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groups. Such complications remain poorly understood. The purpose of this communi-
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Pfizer cation is to show that the impact of immunogenicity response on PK similarity deter-

mination can be critical, using adalimumab as an example.

Methods: Data for adalimumab concentrations and immunogenicity response over
10 weeks were obtained from 133 healthy subjects receiving a 40 mg dose of
Humira® in a PK similarity study. Also, a population PK model with a mechanistic
construct for delineating the interplay between adalimumab disposition and antidrug
antibodies response was utilized to estimate via simulation the probability that a PK
similarity study would fail in typical study settings.

Results: The simulations showed that the immunogenicity response can have a pro-
found impact on the outcome of PK similarity determination. As such, the probability
of failing to achieve the similarity conclusion increased to 51.9%, from 13.8% in the
absence of immunogenicity response.

Conclusion: This study provides a model-based framework for better understanding
of how a PK similarity study can be optimally designed and for interpretation of the
outcome of PK similarity determination when the drug disposition is affected in the

presence of immunogenicity response.
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1 | INTRODUCTION

Therapeutic biologics are increasingly important in treating many
diseases due to their success in addressing previously unmet medi-
cal needs.! Biosimilars are expected to play an essential role in
enhancing patient access to these important, often lifesaving, medi-
cations.? Biosimilars are biological products that are highly similar
to and have no clinically meaningful differences from their respec-
tive reference products in terms of the safety, purity and potency
of the product.3 Pharmacokinetic (PK) similarity studies are
generally regarded as a critical part of the overall biosimilarity
assessments by providing the data that describe the degree of
similarity in PK properties of the proposed biosimilar to the refer-
ence product based on prespecified bioequivalence (BE) criteria
within which the 90% confidence intervals (Cls) of the test-to-
reference ratios for predefined parameters are required to fall.
The FDA Guidance* outlines specific recommendations on various
study design elements to ensure that the study is designed
optimally such that it is sensitive to the potential differences in PK
properties between the proposed biosimilar and reference
products, which include considerations of dosage, single dose ver-
sus multiple dose and healthy volunteers versus patients.
Healthy volunteers are recommended as a preferred study popula-
tion for PK similarity studies if the product can be safely adminis-
tered to this population. The underlying assumption is that
healthy subjects are likely to have less PK variability than patients
with potentially confounding factors such as concomitant disease
and medications. As a result, PK similarity studies are expected to
be conducted in healthy subjects whenever appropriate for the
given product safety profile, in conjunction with a single dose
design.

While PK similarity determination with such a study design has
been mostly shown to be highly efficient and informative in our
experience,”"® there have been some complications associated with
PK alterations caused by extensive immunogenicity response, espe-
cially when there was an imbalance in immunogenicity potential in
terms of host-specific immunological characteristics between
the test and reference groups. The impact of these complications
on PK similarity determination remains poorly understood. The
purpose of this communication is to show, in a quantitative
way, the impact of immunogenicity response on the PK
similarity determination using adalimumab as an example, which has
an extensive immunogenicity response in healthy subjects in a
single-dose setting.””1° This work utilized the adalimumab PK and
from 133 healthy

receiving a single 40 mg dose of Humira in a PK similarity study, and

immunogenicity response data subjects
a population PK model with a mechanistic construct for delineating
the interplay between adalimumab disposition and antidrug antibody
(ADA) response. The impact of the immunogenicity response on PK
similarity determination was assessed, in a quantitative way, by
increased probabilities of failing to achieve the similarity conclusion

via trial simulations.
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What is already known about this subject

e Pharmacokinetic studies in healthy subjects have been
the preferred choice for bioequivalence determination
for generics. This has recently been extended to pharma-
cokinetic similarity assessments for biosimilars.

e However, such a pharmacokinetic similarity assessment
can be complicated by the immunogenicity response
when the drug disposition is altered. The complications
remain poorly understood.

What this study adds

e A mechanistic model is proposed to delineate the inter-
play between drug disposition and antidrug antibodies
kinetics

e A model-based framework is provided for better under-
standing of the impact of immunogenicity response on
the pharmacokinetic similarity determination to ensure
appropriate interpretation of the study outcome as well

as achieving an optimal design.

2 | METHODS
2.1 | Study and data descriptions

The adalimumab concentration and immunogenicity response data
used to construct a population PK model for describing the interplay
between adalimumab concentration and ADA binding capacity mea-
surements were obtained from a PK similarity study (ClinicalTrials.gov
Identifier: NCT01870986). This was a Phase 1, three-arm, double-
blind, randomized, parallel-group, single 40 mg dose, clinical trial
comparing the PK of Humira sourced from the European Union,
United States,

adalimumab-US, and a proposed adalimumab biosimilar, as well as

adalimumab-EU, Humira sourced from the
assessing the safety and immunogenicity of these study drugs, in
healthy subjects. The protocol and informed consent documentation
were reviewed and approved by an institutional review board. A
signed informed consent was required from each subject before any
screening procedures, and this study was conducted in accordance
with the Declaration of Helsinki and with all International Conference
on Harmonization Good Clinical Practice guidelines. Only the
adalimumab concentration and immunogenicity response data from
the two Humira groups (n = 66 for one and n = 67 for the other) are
included in this communication to allow the assumption that there
was no contribution from possible differences in manufacture pro-

cesses or product characteristics to the model parameter estimation,
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and to outcomes of BE testing performed in the analysis. The study
duration included an immunogenicity assessment with prespecified
sample collections at O (predose), 336, 672, 1008 and 1680 hours post
dose, and a PK evaluation with prespecified sample collections at O (pre-
dose), 8, 12, 24, 48, 72, 96, 120, 144, 168, 192, 264, 336, 504, 672,
840 and 1008 hours post dose, and an additional sample collection at
1680 hours post dose for facilitating the immunogenicity assessment at
that time point. Both PK and immunogenicity samples were analysed at
QPS, LLC (Newark, DE, USA) using validated bioanalytical procedures.
The PK bioanalytical method (an enzyme-linked immunosorbent assay)
had a lower limit of quantitation of 250 ng/mL. The inter-run assay
accuracy, expressed as relative error for quality control (QC) samples,
ranged from 0.0% to 3.9%. The assay precision, expressed as the inter-
run coefficients of variation for QC samples, ranged from 3.2% to 4.3%.
A validated cell-based assay which evaluates TNFa-induced cell
cytotoxicity was utilized for detecting the ADA response (with an assay
sensitivity of 251 ng/mL against a positive control, a monoclonal
anti-adalimumab antibody). In the assay, adalimumab was used to block
the TNFa-induced cell cytotoxicity and ADA present in the samples
neutralized the blocking effect of adalimumab. For convenience, the
terms of ADA positive and negative subjects are used in this communi-

cation as defined in Supporting Information Methods.

2.2 | Noncompartmental analysis and BE testing

In addition to the use of adalimumab concentration (along with immu-
nogenicity response data) from the two Humira groups to construct a
population PK model, as noted above, the data were also compared,
using the conventional PK analysis procedures, including the standard
BE testing, to show the influence of immunogenicity response on the
comparison between the two groups and guide the model-based simu-
lations (see Trial Simulation). To this end, noncompartmental analysis
(NCA) was conducted to characterize the observed drug concentration-
time profiles using Phoenix WinNonlin (Certara, Princeton, NJ, USA).
The estimates of PK parameters including the peak concentration
(Cmax), the areas under the curve to the end of the first 2 weeks
(AUC,,4), to the last measurable concentration at T (AUCy) and to infin-

ity (AUC,,), as well as the time to Crayx (tmax), terminal disposition half-

+) N
), /7 ADA ™

life (t1/2) and clearance (CL/F), were obtained. The actual sample collec-
tion times were used in the PK parameter calculations. The BE testing
on selected PK parameters, Cayx, AUCouk, AUCT and AUC,,, was per-

formed using the standard two one-sided tests procedure.

2.3 | PKstructural model

To better
adalimumab disposition and ADA kinetics following a single subcuta-

understand the underlying relationship between
neous (SC) dose of Humira, a population PK model was constructed.
As shown in Figure 1, the model is centred at the interaction between
two state variables, adalimumab concentrations and ADA titers
expressed in an equivalent molar unit (nM) established for the ADA
positive control (PC), a monoclonal anti-adalimumab antibody utilized
in the assay validation, based on a relationship of titre readouts to the
concurrent adalimumab and ADA concentrations, as well as the disso-
ciation constant for the adalimumab/ADA complex (see Supporting
Information Methods). The drug is cleared in the central compartment
following SC absorption via a first-order drug elimination process and
an ADA-mediated drug elimination process. The postulated mecha-
nism of drug disposition was motivated by the observed PK profiles in
ADA negative subjects that tended to exhibit a mono-phasic terminal
disposition phase and those in ADA positive subjects that tended to
exhibit a downward-curved (accelerated) terminal disposition phase
(Figure 2 and Supporting Information Figures S1 and S2). The ADA
kinetics involves the delayed appearance of ADA in the central com-
partment, described in the model by a sequence of transit compart-
ments, and removal of ADA via two parallel pathways (Figure 1). The
mathematical representation of the model is provided in Supporting
Information Table S1 and additional annotations in Supporting
Information Methods.

2.4 | Stochastic model components

For each type of measurements (ie, adalimumab concentration and
ADA titre), the observed value Yj, in a particular subject i at a particu-

lar timepoint j, was expressed as

i \Formation/
! e .
(T 3
i Dose | : Transit compartments
oy | -
k" i K’Npl' FIGURE 1 Adalimumab disposition
Kd interplaying with ADA formation and elimination,
& <:> [Drug-A DA] where the drug and ADA concentrations in the
respective distribution volumes (Vp and V) are
informed by drug level and ADA response
CLD CLA C’-c measurements from commonly used bioanalytical

procedures (Supporting Information Table S1 and
Equation S6)
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FIGURE 2 (A) Individual (thin
lines) adalimumab PK profiles
observed and the medians (thick
lines) in ADA negative (red) and
positive (blue) subjects following
a single SC dose administration of
Humira at 40 mg. (B) and (C) VPC
plots for adalimumab PK profiles
in ADA negative and positive
subjects, respectively, where the
dashed lines represent the 5th
percentile, median and 95th
percentile for the observed
concentrations, the solid lines
represent the medians of the
simulated concentrations and the
shaded areas indicate the 5th and
95th percentiles of the simulated
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Y= Fjxexp(e;)

where Fj; is the corresponding value predicted by the model and ¢ is a
random, independent, normally distributed variable with a mean of
0 and variance of 6%, which was estimated separately for each type of
measurements. Samples with adalimumab concentrations below the
quantification limit were handled using the Beal M3 method.!?

The population model also included random effects for selected
parameters to recognize differences between subjects, as well as simi-

larities across observations within the same subject:

P=TVPx exp(n)

where TVP is the typical (population median) value for a given parame-
ter, P is the corresponding parameter for an individual subject and 7
denotes a random variable, normally distributed with mean O and vari-
ance o2, representing the deviation of the P of an individual subject
from the TVP on the natural logarithm scale.
The effects of continuous covariates were modelled using nor-
malized power models:
cov; \’
TVP; = Poop <covme;an>

where TVP; represents the model predicted parameter for the jth
individual with normalized covariate value (COV;/COVpedian)s Ppop
represents the population central tendency for the parameter at
the median covariate value and 6 represents the estimated scale
factor.

The effects of categorical covariates were modelled similarly

using the following expression:

TVP; = Ppopt©Vi

T T r T T T T T T T T T T T

35 42 0 T 14 21 28 35 42 0 i 14 21 28 35 42

Time (day)

where COV; is either O (eg, ADA negative) or 1 (eg, ADA positive), Ppop
represents the typical value for the parameter when COV;is 0 and 6
represents the estimated parameters that describe the magnitude of
the covariate-parameter relationships.

A chi-square test was used for the comparison of nested models,
where a decrease in the objective function value of at least 6.63 units
was defined as statistically significant (P < 0.01).

2.5 | Model evaluation

Uncertainty in parameter estimates was assessed by Cls obtained
from bootstrap resampling, which was performed by repeatedly fitting
the model to bootstrap replicates of 500 datasets. Parameter esti-
mates were obtained for each of the replicate datasets and summa-
rized to determine the Cls. A visual predicted check (VPC) was
performed as part of the model evaluation. The adalimumab
concentration-time profiles were simulated for 19 950 virtual sub-
jects. Specific covariates for virtual subjects were generated by ran-
domly sampling from the original datasets. The 90% prediction
interval and the median of the simulated values were superimposed
on the scatter plot of the observed values. An assessment of model
adequacy was then made from this evaluation.

2.6 | Trial simulation

Trial simulation was carried out to assess the impact of immunogenic-
ity response on the probability that one or more 90% Cls for the test-
to-reference AUC,, ratios fall outside of the 80-125% BE criteria for a
three-arm (Reference-1, Reference-2 and Test groups) PK similarity
study. The choice of AUC,, here was based on the results from the
NCA and BE testing (Table 2) showing that this full-PK-profile-derived
BE endpoint was

impacted the most in the presence of
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immunogenicity response. For this purpose, three hypothetical cases
were created in terms of incidences of immunogenicity responses. In
Cases 1 and 2 where immunogenicity responses were assumed to be
identical among the three groups, O and 39 ADA positive subjects
were assigned to each group for Cases 1 and 2, respectively. Case
3 was the case where a small imbalance in immunogenicity response
existed with 39, 43 and 35 ADA positive subjects assigned to the
Reference-1, Reference-2, and Test groups, respectively, which were
the incidences of ADA observed in the present study. Furthermore, in
each case there were two scenarios: one where all three groups had
an identical drug content and the other in which Test had a 5% higher
drug content than the reference groups, since such a small difference
in drug content often exists in a BE study.'? For each scenario, 1000
PK similarity trials were simulated using the same single-dose, three-
arm, parallel-group design as the present study. As such, in each trial
there were three groups of subjects, randomly drawn from the same
pools of simulated ADA positive and ADA negative subjects as identi-
fied by their individual Humira PK profiles (see details below), with
66, 67 and 66 subjects assigned to the Reference-1, Reference-2 and
Test groups, respectively, of which each contained the case-specified
number of ADA positive subjects. In doing this, it is implied that all
subjects had received a single 40 mg dose of Humira, and as a result a
failure to reach the BE conclusion can only be attributed to non-
treatment effects. A total of 19 950 individual Humira concentration-
time curves were simulated in NONMEM based on the proposed pop-
ulation PK model using the above-specified PK sampling time points
over 10 weeks, resulting in a pool of Humira individual PK profiles for
7650 ADA negative subjects and another pool of Humira individual
PK profiles for 12 300 ADA positive subjects.

For each of trial replicates, individual AUC,, were calculated
for the three groups of simulated PK profiles using the standard
NCA approach and then the BE testing was performed comparing
Test vs Reference-1, Test vs Reference-2 and Reference-1 vs
Reference-2, using the two one-sided test procedures. This process
was repeated until a set of 1000 trials was completed for a given
scenario. A trial was considered successful if the 90% Cls for test-
to-reference AUC_, ratios fell within the 80-125% acceptance
criteria for all three pairwise tests (Test vs Reference-1, Test vs
Reference-2 and Reference-1 vs Reference-2), and otherwise coun-

ted as a failed trial.

2.7 | Software used for modelling and simulation

Nonlinear mixed effect modelling for the population PK model was
performed using NONMEM version 7.1.2 (Ellicott City, MD, USA).
The ADVANG6 subroutine and first-order conditional estimation
method with interaction were used for the analysis. Bootstrap runs
were performed using the software package Perl-speaks-NONMEM
(Version 3.5.4, Uppsala Pharmacometrics, Uppsala, Sweden). R (ver-
sion 3.0.2) was used to visualize the output and to perform trial
simulations including the standard AUC, calculation and BE

testing.

3 | RESULTS

3.1 | Immunogenicity response, and PK data and
characterization

There were no apparent imbalances in demographic characteristics
between the adalimumab-EU and adalimumab-US groups from which
the adalimumab PK and immunogenicity response data were
obtained. The mean (+SD) body weights of the subjects in the
adalimumab-EU (n = 66) and adalimumab-US (n = 67) groups were
82.3 + 11.6 and 80.2 + 10.4 kg, respectively. The mean (+SD) ages
were 351 + 9.1 and 353 = 9.3 for the adalimumab-EU and
adalimumab-US groups, respectively. Of the 66 subjects in the
adalimumab-EU group, 65 were male and 1 was female, and all 67 sub-
jects in the adalimumab-US group were male.

The incidences of ADA response increased with time throughout
the 10-week assessment period for both groups (see Table 1), with
12.1% and 57.6% for the adalimumab-EU group, respectively, and
23.9% and 64.2% for the adalimumab-US group, respectively, at
42 and 70 days. In addition to somewhat greater proportions of indi-
viduals who tested positive for ADA, the adalimumab-US group also
had a trend toward more subjects with higher ADA titres, compared
to the adalimumab-EU group (Table 1).

The mean (+SD) PK parameters for the adalimumab-EU and
adalimumab-US groups are provided in Supporting Information
Table S2. Table 2 summarizes the ratio of adjusted geometric means
and the 90% Cls of the adalimumab-EU to adalimumab-US ratios for
Crnaxs AUCouk, AUCT and AUC,,. While all the 90% Cls fell within the
standard 80-125% BE acceptance window, the adalimumab-EU to
adalimumab-US ratios had an upward trend from 98.6% or 96.8%
(corresponding to little or no difference between the two groups) for
Crnax OF AUCo, to 105.6% or 109.7% (indicating some numerical sep-
aration between the two groups) for AUC; or AUC,. The ADA

TABLE 1
quartile®

Summary of ADA response by incidence and titre

Adalimumab-EU, Adalimumab-US,

n =66 n =67

Number (%) of ADA positive subjects

At 14 days 0 (0%) 0 (0%)

At 28 days 0 (0%) 2 (3.0%)

At 42 days 8(12.1%) 16 (23.9%)

At 70 days (end of 38 (57.6%) 43 (64.2%)
study)

Number of subjects in each ADA titre quartile

Lower 25% (<1.1775) 8 12

25% to 50% 14 7
(1.1775-1.4500)

50% - 75% 12 9
(1.4500-1.8175)

Upper 25% (>1.8175) 5 15

“The ADA titre quartile was based upon the range of maximum ADA titres
of all ADA positive subjects.
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TABLE 2 The test-to-reference ratios and their 90% Cls for Cax, AUCowi, AUCT and AUC,
Parameter Test Reference Ratio (Ratiowa?) 90% ClI
Crnax Adalimumab-EU Adalimumab-US 98.6% (101.0%) 89.6-108.5
AUC,« Adalimumab-EU Adalimumab-US 96.8% (99.2%) 87.4-107.3
AUCt Adalimumab-EU Adalimumab-US 105.6% (108.2%) 95.8-116.3
AUC_ Adalimumab-EU Adalimumab-US 109.7% (112.4%) 97.4-123.5

?Ratiowa is the test-to-reference ratio which accounts for differences in body weight. For this purpose, each subject's body weight was multiplied by
0.494 mg/kg (equivalent to 40 mg dose based on the mean body weight [81.0 kg]).

positive subjects tended to have lower exposures with accelerated
terminal disposition phases (see Figure 2A) compared to the ADA neg-
ative subjects.

3.2 | Model development and evaluation
A population PK model was developed which includes a mechanistic
construct for the interplay between drug disposition and ADA
response (see Supporting Information Table S1). This mechanistic
model construct was based on a derived relationship of titre readouts
by a common assay procedure versus the ADA concentrations in sam-
ples containing the drug at various concentrations (see Supporting
Information Methods).

A total of 2784 samples (2255 for adalimumab concentrations
and 529 for ADA titres) from 133 subjects were used for model

TABLE 3  Adalimumab PK model parameter estimates
Parameter® Units
CLp (clearance of unbound drug) L/h

Exponent for body weight effect
Ratio: ADA positive to negative subjects

Vp (distribution volume of unbound drug) L
Exponent for body weight effect
Correlation between 5(CLp) and 5(Vp)

CLc (clearance of drug-ADA complex) L/h
Exponent for body weight effect

Va and V¢ (distribution volume for unbound ADA L
and complex)

Exponent for body weight effect

CLa/Va (ratio of clearance to distribution volume for 1/h
unbound ADA)

K (dissociation constant) nM
K, (absorption rate constant) 1/h
K. (rate constant of transit compartments) 1/h
Kine (ADA production rate) 1/h

Ratio: ADA positive to negative subjects

Correlation between ;(Kinp) and 5(Kt,)
Residual variability for drug concentration %
Residual variability for log10(ADAter) %

development. The resultant model parameter estimates, including
90% Cls from bootstrap procedures, are shown in Table 3. The main
application of this model in this communication was to generate repli-
cates of the given PK similarity study via simulation, which called for
appropriate representation of the immunogenicity influences, in addi-
tion to the typical PK variabilities (eg, between- and within-subject
variability) and covariate effects, and construction of the distribution
of BE determination outcomes from the study replicates. As a result,
some covariates (eg, body weight and ADA status) were included with
the emphasis on improving the model fit in terms of its ability to track
the distribution of individual adalimumab concentrations, as well as
the central tendency. The covariate-parameter effects of body weight
on adalimumab clearance (CLp) and distribution volume (Vp) were sta-
tistically significant (P < 0.01). In addition, there appeared to be a
higher tendency for subjects with lower C,., to test positive for ADA
during the study, and for ADA positive subjects to have higher ADA

Estimate (90% Cl)
0.0124 (0.0120, 0.0133)
0.701 (0.648, 0.730)
1.38 (1.25, 1.43)
10.3(10.2, 11.0)

1 (FIX)

0.236 (0.129, 0.368)
0.111(0.109, 0.139)

11V (90% Cl)
33.2% (30.5%, 35.0%)

23.4% (21.5%, 25.0%)

Same as that for CLp
1.86 (1.64, 2.02)

1 (FIX)
0.00138 (FIX)

3 (FIX)

0.0221(0.0205, 0.0233)
0.000644 (0.000613, 0.000767)
0.132(0.105, 0.136)
9.45(7.34,9.97)

-0.149 (-0.326, —0.0662)
12.3(11.3,12.7)
29.1(26.2,30.2)

45.9% (45.7%, 64.2%)
56.7% (53.6%, 67.2%)
24.7% (22.9%, 26.5%)

2Clearance or distribution volume of drug-related speices should be interpreted as apparent clearance or distribution volume since the unknown subcuta-

neous bioavailability was part of the parameters.
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production rate (K,np). To account for these, the ADA status of a given
subject was included as a categorical covariate on CLp and Kjnp, both
of which were statistically significant (P < 0.01). Furthermore, the
inclusion of covariance between 7s for CLp and Vp was statistically
significant (P < 0.01). The inclusion of covariance between ys for the
ADA production rate (Kiyp) and the rate constant of transit compart-
ments (Ky), although it did not improve objective function value, led
to an improvement in VPC in terms of the centre of distribution. VPC
plots are provided in Figure 2B,C to compare the distribution of
model-simulated prediction intervals (Pl) versus observations from the
ADA positive and negative subjects. Individual predictions of drug
concentrations and concurrent ADA titres over time are shown in
comparison with the respective observed data in Supporting Informa-
tion Figures S1 and S2. The goodness-of-fit plots (Supporting Informa-
tion Figure S3) also showed that the population and individual model
predictions adequately described the observed data with no apparent
trend in the individual weighted residuals over the concentration
range and time points evaluated. Clearly, the model describes the
adalimumab PK well for both ADA positive subjects whose profile
exhibited a downward-curved terminal disposition phase (nonlinear)
and ADA negative subjects whose profile exhibited a mono-phasic
terminal disposition phase (linear), providing an insight into the under-
lying relationship between adalimumab disposition and ADA response
kinetics.

3.3 | Trial simulation

The results of trial simulation for the six specified scenarios are sum-
marized in Table 4. The impact of immunogenicity response was rela-
tively limited when the immunogenicity response was balanced
among the groups (Case 2). Conversely, an imbalanced immunogenic-
ity response had a profound adverse impact on the outcome of BE
testing, especially when it acted in concert with a small difference in
drug content (Case 3). As such, the probability of failing to achieve the
given BE conclusion increased to 51.9% from 13.8% in the absence of
immunogenicity response (Case 1).

4 | DISCUSSION

A single-dose PK study in healthy subjects is generally the design of
choice for BE determination whenever the product can be safely
administered to this population. Such a design assumes that healthy
subjects are likely to produce less PK variability compared to patients
with potentially confounding factors (eg, underlying and/or concomi-
tant disease and concomitant medications).!? This preference has
been recently extended to PK similarity assessments for biosimilars.*
However, PK similarity determination in such a setting can be compli-
cated by the immunogenicity response that alters the drug disposition
(to a degree varying from subject to subject). Therefore, it is important
to develop a framework for better understanding of the impact of

immunogenicity response, not only as added sources of variability but

also as a potential for introducing a bias, to ensure appropriate inter-
pretation of the study outcome as well as achieving an optimal study
design at the outset.

For this purpose, it is crucial to understand the dynamic relation-
ship between the drug disposition and ADA response. A population
PK model with a mechanistic construct for delineating this dynamic
relationship was developed as the cornerstone of the present study,
which consists of component 1 based on ADA mediated drug disposi-
tion (AMDD) and component 2 (Supporting Information Equation Sé)
defining the ADA binding capacity in a concentration term from con-
current drug concentration and ADA titre measurements. The utility
of AMDD in describing the impact of immunogenicity on the pharma-
cokinetics of a biologic drug has been previously discussed (eg, Chen
et al*®). The modelling work by Chen et al was motivated in part by
the limitation of commonly used bioanalytical procedures for ADA
concentrations to being quasi-quantitative due to the heterogeneous
nature of ADAs and based on the hypothesis that an ADA response
can be inferred from the PK alteration. As a result, the model operated
under some restrictive assumptions, including that only induction of
ADA causes an alteration of the PK and no ADA is elicited during the
PK characterization following the first dose. With the addition of com-
ponent 2, the proposed model allows the dynamic relationship
between the drug disposition and ADA response to be informed by
drug concentration and ADA titre measurements obtained from com-
monly used bioanalytical procedures, without those restrictive
assumptions. It was shown through the model evaluations that the
proposed model tracked very well with the entire dataset (n = 133) of
full adalimumab PK and ADA titre profiles at both population
(Figure 2B,C) and individual (Supporting Information Figures S1 and
S2) levels.

The incidences of ADA response were, by the cell-based assay
used in this study, 57.6% and 64.2% at the end of the 10-week
assessment in the adalimumab-EU and adalimumab-US groups,
respectively. The same immunogenicity samples were also analysed
by an electrochemiluminescence (ECL) ADA assay, with an acid disso-
ciation sample preprocess step and a higher assay sensitivity
(10.5 ng/mL). The incidences of ADA response by the ECL assay were
89.4% and 94.0% at the end of the 10-week assessment in the
adalimumab-EU and adalimumab-US groups, respectively. It should be
apparent from Supporting Information Equation Sé that the choice of
an ADA assay format/procedure can be important. It is conceivable
from the design of each assay that the ECL assay with an acid dissoci-
ation sample preprocess step could not differentiate between drug-
bound and unbound forms of ADA, as the acid dissociation step
converted all drug-bound ADA to its unbound form, whereas the cell-
based assay preserved the equilibrium between the drug-bound and
unbound forms of ADA, as well as the equilibrium between the ADA
bound and unbound forms of the drug, in the samples. Therefore, only
the ADA measurements by the cell-based assay were utilized in the
analysis, which permitted a relationship between the titre readouts
and ADA concentrations in samples containing the drug at various
concentrations to be established. It is expected that, under similar

conditions, the utility of the proposed model can be generalized for
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TABLE 4  Probability of the 90% Cls for test-to-reference AUC,, ratios falling outside of the 80-125% BE criteria®
Number of ADA positive subjects Drug content
Reference-1 (n = 66) Test (n = 66) Reference-2 (n = 67) No difference 5% higher in Test
Case 1 0 0 0 4.8% 13.8%
Case 2 39 39 39 10.8% 22.7%
Case 3 39 35 43 20.5% 51.9%

“The probability that one or more 90% Cls for the test-to-reference AUC,, ratios fell outside of the 80-125% BE criteria for the three pairwise comparisons
(Test vs Reference-1, Test vs Reference-2 and Reference-1 vs Reference-2) in the hypothetical three-arm PK similarity study (see Methods).

other biologics (see Supporting Information Methods) for which the
ADA response plays an appreciable role in drug disposition, with the
disposition representation (eg, one-compartment vs two-compartment
characteristics) appropriate for the given drug. Furthermore, it is
expected that the proposed model can be applied for characterizing
the biologics PK data from multiple dose settings, including those'**>
in which the observed ADA response is time or dose dependent, with
dosing and ADA input functions appropriate for the given setting. In
these applications, the proposed model should have the advantage of
being informed by both drug concentration and ADA titre
measurements.

The adalimumab PK profile was altered considerably in the pres-
ence of immunogenicity response, resulting in an accelerated terminal
phase (or clearance) with increased variability (Figure 2A). Table 1
shows that the vast majority of ADA detections occurred toward the
later part of PK profiling (at 42 days or later). Besides the increased
variability, the immunogenicity response could bring a bias into the BE
determination if there were imbalances in incidence of ADA response
and/or its drug binding capacity due to an imperfect randomization in
host-specific immunological characteristics between the groups,
which, as a nontreatment related event whose magnitude is study
specific, often occurs when the sample size is relatively small. Table 1
shows some imbalance between the two groups in that the
adalimumab-US group had more subjects who tested positive for
ADA at 42 days (23.9% vs 12.1%) and 70 days (64.2% vs 57.6%) and
belonged to the highest quartile of titres (n = 15 vs n = 5) than the
adalimumab-EU group. This is consistent with a trend toward an
increased adalimumab-EU to adalimumab-US ratio from C. or
AUC,,, (resulting from the early part of the PK profile) to AUC; or
AUC,, (resulting from both early and later parts of the PK profile) in
Table 2. For example, for weight-adjusted PK parameters, the Cpax
and AUC,,,« estimates for the adalimumab-EU and adalimumab-US
groups were essentially identical, with respective test-to-reference
ratios of 101.0% and 99.2%. However, the AUCt and AUC,, estimates
became separate between the adalimumab-EU and adalimumab-US
groups, with respective test-to-reference ratios of 108.2% and
112.4%. This suggests that the impact of ADA response was more
profound on the later part of the PK profile and was imbalanced,
yielding a greater PK alteration (or a greater reduction in AUCt and
AUC,) in the adalimumab-US group than the adalimumab-EU group.
These effects toward an increased ratio could complicate the BE
determination on AUC, (Table 2) if the adalimumab-EU to
adalimumab-US ratio for Cphax (98.6%) or AUC,, (96.8%) were ever

so slightly higher (say by 1.2%). To this end, for the weight-adjusted
AUC,, the 90% Cl was in fact outside of the BE acceptance criteria
(data not shown). It should be pointed out that the adalimumab-EU to
adalimumab-US ratios remained essentially unchanged from C.,., to
AUC,, in other adalimumab PK similarity studies with a similar design,
including the sample size.”*¢

The time-varying effect of ADA response on the disposition of
adalimumab was captured adequately by the proposed model, which
operated as a function of adalimumab concentrations and concurrent
ADA binding capacity measurements (see Supporting Information
Table S1 and Figures S1 and S2). As shown in Supporting Information
Figures S1 and S2, in ADA positive subjects, the ADA response devel-
oped gradually over time in terms of both incidence and titre, during
which the adalimumab concentrations declined monotonically, at an
accelerated rate, showing a more profound impact on the later part of
the PK profile. Also, it is shown that the time courses of ADA develop-
ment and its impact on adalimumab concentrations varied greatly from
subject to subject. Conceivably, all subjects might have developed
ADA with varying levels of drug-binding capacity whether or not they
tested positive by the given assay at some point® following dose
administration. For ADA positive subjects, accelerated adalimumab
clearance was more apparent from the downward curved terminal dis-
position phases, particularly when the first ADA detection occurred at

42 days or earlier, compared to the ADA negative subjects (Figure 3).
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FIGURE 3 Representative individual predictions (lines) of
adalimumab concentrations (red) and concurrent ADA titers (blue)
over time, and the corresponding observations (dots), for those with
no ADA detected during the study (subjects 29 and 54), ADA
detected late (subjects 26 and 43), and ADA detected early (subjects
70 and 531) (Supporting Information Figures S1 and S2)
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The impact of ADA response on the PK similarity determination
was measured in a quantitative manner via simulation in terms of the
probability that the study would fail to meet the 80-125% BE accep-
tance criteria for AUC,. The simulation results clearly showed that
the ADA response reduced the probability of achieving the BE conclu-
sion from the comparison of AUC_, among the three groups (Table 4).
More importantly, it was shown that a relatively minor imbalance in
ADA response among the three groups imposed a profound adverse
impact on the probability of achieving the BE conclusion. This impact
was more dramatic when the minor imbalance in ADA response was
combined with a small, otherwise acceptable, difference in drug con-
tent. Therefore, for highly immunogenic biologics like adalimumab,
adequately managing the immunogenicity-related risk for failing to
reach the study conclusion correctly may call for an increased empha-
sis on using the batches of test and reference products that differ
minimally in drug content from each other whenever possible and/or
adding a protection against a potential imbalance in ADA response in
study design, such as an increased sample size. Also, it is prudent to
exercise caution in study outcome interpretation, with a full under-
standing of whether there are imbalanced influences of ADA response
on drug disposition among the groups, especially between the two
reference groups in a typical three-arm PK similarly study.

In conclusion, we developed a population PK model with a mech-
anistic construct for delineating the dynamic relationship between
drug disposition and ADA response which offers a better understand-
ing of the PK behaviour of biologic products between individuals with
and without the immunogenicity response that alters drug disposition.
This population PK model was applied via simulation for estimating
the probability that a PK similarity study would fail to reach the con-
clusion correctly under various influences of the immunogenicity
response, as quantitative measures of these influences. As a result,
the application provides a framework for deliberating how a PK simi-
larity study can be optimally designed in cases where the immunoge-
nicity response alters drug disposition, and for ensuring appropriate
interpretation of the outcome of PK similarity determination in such

cases.
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