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Abstract. Immunogenicity assessment is important for biological products due to potential impacts of
immunogenicity on safety and efficacy. We reviewed the prescribing information and the FDA’s clinical
pharmacology review of 121 approved biological products for evaluating and reporting of immunoge-
nicity data. Of the 121 products, 89% (n=108) reported the incidence of immunogenicity and 49%
(n=59) reported immunogenicity impact on efficacy. However, only 26% (n=31) reported whether the
immunogenicity affected pharmacokinetics. A subset of 16 products reported effects of anti-drug
antibodies (ADA) on both systemic clearance and efficacy; 8 of 16 products had increased systemic
clearance coinciding with reduced efficacy, and 6 of 16 products had no changes in either clearance or
efficacy. Factors contributing to infrequent reporting of the ADA effect on exposure and methods for
determining the effect of ADA on exposure are summarized. Measuring ADA and drug concentrations
concurrently over time enables the evaluation of ADA impact on pharmacokinetics. Within-subject
comparison of concentration data (before vs. after ADA formation) is a useful alternative to between-
subject (ADA+ vs. ADA-) comparison when sample size is limited or when the majority of subjects
developed ADA. The biological complexity of immune responses presents challenges to quantifying the
ADA impact on pharmacokinetics using model-based methods. Our findings support that pharmacoki-
netic exposure is more sensitive than efficacy endpoints for evaluating ADA effects. A decrease in drug
concentration due to formation of ADA during treatment can serve as an early indicator for potential
reduced efficacy occurring at a later time.

KEY WORDS: clinical pharmacology assessment; immunogenicity data for approved biological
products; impact on clinical pharmacokinetics and efficacy; incidence of anti-drug antibodies and

neutralizing antibodies.

INTRODUCTION

A growing number of biological products have been
approved by regulatory agencies and some of them have been
in clinical use for decades. Cumulative clinical experience
with approved biological products highlighted the importance
of evaluating immunogenicity given its effect on clinical
outcomes (1,2). When an individual develops immunogenicity
to a biological treatment, the body’s immune system produces
anti-drug antibodies (ADA) which bind to the biological
product in circulation at various epitopes of the molecule and
can potentially lead to variable effects on the pharmacoki-
netics and/or efficacy. By binding to the biological products,
some ADA can influence the clearance of the biological
products (3), either shortening the elimination half-life (drug-
clearing ADA) or extending the elimination half-life (drug-
sustaining ADA). Some ADA may have neutralizing activity
(neutralizing ADA, or NAb) leading to a reduction of the
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efficacy while others may be non-neutralizing. Many factors
can influence the probability of ADA formation including
product-related and patient-related factors (4-6).

Numerous literature reports have stated that immunoge-
nicity negatively impacted the therapeutic outcomes of
biological treatments, such as immunogenicity-associated
secondary treatment failure (5,7,8) for monoclonal antibodies
and recombinant proteins. A reduction in the systemic
exposure can be associated with the observed immunogenic-
ity and a potential explanation for the reduced efficacy to
biologics. It is worth noting that clinical studies reported in
the literature and conducted by individual institutions often
relied on in-house assay methods for measuring not only the
ADA but also the drug concentrations. A cross-study
comparison of immunogenicity data in the literature may
not be as informative as within-study comparisons because
the immunogenicity results are highly dependent on the assay
methodology used (3,9). As such, almost all prescribing
information of biological products cautioned that comparison
of incidence of ADA across products may be misleading.
However, multiple independent studies showing consistency
of an association between the ADA formation and the
reduction of efficacy for a given product, in spite of the
methodological differences, would be rather informative.
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Bartelds et al. (10) reported the time course of pre-dose
(i.e., trough) adalimumab concentration and the proportion of
dropout (discontinued participation due to treatment failure)
over 156 weeks in adalimumab-treatment naive rheumatoid
arthritis patients who were treated with adalimumab 40 mg
every other week. At each time point, the data were stratified
into three groups: (i) patients who developed high-titer
ADA, (ii) patients who developed low-titer ADA, and (iii)
patients who did not develop ADA (i.e., ADA- group). At
week 4, the median pre-dose adalimumab concentrations
were relatively similar (in the range of 4-7 mcg/mL) among
the three groups; however, the median pre-dose concentra-
tion of adalimumab was different among three groups at
week 16. Compared to the week 4 data in each group, the
median concentration at week 16 was higher (12 vs. 7 mcg/
mL) in the ADA- group and the concentration sustained as
the steady state level, slightly higher (6 vs. 5 mcg/mL) in the
low-titer ADA+ group and maintaining the steady state
concentration in the range of 4-8 mcg/mL, and lower (<2 vs.
4 mcg/mL) in the high-titer ADA+ group and maintained
below 2 mcg/mL through week 156. In contrast, the propor-
tion of dropout due to treatment failure was relatively similar
between ADA+ and ADA- groups at week 16 and only at
the next scheduled assessment (week 28) the dropout rate in
ADA+ group exceeded that of the ADA- group. Because
the formation of ADA is first associated with a reduction of
drug concentration followed by a treatment failure, one could
infer that the drug concentration was a more sensitive
parameter than the clinical consequence of the ADA
formation. Such inference has scientific support because the
achievement of therapeutically effective drug concentrations
is a prerequisite for efficacy, for many products if not all.
Therefore, the observed reduction in drug concentration is
likely an early marker of the influence of ADA on efficacy;
especially when the systemic exposure correlates with the
efficacy.

The negative impact of immunogenicity on treatment
response to biologics reported in clinical publications moti-
vated our research on the reporting and impact of immuno-
genicity as described in the product labeling for approved
biological products. We reviewed primarily the prescribing
information and the clinical pharmacology review documents
of biological products published on the Drugs@FDA website,
which was sometimes supplemented by unpublished docu-
ments in the internal databases at the FDA. Our main focus
was the clinical pharmacology reporting of immunogenicity
impact, specifically whether immunogenicity affected the
systemic exposure and/or efficacy. When the effect of ADA
on systemic exposure was not reported, we investigated into
what, if any, factors could have affected the ability to make
such a determination of the effect. In this paper, we will
report our findings and share our perspectives of lessons
learned.

Immunogenicity Data Reporting in the Prescribing Information

For approved biological products, the extent of immu-
nogenicity assessment during clinical development is reflected
in the prescribing information under Section 6 Adverse
Reactions and Section 12.3 Pharmacokinetics. Broadly speak-
ing, the immunogenicity information includes five elements:
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two on immunogenicity incidence including those for the
binding antibodies and neutralizing antibodies, and three on
the impact of immunogenicity on clinical outcomes including
pharmacokinetics, efficacy, and safety. Among these five
elements, the frequency of reporting was the highest for
immunogenicity incidence (specifically binding antibodies)
and the lowest for immunogenicity impact on pharmacoki-
netics. For the assessment of immunogenicity impact, our
evaluations are mainly based on the data for binding anti-
drug antibodies because of the data availability.

We reviewed the prescribing information of 121 products
approved before February 2015 (majority approved over the
past 2 decades), which included 43 monoclonal antibodies, 26
enzyme products, 11 cytokines, 12 growth factors and
hormones, and peptides, proteins, and toxins for the remain-
ing 29 products (Fig. 1). As illustrated in Fig. 2, most (n =108,
89%) of these 121 products reported the ADA incidence, i.e.,
incidence of binding anti-drug antibodies. Fewer products
reported the incidence of neutralizing antibodies (n=73,
60%) and the immunogenicity impact on safety (n=73,
60%), followed by the impact on efficacy (n=59, 49%) and
pharmacokinetics (n=31, 26%). When the prescribing infor-
mation included text about the immunogenicity impact on
efficacy, a substantial proportion (16 of 59) mentioned that
the clinical significance of ADA was unclear/unknown or the
limited available data precluded a determination of the effect
of ADA. In other words, about 27% of products reported an
inconclusive result despite the attempt to evaluate the
immunogenicity impact on efficacy. Whereas only 2 of 31
products (<7% of products) stated the impact of ADA on
pharmacokinetics was inconclusive. The smaller proportion of
inconclusive results for the pharmacokinetic endpoints sug-
gests that pharmacokinetics is a more sensitive metric for
evaluating the impact of immunogenicity, although the
number of products that reported the impact of ADA on
pharmacokinetics was about half of that reported the ADA
impact on efficacy (n=31 vs. 59).

Among the 31 products that included immunogenicity
impact on pharmacokinetics in the prescribing information,
the observed effect was clearly stated for 29 products,
whereas 2 products had inconclusive ADA status and no
information on the ADA effect on pharmacokinetics
(Table I). Of the 29 products, drug-clearing ADA was
observed in 13 products, which was associated with an
increase in systemic clearance and a reduction in systemic
exposure. Eight of 13 products with drug-clearing ADA,
including 5 monoclonal antibodies and 3 enzyme products,
also had a reduction in efficacy, whereas no information was
available on the remaining 5 products (2 monoclonal
antibodies, 1 enzyme product, and 2 protein/peptide prod-
ucts). Overall, there was a striking concordance between an
increase in systemic clearance of products and a reduction of
efficacy associated with ADA. Six of 29 products had drug-
sustaining ADA, which resulted in a reduced clearance
possibly due to the formation of complex (drug molecules
bound to ADA) with prolonged elimination half-life. The
effect of drug-sustaining ADA on efficacy varied—one
product (a protein/peptide) had a reduced efficacy, one
product (an enzyme) had no change in efficacy, and the
remaining four products (three enzyme products and one
protein/peptide product) did not report the effect of ADA on
efficacy. Ten products reported that the formation of ADA
did not affect the systemic exposure of the product. Six of
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Fig. 1. Summary of the database of 121 biological products: a product categories and b number of
products approved by 5-year intervals

these ten products, including four monoclonal antibodies, one
enzyme, and one peptide/protein product, reported that the
efficacy was not affected, whereas no information was
available for the remaining four products (three monoclonal
antibodies and one protein/peptide product). Overall, 15 of
the 31 products did not report ADA effect on efficacy (i.e., all
NR combined in Table I), either by stating that a conclusion
could not be drawn based on limited available data in the
product labeling or remaining conspicuously silent in the
labeling. We noted that no monoclonal antibodies developed
drug-sustaining ADA. Apart from that, there appeared no
clear association of the product modality (monoclonal
antibody, enzyme, or protein/peptide) with the type of ADA
formed. For instance, five of nine monoclonal antibody
products had drug-clearing ADA, but the ADA did not
affect pharmacokinetics for the remaining four monoclonal
products.

Factors Influencing the Ability to Report the Inmunogenicity
Impact on Pharmacokinetics

Because majority of the products (74%) did not report
the effect of immunogenicity on pharmacokinetics, we further
looked into potential factors related to such an outcome. We

identified some limiting factors and summarized them in three
categories:

(a) Study design limitations—Examples included a lack
of pharmacokinetic sampling and not measuring drug
concentrations at the time of immunogenicity sam-
pling. Additionally, inadequate sampling schedule for
either immunogenicity samples or pharmacokinetic
samples would fall into this category.

(b) Data limitations—Examples included a small sample
size in clinical trials, a small number of ADA+
subjects, and a small number of ADA~— subjects.

(c) Assay limitations—When the drug concentration was
at a level that interfered with the detection of ADA in
study samples, immunogenicity incidence reporting
and impact assessments were affected.

We recognize that the identified limitations relevant to
the database may not be comprehensive from the perspec-
tives of today’s best practices (3,4,11). For instance, histori-
cally, researchers used the general category of ADA, whereas
today’s researchers are increasingly providing a greater
granularity for ADA data, e.g., transient versus persistent
ADA, ADA with high titers versus low titers, among others.

Reporting status of immunogenicity data components
(reported vs.

not reported)

ADA
incidence

Neutralizing
Activity

108/121
(89%)

AL

731121
(60%)

Impact on
PK

Impact on
Efficacy

Impact on
Safety

731121
(60%)

59/121

(49%)

NR: not reported; ADA: binding, anti-drug antibodies; PK: pharmacokinetics

Fig. 2. Summary of immunogenicity impact reporting in the prescribing information
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Table I. Summary of the Effect of Immunogenicity on Pharmacokinetics and Efficacy for 31 Products; Data Grouped by the Effect on
Pharmacokinetics (1 = increase, < = no change, | = decrease)

Number of Percent of total Number

ADA type CL products number of drugs Efficacy of products
Clearing 1 13 42.0 ! 8

NR* 5
No effect - 10 322 - 6

NR 4
Sustaining ! 6 19.4 ! 1

- 1

NR 4
Inconclusive Unknown 2 6.4 NR 2
Total number of drugs 31 100 31

“ NR not reported, including about equal number of products with no mention in the labeling or labeling mentioned a conclusion could not be

drawn based on limited available data

Given the current database, we are unable to determine if the
data granularity with respect to ADA characteristics is a
limiting factor.

Methods of Data Analysis May Influence the Reporting of
Immunogenicity Impact on Pharmacokinetics

We observed that methods used to analyze the data
could influence the ability to draw a conclusion and some-
times the reliability of the conclusion. In this section, we will
describe three data analysis methods: two conventional
methods, namely between-subject comparison and within-
subject comparison of drug concentration data, and a model-
based method using covariate analysis in population pharma-
cokinetics (PopPK) modeling.

Conventional Methods—Between-Subject or Within-Subject
Comparison of Drug Concentration Data

The most common method used to evaluate the effect of
ADA on pharmacokinetics was by comparing the systemic
exposures in ADA+ subgroup and ADA- subgroup, ie.,
between-subject comparison (panel A in Fig. 3). The
comparative evaluation could be based on data at one time-
point or at multiple time-points depending on the schedule of
assessments in the protocol design. Most studies had a
measurement of ADA at or near the time of primary efficacy
assessment, which was often the time-point used for evaluat-
ing the between-group (ADA+ vs. ADA-) differences in
pharmacokinetics, pharmacodynamics, and efficacy.
Comparing data at multiple time-points was advantageous in
that it can provide information on the time course of the
effect of ADA, including the onset of effect, the magnitude of
effect over time, and possibly the decline of ADA influence
or reversal of ADA status from positive to negative over
time, as shown in literature examples (3,10,12).

Another common method used is to compare the
exposure data before ADA formation to those after ADA
formation in individuals who developed ADA during treat-
ment (ADA+ subjects of panel B in Fig. 3). The within-
subject comparison approach was a necessary alternative
when an overwhelming majority of subjects developed ADA
and/or when the sample size was extremely small as often
seen in clinical trials for products intended to treat patients

with rare diseases. This approach would also be useful when
only a few subjects developed ADA. A lower systemic
exposure after repeated dosing compared to that obtained
after the first dose could reflect the effect of immunogenicity
in ADA+ subjects. Panel B of Fig. 3 showed a graphical
illustration of within-subject comparison using an example
product for which the pharmacokinetic exposure data were
available at baseline and at steady state. Subjects who were
ADA+ at the time of steady state pharmacokinetic measure-
ment had an apparent decrease in exposure compared to the
baseline exposure; in contrast, the exposures in ADA-
subjects were similar at baseline and at steady state. In
addition, when ADA titer data were available, a semi-
quantitative evaluation of the effect of ADA titer may be
feasible. As an example, the alglucosidase alfa prescribing
information used within-subject comparison and further
indicated that an increase in systemic clearance after repeated
dosing was observed only in a subgroup of subjects with
sustained high ADA titers (13).

By visual inspection of steady state data in panel B of
Fig. 3, the group of ADA+ subjects had about two units lower
median exposure than the group of ADA~- subjects at steady
state, whereas at the individual subject level, the ADA+
subjects had a drop in exposure by up to four units from
baseline to steady state due to ADA formation. This
observation suggests that within-subject comparison may be
more sensitive than between-subject comparison for detecting
the effect of ADA. If it is feasible to conduct both within-
subject and between-subject comparisons, a concordance
from both analyses could further strengthen the conclusion
when the sample size is small. As an example, the idursulfase
data in 27 children younger than 7.5 years old were analyzed
using both approaches to support the conclusion that
formation of ADA was associated with a reduction in
systemic exposure (14).

Model-Based Method—Covariate Analysis in PopPK
Modeling

Applications of covariate analysis in PopPK modeling
have been successful in integrating data from multiple trials,
including small molecule drugs and biologics. In particular, it
has been proven useful to elucidate the influence of various
intrinsic factors and extrinsic factors on the pharmacokinetic
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b within-subject comparison of exposure at two

Exposure

different timepoints

ADA+ subjects

ADA-subjects

Baseline Steady State Baseline Steady State

Fig. 3. Schematics for two separate case examples showing the effect of ADA on exposure by between-subject comparison
(a), ie., group average of ADA— subjects vs. group average of ADA+ subjects, at a single time-point or multiple time-
points, and within-subject comparison (b) of exposures observed at baseline and at steady state stratified by the subject

ADA status at steady state

properties at the population level. In some cases, the results
of covariate analyses supported dose adjustments in specific
populations. A logical extension is to apply the same
approach to quantify the effect of ADA as an intrinsic factor.
Of the 121 products we reviewed, the clinical pharmacology
program of at least 8 products included PopPK analysis and
incorporated the ADA status as a covariate for the clearance
parameter in the model. The estimated covariate effect
showed that the clearance value for ADA+ group increase
by <80% compared to the ADA- group which was the
designated reference group with a typical clearance value,
except for one product with a >2-fold increase in clearance
value and one product with a 50% lower clearance value in
ADA+ group when compared to the ADA— group. However,
the results of PopPK modeling analysis were mainly support-
ive of the traditional comparative analysis described above.
Using a monoclonal antibody product as the case
example, Fig. 4 conceptually illustrated the challenges for
assessing ADA effect based on covariate analysis in PopPK
modeling. Per study design, pharmacokinetic samples were
collected more frequently than immunogenicity samples.
Specifically, Fig. 4 showed an example subject who developed
ADA with the first ADA+ sample occurring at T2. For
PopPK modeling analysis, the subject’s ADA profile was
implemented in three different ways according to the
principles described below. Scenario 1 treated ADA as a
time-invariant variable and assigned a positive value for all
time-points starting from the baseline. Scenarios 2 and 3
treated ADA as a time-varying variable. Scenario 3 assigned
ADA+ value to pharmacokinetic observations from T2
through T3, whereas scenario 2 assumed that pharmacoki-
netic observations between T1 and T2 were associated with
ADA+ status given the lack of experimentally determined
value, in addition to conservatively assigning the sample at T1
as ADA+. In scenario 1, the estimated CL value for ADA+
subjects was 1.25-fold of the clearance value in a typical ADA
— subject. In scenarios 2 and 3, at the time when subjects were
ADAH+, their clearance values were, on average, 2.25-fold and
3.5-fold of the typical clearance value in ADA- subjects. In

this case example, the model-based analysis method was able
to show that ADA formation was associated with a higher
clearance, similar to the conclusion from the conventional
between-subject comparison method. However, the model-
based approach concluded smaller numeric differences be-
tween ADA+ subjects and ADA- subjects for various
scenarios compared to an estimated greater than tenfold
difference in pharmacokinetic exposure between ADA-
subjects and ADA+ subjects based on the observed drug
concentrations which were largely not detectable in ADA+
subjects. As such, opportunities remain for further improve-
ments in the model-based approach to better describe the
observed data.

DISCUSSIONS

Biological products can be targets of human adaptive
immune response as the immune system is well-equipped to
react to the invasion of foreign proteins and/or peptides and
can produce antibodies against exogenously administered
biological products. Structurally complex biological products
may present multiple immunogenic epitopes and can induce
the formation of a heterogeneous mixture of ADA with
varying degrees of affinity to various epitopes. Within an
individual subject, the composition of ADA mixture may vary
over time. ADA heterogeneity can also exist among study
subjects administered the same product because the develop-
ment of immunogenicity may depend on patient-related
factors in addition to product-related factors.

The current approach for immunogenicity assessment
consists of two steps: first identifying samples with the
presence of ADA using mainly ligand binding assays and
subsequently evaluating the ADA+ samples for the capability
of neutralizing the biological function of the product using in
vitro systems (3,11). In addition to reporting the presence or
absence of binding antibodies (ADA+ vs. ADA-) or
neutralizing antibodies (NAb+ vs. NAb-) for each study
sample, immunogenicity assay results may be reported as
ADA titer, a semi-quantitative determination of the
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magnitude of ADA response. These ADA data could be used

to explore the relationship with

Inherently, the impact of immunogenicity on clinical out-
comes reflects the effects of a mixture of ADA with varying
compositions over time within an individual and across
individuals. The composite nature and variability of ADA
may have contributed in part to a high frequency of
inconclusive results with respect to the impact of immunoge-

nicity on efficacy endpoints. We

ity and variability of ADA produced after treatment may also
have partially contributed to the difficulties in quantifying the
extent to which ADA affect the systemic clearance, and
presented unique challenges for the PopPK modeling ap-

proach as illustrated in Fig. 4.

Findings from our current research support an assertion
that the drug concentration (a pharmacokinetic exposure
endpoint) is more sensitive than efficacy endpoints for the
determination of whether or not ADA have a negative
influence on clinical treatment response. The supporting
evidence includes (i) among the prescribing information of
121 products, the impact of ADA is less often reported with
uncertainty for pharmacokinetic endpoints than for efficacy
endpoints (<7% [2/31] vs. 27% [16/59]), and (ii) a strong

concordance exists between the

cokinetic exposure and clinical efficacy as shown in Table I,
which is consistent with the general principle that a lower
exposure leads to a reduced efficacy. A subset of 16 products
reported effects of ADA on both systemic clearance and
efficacy; 8 of 16 products had increased systemic clearance
coinciding with reduced efficacy, and 6 of 16 products had no
changes in either clearance or efficacy. The effect of ADA
within one product modality appears to vary. For example,

without ADA formation)
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among nine monoclonal antibodies, five products had clearing

clinical outcomes in order to ADA versus ADA of four products had no effect on
assess the clinical impact of immunogenicity (3,10). pharmacokinetics.

These findings are striking despite the fact that the
database is small, i.e., only 16 out of 121 products reported
the impact of immunogenicity on both pharmacokinetics and
efficacy. Scientifically, the concordance is logical because
sustaining drug concentrations within a therapeutic range is
essential for maintaining treatment effects. A reduction in

suspect that the heterogene- pharmacokinetic exposure observed in clinical trials can

provide insight into the potential for ADA to negatively
influence efficacy outcomes at a later time when the product
is used more extensively for a longer duration after approval.
However, two products in our dataset had drug-sustaining

ADA resulting in higher exposure without an increase in

efficacy; specifically, one reported a reduction of efficacy and
the other reported no change in efficacy. Interpreting the
relationship of effects of drug-sustaining ADA on pharmaco-
kinetics and efficacy is more challenging as it is often unclear
whether the drug molecules bound to ADA retain the
pharmacological activity. Because the pharmacokinetic expo-
sure is a more sensitive endpoint compared to efficacy,
monitoring systemic exposure in late-stage clinical trials
would provide valuable return on the investment.

ADA influence on pharma- As well-recognized, the effect of immunogenicity on

efficacy needs to be determined based on the efficacy
endpoints during clinical trials. A simultaneous assessment
of immunogenicity effect on pharmacokinetic endpoints and
on efficacy endpoints can provide added values. At the
minimum, a negative effect of immunogenicity on the
systemic exposure without accompanying changes in efficacy
over the duration of clinical trials could raise the awareness to
carefully monitor treatment effects for extended treatment
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duration. Whether or not the early effect of immunogenicity
on pharmacokinetics ultimately manifests as a clinically
meaningful impact on the efficacy may vary among products
and may depend on the characteristics of the anti-drug
antibodies formed. For instance, the antibody levels may
wane over time in some cases, whereas they may continue to
rise over time in some other cases; the resulting impact on
long-term efficacy would differ. In cases where antibody
levels maintain at a very low level and have a negative, but
limited, impact on systemic exposure, the effect on efficacy
endpoints may not be clinically meaningful. For some
products, a reduction of exposure may not have associated
reduction in the clinical efficacy. As an example, some
products do not show a clear dose-response (D-R) or
exposure-response (E-R) relationship; increasing plasma
concentrations may not result in increasing response to
treatment for these products. The reasons for a lack of E-
R relationship are often unclear and likely multifaceted,
which may include but not limited to the sensitivity of the
endpoints used for E-R analysis, dose/exposure range
evaluated, the site and mechanism of action, and the
pharmacokinetic characteristics of the product, among
others. A potential explanation for the lack of E-R could
be a lack of correlation between the concentration in
systemic circulation and the concentration at the target
site, because the plasma or serum drug concentrations are
typically used in the E-R analyses. In such a scenario, the
impact of ADA on the target site concentration may not
be apparent despite a change in systemic exposure due to
ADA formation.

During clinical development, a well-designed schedule of
assessment for both pharmacokinetics and immunogenicity is
warranted to enhance the ability to evaluate the impact of
immunogenicity on pharmacokinetics. For example, deter-
mining drug concentration and ADA at the same time-points
is desirable for the purpose of evaluating whether the ADA
can alter the drug levels; on the other hand, immunogenicity
assessment solely for the purpose of safety evaluation is not
as desirable. Furthermore, studies designed to establish the
time course of ADA and drug concentration allow a more
robust evaluation of immunogenicity impact by capturing not
only the formation but also the rise and fall of ADA titer over
time. For instance, a clinical study with exenatide (12) showed
that ADA against exenatide first rose to peak at week 6 and
subsequently declined over 30 weeks. The study of Barteld et
al. showed that the proportion of subjects became ADA+
increased over a 52-week study duration; when subjects were
divided into three groups (ADA—, low-titer ADA, and high-
titer ADA), the effect of ADA on systemic adalimumab
exposure correlated with the ADA titer, i.e., the high ADA
titer group had the lowest adalimumab concentration which
persisted over time.

The quest to numerically quantify the effect of ADA
formation on systemic exposure is likely the motivation for
using covariate analysis in PopPK modeling. The implemen-
tation of ADA status as a covariate on clearance in the
PopPK model has evolved from being a time-invariant
covariate (either ADA+ or ADA- throughout the entire
study duration) to being a time-varying covariate (ADA
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status changing over time), and it continues to evolve.
Recently, we observed one variation of time-varying covari-
ate implementation where two clearance values were esti-
mated for each ADA+ subject with the assumption that
ADA+ occurred after 3-4 weeks of treatment regardless of
the observed ADA status for the study samples. Thereby, the
clearance value estimated based on data from the initial 3-
4 weeks (assumed to be ADA-) was compared to the
estimated clearance value based on data collected afterwards
(assumed to be ADA+) to assess the effect of ADA on
systemic clearance, which is akin to within-subject compari-
son. This model-based within-subject comparison appears to
be more sensitive than the model-based comparison of
population average (a form of between-subject comparison);
similar to the observations with conventional methods. With
the continued exploration of additional variations of model-
ing implementation, someday, it may be feasible to integrate
the temporal profile of ADA titer into the PopPK model
provided that adequate data are available to inform the
model-building process. One additional technical aspect of
PopPK modeling to be considered is the handling of
concentration data that are below the limit of quantification.
Exclusion of such data can introduce bias, but this practice
has been consistently observed thus far.

Above all, the complex nature of ADA in blood samples,
and their variability over time and across subjects may prove
to be the greatest challenges to achieving precision in
describing the effect of ADA on systemic drug concentration
by mathematical modeling. Fundamentally, ADA differ from
conventional covariates of PopPK model, such as body weight
and sex, in that ADA consist of a heterogeneous mixture of
differing amounts, binding epitopes, and/or potency of
antibodies, and its composition can differ over time in a
given subject as well as among subjects. Although covariate
analysis approach has been influential to dosing recom-
mendation based on conventional covariates, its application
in quantifying ADA effect on systemic exposure has not
been translated into an influence on dosing recommenda-
tion yet. Nonetheless, proposals for dose adjustments upon
ADA formation have been empirically derived and de-
scribed in literature reports of several monoclonal antibod-
ies indicated for the treatment of rheumatoid arthritis,
Crohn’s disease, and ulcerative colitis to cope with
secondary treatment failure (15,16). Generally, the pro-
posed dose adjustment approaches rely on multiple labo-
ratory tests for decision making, including the systemic
drug concentration, the ADA titer or ADA status, and
other clinical parameters in conjunction with the physi-
cians’ assessment of clinical symptoms.

The availability of an immunogenicity assay and a drug
concentration assay is critical for evaluating immunogenicity
impact on pharmacokinetics. The quality of these assays
undoubtedly has profound impact on the reliability of the
outcome of assessment (17). Drug interference has been
identified as a major factor influencing the interpretation of
immunogenicity data. As described in an earlier publication
(9), our database contains many products that suffered from
drug interference to the immunogenicity assay, which in part
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contributed to the infrequent reporting of ADA impact on
pharmacokinetics. When immunogenicity assays are inter-
fered by the drug concentration present in ADA samples, the
assays are only able to detect high-titer ADA. Very often the
high-titer ADA negatively impacted the systemic exposure
and the efficacy outcome. Whether the low-titer ADA
presumably masked by the drug interference could have a
similar effect on the systemic exposure and the efficacy
outcome remains to be elucidated. The development of
newer immunogenicity assay technologies less prone to drug
interferences (18-20) will likely address this knowledge gap
soon and possibly can further facilitate quantitative evalua-
tions of immunogenicity impact.

Similarly, the assay for drug concentration plays an
important role in drug development, including the evaluation
of immunogenicity effect on systemic exposure (3,21-24).
When the assay measures the active moiety of drug that is
relevant to clinical efficacy, the exposure data are more likely
to correlate with the clinical response and show an E-R
relationship. In the event that the formation of ADA is
associated with an observed increase in clearance (ie., a
decrease in exposure) based on an assay that detects the
active moiety, a reduction in efficacy is more likely to follow.
On the other hand, if the drug concentration assay can detect
the drug molecule bound to ADA even when the ADA have
neutralized the pharmacological activity of the drug molecule,
the measured drug concentration may not correlate with the
clinical efficacy. With the currently available methodologies, it
is well-known that the determined concentrations from
pharmacokinetic assays are highly dependent on the capture
reagents and detection reagents which are specifically select-
ed for each drug molecule of interest. As such, special
attention to what moiety(ies) are measured by the assay for
drug concentrations and whether the detected moiety is
relevant to the clinical response would be highly important
for both pharmacokinetic samples not containing ADA and
pharmacokinetic samples containing ADA. Overall, a good
understanding of the performance of bioanalytical assays and
immunogenicity assays is critical for data interpretation
(21,22,24).

CONCLUSION

In summary, evaluating the effect of ADA on systemic
exposure during clinical development would be highly
informative and can supplement the traditional evaluation
of ADA impact on the efficacy outcomes because a reduction
in the systemic exposure, in principle, would precede a
reduction in efficacy. Measuring drug concentrations and
ADA levels in the same schedule and obtaining both
measurements at multiple time-points throughout the study
are among study design features that would facilitate the
evaluation of ADA effects on systemic exposure. With
respect to data evaluation, we found that multiple approaches
have been applied. Between-subject comparison (ADA+
subgroup vs. ADA- subgroup) has been the traditional
approach, and within-subject comparison of exposure data
(before vs. after ADA formation) serves as an alternative or
complementary approach for the determination of pharma-
cokinetic alteration due to ADA formation. Model-based

Wang et al.

covariate analysis within the framework of PopPK modeling
is an up-and-coming new methodology which is still evolving.
Although not being evaluated in this research project,
considerations of the assay methods for drug concentrations
and ADA measurement are necessary when interpreting the
observed ADA impact, or lack thereof, on systemic exposure.
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