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Development of a Pharmacokinetic Model Describing
Neonatal Fc Receptor-Mediated Recycling of HL2351, a
Novel Hybrid Fc-Fused Interleukin-1 Receptor Antagonist,
to Optimize Dosage Regimen

Lien Ngo'', Jaeseong Oh?", Anhye Kim®, Hyun-moon Back®, Won-ho Kang', Jung-woo Chae', Hwi-yeol Yun'* and Howard Lee®*

HL2351 (hIL-1Ra-hyFc) is a novel recombinant protein formed by the fusion of two human interleukin-1 receptor antagonist com-
ponents into one antibody-derived fragment crystallizable portion. Although HL2351 has a pharmacological mechanism of action
similar to that of anakinra as a commercialized biopharmaceutical drug, HL2351 has been desired to reduce the dose frequency
and improve therapeutic efficacy due to its long circulation half-life. In this study, we aimed to develop a population pharma-
cokinetic (PK) model for HL2351 using a neonatal Fc receptor (FcRn)-mediated recycling model based on a quasi-steady-state
approximation of target-mediated drug disposition (TMDD) for the description of interactions between the drug and FcRn. FcRn
recycling was expected in the case of HL2351 because of PK related to the antibody portion. A TMDD model was also applied
to describe interactions of IL1R with HL2351 or anakinra. PK data were collected from a phase | study conducted in six groups
(1,2, 4, 8, 12 mg/kg HL2351 and 100 mg anakinra single subcutaneous administration; n = 8 per group). In consequence, the PK
of anakinra and HL2351 following administration of multiple doses at different dosages were simulated. Optimized doses were
considered based on average concentrations of IL1R bound to anakinra and HL2351. HL2351 at doses of 326 mg or 4.267, 4.982,
5.288, 5.458, or 5.748 mg/kg once weekly or HL2351 at 1726 mg or 21.92, 26.86, 29.10, 30.36, or 32.53 mg/kg once biweekly would
have similar therapeutic effects with anakinra at a dose of 100 mg or 1, 2, 3, 4, or 8 mg/kg administered once daily, respectively.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? HL2351 dosage regimen that mimicked the therapeu-

Anakinra, a recombinant human interleukin-1 recep-
tor antagonist, has a short half-life (4—6 hours); therefore,
it requires daily administration. HL2351 (hiL-1Ra-hyFc)
has been developed as an alternative medication for
anakinra because of its long half-life characteristics
(27.21-45.28 hours). However, there was a limitation of
prediction for HL2351 therapeutic equivalent doses to
anakinra doses.

WHAT QUESTION DID THIS STUDY ADDRESS?

The neonatal Fc receptor (FcRn)-mediated recycling
target-mediated drug disposition (TMDD) model for
HL2351, which characterized both target-mediated dispo-
sition and FcRn-mediated recycling, and a TMDD model
for anakinra, in humans, was developed in this study.

Interleukin-1 (IL1) is a proinflammatory cytokine produced
by monocytes and macrophages, which plays an import-
ant role in inflammatory processes and the induction of the

tic actions of anakinra was estimated by a model-based
approach.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
HL2351 at doses of 326 mg or 4.267, 4.982, 5.288,
5.458, or 5.748 mg/kg once weekly or 1726 mg or 21.92,
26.86, 29.10, 30.36, or 32.53 mg/kg once biweekly could
mimic the therapeutic effects of anakinra at doses of
100 mg or 1, 2, 3, 4, or 8 mg/kg once daily, respectively.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?

[V The estimated dosage could be applied when conduct-
ing clinical trials for HL2351. In addition, the developed
model could be expanded for other monoclonal antibody
drugs and antibody conjugated drugs.

immune response." Once bound to IL1 receptor (IL1R), ILT1
triggers a cascade of inflammatory mediators and attracts
monocytes, macrophages, and neutrophils to the area of
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inflammation. This stimulus activates macrophages and
promotes the growth and proliferation of T cells and B cells.
Overproduction of IL1 is implicated in a variety of acute and
chronic inflammatory conditions as well as autoimmune
disorders (e.g., rheumatoid arthritis [RA], neuropathic pain,
Alzheimer’s disease)."® The bioactivity of IL1 is inhibited
by the IL1 receptor antagonist (IL1Ra), which competitively
binds to IL1R without inducing signal transduction, and the
IL1 soluble receptor, which binds to IL1 and reduces the
free concentration of soluble cytokine, thus hampering in-
teractions between IL1 and IL1R.

Targeting IL1 began in 1993 with anakinra (Kineret;
Amgen, Thousand Oaks, CA), a recombinant form of human
IL1Ra that was produced using an Escherichia coli expres-
sion system. Currently, anakinra is approved for use alone
or in combination with other anti-inflammatory drugs for the
treatment of RA, cryopyrin-associated periodic syndromes
(CAPS), and Still’s disease.*® Because of its short half-life
(t,,,) of ~4 to 6 hours, anakinra requires daily administration
to maintain therapeutic levels.*® The safety and efficacy of
anakinra for the treatment of inflammatory diseases have
been examined in many clinical trials. However, daily ad-
ministration and injection-site reactions make anakinra
challenging for patients and scientists.” Therefore, a novel
compound with a longer half-life that is mechanistically sim-
ilar to anakinra is highly desirable.

HL2351 (hlL-1Ra-hyFc) is a novel recombinant protein
formed by the fusion of two human IL1Ra components (that
are active ingredients of anakinra) into one antibody-derived
fragment crystallizable (Fc) portion. HL2351 was developed
by Handok Inc. (Seoul, Republic of Korea). The Fc hinge re-
gion of HL2351 is derived from human immunoglobulin D
(as a flexible antibody), and the remaining compound is de-
rived from human immunoglobulin G4 (IgG4), which is less
susceptible to antibody-dependent cellular cytotoxicity and
complement-dependent cytotoxicity. HL2351 remains in the
body longer than anakinra because of its high molecular
weight (~97 kDa); thus it is less likely to be eliminated by
renal glomerular filtration, and because of its |gG4-sourced
Fc portion, HL2351 can bind to the neonatal Fc receptor
(FcRn), thus protecting it from endosomal metabolic catab-
olism. FcRn is expressed in the vascular endothelial cells of
a wide variety of tissues and maintains immunoglobulin G
(IgG) homeostasis because it allows IgG to be recirculated
throughout the body.2'® Consequently, the half-life for IgG
is ~18 to 21 days, which is substantially longer than other
proteins of similar molecular weight. 422

Population pharmacokinetic (PopPK) models of a variety
of monoclonal antibodies (mAbs) have been developed in
previous studies.?>?® However, most studies characterize
only the targeted-mediated drug disposition (TMDD) pro-
cess rather than the FcRn-mediated recycling process. A
PopPK model for rituximab in rats was developed by Kagan
et al.?® this is the only PopPK model that includes mAb re-
cycling. However, the interaction kinetics between the mAb
and FcRn that result in recycling has not yet been character-
ized. In this study, we developed a PopPK model to describe
the pharmacokinetics (PK) of HL2351 in humans. For the first
time, we characterized both the TMDD (i.e., interactions be-
tween the IL1Ra portion and its therapeutic cell membrane
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target, IL1) and FcRn-mediated recycling (i.e., interactions
between the IgG4-sourced Fc portion and FcRn) of HL2351.
Moreover, we developed a quasi-steady-state (QSS) TMDD
PK model for anakinra in humans. The PK of HL2351 and
anakinra following the administration of multiple doses in
humans were simulated through a PopPK-based approach
at different doses. Finally, we identified HL2351 dosage reg-
imens that mimic the therapeutic actions of anakinra for the
treatment of RA, CAPS, and Still’s disease.

METHODS
Materials and PK data collection
Kineret (anakinra) was purchased as a 100 mg solution
(150 mg/ml) in a prefilled syringe from Sobi, Inc (Waltham,
MA). HL2351 was received from Handok Inc. Study design,
sample collection, and sample analysis were described in
detail in our recent publication.?®

PK data were collected from a phase | clinical trial
(NCT02175056) approved by the Institutional Review Board
of Seoul National University Hospital, Seoul, Republic of
Korea. All participants provided written informed consent,
and the study was conducted in accordance with the princi-
ples of the Declaration of Helsinki and International Council
for Harmonisation Good Clinical Practice. Healthy Korean
men aged 20 to 45 years were eligible for this study after
assessment of vital signs, 12-lead electrocardiogram tests,
laboratory testing, and physical examinations. Participants
were randomly divided into six groups (n = 8 per group) in
which they received a single subcutaneous (s.c.) dose of
HL2351 (1, 2, 4, 8, or 12 mg/kg) or anakinra (100 mg). Blood
samples were collected at predetermined timepoints, up to
672 hours postadministration for HL2351, and up to 48 hours
postadministration for anakinra; samples were stored at 4°C.%°
The serum concentrations of HL2351 and anakinra were
determined by a validated enzyme-linked immunosorbent
assay?>® (as described in the Supplementary Materials).

Model structure for PKs of HL2351 and anakinra

A schematic-integrated PK model for HL2351 in humans
is presented in Figure 1a. The TMDD and FcRn-mediated
recycling model were designed to characterize interactions
between HL2351 and its receptor target IL1R and between
HL2351 and FcRn, respectively. Notations are defined in
the Figure 1 legend. The reversible binding of free unbound
HL2351 (Dse1) in the distribution space to FcRn, followed by
its release back to the central compartment (K,..), protected
the mAb from intracellular catabolism and was designated
“FcRn-mediated recycling.” The reversible binding of free
unbound HL2351 (D) at the central compartment to
IL1R, followed by its dissociation into Dy, Or degradation
(Kgego)» Was designated as “TMDD.” A schematic PK model
of anakinra in humans, which characterizes the TMDD of
anakinra as a result of its binding to IL1R, is presented in
Figure 1b.

QSS approximations for drug-target interactions

Production of the drug—target complexes (FcRn-D, IL1R-D,
and IL1R-D,) follows second-order kinetics, with the rate
constant K. Dissociation of the complex back to the free
drugs and its targets follows first-order kinetics, with the
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Figure 1 Schematic pharmacokinetic models of (a) TMDD and
FcRn-mediated recycling of HL2351 in humans and (b) TMDD
of anakinra in humans. HL2351 was transported from the
injection site (Dose) to the distribution space (rate constant K.
Therein, a part of HL2351 (D¢ Was reversibly bound to FcRn
to form a FcRn-D complex, which could dissociate into Dyeq OF
be transported to the central compartment (rate constant K,).
The remaining D;., was either moved directly to the central
compartment (rate constant K,,) or degraded (rate constant Keq9.
At the central compartment, a portion of free HL2351 (DfreeQ)
bound reversibly to IL1R to form a IL1IR-D complex, which then
dissociated into Dy, Or degraded (rate constant Kyeq,). Another
portion of Dy, Was either taken up into the distribution space
(rate constant K, or intercompartmental transported (rate
constants K, and K,y). The remaining Dy, Was eliminated
from the body (rate constant K,). All notations for anakinra are
identical to those used for HL2351, except for the letter “A” in
the subscript, which represents anakinra. FcRn, neonatal Fc
receptor; TMDD, target-mediated drug disposition.

dissociation rate constant K. These interactions are de-
scribed in Egs. 1-3.

K,

oni

Dseeq +FCRN = FcRN-D
Koff1
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The numbers 1 and 2 in the subscripts denote equations
that are relevant to the interactions of HL2351 with FcRn and
HL2351 with IL1R, respectively. The letter “A” in the sub-
script denotes equations relevant to anakinra.

TMDD is the phenomenon whereby a drug binds with a
high affinity to its pharmacological target (ligand or receptor),
and the binding significantly influences drug disposition. The
binding of HL2351 or anakinra with IL1R is a pure TMDD
process. Although FcRn is not a therapeutic target of
HL2351, the interaction between HL2351 and FcRn follows
the kinetics of a TMDD process in which the recycling rate
constantK, is related to the degradation rate constant of a
complex in a TMDD process (e.g.,Kqeq0)- FOr convenience,
interaction kinetics between HL2351 and FcRn will also be
referred to as TMDD kinetics.

A full TMDD model, as well as approximation TMDD models
(e.g., quasi-equilibrium, QSS, and Michaelis—-Menten approx-
imations) have been previously described in detail.®"* In the
present study, a QSS approximation was applied. The main
assumption used to derive the QSS approximation was that
the concentration of the free unbound drug, its target, and its
drug-target complex are in QSS condition; thus, the concen-
tration of the complex is constant. The QSS model simplifies
the ful TMDD model by introducing QSS constants (Ksgy, Kssp,
or Kggp): the total (bound and unbound) drug concentration/
amount (Cigi1, Cioras OF Aiopp), @nd the total (bound and un-
bound) receptor concentration/amount (C; 15 ; Or Arcry -

Accordingly, the number of free HL2351 in the distribu-
tion space (Apqees; UNbound to FcRn) was derived from total
HL2351 (A, as described in Eq. 4; concentrations of free
HL2351 (Cpreep; Unbound to IL1R) or free anakinra (Cppeen;
unbound to IL1R) in the central compartment were, respec-
tively, derived from total concentration of HL2351 (C,;,) or
anakinra (Ciy4), respectively, as described in Egs. 5 and 6.

2
(Atott —Apcpn1—AKss1) + \/[(Amn —Aroan t—AKss1) +4xAKss1 X Aoty ]
Abfreet = >

@

(Cot1 —Cript—Kssz) + \/[(Clot —Cuiat —Kssz)2 +4xKssp XClotZ]
CDfree2 = 2

©)

(Crota —Ci1r1—Kssa) + \/[(CtotA —Cript— KSSA)2 +4xKssa XCtotA]
CDfreeA = >

©®)

Application of using QSS approximation to describe the
drug-target interactions and model codes for the nonlin-
ear mixed effect model (NONMEM) in the modeling PK of



anakinra and HL2351 is provided in the Supplementary
Materials.

PopPK analyses

PopPK analyses for HL2351 and anakinra were conducted
using a software package for nonlinear mixed effects
modeling (NONMEM version 7.3.0; ICON Development
Solutions, Hanover, MD) and executed through the Perl-
speaks-NONMEM (PsN) software tool (version 4.4.0) using
Pirana.®® The first-order conditional estimation method
with the interaction option method was used for each step
during model development. The final model was selected
by comparing the objective function value using the likeli-
hood ratio test within NONMEM at a 5% significance level,
the goodness-of-fit plots, and the precision of estimates.
The selection and evaluation steps for the final model are
provided in the Supplementary Materials.

Dosage regimen for HL2351

The dosage regimen for HL2351 was estimated by the
PopPK model-based approach. One thousand repli-
cates were performed using the $SIMULATION function
in NONMEM and executed through the PsN software tool
using Pirana.®® PK parameters, individual random effects,
and residual random effects for anakinra and HL2351 were
assumed to be consistent with their respective observed
data. The average serum concentrations of HL2351 bound
to IL1R (Cj45-p) and anakinra bound to IL1R (Cj 15_pa);
which represented therapeutic effects during one dosing
interval at the steady state (Cv_ss) were used as a criterion.
The assumption was that if the ¢, of HL2351 reached the
Cy, s Of anakinra, HL2351 and anakinra would have similar
therapeutic effects.

First, the PK profiles of each drug were simulated
(n = 1000 replicates) during one dosing interval in steady-
state conditions following multiple doses at different dosage
regimens. The dosages for anakinra were 100 mg/day or
1, 2, 3, 4, or 8 mg/kg administered once daily. These were
estimated in accordance with the product information for
anakinra (Kineret; summarized in Table S$1).*° PK data were
estimated at week 5 postadministration to ensure steady-
state conditions. The dosages for HL2351 were 1, 3, 6, 9,
12, or 18 mg/kg once weekly or 1, 6, 12, 18, 24, or 30 mg/kg
once biweekly. PK data were estimated at week 29 postad-
ministration to ensure steady-state conditions.

Second, C,, s of HL2351 and anakinra at each dosage
regimen were calculated, as represented in Eq. 7.

AUC,,

T

7)

b_ss =

In this equation, AUC,,  is the area under the concentra-
tion-time curve during one dosing interval at steady-state
conditions and t is one dosing interval time (r = 24 hours
for anakinra, r = 168 hours for HL2351 administered once
weekly, and 7 = 336 hours for HL2351 administered once
biweekly).

Third, the relationship between the administered dose
and C,, ¢; of HL2351 was fitted in accordance with the Hill
equation, as provided in Eq. 8 using Origin (version 2018).
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Dose”

Cps=Cpy X ——mm——
0-58 "M " Dosell +Dose” ®)

In this equation,C,,(nM) is the maximum value of C, ,
Dose(mg/kg) is the administered HL2351 dose, Dose5o(mg/T<g)
is the administered HL2351 dose at which C, o of HL2351
is 50% of the C,,,,, and n is the Hill coefficient.

RESULTS

PK study design

PK profiles of anakinra following a single injection (100 mg)
and PK profiles of HL2351 following a single injection (1, 2,
4, 8, or 12 mg/kg) were described in detail in our previous
study.?® Briefly, HL2351 was absorbed slowly (with mean
time to reach maximum concentration (T_,.) of 36 hours)
and remained in the body up to 240 to 336 hours post-
administration. In contrast, concentrations of anakinra
declined rapidly; it remained in the body up to 24 to 48 hours
postadministration. The mean t,, of anakinra and HL2351
were 3.97 hours and 27.21 to 45.28 hours, respectively.
Compared with anakinra, HL2351 remained in the body ~7-
fold to 10-fold longer (55.8-77.36 hours vs. 7.89 hours).

PopPK analysis

Parameter estimates, interindividual variabilities, residual
random effects, and relative standard errors for HL2351
and anakinra are listed in Table 1 and Table S2, respec-
tively. PK parameters were estimated with small relative
standard errors, except for parameters that are relevant
to binding kinetics between the drug and its receptors
(106.3% for AKggy; 95.1% for Areg, v 78.0% for Cyip o
68.2% for Kggp Of HL2351; and 116.9% for C 45 , of anak-
inra). Moreover, the low shrinkage values indicated that
the observed data were sufficient to precisely estimate
the individual parameters.

Basic goodness-of-fit plots of the final models for
HL2351 and anakinra are depicted in Figure S1; these
plots show that the individual and population obser-
vations were well fitted. The population and individual
post hoc predictions were distributed around the line of
identity without systematic bias. Moreover, conditional
weighted residuals for the population-predicted serum
concentrations were generally distributed around zero
and were symmetric. Only 23 of 472 (4.9%) and 2 of 93
(2.2%) conditional weighted residual values of HL2351
and anakinra, respectively, were outside of the range of
[-2, +2]. According to the developed PopPK models, QSS
constants for the binding of IL1R with HL2351 or anakinra
were estimated to be 14.5 nM (Kgg,) and 0.750 nM (Kgga)
, respectively. The total active concentrations of IL1R
bound and unbound to HL2351 or anakinra were 2.23 nM
and 1.54 nM, respectively. Lastly, the total active amount
of FcRn bound and unbound to HL2351 was 749 nmol
(Table 1 and Table S2).

Population model evaluation

Figure 2 shows visual predictive check plots for predict-
ing the distributions of HL2351 and anakinra concentrations
using the final model. The observed concentrations were
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Table 1 Parameter estimates for HL2351 after a single subcutaneous injection of HL2351 at a dose range of 1 to 12 mg/kg from the final model

and results of bootstrap validation (n = 1,000)

Observed data

Bootstrap replicates

Parameter (unit) Description Median RSE (%) Shrinkage (%) Median 2.5-97.5th
Kai (1/0) Absorption rate constant of 1.21 28.9 - 1.20 0.851-1.72
drug from injection site
AKgg4 (nmol) Equilibrium dissociation 237 106 - 199 33.4-906
constant of drug and FcRn
binding
Archn t (nmol) Total active amount of FcRn 749 951 - 786 378-1369
Kao (1/0) Ka of drug from absorption 0.0171 38.3 - 0.0166 0.00752-0.0246
site to central compartment
Kiec (170) Ka of drug recycled from 0.0338 50.6 - 0.0319 0.0208-0.0538
absorption site to central
compartment due to its
binding with FcRn
Kaegt (17h) Degradation rate of drug at 0.0264 39.8 - 0.0292 0.0171-0.0586
absorption site
CL/F (L/h) Apparent clearance of drug at 0.208 36.9 - 0.194 0.036-0.262
central compartment
Vc/F (L) Apparent distribution of drug 1.3 24.2 - 10.6 6.98-13.3
at central compartment
Q/F (L/h) Apparent inter-compartment 0.0288 33.6 - 0.0289 0.0188-0.0368
clearance of drug
Vp/F (L) Apparent distribution of drug 5.06 FIX - 5.06 5.06-5.06
at peripheral compartment
Kaegz (17h) Degradation rate of drug- 0.206 FIX - 0.206 0.2060.206
target complex at central
compartment
Ci1p t (nmol/L) Total active concentration 2.23 78.0 - 2.30 0.814-14.6
of target at central
compartment
Kssp (hmol/L) Dissociation constant of drug 14.5 68.2 - 13.7 4.122-74.5
and target binding
Kyp (17h) Uptake rate constant of 0.00952 FIX - - -
drug from central back to
absorption site
Alag (h) Lag time 0.312 27.9 - 0.312 0.208-0.409
Interindividual variability (%)
Ka Interindividual variability of K 97.4 27.6 13.5 94.3 66.9-120
Kaz Interindividual variability of K, 72.4 35.9 12.4 72.9 49.8-105
Kiec Interindividual variability of K 33.2 59.5 39.8 33.2 16.2-52.6
Kaegt Interindividual variability of 27.5 72.0 36.5 27.3 7.89-56.7
Kdeg1
Kip Interindividual variability of K, 90.4 32.8 24.8 89.9 28.1-130
CL/F Interindividual variability of 22.9 65.4 36.7 54.7 22.4-79.2
CL/F
Alag Interindividual variability of 55.5 69.5 22.6 23.2 11.5-65.7
Alag
Residual variability
Additive (nmol/L) 0.184 35.4 0.181 0.120-0.240
Proportional (%) 1.5 4.3 14 9.79-12.8

RSE, relative standard error.

all within the 5th to 95th percentiles of the simulated con-
centrations. Moreover, most median observed values were
within the 95% confidence interval of the median predicted
values obtained by simulation. Results of the bootstrap
analysis are listed in Table 1 and Table S2; parameter es-
timates from the final model for the observed data were in
close agreement with median values of those estimated

CPT: Pharmacometrics & Systems Pharmacology

from bootstrap replicates, indicating that the NONMEM pa-
rameter estimates of the final model were unbiased.

Dosage regimen for HL2351

Simulated PK profiles of HL2351 and anakinra during
one dosing interval at steady state following different
dosage regimens are illustrated in Figure 3a. The means
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Figure 2 Visual predictive checks for final models regarding observed concentrations of anakinra and HL2351. Open circles represent
observed concentrations. The red line represents the observed median, light gray area represents the 95% confidence interval (Cl) of
the simulated median, and light blue represents 90% prediction interval of simulations.

and coefficient variations of C, ¢ are listed in Table 2. Dose? 72

The relationship between administered dose and Cy, ¢ of 9.6810%726 L Doge?-726
HL2351 was fitted well in accordance with the Hill equa- (10)
tion (Figure 3b), represented by Egs. 9 and 10.

For HL2351 once biweekly Cy, (s=2.145x%

Accordingly, the HL2351 dosage regimen that mimicked

0.962 the therapeutic actions of anakinra at each indication for

For HL2351 once weekly C,, o5 =2.140x E)gzge ——  the treatment of RA, CAPS, and Still's disease was esti-
2.288"°°* + Dose™ mated. HL2351 at doses of 326 mg or 4.267, 4.982, 5.288,

9) 5.458, or 5.748 mg/kg once weekly or HL2351 at 1726 mg

WwWw.psp-journal.com



FcRn-Mediated PK Model and Dosage Regimen for HL2351
Ngo et al.

590

or21.92, 26.86, 29.10, 30.36, or 32.53 mg/kg once biweekly
could mimic the therapeutic effects of anakinra at a dose
of 100 mg or 1, 2, 3, 4, or 8 mg/kg administered once daily
(Table 2 and Table 3). The concentration-time curves of
anakinra (administered once daily at its therapeutic doses)
and those of the respective HL2351 doses (administered
once weekly or once biweekly) at steady-state conditions
were also simulated (Figure 4.)

DISCUSSION

PopPK model for HL2351 and anakinra

An integrated TMDD and FcRn-mediated recycling PopPK
model was developed to describe the PK of HL2351. This
model was based on the interaction of HL2351 with FcRn
via the IgG4-source Fc portion (which explains its longer
half-life) and the interaction of HL2351 with its therapeutic
target IL1R (which explains its therapeutic effects and dis-
tribution). In contrast, anakinra is a recombinant protein that
does not consist of the IgG4 source Fc portion, and conse-
quently the PK of anakinra are not significantly affected by
the FcRn-mediated recycling; thus a TMDD PopPK model
without the FcRn-mediated recycling was developed for
anakinra.

Similar to other mAbs, s.c. delivery of HL2351 involves
an absorption process from the injection site through the
interstitial space and into the lymphatic system before
draining into systemic circulation.®®*” Unlike small mole-
cules, mAbs are primarily eliminated via catabolism. Thus,
because of its large size and physicochemical proper-
ties, negligible amounts are removed via biliary and renal
excretions. The uptake of mAbs into catabolic cells oc-
curs either through pinocytosis at endothelial cells that
line the blood vessels (unspecific fluid-phase endocyto-
sis) or by receptor-mediated endocytosis (via either Fc
or Fab domains). Because human endothelial cells have
large (>1000 m?) surface areas, pinocytosis substantially
contributes significantly to the intracellular uptake and
subsequent elimination of mAbs.

FcRn is expressed in vascular endothelial cells in a
wide variety of tissues and is exploited as a mechanism
to specifically protect IgG and IgG-source Fc fusion mAbs
from catabolism.®'® FcRn has a low affinity for IgG at
a physiological pH, but a high affinity at an acidic pH.
Therefore, when mAbs and FcRn are taken up together
into the catabolic cell and the endosome is acidified, IgG
attaches to FcRn via a specific binding site in the Fc do-
main. Subsequently, the FcRn-IgG complex is trafficked
to the cell surface where the IgG molecule from the com-
plex is released back to the circulation after physiological
pH is reached.®'® IgG molecules that are not bound to
FcRn are catabolized. Thus, IgG has a considerably lon-
ger t,,, (~3 weeks) compared with other immunoglobulins
and proteins of similar molecular weight (5.8 days for im-
munoglobulin A, 5.1 days for immunoglobulin M, 2.8 days
for immunoglobulin D, and 2.5 days for immunoglobulin
E)."®22 |n addition to the interactions with FcRn, the inter-
action of mAb with its pharmacological target allows it to
contribute significantly to the mAb distribution.

The absorption of HL2351 was simulated from be-
ginning at the injection site (K ; —Ky,) to the interstitial
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space, the lymphatic system, and finally to the systemic
circulation. The pathway Kggy — K models how HL2351
avoids catabolism because of its interactions with FcRn
via the IgG4-source Fc portion. In particular, the pathway
Ka1 = Kssy = Ko models the presystemic catabolism by
which HL2351 is transported through the lymphatic sys-
tem to reach the systemic circulation;K,, — Kgg1 — Kiec
models the systemic catabolism of HL2351. The pathway
Ksso = Kgege models the interaction between HL2351 and
its therapeutic target ILIR.

A full TMDD model was first described by Mager and
Jusko.®! However, it may be difficult to identify all param-
eters of a full TMDD model from the observed PK data
because binding reactions occur much more rapidly than
other processes (t,,, ranging from minutes to hours com-
pared with t,, ranging from days to weeks).®? Therefore,
the sampling times typically do not provide sufficient infor-
mation to estimate binding parameters, particularly when
only unbound or total drug concentrations are observed.
As such, some parameters of the system are fixed with
literature values.*?

In the present study, a variety of simplification approxima-
tions has been applied. First, the QSS approximation model
that assumes a balance between binding and sum of the
complex dissociation and internalization was used to model
the interactions between HL2351 and its targets. Second,
K,y and Kyego /Kyeqa Were set to 0.00952 and 0.206 hour™,
respectively, based on estimations from data reported pre-
viously.*¥* Third, the total amounts (bound and unbound
to the drug) of the targets (Ag.g, : and Cy 45 /Cj g 14) Were
assumed to be constant with no consideration regarding
the presence of mAbs. This assumption holds when the
degradation rates of the bound and unbound receptor are
the same, which is valid in this investigation (as previously
discussed®). Last but not least, the competition between
HL2351 (exogenous IgG) and endogenous IgG for binding
to FcRn was not included.

In detaiI,Kul, was extracted from the elimination rate con-
stant of IgG in patients with hypercatabolic hypoproteinemia
who lacked FcRn functions to recycle IgG.38 After cellular
uptake, IgG can be degraded and eliminated from the body
without FcRn-mediated recycling. Consequently, the elim-
ination of IgG from the plasma represents the uptake of
mADbs into catabolic cells. In that study, IgG was reported
with a mean survival t,, of 3.033 days. The degradation
rate constant Kaeg2/Kaees was extracted from Figure 2 in
the study by Mizel et al.®® using the WebPlotDigitizer tool.*°
They were assumed to be equal to each other and the in-
ternalization rate constant of IL1R-IL1.

Given that the average serum level of endogenous IgG
in normal individuals is 11.2 g/L (range, 4-22 g/L; equal to
~74,700 nM), which is much higher than the exogenous IgG-
source molecules following the administration of IgG mAbs
at therapeutic doses.?**'*? The maximum concentration of
HL2351 in the present study is 272 nM that corresponds to
~0.36% of the endogenous IgG. The presence of HL2351 is,
therefore, unlikely to affect substantially the saturation level
of FcRn; accordingly, the total amount of FcRn presenting
the capacity for binding to IgG seems to change negligible
regarding the presence of HL2351. For the same reason, the
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Figure 3 Simulated concentration-time curves and dose-dependent profiles of anakinra and HL2351 in humans following multipledoses
at steady-state conditions. (@) Concentration-time curves of anakinra and HL2351 bound to IL1R (left) and unbound to IL1R (right) during
one dosing interval. (b) Relationship between administered dose and average concentrations of anakinra and HL2351 bound to IL1R. Open
circles: simulated concentrations, solid lines: regression lines fitted to the simulated concentrations. All notations are defined in the text.
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Table 2 Simulated average serum concentrations of anakinra and HL2351 bound to IL1R during one dosing interval at steady-state condition
Cy, ss following administration of multiple doses in humans and determined dosage regimen for HL2351 (n = 1000 replicates)

Cy, ss(mean and CV)

Determined dosage
regimen for HL2351

Anakinra (once daily) HL2351 (once weekly) HL2351 (once biweekly) HL2351 HL2351
(once (once

Dose _ Dose Dose weekly) biweekly)

(mg/kg) Coss(NM)  CV (%) (mg/kg) Cp_ss(nM) CV (%) (mg/kg) Cp_ss(nM) CV (%) (mg/kg) (mg/kg)

1 1.382 4.86 1 0.6627 131 1 0.3412 13.0 4.267 21.92

1.429° 1.423 4.05 3 1.214 12.8 6 0.8994 15.4 4.659 24.65

2 1.453 3.33 6 1.532 1.4 12 1.152 15.8 4.982 26.86

3 1.479 2.58 9 1.685 10.1 18 1.303 15.6 5.288 29.10

4 1.494 213 12 1.777 9.11 24 1.410 15.2 5.458 30.36

8 1.516 1.30 18 1.885 7.73 36 1.554 14.2 5.748 32.53

CV, coefficient variation.

2Pharmacokinetic data were collected at week 5 for anakinra and week 29 for HL2351 postadministration to ensure steady-state conditions.

Table 3 Suggested dosage regimen for HL2351 that mimicked the therapeutic actions of anakinra for the treatment of RA, CAPS, and Still’s

disease (the drug is administered via subcutaneous injection)

Indication Dose once 1 week Dose once 1 week (mg/kg/day)
RA = 326 mg = 1726 mg
CAPS — Starting dose: 4.267-4.982 mg/kg — Starting dose: 21.92-26.86
— Maintain dose: — Maintain dose:
m 5.288-5.458 mg/kg = 29.10-30.36 mg/kg
= Can be adjusted to a maximum of 5.748 mg/kg = Can be adjusted to a maximum of 32.53
Still’s disease — Starting dose — Starting dose

= BW =50 kg: 326 mg

= BW <50 kg: 5.288-5.458 mg/kg

= BW > 50 kg: 1726 mg
= BW <50 kg: 29.10-30.36 mg/kg

BW, body weight; CAPS, cryopyrin-associated periodic syndrome; RA, rheumatoid arthritis.

total amount of FcRn presenting the capacity for binding
to HL2351 Ag.p, ; @lso seems to change negligible regard-
less the change in HL2351 concentration over time. As a
result, Az, ;- was assumed to be constant in our model.
Significantly, Afrcrn ¢+ does not match the amount of FcRn
having the capacity for binding to IgG. By estimating the
specific amount of FcRn for binding to HL2351, the model
indirectly accounted for the competition between HL2351
and IgG in binding to FcRn.

According to the developed PopPK model, the median
QSS constants for the interactions of IL1R with anakinra or
HL2351 are 0.750 nM and 14.5 nM, respectively, consistent
with the findings in previous reports.***® The dissociation
constants for interactions between IL1Ra and IL1R have
been reported as 0.4 + 0.1 nM* and 0.620 + 0.061 nM;*
dissociation constants for interactions between IL1Ra fusion
proteins and IL1R have been reported as 3.8 + 0.5 nM and
13.5 + 2.9 nM.*®

Dosage regimen for HL2351 administration

The developed PK models were used to simulate the PK
profiles of anakinra and HL2351 in humans after s.c. ad-
ministration at different dosages. Both drugs show dosage
proportionality in PK profiles of the unbound form and non-
linearity in PK profiles of the bound IL1R form (Figure 3a).
In particular, when the administered dose of anakinra or
HL2351 increases, IL1R-D, or IL1R-D increases exposure
in accordance with the Hill equation. The ability of the Hill
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function to characterize these data is expected as the Hill
function is widely used to describe binding equilibria in li-
gand-receptor interactions.*6=48

HL2351 was absorbed slowly and steadily (mean T of
36 hours) and remained in the body for 240 to 336 hours
postadministration. The mAb remained in the body ~7-
fold to 10-fold longer (as represented by the mean t, , and
mean residence time) compared with anakinra.?® Anakinra
is administered once daily; therefore, HL2351 was antici-
pated to be administered once weekly or once biweekly.
The average serum concentrations of anakinra and
HL2351 bound to IL1R (C, ) were used for the dosage
regimens because binding to IL1R is the mechanism of ac-
tion of both drugs. The assumption was that if the C, ¢ of
HL2351 reaches the C, s of anakinra, HL2351 would have
therapeutic effects similar to those of anakinra. Because
of a nonlinearity in PK profiles in the HL2351 bound to
IL1R (Figure 3 and Table 2), in cases of dose and dosing
frequency of HL2351 to be calculated, it should be calcu-
lated using the fitting equation.

Study limitations

This study had some limitations. First, the study was per-
formed in healthy participants, who may not accurately
represent patient populations with autoimmune diseases.
Therefore, the PK properties of HL2351 obtained from
this study may differ from those in real patient popula-
tions. However, the longer half-life of HL2351 in the body,



Bound to IL1R Concentration (nM)

o
o

Bound to IL1R Concentration (nM)

o
=)

Bound to IL1R Concentration (nM)

FcRn-Mediated PK Model and Dosage Regimen for HL2351

Ngo et al.
593
— Anakinra once daily
— H L2351 once weekly
— HL 2351 once biweekly
25 25

Bound to IL1R Concentration (nM)

o
o
1

Anakinra 1 mg/kg

Anakinra 100 mg

T T T T
144 192 240 288 336

Time (h)

0 48 96

T T T T T
96 144 192 240 288 336

Time (h)

Bound to IL1R Concentration (nM)

Anakinra 2 mg/kg

1 1 1 1 1
0 48 96 144 192 240 288 336

Time (h)

Anakinra 3 mg/kg
9I6 14;-4 152 2‘;-0 2;8 356
Time (h)

Bound to IL1R Concentration (nM)

0.0 Anakinra 4 mg/kg 0.0 Anakinra 8 mg/kg
1 v 1 v 1 v 1 v 1 v 1 1 v 1 1 v 1 v 1 v 1 v 1 1 v 1
0 48 96 144 192 240 288 336 48 96 144 192 240 288 336
Time (h) Time (h)
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compared with anakinra, is likely to be unaffected by
disease status. Second, the PK profiles of HL2351 and
anakinra were simulated using a model-based approach.
Differences in PK parameters between single-dose and
multiple-dose regimens of anakinra and HL2351 were
therefore not considered. However, our studies have
demonstrated that the observed total serum concentra-
tions of HL2351 (bound and unbound concentrations) are
proportional up to a dose of 12 mg.29 Thus, the linear PK
profile of HL2351 total concentration is unlikely to vary fol-
lowing the administration of multiple doses once weekly
at the dose range tested. For dosage regimens adminis-
tered once biweekly, the suggested doses for HL2351 (up
to 32.53 mg/kg) are above the dose range tested; thus,
the PK profile of HL2351 at a larger dose range should be
investigated to ensure the linearity. In summary, further
clinical studies should be conducted to determine appro-
priate doses and dosing intervals for HL2351 in patients
with RA, CAPS, or Still’s disease.

CONCLUSION

An integrated TMDD and FcRn-mediated recycling PopPK
model and a TMDD PopPK model have been developed to
describe the individual PK profiles of HL2351 and anakinra
in humans after a single s.c. dose. Accordingly, PK profiles
of these drugs were simulated following multiple doses in
humans. The dose and dosing interval for HL2351, which
were 326 mg or 4.267, 4.982, 5.288, 5.458, or 5.748 mg/
kg administered once weekly or 1726 mg or 21.92, 26.86,
29.10, 30.36, or 32.53 mg/kg administered once biweekly,
were suggested to have therapeutic effects similar to those
of anakinra at a dose of 100 mg or 1, 2, 3, 4, or 8 mg/kg
administered once daily.
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