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Abstract

The interpretation of immunogenicity results for a mAb product and prediction of its clinical consequences remain difficult,
despite enormous advances in methodologies and efforts toward the best practice for consistent data generation and reporting.
To this end, the contribution from the clinical pharmacology discipline has been largely limited to comparing descriptively
the pharmacokinetic (PK) profiles by antidrug antibodies (ADA) status or testing the significance of ADA as a covariate in
a population PK setting, similar to the practice for small-molecule drugs in investigating the effect of an intrinsic/extrinsic
factor on the drug disposition. There is a need for a mAb disposition framework that captures the dynamics of ADA forma-
tion and drug’s interactions with the ADA and target as parts of the drug distribution and elimination. Here we describe such
a framework and examine it against the PK, ADA, and clinical response data from a phase 3 trial in patients treated with
adalimumab. The proposed framework offered a generalized understanding of how the dose, target affinity, and drug/ADA
analyte forms affects the manifestation of ADA response with regard to its detections and alterations of drug disposition
and effectiveness. Furthermore, as an example, its utility for dose considerations was demonstrated through predicting for
late-stage trials of a PCSK9 inhibitor in terms of development in ADA incidence and titers, and consequences on the drug
disposition, interaction with target, and downstream lowering effect on LDL-C.
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Introduction

Therapeutic monoclonal antibodies (mAbs) have achieved
unprecedented success in treating various diseases, includ-
ing cancers, immune disorders, and infectious diseases, in
recent years (1, 2). The mAbs share distinctive advantages
of having high specificity towards their targets. Despite
their clinical success, mAbs have the potential to be highly
immunogenic and elicit high affinity anti-drug antibodies
(ADA) that can neutralize the drug or accelerate clearance,
leading to a lack of efficacy, or increase the risk of adverse
reactions (3-5)
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Numerous factors, some product related, such as non-
human sequence, process related impurities, and other
patient related, such as genetic predisposition and disease
type/concomitant medication, and their interplay have been
suggested to influence the immunogenicity of a mAb product
(6, 7). The ADA response was initially thought to be related
to the murine origin of the mAbs. In the effort of reduc-
ing the non-human portions, the antibody constructs have
evolved over years via developing chimeric, humanized, and
fully human mAbs. Unfortunately, this effort did not result
in abolishing the immunogenicity potential of mAbs (8).
The consequences of immunogenicity response range from
no evidence of clinical effect to the severe adverse immune
reactions and/or loss of drug effectiveness (4, 5, 7, 9).

Immunogenicity testing and appropriate interpretations
of the results are, therefore, the critical aspects of the safety
and efficacy profiles of a mAb product. The immunogenicity
testing involves detection, confirmation, and characterization
of ADA in terms of its incidence and binding and/or neutral-
izing capacity (10). Despite impressive advances in meth-
odologies, as well as harmonization in data generation and
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reporting (9), the interpretation of immunogenicity results
and prediction of its clinical consequences remain difficult
(7, 11). To this end, the contribution from the clinical phar-
macology discipline has been largely limited to comparing
descriptively the PK profiles by ADA status or testing the
significance of ADA as a covariate in a population PK set-
ting (12). These analyses have been widely used for small-
molecule drugs in investigating the effect of an intrinsic/
extrinsic factor on the drug disposition, under the assump-
tion that the concentration of or exposure to drug (usually
in the unbound form) is a good surrogate for predicting the
clinical outcomes. However, these analyses are often not
predictive of the clinical consequences of an ADA response
for a given mAb at a specific dose (13), as they offer little
or no insight into the key aspects of drug disposition of a
mADb, i.e., the drug-ADA interplay and its influence on the
drug-target interaction.

In this communication, we describe a framework for char-
acterizing the mAb disposition, including the ADA forma-
tion and elimination, following dose administration, based
on the drug and ADA analytes from commonly used assays,
with a focus on its utility in predicting the ADA impact on
the drug disposition and effectiveness. For this purpose,
unlike those originally developed for small-molecule drugs,
the mADb disposition framework revolves around drug’s
interplay with the ADA and interaction with the intended
target, and the net effect on the drug bound target (or occu-
pied receptor) or unbound target, as the surrogate endpoint,
depending on the specific mAb under consideration. We
carried out 3 case studies: (1) to examine the validity of the
framework against the PK, ADA, and clinical response data
collected from a phase 3 trial in patients with rheumatoid
arthritis (RA) treated with adalimumab (Humira®); (2) to
provide a generalized understanding of how the dose, along
with other factors, such as the affinity to and abundance of
target, and total drug/ADA vs. their unbound forms, affects
the manifestation of ADA response in terms of its detections
and alterations of the drug disposition and effectiveness; and
(3) to show the utility of the framework for dose optimiza-
tion considerations through trial simulations.

Materials and Methods

The mAb Disposition Framework

The Core Structure

Figure 1 represents the core structure of the proposed mAb
disposition framework based on commonly used analytes for
mADb concentrations, ADA titers, and target concentrations.

The corresponding differential equations in terms of the total
amount of each analyte may be written as follows:
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Fig.1 The schematic diagram represents the core structure of the
proposed framework for describing the disposition of a mAb, includ-
ing the ADA formation and elimination, following dose administra-
tion, in terms of commonly used drug and ADA analytes. It embraces
the dynamic movement between the drug bindings to target and
ADA, and increased clearance via the complex mediated pathways,
as parts of the drug distribution and elimination processes (“The mAb
Disposition Framework™ section). Kj,; and K, are the dissociation
constants governing the drug bindings to target and ADA, respec-
tively (Table S1). [ADA*] represents a collection of anti-drug anti-
bodies in V,, X,/V, (or C,) and may be expressed in nM of a refer-
ence monoclonal ADA on a titer equivalent basis (Table S2)
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where Inp, Iny, and In, are the rates (nmol/day) of drug
delivery, target production, and ADA input, respectively; y
is the fraction of the full ADA input into the blood sampling
compartment at time ¢ (see “The ADA Input Function” sec-
tion); X with subscripts tD and D, ¢T and T, and tA and A are
the amounts (nmol) of total and unbound drug, target and
ADA, respectively; Those with subscripts DT and DA are the
amounts of drug-target and drug-ADA complexes, respec-
tively; similarly, V and CL are the volume (L) and clearance
(L/day) terms for the species specified by the subscripts. The
core structure captures two possible mechanisms by which
ADA response can influence treatment effectiveness (14),
i.e., formation of the drug-ADA complex leading to accel-
erated clearance, and the formation of neutralizing antibod-
ies preventing the mAb from binding to its target. The full
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mathematical representations, including the relationships
among analytes in various forms under the assumption that
the drug is in respective equilibriums with the ADA and
target (15—17), are provided in Table S1.

The ADA Input Function

In Eq. (3), the ADA input (yIn,) is a function of time. Here
y is approached by a transit compartments structure (15, 18),
with modifications to reflect the ADA development pattern
exhibiting a delayed onset followed by the escalation in
intensity over subsequent repeated dose administration that
eventually plateaus toward a maximum (see Fig. 2a), and
to allow the ADA input to wane after the response intensi-
fication phase of a variable duration comes to an end. The
expression can be written as follows:
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Fig.2 The interplay between ADA response and drug disposition. a
The boxplots of total ADA titers (C,4) over 182 days in two groups
of adalimumab treated patients, one positive only for ADA; (ADA +/
ADA or ADA+) and the other also positive for ADA; (ADA+/
ADA+or ADA;+). b Paired titers of ADA, (C,,) and ADA; (C,),
with the unbound drug concentrations. The insert shows that among
the ADA;+individuals the drug concentrations in their ADA;+ sam-
ples were considerably lower (mostly BQL) than those in their ADA
samples. ¢ The visual predictive check plots for adalimumab PK pro-
files consisting of trough concentrations (except for the one on day
7) in the ADA,+ (blue symbols) and ADA;+ (gray symbols) groups
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where k,, is the transit rate constant, n is the number of pos-
tulated transit steps with the nth step occurring in the blood
sampling compartment, and 7, is the time to the end of the
response intensification phase during which 7,, = ¢ and y
increases at time-varying rates, and after which y decreases
from the maximum at a rate according to the rate constant
k,, (Figure S1).

Case Study 1

In case study 1, the validity of the proposed framework in
terms of a full representation of mAb disposition, including
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as well as in the ADA- (orange symbols) group, where the filled and
open circles represent the medians and 25th/75th percentiles for the
observed concentrations, respectively, and the solid lines represent
the medians of the simulated concentrations and the areas shaded or
bordered by dashed lines indicate the corresponding 25th/75th per-
centiles. d The simulated (lines) unbound drug concentrations (C),
and total (C,,) and unbound (C,) ADA titers for an individual from
the ADA;+group in comparison with the respective observations
(symbols in matching color), which shows that the representation by
the framework captures the moment-to-moment ADA development
and its impact on the drug concentrations
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drug’s interplay with the ADA, was examined using the PK,
ADA, and clinical response data from RA patients treated
with Humira, which were part of a long-term comparative
safety and efficacy study of PF-06410293, a proposed adali-
mumab biosimilar, (ClinicalTrials.gov ID: NCT02480153).
The study design and primary results have been described
elsewhere (19). This case study was focused on the following
aspects: (1) the time courses of ADA titer development, (2)
the specific forms of PK and ADA analytes and their utili-
ties for predicting the ADA consequences, and (3) the model
representation for the interplay between the ADA formation
and drug disposition during repeated dose administration.
Blood samples for assessing the total (ADA,) and
unbound (ADAy) antidrug antibodies, as well as the unbound
adalimumab, were collected periodically prior to and dur-
ing a 26-week treatment period and analyzed using vali-
dated bioanalytical procedures (see Tables S3 and S4 for
details). For this case study, only the data collected from
patients receiving Humira in treatment period 1 were used.
The model representation was evaluated using a nonlinear
mixed-effect model approach (see Table S5 for details).

Case Study 2

For predicting the efficacy consequences of ADA response,
it is essential to recognize there are common patterns asso-
ciated with dose and specific drug/ADA analyte forms.
As illustrated in this case study, these patterns are readily
generalizable in the proposed framework. To simplify the
illustration of the dose-dependent patterns, the following 2
assumptions were made. The mAb doses are determined by
the treatment needs to achieve certain levels of drug-bound
(or drug-unbound) target, i.e., the greater abundance the
intended target has, the higher the mAb doses are needed
for the treatment. The ADA response may develop with the
intensity increasing over time and eventually plateauing at its
maximum, and the maximum is not, in any meaningful way,
dose dependent in the dose range used in this case study. As
described in Tables I, 3 simulations were performed using

a hypothetical mAb, with the first two aimed at exploring
the dose-dependent patterns and the third at predicting the
efficacy consequences utilizing a clinical response model
structure (20, 21). Furthermore, the potential influences of
the target-binding affinity in predicting the consequences of
ADA response were accounted for, with all 3 simulations
carried out twice, each with a low or high affinity assigned
to the mAb.

Case Study 3

Case study 3 was carried out to explore the utility of the
proposed framework for dose optimization considerations.
For this purpose, a hypothetical proprotein convertase sub-
tilisin—kexin type 9 (PCSK9) inhibitor was created and the
PK/ADA and LDL cholesterol (LDL-C) profiles were sim-
ulated based on the literature data (16, 22, 23), including
the choices of unbound ADA, total drug, and total target
analytes. The case study background was that the immuno-
genicity data emerging from a phase 2b study, where patients
were treated with the PCSK9 inhibitor for 6 months via SC
administration once every 2 weeks (q2w) at 100 mg, showed
the ADA response occurred at a greater rate and with higher
titers, relative to the phase 2a study where the same treat-
ment was given for 3 months, and the ADA response was
negligible. In this context, trial simulations (Table II) were
performed to aid the dose optimization considerations.

Results

A total of 288 patients were included in case study 1, 138
patients (269 samples) were tested positive by the ADA,
assay, of which 36 were also positive by the ADA; assay
during the 26-week adalimumab treatment. The time courses
of ADA titers for patients positive only for ADA, (ADA,+/
ADA- or “ADA+”) and those also positive for ADA;
(ADA+/ADA;+or “ADA;+ ") were largely parallel, in a
sigmoidal form (Fig. 2a). The onsets for the ADA, detections

Tablel Case Study 2—General Patterns for Predicting the ADA Impact on Drug Disposition and Effectiveness

Simulation Description

More details

i To investigate the impact of a given ADA response on the drug disposition and drug-target interaction (in the

Table S6

ADA + scenario), relative to those in the ADA- scenario, over a dose range of 20-2000 mg, as measured, respec-
tively, by the percent additional dose required in the ADA + scenario to achieve the same unbound drug exposure as
in the ADA- scenario, and by the percent decrease in drug-bound target

ii To show the effect of dose on detection of the given ADA response by an unbound ADA assay, such as a bridging

electrochemiluminescent (ECL) immunoassay

iii To better understand why in certain situations the PK alteration due to ADA response in terms of unbound drug con-

Table S6

Table S7

centrations may not be particularly predictive of the efficacy consequences. For this purpose, an ACR20 responder
model structure was utilized,?*?! with modifications adopting the percent drug-bound target as a measure of the

drug inhibition effect
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Table Il Case Study 3—Trial Simulations for Dose Optimization
Considerations

Simulation Description More details

i To predict, based on the learning from the Table S8
early-stage trials of the PCSK9 inhibi-
tor with limited treatment durations
(6 months or less), what impact of the
ADA response would be on the LDL-C
lowering effect at the end of supposed
late-stage trials using a 12-month treat-
ment duration

ii To determine, in a dose adaptation Table S9
scenario, the dose that would allow

patients in the top ADA response group

to achieve comparable LDL-C lowering

effect to those with no or negligible

ADA response

were delayed, by approximately 2 weeks and 6 weeks for the
ADA, +/ADA;+and ADA, +/ADA patients, respectively,
with large inter-subject variability, and the later segments
toward the respective plateaus were considerably less vari-
able. The ADA, detections occurred with samples containing
adalimumab at various concentrations, whereas the ADA;
detection happened when the drug concentrations were low,
mostly below the quantification limit (BQL) (Fig. 2b). The
observed and model-predicted drug concentration—time pro-
files for the ADA +and ADA;+ patients, as well as those
negative for ADA, (or “ADA-"), are shown in Fig. 2c, and
those with the concurrent ADA profiles for an ADA;+ indi-
vidual in Fig. 2d.

In case study 2, the time courses of unbound drug con-
centration, percent average drug-bound target over 15 doses
given q2w were generated, in the presence and absence of
a given ADA response, for each of the selected doses rang-
ing from 20 to 2000 mg. As an example, those at 20 mg are
shown in Fig. 3a. The impact of ADA response, as measured
by the extent of the alteration in either drug disposition or
drug-target interaction, diminished as the dose escalated,
while each measure having a separate relationship with
dose (Fig. 3b and c). In addition, the dose is shown to be
a major factor affecting the unbound ADA detection com-
pared to others such as the affinity to and abundance of target
(Fig. 3d). To extend beyond the impact assessments in terms
of alterations in drug disposition and drug-target interaction
in the 20 mg example shown in Fig. 3a, an estimate of the
efficacy consequences based on a ACR20 responder model
is provided in Fig. 3e.

Case study 3 simulated a clinical trial in 2000 patients
receiving an anti-PCSK9 mAb q2w over 364 days, mim-
icking the reference study (23), in terms of the concen-
tration—time profiles of total drug (Fig. 4a), total PCSK9
(Fig. 4b), and LDL-C (Fig. 4c) at various levels of ADA
response. These profiles were divided into 4 ADA response

groups, with 5% patients in the top ADA response group
suffering from the most severe loss of the LDL-C lowering
effect, and 50% in the bottom group experiencing no loss of
the drug effectiveness. In addition, case study 3 simulated
an alternative scenario (Fig. 4d) in which an increased dose
(by approximately 70%) was administered, starting on day
126, for the top 5% patients to achieve comparable LDL-C
lowering effects to those in the bottom ADA response group
at the base dose. The median unbound ADA level for the
top 5% patients was 1171 ng/mL on day 126, considerably
higher than that (130.8 ng/mL) for the second highest ADA
response group.

Discussion

The interpretation of immunogenicity results for a mAb
product and prediction of the clinical consequences remain
challenging. This research work took on the challenge
through addressing the underlying need for a disposition
framework specific for mAbs that captures the dynamics
of ADA formation and drug’s interactions with ADA and
target, as parts of the mAb distribution and elimination pro-
cesses. Such a framework can relate the ADA response to
the alterations in drug disposition and effectiveness, as well
as connect other factors, such as dose and drug/ADA ana-
lyte forms, to the overall picture regarding ADA manifesta-
tion and consequences that otherwise may be incomplete
and skewed. As such, the applications may cover the data
analyses for characterizing/defining the PK/immunogenicity
profile for the given mAb and study population, and mak-
ing subsequent predictions, as appropriate, with changes in
factors captured in the framework (Fig. 1). Therefore, this
approach is distinguishable, in one way, from those aimed
at predicting the immunogenicity response a priori based
on presumptive patient- and product-related factors (e.g.,
Kierzek et al. (24)), and, in another way, from those using a
conventional PK compartment model with the ADA status
added as a static covariate (12) in terms of model representa-
tion and predictive capabilities, as discussed below.

Case Study 1

The time course of ADA development is one of the impor-
tant aspects in predicting the ADA consequences (also see
the “Case Study 3” section). Sigmoidal patterns of ADA
titer development were evident in the two groups of patients
treated with Humira over 26 weeks (Fig. 2a). The observa-
tions added support for the use of Eq. (4) to characterize the
time-varying ADA response. The ADA development for the
group tested also positive by the ADA; assay had an ear-
lier onset and higher titers, reflecting different roles of the
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unbound vs. total ADA forms, as elaborated below, as well
as different assay sensitivities (Table S4).

Another important aspect is that assessing the ADA
response and its impact requires one to take into account
not only the analyte contents but also the analyte forms and
their relationships with the counterparts (Fig. 1) in the sys-
tem. Results from an assay, in isolation, may only shed light
on part of the picture about the ADA response. By design,
the ADA; assay targets only the ADA in unbound form, in
contrast to the ADA, assay. As delineated in the framework
(Fig. 1), the unbound ADA is the portion of ADA in excess
of what takes part of the drug-ADA complex, and the lower
the drug concentration is, the more unbound ADA is avail-
able for detection by the ADA; assay, consistent with the
observations in this case study. As shown in Fig. 2b, while
the ADA, detection occurred independent of the adalimumab
concentrations, the ADA; detection happened only with sam-
ples from those whose drug concentrations were low or who
had accelerated drug clearance. Here the potential difference
in specificity between the 2 procedures should not play a
meaningful role, as essentially all anti-adalimumab antibod-
ies are directed against the TNF binding region of adali-
mumab (25). Furthermore, among the 36 ADA;+ patients,
there were 28 samples negative for ADA;, while positive
for ADA,, and these samples contained adalimumab at con-
siderably higher concentrations than the remaining 61 sam-
ples positive for ADA; (the insert of Fig. 2b). On the other
hand, while more effective in determining if the ADA was
present, the ADA, detection, in itself, contained no informa-
tion regarding whether the drug disposition was impacted.
Clearly, each assay can give only part of the picture about the
ADA response. As shown in Fig. 2¢ and d, the framework
allowed one to integrate results from the 2 different ADA
assays with those from the unbound drug assay, establish-
ing a whole picture about the ADA response and its impact
on drug disposition (also see the “Case Study 2” section).

Case Study 2

In this case study, the impact of a given ADA response was
quantified, in terms of the extent of the alterations in drug
disposition and interaction with the target (Fig. 3a), and its
general relationships with dose were examined, among other
factors such as the specifics of drug-target interaction and
drug/ADA analytes (Fig. 3b and c), utilizing the proposed
mADb disposition framework. There were a few interest-
ing highlights. Firstly, as a measure of the PK alteration
by the given ADA response, the additional dose required
in the ADA + scenario to bring the unbound drug exposure
to the level in the ADA- scenario, Dose4q(AAUC=0),
was shown to be the same (approximately 20 mg) across
the dose range studied, reflecting the same drug loss to
the binding to ADA and increased clearance. Therefore,
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the Dose, 4q(AAUC =0) provides a unique measure of the
magnitude of ADA response, in terms of its resultant PK
alteration, independent of any particular ADA assay, as
well as dose. Consequently, the ADA impact, as measured
by %Dose q(AAUC =0) (relative to the corresponding
base dose), diminished with dose increasing. This held true
whether the drug had a high or low affinity to the target
(Fig. 3b and c). The dose-dependent PK alterations pre-
sumably due to the ADA response were reported back to
early days of the clinical investigation of infliximab in RA
patients, when the PK profiles over 26 weeks were studied at
doses of 1, 3, 10 mg/kg (26). The simulation results (Fig. 3b
and c) offered a generalized understanding of how the dose
affects the manifestation of ADA response in terms of the
PK alteration. In addition, it would explain at least in part
the experiences of ours and others with PK studies of vari-
ous mAbs in healthy subjects, such as the extensive ADA
detections and PK alterations with adalimumab at 40 mg
(15, 27) versus much less or none with infliximab at 5 or
10 mg/kg (28, 29), or trastuzumab at 6 mg/kg (30, 31), rec-
ognizing the comparison is across different mAbs, with only
adalimumab being a fully human mAb.

Secondly, coinciding with the ADA impact diminishing,
the availability of unbound ADA for the given ADA response
to be detected also fell as the dose increased (Fig. 3d). The
ADA impact was essentially negligible, measured either by
%Dose 44 (AAUC =0) or the ADA +/ADA- ratio of drug-
bound target, at doses above 200 mg (Fig. 3b and c). Con-
sequently, the detection of unbound ADA at levels below
100 ng/mL (Fig. 3d) would not be indictive of a meaningful
alteration in drug disposition or drug-bound target.

Lastly, the extent of alteration in unbound drug expo-
sure may not be as a good predictor for the efficacy con-
sequences as one might expect. At 20 mg, as an exam-
ple, the exposure reduced in the ADA + scenario to 5.8%
(Fig. 3a) and 14.2%, respectively, for drug binding to the
target being of high and low affinity, relative to that in the
ADA- scenario. However, the secondary effect through the
substantially reduced exposure on the percent drug-bound
target was quite different, with ADA +/ADA- ratios of
84.2% and 23.5% under the high and low affinity assump-
tions, respectively. As illustrated in Fig. 3e, the substan-
tially reduced unbound drug exposure may translate to only
a minimal loss of efficacy with a high affinity drug. This
is consistent with the ACR20 results at week 26 between
the ADA,+(84.3%, p=0.703) and ADA- (86.2%) patients
receiving Humira referenced in case study 1 (Fig. 2c¢),
though here the affinity could not be estimated. Therefore,
the alteration in unbound drug exposure should be exam-
ined in terms of its net effect on the drug-target interaction.

In brief, the general patterns emerging from case study 2,
with which one can make some predictions, in the absence
of more specific information, regarding the ADA impact on
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effect (open square) and full effect of anti-TNF inhibition (open circle) (see
Table S7), where the dashed line is the predicted placebo effect
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drug disposition and effectiveness, may be summarized as
follows:

a. ADA response is more likely to be a phenomenon at
lower doses in terms of being more readily detectable in
its unbound form and having greater potential to impact
the drug disposition and effectiveness (Fig. 3b, ¢, and d).

b. The magnitude of ADA response can be uniquely char-
acterized by Dose,yq(AAUC=0), the additional dose
required to bring the unbound drug exposure to the same
level as in the absence of ADA response (Fig. 3a, b, and c).

c. The PK alteration based on unbound drug exposure
tends to exaggerate the efficacy consequences for mAbs
with high affinity to the target (Fig. 3a and e).

d. Supersensitive unbound assays may not be very use-
ful for identifying patients with meaningful alterations
of the drug disposition/effectiveness due to the ADA
response (Fig. 3d).

©
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Case Study 3

Case study 3 showed an example of utilizing the proposed
framework for predicting the efficacy consequences of the
ADA response that would occur in the supposed late-stage
trials with a longer treatment duration, from a perspective of
dose optimization. It was shown that there would be more
patients who were ADA positive and at higher ADA levels as
the treatment went beyond 6 months. Additionally, the impact
on the LDL-C lowering effect increased as the ADA further
developed, with 5% patients in the top ADA response group
suffering from an increased loss of efficacy by approximately
60% at the end of the 12-month treatment (Fig. 4c). Fig-
ure 4d supported a dose adaptation study aimed at having the
small portion of individuals with the highest ADA response
benefit from the full efficacy. In this case, with a 70% dose
increase beginning on day 126 by which their ADA levels
had been markedly higher than the rest population, those in

-
a —
£ >
o 7500 £
= )
¥
T 6000 1 7
o O
0 o
+ 4500 - =
o0 8
> 2
T 3000 - c
& Vo3
5 1500 9
9] =
2
0 28 56 84 112 140 168 196 224 252 280 308 336 364 0 28 56 84 112 140 168 196 224 252 280 308 336 364
Time (day) Time (day)
Group [ (N=1000) 11 (N=600) Il (N=300) VI (N=100)
ADA (ng/mL) 25.0 128 489 3093
140 - - 5000
~ : d| 2
3 3 10 Dose adaptation g
o < b 4000 ©
o0 pn |
E £ 100 Essssmees 4 c
= e SerE 5
o O g/ f 3000 T
v o
| i c
| [a) =]
= - 601 * 2000
c [ >
G S o
- 4 © i
8 40 & 40 >
o) C 1000 5
> 204 S 20 A max [ @
! 3
0 0 ¢+t ——7+—"r—r—"rr"—T+—""—" 17 +—+ 0 T

0 28 56 84 112 140 168 196 224 252 280 308 336 364
Time (day)

Fig.4 Median concentration—time profiles of total drug, total PCSK9
and LDL-C in 4 groups of subjects in terms of their total ADA lev-
els (Table S8). a The ADA response had no or minimal effect on
the drug trough concentrations for the lower half of the study popu-
lation, group I (N=1000), whose median maximum unbound ADA
levels, Cy ..., Was negligible at 25.0 ng/mL, and the effect became
more and more appreciable as the ADA response increased through
the upper half consisting of group II (N=600) with a median C, ,,,
of 127.7 ng/mL, group III (N =300) with a median Cy ,,,, of 489.4 ng/
mL, and group IV (N=100) with a median Cj,,,, of 3093 ng/mL.

@ Springer

0 28 56 84 112 140 168 196 224 252 280 308 336 364
Time (day)

b, ¢ Total PCSK9 and LDL-C levels, respectively, over time in the
4 groups of patients. d With an increased dose (by approximately
70%) starting on day 126, those in group IV (or 5% in the top ADA
response group) would have the subsequent LDL-C levels (C;p;)
dropped, achieving comparable LDL-C lowering effects to those
in group I at the base dose. In addition, with the increased dose,
the availability of unbound ADA for the given ADA response to be
detected in group IV decreased drastically as evident from the fall of
the median maximum unbound ADA levels (Cy )
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the top 5% group were able to achieve comparable LDL-C
lowering effects to the bottom 50% group with no or negligi-
ble ADA response. In addition, with the increased dose, the
same unbound ADA assay would reflect considerably lower
ADA response for otherwise the same group of individuals
(Fig. 4d). Perhaps more importantly, the unbound ADA lev-
els/titers can be utilized in identifying individuals for whom
the base dose is no longer adequate due to the ADA response
(also see the “Case Study 17 section).

While a thorough debate on the dose optimization strat-
egy is outside the scope of this case study, the proposed
framework offers a quantitative way to understand how the
efficacy consequences of ADA response can be seriously
underestimated during the early development stages, where
the study durations are often limited relative to the time
required for capturing the full ADA development, and how
the immunogenicity testing and its consequences can be pro-
foundly affected by the dose. Without this understanding,
one would likely be surprised by the unexpectedly high ADA
impact occurring in late-stage clinical trials with longer
treatment durations, and, as a result, left with little or no
opportunities for dose optimization considerations.

Conclusion

A mAb disposition framework was proposed which revolves
around the dynamics of ADA formation and drug’s interac-
tions with the ADA and target as parts of the drug distribu-
tion and elimination processes. The disposition framework
described well the PK, ADA, and clinical response data from
a phase 3 trial in RA patients treated with adalimumab. The
framework offered a generalized understanding of how the
dose, along with other factors, affects the manifestation
of ADA response with regard to its detections and altera-
tions of drug disposition and effectiveness. In addition, as
an example, its utility for dose optimization considerations
was demonstrated through predicting for late-stage trials of
a PCSKDY inhibitor with longer treatment durations, in terms
of further developments in ADA incidence and titers, and
consequences on the drug disposition and interaction with
PCSKO, as well as the LDL-C lowering effect.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1208/s12248-024-00901-1.
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