ID absorption estimated previously (‘Step Il: Pharmacokinetics
of rmIL-23") were fixed. To account for the alteration in rmIL-23 absorption Kinetics, Kaps

following the n™ dose is described as:

kaps N = kaps * (1 —(Np—1) 'faclym) (10)

where Nip represents the n™ rmIL-23 1D injection and faciym is the ratio decrease in kabs following
each rmIL-23 ID dose. The remaining symbols are the same as previously defined.

Impact on CNTO 3723 disposition

Upon ID injection of rmIL-23 into mouse ear, the CNTO 3723 concentration profiles in
ear homogenates exhibited an apparently enhanced and oscillated tissue distribution. The
distribution Kinetics of CNTO 3723 in mouse ear skin were characterized by incorporating an ‘ear
skin” compartment into the second-generation mPBPK model (Figure 1c). CNTO 3723
concentration profiles in serum and ear homogenates in healthy control and IL-23-induced PsL
mice (Groups A and D — H) were examined. Parameters related to CNTO 3723 serum
pharmacokinetics estimated previously (‘Step I: Pharmacokinetics of CNTO 3723°) were fixed.

Together with Equations 1 — 5, the model addition is:

11
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dCear ISF
dt

—diym'T.
_ Cs *Vearisr * Kear * (1 = 0ear) = Cear 1sF * Vear 1sF * Kear * (1 —scal -e”“ym posm‘n) -(1—0y)

Vear ISF

Cear1sr(0) =0 (11)
where Cear ise represents CNTO 3723 concentration in mouse ear ISF space (Vear 1se), Kear iS the ear
ISF turnover rate and represented as lymph flow rate (Lear) divided by Vear isk, the oear is the
vascular reflection coefficient for mouse ear skin. The remaining symbols are the same as
previously defined. The quantity of CNTO 3723 in mouse ear biopsy puncture is minimal
comparing to that in systemic circulation. Therefore, the impact of CNTO 3723 outflow from
mouse ear on serum CNTO 3723 was not included.

For healthy control mice before rmIL-23 injection:

Ocar = Oear ctrl (12a)

For IL-23-induced PsL mice (mice after rmlIL-23 injection on day 2):
Ocar = Oear PsL (12b)

Immediately following each rmIL-23 treatment, the CNTO 3723 concentration in ear
homogenates exhibited a transient increase and then decreased as CNTO 3723 gets eliminated
from serum (Figure 3a). The term (1 — scal - e ~ % Tesi23) js applied to account for the oscillation
of CNTO 3723 concentration profiles in ear homogenates following ID injection of rmIL-23,
where scal is the maximum decrease in the ear skin lymph flow rate immediately following each
rmlL-23 ID injection, diym is the exponential rate constant of remission of lymph propulsion, and
Thosti2z represents the time post rmIL-23 administration.

The measured concentration of CNTO 3723 in ear homogenates is described as:

Couy = CearisF *Vearisk + Cs *Vearvas (13)
Vbuffer

where Vear 1se and Vear vas are the volume of ISF and residual vascular space of ear skin biopsy

sample (Wear). For mice in healthy control group (Group A) and mice in rmIL-23 treatment

12
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groups (Groups D — H) prior day 2, Wear Was on average of 10 mg. Upon rmlL-23 administration
post day 2 in Groups D — H, ear weight and thickness increased, the Wear was on average of 15
mg. ISF and residual vascular spaces account for 15% and 5% of the total tissue volume,

assuming 1 g equals to 1 mL. The remaining symbols are the same as previously defined.

Step 1V: Interrelationship between CNTO 3723 and rmlIL-23

The interrelationship between CNTO 3723 and rmIL-23 was assessed by overlaying the
first- and second-generation mPBPK models with TMDD features incorporated (Figure 1d).
CNTO 3723, and free and total rmIL-23 concentration profiles in serum and ear homogenates in
Groups D — H were applied to simultaneously fit with the model. Free rmIL-23 concentrations in
serum were below LLOQ at all the time points and were not used for model development.
Parameters that have been estimated from previous steps were fixed. The model assumed rmIL-
23 and CNTO 3723 hinding in ear tissue homogenates reached equilibrium and had the binding

dissociation constant (Kp) estimated. The model is described as:

% _ Clymph L - Cfree "Ly - (1 - 01) - Cfree "Ly - (1 - 02) - Cfree *CL

S
dt I/S int
Dose
Cs(0) = (14)
P

dCtight _ Cfree ‘Li-(1—0y)—Li-(1—0)" Ctight
dt Viigne

Ceigne(0) =0 (15)

dCleaky _ Cfree "Ly (1 - 02) —Ly- (1 - UL) ' Cleaky
dt Vleaky

Cleaky 0 =0 (16)

dClymph _ Ly~ (1- O_L) ' Ctight + Ly 1- UL) ' Cleaky - Clymph L
dt Vlymph

Clymph(o) =0 (17)

dCear ISF —
dt

Cfree “Vear sk * kear ' (1 - Uear) — Cear 1sF " Vear 1sr kear ' (1 —scal - e_dlym.TposuLB) ’ (1 - UL)

Vear ISF

13
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Cear ISF(O) =0 (18)

dAear 1123 K kgt _

dt = _( inj "€ + kabs) “Aear 1123 A.;-(0) = Dose (19
dCs 123 _

dt
e C
(kinj - e Kam't 4 kabs) “F+Aear 1123 0.05 = (Cs 123 — AR) - CLg123 — Cs 23 fa " Qco + tIéZB “fa " Qco
Vs

— AR - kint Cs1123(0) =0 (20)

C
C e _Cbtnes, ¢,
dC, 1123 _ si23 " fa Qco K, fa" Qco

dt v,

Ce IL23(0) =0 (2 1)

where Cy is the free CNTO 3723 concentration in serum, Cg23 iS the total rmIL-23
concentration in serum, and AR is the CNTO 3723-rmIL-23 complex concentration in serum, Kint
is the elimination rate constant of the CNTO 3723-rmIL-23 complex in serum. The remaining
symbols are the same as previously described. In addition, in Equation 20, an arbitrary factor of
0.05 was applied to adjust the absorption of rmIL-23 in serum from ID injection in ear based on
the observed serum level of rmIL-23.

Assuming quasi-equilibrium condition, the free CNTO 3723 concentration in serum

(Ciree) can be described as (Gibiansky et al., 2008):

(Cs — K — CsIL23) - \/(Cs — Kss — CsIL23)2 +4-Cs - Kgs

Crree = 2 (22)

The Kss is the steady-state constant defined as:

Kint + k
=t T Toff (23)
kon

where the kon and kos refer to the CNTO 3723-1L-23 association and dissociation rate constants.

AR can be described as:

Cfree

sIL23 Kes + Crree

(24)

14
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Assuming rmlL-23 and CNTO 3723 in ear tissue homogenates reached binding
equilibrium, the free concentration of CNTO 3723 in ear homogenate (Ciree en) Was described as

(Gibiansky et al., 2008):

c _ (Cear — Kp — Ceqr 1123) — \/(Cear —Kp = Ceqri123)* + 4 Coar " Kp 5
free EH — 2 (2 )

where Cear and Cear 123 are the measured concentrations of total CNTO 3723 and rmIL-23 in ear
tissue homogenates previously defined in Equations 13 and 10. Kp is the binding dissociation
coefficient (Kot / Kon).

The free rmIL-23 concentration in ear homogenates is:

Kp
Cear fIL23 = Cear 1123 '—KD n Cf o (26)
ree

Prediction of Ustekinumab Effect in Humans

To evaluate the translational utility of the developed preclinical mechanism-based
mPBPK model, the mPBPK model results, ustekinumab human PK and psoriatic patient disease
pathophysiology information were integrated to predict ustekinumab effect in psoriatic patients.
The integrated information included: 1) CNTO 3723 tissue distribution Kinetics and interaction
with rmIL-23 in serum and lesional skin sites in IL-23-induced PsL mice, and these parameters
were assumed to be the same in psoriatic patients 2) serum ustekinumab pharmacokinetics in
psoriatic patients (Zhu et al., 2010), 3) ustekinumab binding affinity with human IL-23 (internal
data), and 4) IL-23 baseline concentrations in healthy and psoriatic patients (El Hadidi H, 2008).
The model structure for translational PK/PD application was shown in Figure 2. Model includes
only the central compartment and the lesional skin compartment. Serum concentration of
ustekinumab in psoriatic patients was used as the driving function for its distribution and
exposure in lesional skin sites (dashed lines and arrows). The tissue distribution kinetics is

governed by lymph flow turnover rate of skin (ksin) and vascular permeability (osin). TMDD
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features were incorporated in both serum and lesional skin compartments for characterization of
the interaction of ustekinumab with IL-23. The model was described as:

dCsman . input — Cs pmap * CL — Kgint - ARs -V

Csmab 0 =0 (27)

dt 4
dC:;Ab = Cs pmab * Ksiin = (1 = Oskin) = Ce pmap * Kskin = (1 = 01) — ARy~ k¢ e
Cemap(0) =0 (28)
% = Kssyn —Kksdeg * (Cs1123 = ARs) — ARs * kg ine Cs1123(0) = Csprap  (29)
dCctiIthg = k¢syn — Kt aeg - (Ceir2z — ARy) — ARy " ki int Cs1123(0) = Cey23p  (30)

where Cs man, Ctman, Csizzand Ciizs are total concentrations of ustekinumab and 1L-23
concentration in serum and lesional skin ISF. Csmab an Cimab are free ustekinumab concentrations
in serum and lesional skin ISF. AR; and AR; are the ustekinumab-IL-23 complex concentrations in
serum and lesional skin ISF. CL and V are the clearance and volume of ustekinumab of the central
compartment. ksint and ki in: are the serum and skin tissue elimination rate constants of ARs and
AR Ks syn, Ks deg, Kesyn @and i geg are the synthesis and degradation rate constants of IL-23 in serum
and skin ISF. Cs23p and Ci 23, represent the baseline concentrations of IL-23 in psoriatic
patients.

Assuming quasi-equilibrium condition, Csmap an Ciman can each be described as

(Gibiansky et al., 2008):

_ (Cs mab — Ksss — Cs IL23) - \/(Cs mab — Ksss — Cs IL23)2 + 4 Csmap " Ksss
CsfmAb - 2 (31)

_ (Cthb — K ss — CtIL23) - \/(Cthb — K ss — Ce IL23)2 + 4 Comap * Kt ss
Ct fmap = 2 (32)

The Ksssand K are the steady-state constants in serum and skin ISF defined as:

ks int + koff

Ksss = k
on

(33)

16

%202 ‘6T |Udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on February 2, 2018 as DOI: 10.1124/jpet.117.244855
This article has not been copyedited and formatted. The final version may differ from this version.

JPET# 244855

(34)

where the kon and Ko refer to the ustekinumab association and dissociation rate constants against

IL-23. ARs and AR; can be described as:

Cs fmAb

AR, =C — 35
N S1L23 KSSS + CsfmAb ( )
Ct fmAb
AR, =C : 36
t tIL23 Ktss + thmAb ( )

Model Fitting and Analysis

Model fittings and simulations were performed with NONMEM version 7.2 (ICON
Development Solutions, Ellicott City, MD, USA). Naive pooling approach was used for model
fitting since data were from serial destruction and being pooled together. Between-subject
variability (11VV) was not considered and the omega matrix was fixed to zero. The first-order (FO)
method was used. The variance model used is

Vi = (0q + 0 })? (27)

where Vi is the variance of the ith observation, . and o, are additive and proportional variance
model parameters, Y; is the ith model prediction. Measurements BLLOQ were treated as missing
values. Model performance was evaluated by goodness-of-fit plots and objective function values
(OFV). The GraphPad Prism (GraphPad Software Inc, San Diego, CA) was used for producing
graphs.
Results
Serum Pharmacokinetics of CNTO 3723 (Step I)

Following 10 mg/kg 1V administration, the concentration profile of CNTO 3723 in serum
in healthy mice showed a bi-exponential feature with a slow terminal elimination phase (Figure
4, Group A, symbols). The pharmacokinetics of CNTO 3723 in normal mice in absence of any

exogenous rmlL-23 dosing was first characterized with a second-generation mPBPK model.
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Noncompartmental analysis (NCA) showed that CNTO 3723 exhibit approximately linear
pharmacokinetics between the 3.3 - 10 mg/kg dose range, and this is consistent with the
expectation for a mAb that binds to a low abundance soluble ligand. Model-fitted serum
concentrations of CNTO 3723 were overlaid with the observed concentrations in healthy mice
(Figure 4, Group A). The parameter estimates and the relative standard errors (RSE) are listed in
Table 2. Overall, the model was able to characterize the serum concentration profiles of CNTO
3723 reasonably well. The estimated linear clearance of CNTO 3723 translates to a serum half-
life about 8 days, which is in consistency with the reported serum half-life of typical murine 1gGs
in mice (Vieira and Rajewsky, 1988). The vascular reflection coefficient for tight tissue (1) was
fixed to 0.98 to obtain precise parameter estimates (Cao and Jusko, 2014). The estimated vascular
reflection coefficient for leaky tissue (a2) is 0.657, suggesting moderate tissue distribution.
Pharmacokinetics of rmIL-23 (Step I1)

The concentration profiles of rmIL-23 in serum following single IV administration in
mice (Figure 7, Group B, symbols) showed that rmIL-23 is cleared from serum rapidly (below
LLOQ within one hour). However, following ID injection in the ear, the serum concentration
profile of rmIL-23 showed shallower slope (Figure 7 Group C, symbols), suggesting “flip-flop’
pharmacokinetics, i.e. longer apparent half-life due to the slower absorption process.

A first-generation mPBPK model was developed to describe rmIL-23 pharmacokinetics.
Following ID injection, the disappearance of rmIL-23 in ear homogenates was bi-phasic (Figure
6, Group C, symbols). Given the low serum levels of rmIL-23, the biphasic profile of rmIL-23 in
ear homogenate is most likely due to absorption from the injection site, rather than tissue
distribution from central circulation. One possible physiological explanation for the observed
time-dependent absorption kinetics is that the absorption kinetics is composed of a first-order
regular intradermal absorption process and an initially faster absorption process, e.g. driven by
increased hydrostatic pressure due to blister formation and this faster absorption process is
gradually dampened as the blister heals. The model-fitted concentration profiles of rmIL-23 in
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serum and ear homogenates and parameter estimates are listed in Figures 6 and 7, Group B and
C, and Table 2. The observed concentration profiles of rmIL-23 were well-captured with this
proposed parallel absorption model. The model estimated serum clearance of rmIL-23 is 307 day
! indicating rapid serum elimination (half-life about 3 min). The estimated fraction of cardiac
plasma flow (Qco) for tissue ISF space (fq) is 0.002, suggesting that rmIL-23 tissue distribution is
diffusion rate-limited. Given the size of rmIL-23 and its hydrophilic property, it cannot readily
exchange and equilibrate out between serum and tissue ISF. The partition coefficient (Kp) was
estimated to be close to 1 during model fitting and subsequently fixed to 1, suggesting that the
entire space of tissue ISF is available for rmIL-23 distribution. Following ear 1D injection, the
bioavailability (F) is low (0.0164), suggesting poor intradermal bioavailability. The estimated
regular intradermal absorption rate constant (Kass) is 1.88 day™, which is closed to skin lymph
turnover rate (0.69 day™ in human and 5.31 day™ in mice when allometrically scaled with the
exponent -0.25) (lbrahim et al., 2012). This indicates that regular intradermal absorption of rmlL-
23 into circulation is likely governed by the lymph flow. The first-order absorption rate constant
associated with blister formation (kinj) following ID injection is 53.6 day™*, which is ~30-fold
higher than kaps. The rate constant of blister healing process (kaim) is 12.3 day™, which suggests
that blister heals in 4-6 hours.

Impact of Repeated ID Injections of rmIL-23 on Pharmacokinetics of CNTO 3723 and
rmIL-23 (Step I11)

To investigate the interaction between CNTO 3723 and rmIL-23 under psoriasis-like
conditions, five repeated daily ID injections of rmIL-23 were given in mouse ear. Psoriasis-like
inflammation was confirmed via ear thickness, ear weight and histopathology analysis (data not
shown). Interestingly, with the daily ID injection of rmIL-23, alterations of concentration profiles
of CNTO 3723 and rmIL-23 in ear homogenates were observed, which are possibly due to
pathophysiological changes upon repeated rmIL-23 administration.

Impact on CNTO 3723 disposition
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Repeated intradermal injections of rmIL-23 did not alter the systemic clearance of CNTO
3723. However, enhanced tissue uptake of CNTO 3723 into ear has been observed following
administration of rmIL-23. Importantly, the concentration of CNTO 3723 exhibited transient
increase immediately following each rmIL-23 ID administration (Figure 3a). We hypothesized
that the enhanced and oscillated tissue distribution of CNTO 3723 in ear could be attributed to the
increased vascular permeability and temporary cessation of the lymph propulsion following
rmlL-23 ID administration. This is supported by the report that intradermal injection of
inflammatory cytokines could interfere with the lymph propulsion at the injection site in mice,
possibly mediated via nitric oxide pathway (Aldrich and Sevick-Muraca, 2013). The mPBPK
model was modified accordingly based on this hypothesis (See Materials and Methods). The
concentration profiles of CNTO 3723 in serum and ear homogenates were well-characterized
with the proposed model (Figure 4 and 5). The estimated vascular reflection coefficients for ear
skin (oear) are 0.925 and 0.723 for healthy and PsL mice, respectively, suggesting increased
vascular permeability in PsL mice compared with healthy control ones. At steady state, CNTO
3723 concentrations in ear skin ISF are around 10% and 25% of serum concentration in healthy
and PsL mice, respectively, which are mostly consistent with the extent of tissue distribution of
secukinumab in healthy subjects and psoriatic patients (23% and 28%, respectively) as
determined by dermal open-flow microperfusion (dOFM) (Dragatin et al., 2016), and slightly
lower than the reported skin ISF exposure for an anti-IL-17 1gG (~50%) by tissue centrifugation
(Eigenmann et al., 2017). Estimated ear skin lymph turnover rate is 13 day, which corresponds
with previously measured skin lymph turnover rates (Ibrahim et al., 2012). The maximum
decrease of lymph flow rate (scal) was estimated to be close to 1 and subsequently fixed to 0.9.
The estimated lymph propulsion remission rate (diym) is 1.19 day*. Following each intradermal
injection of rmIL-23, the tissue elimination rate of CNTO 3723 via lymph flow was immediately
dropped to 10% and gradually recovered to 80% after 24 hours.

Impact on rmIL-23 absorption
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Following repeated rmIL-23 ID administration, an apparent slower absorption of rmIL-23
from ear was observed following the 5™ dose compared with the first dose, i.e., the amount of
rmlL-23 remained at the injection site 24 hr after dosing was considerably higher following the
5t dose than that following the 1% dose (Figure 3b). One possible explanation is that the local
lymph flow was damaged following repeated intradermal injections of rmIL-23. No sample was
taken following the 2™, 3 or 4" dose, but it was reasonable to assume that this potential impact
on local lymph flow was gradual. The mPBPK model was modified accordingly to reflect the
change in rmIL-23 absorption process (See Materials and Methods). The change of intradermal
absorption kinetics of rmIL-23 seemed to be more relevant to the repeated 1D injection handling
than the actual dose level of rmIL-23. In addition, the comparison of rmIL-23 concentration
profiles in ear homogenates between Group C (without CNTO 3723 dosing) and Groups D — H
(with CNTO 3723 dosing) following the first rmIL-23 administration showed no apparent change
in the rmIL-23 absorption kinetics, indicating that the presence of CNTO 3723 did not change the
absorption of rmIL-23 (Figure 3b). The model-fitted concentration profiles of total rmIL-23 in
ear homogenates across all animal groups were shown in Figure 6, Group D — H. In general, the
observed data were well characterized with the proposed model. The estimated ratio decrease in
kans following each injection was 0.224, suggesting the lymph uptake-mediated absorption
decreases 22% after each additional injection.

Interrelationship between CNTO 3723 and rmIL-23 (Step 1V)

At last, the interrelationship between CNTO 3723 and rmIL-23 was characterized by
overlaying the two mPBPK models for both components and including TMDD features in serum
and ear skin compartments. Free rmIL-23 concentration profiles in ear homogenates and total
rmlL-23 concentration profiles in serum were all applied simultaneously for model fitting.
Model-fitted concentration profiles of all components well-characterize the observed
measurements (Figures 6 (red symbols and lines) and 7). The estimated binding dissociation
constant (Kp) is 0.12 nM, which is in accordance with the in-vitro Kp value (0.10 nM). The
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estimated elimination rate constant of CNTO 3723-rmIL-23 binding complex in serum (Kint) is
0.64, which is ~7-fold higher than serum elimination rate of CNTO 3723 (serum clearance 0.0708
mL/day translates to elimination rate constant 0.083 day?).
Translational PK/PD Prediction of Ustekinumab Efficacy in Clinical Studies

To examine the potential utility of the developed mechanism-based mPBPK model in
translational PK/PD, simulations of 1L-23 neutralization profiles following ustekinumab
treatment in psoriatic patients in various clinical studies were performed and compared with the
reported clinical data. Ustekinumab binds to the common p40 subunit of IL-12 and 1L-23. Given
the low abundance of endogenous IL-12, the model assumed that IL-12 does not interfere with
the interaction of ustekinumab and IL-23. Model also assumed that the distribution kinetics of
CNTO 3723 in the ear skin in IL-23-induced PsL mice is comparable with that of ustekinumab in
lesional skin site in psoriatic patients, as both mAbs have similar size and molecular structure,
and human and mouse, even though with different skin counterparts (Kawamata et al., 2003),
share similar vascular and interstitial tissue structure.

Model simulations were performed under various of scenarios: 1) ustekinumab given
once weekly (Q1W) subcutaneously (SC) at 90 mg for four weeks as reported in a phase Il
clinical study (Reddy et al., 2010), 2) ustekinumab given as a single SC dose at 0.27, 0.675, 1.35
or 2.7 mg/kg as reported in a phase I clinical study (Gottlieb et al., 2007), and 3) ustekinumab 45
mg SC at 0 and 4 weeks initially, followed by 45 mg SC every 12 weeks as clinically
recommended therapeutic dose for psoriatic patients weighing less than 100 kg. Related
parameters values for model simulation were listed in Table 3. Model simulated total IL-23
concentration profiles in serum were compared with observed data, and model simulated free IL-
23 concentration profiles in the lesional skin compartment were compared with reported
pharmacological effect in psoriatic patients (Gottlieb et al., 2007; Reddy et al., 2010).

In the first scenario, model simulated total 1L-23 concentration profile is in good
agreement with measured 1L-23 concentrations at different time points (Figure 8). Following the
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escalating doses of ustekinumab (Scenario 2), model predicted free IL-23 concentration profiles
in lesional skin in psoriatic patients were compared with clinically observed improvements of
PASI scores as depicted in a phase I clinical study (Gottlieb et al., 2007). Interestingly, the
durations of free IL-23 suppression below threshold of I1L-23 baseline of healthy subjects are in
accordance with the duration of sustained improvements of PASI scores, despite the small patient
sample size and relatively large data variability. Lastly, model has simulated the concentration
profiles of free IL-23 in serum and lesional skin sites in psoriatic patients following clinically
recommended dose. Free IL-23 in lesional skin site is suppressed below the threshold of IL-23
baseline of healthy subjects during the entire time course (Figure 9). While on the other hand,
free IL-23 in serum is suppressed to a less extent and returned to the baseline level in psoriasis
patients before the next dose. This suggests that IL-23 concentration in lesional skin site
correlated better with ustekinumab therapeutic efficacy.
Discussion

MADbs targeting immune cytokines are one of the most successful classes of therapeutic
biologics developed for treatment of psoriasis (Tzu et al., 2008). For mAbs targeting soluble
cytokines, free target suppression at the tissue site of action is anticipated to be a driver for all
downstream pharmacologic effect and therapeutic efficacy, and thus can be a highly valuable
translational biomarker. However, free cytokine levels can be technically difficult to determine,
especially for the ones with low baseline or function at tissue sites. Moreover, free cytokine
suppression at tissue sites cannot be simply extrapolated from that in blood as both the cytokines
and the mADbs targeting them are expected to exhibit entirely different kinetics at tissue sites and
in blood.

In order to understand target engagement for mAbs against cytokines function at tissue
sites, a mechanism-based mPBPK model with TMDD features incorporated in both serum and ear
skin was developed to characterize the relationship between CNTO 3723 and rmIL-23 in an IL-

23-induced PsL mouse model. The translational utility of this model was examined using
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ustekinumab. The mPBPK model derived mAb and IL-23 tissue distribution and kinetics
parameters were combined with other system- and drug-specific properties such as I1L-23 baseline
in psoriatic patients, ustekinumab human PK, and IL-23 binding affinity for ustekinumab to
predict free IL-23 suppression in skin lesion in psoriatic patients. The results corroborated
reasonably well with the observed clinical data, demonstrating the potential of our approach in
translational research at the preclinical-clinical interface.

The mPBPK model in PsL mice was developed in a stepwise process which
guantitatively delineates each step in the causal chain of the exposure-response relationship of
CNTO 3723 and 1L-23 at the tissue site of action: 1) tissue distribution of CNTO 3723 to the
lesional skin sites, 2) IL-23 dynamics at the lesional skin sites, 3) 1L-23 binding and disposition at
the target tissue site, and 4) free IL-23 suppression in the lesional skin. Development of a mMPBPK
model with TMDD features in both blood and tissue requires measurements of the CNTO 3723
and free/total IL-23 concentrations. Endogenous 1L-23 is expressed at extremely low levels, i.e.,
below the limit of quantification of all known bioanalytical method, making it challenging to
study endogenous IL-23 target engagement. To overcome this challenge, exogenously
administered rmlL-23 was used. Repeated intradermal administration of rmIL-23 in mice not
only led to establishment of a psoriasis-like mouse model, it boosts rmIL-23 baseline
concentrations in both serum and ear skin tissues to enable the measurement of rmIL-23 target
engagement. Even though rmIL-23 levels in this model are not physiological, they allow us to
characterize the physiological processes including mAb disposition, I1L-23 kinetics, and the
interaction between mAb and IL-23. The information can then be integrated with the
physiological levels of IL-23 in psoriatic patients to predict therapeutic effect of anti-1L-23 mAbs
in humans.

Interestingly, our results showed that free 1L-23 suppression at tissue sites can be more
effective than that in blood despite the lower mAb level and higher IL-23 level at the tissue site.
This can be attributed to the substantially lower mAb-IL-23 complex accumulation at the tissue
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site. In blood, IL-23 is subject to rapid elimination (half-life in minutes) while mAb-IL-23
complex is eliminated much slower (half-life in days, similar to that of 1gG). This leads to a rapid
accumulation of total IL-23 in blood after mAb dosing. The mAb-IL-23 complex would
dissociate and form a new equilibrium between mAb and free IL-23, resulting in return of free
IL-23 to baseline level when the mAb concentrations are still orders of magnitude higher (Wang
et al., 2014). On the other hand, free IL-23 and mAb-IL-23 complex have similar elimination
rates (close to that of lymph drainage) at the tissue site and there is minimal accumulation of
mAb-IL-23 complex, resulting in more effective free IL-23 suppression in the ear skin.

In our mPBPK model, the pharmacokinetics of rmIL-23 and CNTO 3723 were
characterized with the first- and second-generation mPBPK model, respectively (Cao and Jusko,
2012; Cao et al.,2013). Compared to mAbs, rmIL-23 exhibits more rapid and extensive tissue
distribution. The ‘first-generation” mPBPK model, which assumes whole tissue weight or tissue
interstitial space as the extravascular distribution space and tissue distribution is driven by Fick’s
Law of diffusion, is found to be more suitable for describing the disposition of rmIL-23. The
‘second-generation” mPBPK model was developed with considerations of specific PK
characteristics of mAbs, i.e. only convection is considered as the driver for extravascular
distribution, and only ISF is considered as the extravascular distribution space, and it was used to
describe the disposition of CNTO 3723. Importantly, both the first- and second-generation
mPBPK models used physiological volumes and flows, and thus could be easily integrated for
assessing the interrelationship between CNTO 3723 and 1L-23.

A vascular endothelial endosome space and FcRn-mAD interaction are frequently
included in PBPK models for mAbs to assess the influence of FcRn interaction (Garg and
Balthasar, 2007; Chetty et al., 2014). Since our interest focused on understanding the target
engagement at tissue site of action, not the impact of FcRn binding, they are not included in our
mPBPK model. It should be noted that the overall volume of vascular endothelial endosomes was
only about 0.4% of plasma and less than 0.1% of ISF volume (Cao et al.,2013), so the
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contribution of mAbs reside within this space to overall mAb disposition is expected to be limited
at any moment of time. In addition, FcCRn-mediated clearance (i.e. salvage of mAbs following
their pinocytosis) and extravascular distribution are both linear processes unless the mAb
concentrations are greater than ~10 mg/mL (Roopenian and Akilesh, 2007). Therefore, the linear
serum clearance and extravascular distribution functions implemented in our mPBPK model
would implicitly include these FcRn-mediated mechanisms.

Two important physiological determinants that describe the distribution kinetics of
CNTO 3723 into ear skin are transvascular fluid flux rate, which would equal lymph flow rate (L)
based on fluid mass balance, and vascular permeability (o). Lymph flow rate is commonly
determined through lymph node cannulation, but skin is the largest organ that covers the entire
body and skin lymph flow rate cannot be assessed directly. Instead of lymph flow rate, the lymph
turnover rate of skin (Kear) is applied. The Kear is defined as L divided by ISF volume (Visf), and
could be measured experimentally by tracing the removal rate of radioactive-labelled albumin
(Reed et al., 1985). The estimated regular intradermal absorption rate constant of rmIL-23 is also
comparable with the reported skin lymph turnover rate, suggesting the regular intradermal
absorption pathway for IL-23 is predominantly lymph uptake. Besides the regular intradermal
absorption, absorption of rmIL-23 following ID injection was also impacted by blister-formation.
Similar to that following subcutaneous (SC) administration, large molecule absorption following
ID injection is driven by the differences in hydrostatic and osmotic pressure between blood
circulation, interstitium and the lymphatic vessels (Wiig and Swartz, 2012). Blister formed due to
repeated intradermal injection of rmIL-23 increases hydrostatic pressure in the interstitium, which
might cause rapid absorption of rmIL-23 into capillaries. It has been observed that ID
administration of proteins produced higher maximum serum concentration (Cnax) and a ‘left-shift’
in serum concentration profiles comparing to the SC route (Milewski et al., 2015).

For our PsL mice study, it was unexpected to find that repeated ID administration of a
relatively large volume of rmIL-23 to the mouse ears led to certain pathophysiological changes
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that affected the pharmacokinetics of CNTO 3723 as well as rmIL-23. This presented challenges
in directly using results from the PsL mouse model for human dose projection, because such
effects are not expected to happen in humans. One advantage of using a mechanism and
physiologically based model is that the model can be expanded with additional components
corresponding to possible physiological explanations to capture the observed data for CNTO
3723 and 1L-23 in both serum and skin. Since the model distinguished the effects from
“physiological” and “non-physiological” processes, only the physiological one was used for
human dose projection.

In conclusion, we provided a good case example on how mechanism and physiologically
based modeling and simulations can be applied during early drug discovery and preclinical to
clinical translational stages. Simple extrapolation of drug exposure-efficacy relationship from
preclinical species to human likely will not work due to the inter-species differences in disease
status, target kinetics and drug disposition. In particular, tissue specific drug and target kinetics
information must be considered to understand target suppression at the tissue site of action.
Physiologically-based PK/PD modeling can be an invaluable tool to understand system-specific
and drug-specific physiological parameters to enable successful translation from preclinical
models to humans.
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Figure Legends

Figure 1. Scheme of mMPBPK models with TMDD features developed step-wise
for characterization of distribution of CNTO 3723 and its interrelationship with rmIL-23
in serum and ear skin in IL-23-induced PsL mice. a) Second-generation mPBPK model
applied for the characterization of serum pharmacokinetics of CNTO 3723 in Step I, b)
First-generation mPBPK model applied for the characterization pharmacokinetics of
rmlL-23 in Step 11, c) Second-generation mPBPK model including ear skin tissue
compartment for the characterization of distribution of CNTO 3723 to ear skin in Step
I11, and d) First- and second-generation mPBPK models overlaid with TMDD features
incorporated in serum and ear skin compartments for the characterization of the interplay
between CNTO 3723 and rmIL-23 in Step IV.

Figure 2. Scheme of translational PK/PD model applied for ustekinumab
pharmacological effect prediction in psoriatic patients.

Figure 3. Alterations of concentration profiles CNTO 3723 and rmIL-23 in ear
homogenates following repeated IL-23 ID treatment. a) CNTO 3723 concentration
profiles in ear homogenates in all treatment groups. Compared with non-treated animals
(Group A), at the same CNTO3723 doses, enhanced CNTO 3723 ear distribution was
observed following ID treatment with rmIL-23 (Group F and H). Also, immediately
following rmIL-23 ID treatment, the ear concentration of CNTO3723 showed transient
increase when comparing CNTO 3723 concentration at day 3 (right before the second
rmlL-23 dose) and day 6 (immediately after the fifth rmIL-23 dose). b) rmIL-23
concentration profiles in ear homogenates in all treatment groups. The concentration

profiles following the first rmIL-23 ID dose with concurrent CNTO 3723 treatment in
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Group D — H showed similar kinetics with that following rmIL-23 treatment alone
(Group C). Also, following the fifth ID dose (day 6 — 7), rmIL-23 showed slower
clearance in ear compared with that following the first dose (day 2 — 3).

Figure 4. Model-fitted Serum CNTO 3723 concentrations versus time profiles.
Circles are measured concentrations, and curves depict model fittings.

Figure 5. Model-fitted CNTO 3723 concentrations versus time profiles in ear
homogenates. Circles are measured concentrations, and curves depict model fittings.

Figure 6. Model-fitted rmIL-23 concentrations versus time profiles in ear
homogenates. Blue circles are measured total rmIL-23 concentrations, red circles are
measured free rmIL-23 concentrations, curves depict model fittings, and arrows indicate
the first and last rmIL-23 administration.

Figure 7. Model-fitted rmIL-23 concentrations versus time profiles in serum.
Blue circles are measured total rmIL-23 concentrations, curves depict model fittings, and
arrows indicate the first and last rmIL-23 administration.

Figure 8. Model predicted total IL-23 concentration-time profiles in serum
overlaid with measured IL-23 serum concentrations following SC administration of
ustekinumab Q1W for 4 weeks. Triangles are measured IL-23 serum concentrations and
curves depict model predictions.

Figure 9. a) Model predicted free IL-23 concentration-time profiles in lesional skin
following single escalating SC administration of overlaid with measured 1L-23 serum
concentrations following SC administration of ustekinumab (placebo, 0.27, 0.675, 1.35
and 2.7 mg/kg). Curves represent model predictions and dashed and solid gray lines are

baseline concentrations of IL-23 in psoriatic patients and healthy subjects. b) Model
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predicted free 1L-23 concentration-time profiles in serum and lesional skin following
clinical recommended therapeutic dose (45 mg SC at 0 and 4 weeks initially, followed by
45 mg SC every 12 weeks). Curves depict model predictions and dashed and solid gray
lines are baseline concentrations of 1L-23 in psoriatic patients and healthy subjects in

serum and lesional skin.
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Dose Number of Sampling time point
Grp | CNTO3723 | rmIL-23 animals (N) Retro-orbital Terminal
(mg/kg) (ng)
15min,6h,1,2,7and | 2h, 2,14 and 21 days
A 10 NA 12 (4 x 3/ea) 17 days (n=3/ca)
B NA 400 | 16 (4 x 4/ca) 32;:'”' 2and6N,3 |41 5 and 5 days
C NA 400 24 (6 x 4/ea) | 30 min, 1and 8 h, 1 15min,2and6h, 1,2
and 3 days and 5 days
D 33 50 45 (9 x Slea) 1 4and 8 hafter first | 2 @1d 24 h after the first
E 3.3 200 | 45(9%5/ea) | |23 dose; 1andgh | |--23d0se: 0, 2,4, and
F 10 200 45 (9 x 5/ea) after the fif’th IL-23 24 h after the fifth |L-
X 5/ea - .
dose; 5, 8 and 17 days 53 dose; 9, 13 and 22
G 3.3 500 45 (9 x 5/ea) ays
e O, s and 15 1 nd 2
H 10 200 20 (4 x 5/ea) ore- and 24 h post IL- gapogt IL-23 dose on
23 dose on day 2 y
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Table 2. Summary of model parameters and estimates

Parameter Definition Estimate RSE(%0)
Step I: Pharmacokinetics of CNTO 3723
o1 Vascular reflection coefficient of tight tissue 0.98 Fixed
02 Vascular reflection coefficient of leaky tissue 0.657 8
CLcni (mL/day) Linear serum clearance 0.0708 14
Step 11: Pharmacokinetics of rmIL-23

fq Fraction of Qco for V; 0.0023 10

Kp Partition coefficient 1 Fixed
CLsi2s (mL/day) Linear serum clearance 307 8

F Bioavailability 0.0164 11
Kabs (1/day) Regular ID absorption rate constant 1.88 38
kinj (1/day) Absorption rate constant from 1D caused by blister 53.6 19

formation
Kaim (1/day) Rate constant of blister healing process 12.3 31

Step I11: Pharmacokinetics Alteration of rmIL-23 and CNTO 3723
Alteration of rmIL-23 Pharmacokinetics

faciym Ratio decrease in kaps following each rmIL-23 ID dose  0.224 7
Alteration of CNTO 3723 Pharmacokinetics
Oear_ctrl Vascular reflection coefficient of ear in healthy mice 0.925 1
Ocar_psL Vascular reflection coefficient of ear in PsL mice 0.723 9
Kear (1/day) Ear lymph flow turnover rate 13 38
scal Maximum ratio decrease in lymph flow rate 0.9 Fixed
diym (1/day) Remission rate of lymph propulsion 1.19 12
Step 1V: Interrelationship between CNTO 3723 and rmIL-23
Ko (nM) Binding dissociation coefficient 0.12 55
Kint (1/day) Elimination rate constant of complex in serum 0.65 24
Physiological parameters of mouse (25 g)
Vs (mL)? Serum volume 0.85
ISF (mL)? Total tissue interstitial space volume 4.35
Viympn (ML) 2 Lymph volume 1.53
L (mL/day)® Total lymph flow rate 2.88
Qco (mL/day)° Cardiac plasma flow rate 20950
@ Physiological parameter values obtained from (Shah and Betts, 2012). Assumed 25 g body
weight

b Total lymphatic flow allometrically scaled from human (2.9 L/day) with exponent factor 0.74.
¢ Physiological parameter values obtained from (Shah and Betts, 2012). Assumed 25 g body
weight.
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Table 3. Model parameters for simulation

Parameter Definition Value
Ustekinumab serum pharmacokinetics?
ka (1/day) First-order absorption rate constant follow SC administration ~ 0.354
VIF (L) Apparent volume of distribution 15.7
CL/F (L/day) Apparent clearance 0.465
Ustekinumab tissue distribution kinetics®
Oskin Vascular reflection coefficient of lesional skin sites 0.742
oL Lymph reflection coefficient of lesional skin sites 0.2
Kskin (1/day) Lymph flow turnover rate of skin 1.4
IL-23 baseline concentration?
Cs L2z (pg/mL) Serum baseline concentration of IL-23 in psoriatic patients 38.5
Chsi2ao (pg/mL)  Serum baseline concentration of 1L-23 in healthy subjects 24
Ctir2sb (pg/mL) Skin baseline concentration of 1L-23 in psoriatic patients 2200
Chitizsn (pg/mL)  Skin baseline concentration of IL-23 in healthy subjects 936
Ustekinumab interaction with IL-23°
Ks deg (1/day) Serum degradation rate constant of 1L-23 39.8
ks syn (NM/day) Serum synthesis rate of 1L-23 0.028
ks int (1/day) Elimination rate constant of complex in serum 0.15
Kt deg (1/day) Skin degradation rate constant of 1L-23 2.8
Kt syn (NM/day) Skin synthesis rate of 1L-23 0.112
Kiint (1/day) Elimination rate constant of complex in skin 1.4

@ Parameter values obtained from (El Hadidi H, 2008; Zhu et al., 2010).

b parameter values estimated based on allometric scaling from mice. osin and o, assumed the
same from mice, Ksin and ks qeg allometrically scaled from mice with exponent factor -0.25, ki deg
assumed 2-fold of skin lymph turnover rate (ksin) (Chen et al., 2016), ks syn and ki syn calculated by
multiplying degradation rate constant with IL-23 baseline concentrations, ksin: assumed 7-fold of
ustekinumab elimination rate constant (CL/V) based on model fitting exercise, and k; in: assumed
the same with skin lymph turnover rate (ksin) (Chen et al., 2016).
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Figure 3
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Figure 7
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Figure 9
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