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Abstract. The availability of highly sensitive immunoassays enables the detection of antidrug antibody
(ADA) responses of various concentrations and affinities. The analysis of the impact of antibody status
on drug pharmacokinetics (PK) is confounded by the presence of low-affinity or low-concentration
antibody responses within the dataset. In a phase 2 clinical trial, a large proportion of subjects (45%)
developed ADA following weekly dosing with AMG 317, a fully human monoclonal antibody
therapeutic. The antibody responses displayed a wide range of relative concentrations (30 ng/mL to
>13 μg/mL) and peaked at various times during the study. To evaluate the impact of immunogenicity on
PK, AMG 317 concentration data were analyzed following stratification by dose group, time point,
antibody status (positive or negative), and antibody level (relative concentration). With dose group as a
stratifying variable, a moderate reduction in AMG 317 levels (<50%) was observed in antibody-positive
subjects when compared to antibody-negative subjects, but the difference was not statistically significant
in all dose groups. The most significant reduction in AMG 317 levels was revealed when antibody data
was stratified by both time point and antibody level. In general, high ADA concentrations (>500 ng/mL)
and later time points (week 12) were associated with significantly (up to 97%) lower trough AMG 317
concentrations. The use of quasi-quantitative antibody data and appropriate statistical methods was
critical for the most comprehensive evaluation of the impact of immunogenicity on PK.
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INTRODUCTION

The administration of any large-molecule therapeutic has
the potential of eliciting an unwanted immune response,
culminating in the development of antidrug antibodies
(ADAs). The immunogenic potential of a molecule is
dependent upon a variety of factors related to the product
(sequence, posttranslational modifications, and the presence
of contaminants or aggregates), target patient population
(immune status, genetic background, and concomitant med-
ications), and treatment regimen (dose, route, and frequency
of administration) (1–3). For monoclonal antibody (mAb)

therapeutics, the goal of reducing the immunogenic risk of
murine antibodies has led to advances in antibody engineer-
ing technologies that have enabled the generation of fully
human molecules using transgenic mice or phage display
libraries. Currently, many human mAbs are in clinical
development and several are being marketed in the USA
(4). Although, theoretically, these fully human therapeutics
have a low risk of sequence-related immunogenicity, epitopes
within the complementarity-determining regions (CDRs) and
other nonsequence-related factors may still elicit an immune
response to these molecules. Indeed, there are several
examples of fully human mAb therapeutics that have
triggered ADA development in the clinic (5–8). The clinical
consequences of these unwanted immune responses are
unpredictable and highly variable. The presence of ADAs
may affect pharmacokinetics (PK; by enhancing or, in rare
cases, decreasing clearance), safety (by inducing infusion
reactions or hypersensitivity), or efficacy (by clearing the
drug from circulation or neutralizing its effect on the target).
Characteristics of the ADA response, including concentra-
tion, epitopes, affinity, isotype, duration, and persistence, may
all influence the degree of clinical impact.
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Due to the potentially significant effects of ADA develop-
ment, the monitoring of clinical immunogenicity and its associ-
ation with PK, safety, and efficacy is a regulatory requirement
(9). Guidance documents have been published by regulatory
agencies and industry leaders providing recommendations for
the optimization and validation of methods for ADA detection
(10–12). The immunogenicity testing strategy employed by most
companies is a three-tiered approach comprised of antibody
screening, confirmation, and characterization (including the
determination of neutralizing capability). As mAb therapeutics
are generally dosed at high concentrations, the main challenge is
the ability to detect ADA in samples containing high levels of the
therapeutic (drug interference). Advances in bioanalytical
methods have included acid-dissociation techniques for the
improvement of drug tolerance (13), highly sensitive bridging
electrochemiluminescence (ECL)-based assays for the detection
of low-level ADAs (14), and no-wash biosensor-based methods
for the detection of low-affinity ADAs (15). These improve-
ments have made the screening and confirmation assays capable
of detecting all types of antibodies induced by drug administra-
tion. However, one criticism of this approach is that many of
these responses, although detectable, have no clinical relevance
because they may include transient responses of low affinity and
concentration. The importance of ADA characterization assays,
then, is to identify those responses that are more likely to impact
the PK, safety, and efficacy.

In terms of the PK, mature antibody responses character-
ized by high affinity and concentration that persist through the
duration of treatment are theoretically more likely to enhance
drug clearance. Methods to assess the affinity and binding
kinetics of antibodies using biosensor-based technology are
available (16), but the determination of ADA affinity remains
challenging. Subject ADA responses may be polyclonal, and
therefore, only aggregate affinity of the entire response can be
measured. ADA quasi-quantitation using titer- or mass-based
(relative concentration) approaches has its own challenges,
including the absence of a reference standard and inaccurate
measurement due to drug interference (12,17). Despite these
challenges, the availability of quasi-quantitative data may be
critical for differentiating between low-level antibody
responses that may have no clinical impact and high-level
antibody responses that may clear drug and influence efficacy
outcomes.

In this manuscript, ADA data from a phase 2 clinical
trial of AMG 317, a fully human mAb-targeting interleukin
receptor IL-4Rα, was used to evaluate the importance of
ADA stratification by antibody level on the assessment of PK
impact.

MATERIALS AND METHODS

Clinical Study Design and Sample Collection

In a phase 2 clinical study, asthma patients received
weekly subcutaneous (s.c.) injections of placebo or AMG 317
(75, 150, or 300 mg) for 12 weeks (18). Plasma samples for the
determination of AMG 317 concentration at trough were
collected prior to dosing at baseline and at weeks 4, 8, 11, and
16. Serum samples for the detection of antidrug antibodies
were collected prior to dosing at baseline and at weeks 4, 8,
12, and 16 (drug washout).

Anti-AMG 317 Antibody Detection Assay

Samples were analyzed for the presence of binding
(neutralizing and non-neutralizing) ADA using a validated
ECL-based immunoassay. Briefly, study serum samples or
controls were diluted 1:20 in 300 mM acetic acid to enable
antibody complex dissociation prior to analysis. Diluted acid-
treated serum samples were added to a polypropylene plate
containing 1 M Tris, pH 9.5 and a conjugate mixture [1 μg/mL
biotin–AMG 317 and 1 μg/mL ruthenium–AMG 317 in assay
diluent (1% (w/v) bovine serum albumin (BSA) in 1×
phosphate-buffered saline (PBS))]. The mixture was preincu-
bated overnight at ambient temperature on an orbital shaker
and transferred to the wells of a blocked (5% (w/v) BSA in
1× PBS) and washed [wash buffer (1× PBS, 0.05% (v/v)
Tween 20, 0.25 mM thimerosal)] Avidin High Bind MSD 6000
plate. Following a 2- to 3-h incubation at ambient tempera-
ture on an orbital shaker, plate wells were washed using wash
buffer and a final solution of 2× MSD Read Buffer T
(containing tripropylamine) was added. Voltage was applied
within the MSD Sector Imager 6000 instrument. In the
presence of tripropylamine, ruthenium participated in a
chemiluminescent reaction, producing an ECL signal. The
signal to noise (S/N) ratio was calculated by dividing each
sample’s or control’s mean ECL by the negative control’s
mean ECL. The net ECL was calculated by subtracting the
negative control’s mean ECL from each sample’s or control’s
mean ECL.

All samples that produced an S/N value above the assay
cut point (95th percentile from healthy human serum S/N
values) were analyzed in the absence or presence of excess
AMG 317 to confirm specificity. A sample was reported as
positive for ADA if the net ECL or S/N value of the drug-
treated sample displayed a reduction when compared to the
untreated sample. The ratio of each sample’s net ECL
divided by the net ECL of the positive control was multiplied
by the positive control’s concentration to calculate the
relative ADA concentration.

Assay sensitivity was validated at ∼34.3 ng/mL of ADA,
and drug tolerance (at 94 and 500 ng/mL of ADA) was
determined to be 29 and 108 μg/mL of AMG 317,
respectively.

AMG 317 Concentration Assay

The concentration of AMG 317 in plasma samples was
determined using a validated enzyme-linked immunosorbent
assay, as previously described (19). After pretreatment to a
dilution factor of 50 with SuperBlock® T20 Buffer (Thermo
Fisher Scientific/Pierce), study samples, standards, and quality
controls (prepared in human K2-EDTA plasma pool) were
added to microplate wells coated with human IL-4R fused to
recombinant human Fc (IL-4R:Fc). The following reagents
were added sequentially to the plate (with incubation and
washing in between each reagent addition): biotinylated IL-
4R:Fc, horseradish peroxidase polymer-conjugated streptavi-
din (Thermo Fisher Scientific/Pierce), and 3,3′,5,5′-tetrame-
thybenzidine (TMB) substrate solution (BioFx). A reaction of
TMB solution with the peroxide resulted in a colorimetric
signal proportional to the amount of drug bound by the
capture reagent. After stopping the reaction, the optical

31Impact of Antidrug Antibodies on PK



density (OD) was measured at 450 to 650 nm. A computer
software mediated comparison to a standard curve analyzed
on the same plate (regressed according to a logistic (auto-
estimate) [four-parameter] regression model with a weighting
factor of 1/Yusing the Watson data reduction package version
7.0.0.01) was used to convert sample and quality control OD
units to concentrations. The lower limit of quantification of
the assay was 10 ng/mL.

Subject Antibody Status Classification and Data Stratification

Immune responses were classified as either preexisting
(antibody positive prior to dosing, regardless of postdose
antibody status) or developing (negative prior to dosing,
positive postdose). Developing antibody responses were
further classified as transient (negative at the last available
antibody time point) or persistent (positive at the last
available antibody time point). These classifications were
based on the result of the qualitative ADA result (negative or
positive). The denominators for antibody incidences were
based on the number of subjects with available antibody
samples (total incidence), baseline antibody samples (preex-
isting incidence), or postdose antibody samples (developing
antibody incidences). For the stratification of samples accord-
ing to relative antibody concentration, the result of the
semiquantitative measurement (based on the comparison of
the sample signal to the positive control signal) and the
following categories were used: negative, ADA positive at
<100 ng/mL (low), ADA positive at 100 to 500 ng/mL
(medium), and ADA positive at >500 ng/mL (high). The
cutoffs (100 and 500 ng/mL) for the category ranges were
based on assay validation data (100 ng/mL=validated lower
limit of reliable detection) and regulatory guideline (500 ng/
mL=upper limit of ADA level considered more likely to be
clinically meaningful (20)). To account for potential errors in
sample collection, antibody sample time points were cor-
rected based on the time difference between the first
(predose) sample collection date and subsequent sample
collection dates according to the following observed time
limits: day 24 to 40 (week 4), day 50 to 69 (week 8), day 80 to
103 (week 12), and >day 105 (week 16). For PK samples,
actual collection times were used in the analysis, and samples
collected at times >10% outside the designated sample
collection times were excluded. Out of 217 subjects in the
dataset, 80 subjects had at least one missing AMG 317
concentration result (19 subjects at baseline, 30 subjects at
week 4, 6 subjects at week 8, and 25 subjects at week 12). All
available data at each time point (subject to the sampling
error exclusions described above) were used in the analysis,
and the number of observations for each dose group is
annotated in the figures.

Statistical Analysis of the Impact of ADA on Trough AMG
317 Concentration

The dataset for the determination of the impact of
antibodies on AMG 317 trough concentrations excluded
placebo, baseline, and week 16 samples (due to low drug
levels present at washout). The association between antibody
status or relative antibody concentration (four categories of
negative, low, medium, and high) and trough AMG 317

concentration was evaluated by applying an analysis of
variance (ANOVA) model to each dose group at each time
point. The model included antibody status or relative
concentration as a fixed effect and assumed residual variance
heterogeneity across different antibody statuses or concen-
trations. The trough AMG 317 concentration as the response
variable was logarithmically transformed. The difference in
AMG 317 concentration between patients of different
antibody status or relative ADA concentration categories
was reported as the percent reduction in the AMG 317
concentration geometric mean (relative to antibody-negative
patients) and its 95% confidence interval.

The association between AMG 317 concentrations and
ADA concentration for each dose group at each time point was
evaluated by the Jonckheere–Terpstra (JT) trend test and by the
Spearman’s correlation test. The JT test was used to evaluate
whether there is a statistically significant downward trend across
two antibody statuses (negative to positive) or across increasing
relative antibody concentration categories for each time point
and/or dose group. The Spearman’s correlation test was used to
evaluate the nonlinear correlation between AMG 317 concen-
trations and relative antibody concentrations for each dose
group at each time point. In consideration of the nonlinear
relationship between AMG 317 concentration and ADA,
Spearman’s correlation coefficient was used instead of Pearson’s
correlation coefficient. Multiplicity in testing was not corrected,
since the study is exploratory in nature and conclusions are
drawn overall, i.e., not from individual tests.

Population PK Analysis of the Impact of ADA on AMG 317
Clearance

Concentration–time data from three phase 1 (N=102)
and one phase 2 (N=192) trials (healthy subjects and asthma
patients given as single or multiple weekly i.v. or s.c.
injection) were pooled for population PK analysis using a
nonlinear mixed-effects modeling approach. The greater
frequency of PK sampling for the phase 1 studies permitted
the estimation of population parameters with good precision.
All pooled studies used comparable bioanalytical methods,
had similar ADA incidences, and included populations
(healthy and asthmatic subjects) with similar PK. A two-
compartment model with quasi-steady-state approximation of
target-mediated drug disposition and first-order absorption
rate was used to describe the PK of the compound (21). The
population PK analysis model development and evaluation
were performed as described previously (19). The ADA
effect on drug elimination parameters was investigated by
direct testing of ADA status (e.g., negative or positive) as a
covariate in the PK model. In the current work, post hoc
individual PK parameter estimates were compared among
subjects with different ADA levels (negative, low, medium,
and high) after including inter-occasion variability (IOV) in
the model, in which each occasion was defined by the ADA
sample collection weeks (i.e., weeks 4, 8, 12, and 16). IOV is
an additional level of random effect that allows flexibility of
exploring changes in parameters across different occasions. In
contrast, testing the time-dependent effect of antibody status
directly on drug elimination parameters is a more definitive
way of identifying whether or not ADA status is a significant
source of intersubject variability.
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RESULTS

Antibody Response Characteristics

In a phase 2 placebo-controlled clinical trial, AMG 317
was administered by s.c. injection once weekly for 12 weeks
to asthma patients (18). Serum samples for the measurement
of ADA were collected at baseline, prior to dosing every
4 weeks (weeks 4, 8, and 12) and at drug washout (week 16).
A validated ECL-based immunoassay was used to analyze the
samples for binding antibodies. All samples testing positive
were analyzed further using a cell-based bioassay to detect
neutralizing antibodies. Despite the fully human nature of
AMG 317, binding and neutralizing antibodies were detected
in 51% (Table I) and 8% (data not shown) of dosed subjects,
respectively. Although a minority of subjects (6%) tested
positive for binding antibodies at the baseline (predose) time
point, most of the subjects (45%) tested positive only
following drug administration. Some of these developing
antibody responses were transient (22%), but most persisted
until the end of the study (78%). The incidence of antibody-
positive subjects was slightly higher and tended to persist
longer in the lower-dose groups (75 and 150 mg) than in the
highest-dose group (300 mg).

To characterize the antibody responses observed in the
study, the concentration of ADA relative to the rabbit
positive control was determined in samples testing positive
for binding antibodies. Antibody levels detected in patient
samples varied widely between patients, time points, and dose
groups (30 ng/mL to ∼13 μg/mL in 75 mg, 30 ng/mL to ∼6 μg/
mL in 150 mg, and 30 ng/mL to ∼1.5 μg/mL in 300 mg dose
groups; Fig. 1a). Interestingly, the highest postdose median
antibody level in positive subjects was observed in the lowest-
dose group (75 mg) at the last sampling time point (week 16).
In all dose groups, the highest postdose antibody concen-
trations were observed in subjects with developing persistent
antibody responses, while developing transient responses
were characterized by lower peak antibody levels that
became undetectable by the end of the study (Fig. 1b).
Subjects who tested positive at baseline (preexisting anti-
bodies) had low levels of cross-reacting ADA at the predose
time point, which in some cases matured to higher levels
following dosing (Fig. 2a). In developing persistent subjects,
ADA levels increased over time and reached the highest
concentration at different times of the study depending on the
dose (Fig. 2b). In the 75- and 150-mg dose groups, the

majority of subjects had the highest observed ADA level at
later time points (week 12 or 16), while in the 300-mg dose
group, most of the subjects had the highest response earlier
(week 4).

Impact of Antidrug Antibodies on Trough AMG 317 Levels

Early phase studies indicated nonlinear PK for AMG 317
(19), most likely due to target-mediated elimination. The
phase 2 study incorporated only sparse pharmacokinetic
sampling from all subjects at baseline and prior to dosing at
weeks 4, 8, 11, and 16. Therefore, AMG 317 concentration
measurements were only available at drug trough and
washout (Table II) and were observed to be highly variable.
The binding of antibodies to drug and subsequent formation
of immune complexes may further enhance the clearance of
drug from circulation in antibody-positive subjects. With the
high incidence of antibodies observed in the clinical study, the
effect of the presence of ADA on AMG 317 PK was
investigated using several statistical methods with stratifica-
tion by dose group, time point, antibody status (positive or
negative), and antibody level (relative concentration). Base-
line, week 16, and placebo samples were excluded from the
analysis dataset.

When samples were stratified only by dose group and
antibody status (positive versus negative), the JT trend
test indicated a statistically significant association between
antibody-positive status and lower trough AMG 317
concentration in all dose groups (Fig. 3). Although trough
AMG 317 measurements were highly variable in both
antibody-negative and antibody-positive subjects, the
trough AMG 317 concentrations in antibody-positive
subjects were reduced by 28%, 52%, and 16% in the 75,
150, and 300 mg dose groups, respectively, compared to
antibody-negative subjects. A mixed-effect ANOVA that
took into account a two-way interaction between antibody
status and time point indicated that ignoring the potential
contribution of time point may potentially mask the
reduction of AMG 317 levels associated with antibody
status (data not shown).

When the dataset was stratified further by time point,
there was no significant association between antibody status
(positive or negative) and AMG 317 concentration at week 4
in the 75- and 150-mg dose groups (Fig. 4). At later time
points, however, a statistically significant strong downward
trend in AMG 317 concentration was observed in antibody-

Table I. Incidence of Binding Antibodies in the AMG 317 Phase 2 Clinical Trial

Placebo
(N=74)

AMG 317

All dosed cohorts (N=218)75 mg QW (N=72) 150 mg QW (N=74) 300 mg QW (N=72)

Total antibody incidence 10/74 (14%) 39/72 (54%) 43/74 (58%) 28/72 (39%) 110/218 (51%)
Preexisting antibody incidence 8/74 (11%) 5/71 (7%) 6/74 (8%) 2/72 (3%) 13/217 (6%)
Developing antibody incidence 2/73 (3%) 34/72 (47%) 37/74 (50%) 26/71 (37%) 97/217 (45%)
Transient 1/2 (50%) 5/34 (15%) 7/37 (19%) 9/26 (35%) 21/97 (22%)
Persistent 1/2 (50%) 29/34 (85%) 30/37 (81%) 17/26 (65%) 76/97 (78%)

Subject antibody responses were classified as preexisting (antibody positive prior to dosing, regardless of postdose antibody status), developing
transient (negative prior to dosing, positive postdose, and negative at last available time point), or developing persistent (negative prior to
dosing, positive postdose, and positive at the last available time point)
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positive subjects (JT test). Consistent with this result, the
reduction in AMG 317 concentrations in antibody-positive
subjects relative to antibody-negative subjects was moderate
at week 4 in the 75- and 150-mg dose groups (35% and 53%,
respectively), but became significant at later time points
(weeks 8 and 12). In the 75-mg dose group, the mean AMG
317 concentration was reduced by 69% at week 8 and 67% at

week 12. In the 150-mg dose group, significant reductions of
87% at week 8 and 84% at week 12 were identified. Conversely,
in the highest-dose group (300 mg), an association between
lower trough concentrations and antibody-positive status was
only observed at earlier time points. Moderate reductions of
44% at week 4 and 53% at week 8 in drug concentrations in
antibody-positive subjects relative to antibody-negative subjects

Fig. 1. Concentration characteristics of the ADA response observed following weekly administration of AMG 317.
a Relative ADA concentration detected in antibody-positive samples during the course of the study. A wide range
of antibody concentrations was observed, with highest median and individual antibody levels detected in the lowest
(75 mg) dose group at week 16. b Maximum ADA concentration in subjects classified as preexisting, developing
transient, and developing persistent. The highest postdose peak ADA concentrations were detected in subjects with
a persistent antibody response. Each box plot shows the distribution of ADA concentrations as lower extreme
(lower whisker), first quartile (lower hinge), median (solid circle), third quartile (upper hinge), and upper extreme
(upper whisker). The outliers (>1.5 times the box length) are shown as open circles. One value (>10,000 ng/mL) in
the 75-mg dose group (week 16 and developing persistent) not shown

Fig. 2. Timing characteristics of the ADA response observed following weekly administration of AMG 317. a
Individual ADA concentration time profiles for preexisting and developing persistent subjects. In most subjects,
antibody levels increased over time and preexisting antibody responses matured to higher level responses in some
subjects following dosing. b Percentages of developing persistent subjects with the highest ADA response detected
at the indicated time points. The highest concentration was observed at later time points (weeks 12 and 16) for the
majority of subjects in the 75- and 150-mg dose groups and at the earliest time point (week 4) for the majority of
subjects in the 300-mg dose group
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were detected, with only a minimal reduction of 4% at week 12.
The greatest impact of ADA on PK was found at time points
when high ADA concentrations were detected for each dose
group (Figs. 1 and 2). Therefore, AMG 317 concentrations in
antibody-positive subjects were further stratified by four
antibody levels of negative, low (<100 ng/mL ofADA), medium
(100 to 500 ng/mL ofADA), or high (>500 ng/mLofADA). The
300-mg dose group was excluded from this analysis because
antibody level measurements were deemed unreliable in
samples containing higher levels of drug.

Stratification of antibody-positive samples by antibody
level revealed that higher ADA concentrations and later time

points in general correlated with decreased trough AMG 317
concentrations (Fig. 5). The JT trend test indicated a strong
downward trend in trough AMG 317 measurements across
four antibody level categories for the 75- and 150-mg dose
groups at weeks 8 and 12 (p value≤0.01), and Spearman’s
correlation analysis confirmed a statistically significant corre-
lation between higher antibody concentration and lower
AMG 317 level (p value≤0.01; for details, see Fig. 5). In
the 75-mg dose group, reductions were relatively moderate at
week 4 regardless of antibody level, while significant reduc-
tions (>80%) in trough concentrations were identified in the
medium and high antibody level categories at weeks 8 and 12.
In the 150-mg dose group, samples with medium antibody
level had reductions of 62% (week 4), 90% (week 8), or 72%
(week 12). Samples with a high antibody level did not show a
significant reduction at week 4, but AMG 317 concentrations
were reduced by 93% and 97% at weeks 8 and 12,
respectively. In both dose groups, there appeared to be an
association between trough AMG 317 reduction and antibody
concentration for weeks 8 and 12, and this association was
less obvious for week 4.

Impact of Antidrug Antibodies on AMG 317 Clearance

Frequent sampling for AMG 317 measurement was not
available for this study; therefore, population PK modeling
using data from phase 1 and phase 2 studies was used to
assess the effect of ADA level on clearance. The population
PK analysis accounted for drug elimination due to catabolism,
target binding, as well as elimination due to ADA. The post
hoc individual PK parameter estimates were generated after
including the IOV component. In particular, distributions of
the linear clearance parameter CL at four occasions (weeks 4,
8, 12, and 16) were compared for patients whose ADA
responses were negative, low, medium, and high (Fig. 6).
There was a slightly increasing trend from ADA-negative
status to high-level ADA-positive status. The trend appeared
to be more evident as the trial progressed; however, the high
shrinkage in IOV estimate (∼54–90%) and small sample size
of those patients with medium and high ADA responses in
later occasions restricts the scope of the conclusion.

DISCUSSION

Antibody responses to therapeutic proteins are diverse
and progressive, and their nature is dependent on dose,
frequency, and duration of administration. Robust immune

Table II. Trough Drug Concentration Measurements in the AMG 317 Phase 2 Clinical Trial

Plasma AMG 317 concentration in ng/mL

Median (mean [SD])

75 mg (N=41–53) 150 mg (N=44–59) 300 mg (N=39–52)

Baseline 0 (0 [NA]) 0 (0 [NA]) 0 (0 [NA])
Week 4 81.5 (234 [324]) 833 (1,110 [1,200]) 4,440 (5,610 [4,140])
Week 8 51.3 (249 [453]) 686 (1,260 [1,740]) 4,550 (6,310 [5,580])
Week 11 40.2 (253 [451]) 762 (1,290 [1,530]) 4,710 (5,500 [4,760])
Week 16 0 (0 [NA]) 0 (0 [NA]) 0 (142 [817])

Fig. 3. Trough AMG 317 concentrations in antibody-negative and
antibody-positive samples by dose group. Each box plot shows the
distribution of trough drug concentrations as lower extreme (lower
whisker), first quartile (lower hinge), median (solid circle), third
quartile (upper hinge), and upper extreme (upper whisker). The
outliers (>1.5 times the box length) are shown as open circles
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responses, characterized by isotype switching and affinity
maturation, require T cell-dependent activation of B cells,
which leads to B cell proliferation and differentiation and
subsequent production of increased levels of high affinity
antibodies (3). Although the induction of an immune
response against a therapeutic protein is influenced by many
factors (2), the absence of nonhuman sequences is expected
to reduce immunogenic risk. Despite this expectation, a large
number of subjects in a phase 2 clinical trial of AMG 317
developed antibodies. An investigation into manufacturing-
or stability-related factors did not identify any issues that
could have contributed to the molecule’s immunogenic

potential. In silico analysis of the light and heavy chain
sequences suggested the presence of agretopes predicted to
bind to HLA class II alleles (T. Goletz, personal communi-
cation). Therefore, it is possible that the protein sequence
contributed to the observed clinical immunogenicity. Never-
theless, the reasons for this unexpectedly high rate of ADA
development remain unclear.

The large dataset of antibody-positive subjects was used
to explore the characteristics of the ADA response (inci-
dence, timing, and level) and to evaluate its impact on PK.
The analysis used quasi-quantitative ADA data derived from
the comparison of the sample signal to the signal produced by

Fig. 4. Trough AMG 317 concentrations in antibody-negative and antibody-positive
samples by dose group and time point. Each box plot shows the distribution of trough
drug concentrations as lower extreme (lower whisker), first quartile (lower hinge), median
(solid circle), third quartile (upper hinge), and upper extreme (upper whisker). The outliers
(>1.5 times the box length) are shown as open circles
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a single concentration of the positive control shown to
produce a response within the linear range of the assay
(single-point calibration). Other methods for ADA quasi-
quantitation include titer (the reciprocal of the dilution
testing at the assay/titer cut point) and relative concentration
(interpolation of sample signal from a positive control

standard dose–response curve) (12). None of methods for
ADA level assessment are completely quantitative due to the
absence of a reference standard.

The diversity of potential antibody responses against a
protein therapeutic was exemplified in this clinical trial by the
high variability in the timing and concentration of ADA

Fig. 5. Trough AMG 317 concentrations in antibody-negative and antibody-positive (low,
medium, and high antibody level) samples by dose group and time point. Each box plot
shows the distribution of trough drug concentrations as lower extreme (lower whisker), first
quartile (lower hinge), median (solid circle), third quartile (upper hinge), and upper
extreme (upper whisker). The outliers (>1.5 times the box length) are shown as open circles
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responses observed between subjects and dose groups.
Interestingly, subjects in the high-dose group (300 mg) had
the lowest ADA incidence and the lowest postdose median
ADA relative concentration that tended to peak at earlier
times in the study. Prior to drawing definite conclusions
regarding study data, the limitations of the bioanalytical
ADA method must be considered. The assay used acid
dissociation to minimize drug interference and was validated
to be able to detect low levels of ADA in the presence of
higher levels of AMG 317 than were observed at the time of
study sampling. Therefore, the inverse relationship between
ADA incidence and dose level is probably not due to the
interference of circulating drug with ADA detection. Instead,
repeated dosing at higher levels may have induced immuno-
logical tolerance in the highest-dose group (22) or the drug’s
mechanism of action may have resulted in an attenuated
immune response at the highest dose. Nevertheless, drug
interference may have played a role in the observations
related to antibody concentration. For this reason, the 300-mg
dose group was excluded from quasi-quantitative analysis to
account for the possibility of inaccurate ADA level measure-
ments due to drug interference. Similarly, neutralizing
antibody-positive status was not utilized as a covariate. Due
to the nature of the neutralizing antibody assay (i.e., detection
of mature antibody responses with neutralizing capability)
and assay sensitivity and drug tolerance limitations, the
neutralizing antibody assay is already predisposed to the
identification of only higher-level and high-affinity ADAs
that have impacted drug clearance.

The mechanism for ADA-associated enhanced clearance
is proposed to involve the formation of drug–ADA immune
complexes (23). Serum and imaging analysis of infliximab
nonresponders showed the formation of immune complexes
within the first hour of infusion and faster clearance and higher

liver and spleen uptake (24). If the immune complexes are
sufficiently cross-linked, rapid clearancemay bemediated by the
complement pathway or Fcγ receptors. Complement opsoniza-
tion and interaction with complement receptor 1 results in the
deposition of immune complexes on the surface of erythrocytes,
which transport the complexes to the liver and spleen for
macrophage phagocytosis (25). In addition, immune complexes
may be eliminated through the interaction with Fcγ receptors
located on macrophages, monocytes, and neutrophils (26). Both
of these elimination pathways are influenced by the extent of
immune complex cross-linking. AnADA response that is robust
(high in affinity/concentration and persistent) and involves
multiple drug-binding sites is more likely to affect drug
clearance. In this study, a stronger association between trough
AMG 317 reduction and ADA concentration was detected at
weeks 8 and 12 for the 75- and 150-mg dose groups, while a
weaker relationship was observed at week 4. This observation
may be due to affinity maturation of the ADA response at later
time points, leading to the formation of more stable immune
complexes and increased drug clearance.

Although the analysis of the impact of immunogenicity
on PK is a regulatory expectation for marketing applications,
there are currently no guidance documents on how to conduct
this analysis. Utilizing only qualitative ADA results (antibody
positive or negative) does not take into account the potential
diversity of ADA responses in terms of concentration,
affinity, or timing. Performing the impact analysis using
quantitative ADA data leads to a more accurate assessment
that can be included in the product label, providing physicians
with information about the potential consequences of anti-
body development for their patients. Subject stratification
prior to assessment of impact has been performed for several
therapeutic molecules. In the case of adalimumab, patients
with a high titer of anti-adalimumab antibodies had lower

Fig. 6. AMG 317 clearance (CL) based on population PK modeling in antibody-negative
and antibody-positive (low, medium, and high antibody level) subjects by time point. Each
box plot shows the distribution of CL as lower extreme (lower whisker), first quartile
(lower hinge), median (solid circle), third quartile (upper hinge), and upper extreme (upper
whisker). The outliers (>1.5 times the box length) are shown as open circles
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adalimumab trough concentrations and inferior clinical re-
sponse (27,28). For natalizumab, subjects were stratified by
type of ADA response (transient versus persistent), and
persistently positive subjects were found to have decreased
trough drug concentrations, impaired clinical efficacy, and a
higher incidence of infusion-related adverse events (29). In
this study, ADA responses were categorized into low,
medium, and high groups, and the JT test was used to
evaluate whether there is a statistically significant downward
trend associated with increasing relative antibody concentra-
tion. An additional method that does not require separating
ADA levels into distinct groups (Spearman’s correlation
analysis) was also used to assess the nonlinear correlation
between AMG 317 concentrations and relative antibody
concentrations. Both analyses revealed that higher antibody
levels present at later time points were, in general, associated
with lower AMG 317 trough levels. When therapeutic
proteins are administered at high concentrations as is the
case for most mAbs, the impact of ADA may be more
pronounced on trough levels than on other aspects of the PK
profile (e.g., Cmax or AUC). A population PK approach
revealed an increasing trend in empirical Bayes estimates of
individual clearance from ADA-negative status to high
ADA-positive status, confirming that the effect was not
restricted to trough levels. Although moderate-to-large shrink-
age of the individual PK parameters (∼54–90%) was observed
and limited the scope of the conclusions from the perspective of
individual PK parameters, the difference in post hoc individual
parameters was nevertheless consistent and reflected part of the
difference of the corresponding population parameter. The
exploratory analysis of the effect of quantitative ADA level
observed in this work is consistent with a previous investigation
of qualitative ADA status (negative or positive) on AMG 317
clearance (19). The final AMG 317 PK model included ADA
status as a covariate on the linear drug clearance CL and the
maximum nonlinear drug elimination rate Rmax. The presence
of ADAwas associated with a 16% increase in linear AMG 317
clearance CL and 6% increase in Rmax. Other population PK
studies have also identified ADA as a covariate on mAb
clearance (30–34).

As outlined in regulatory and industry guidance (9,12,35),
the assessment of correlation between ADA status and effects
on PK, pharmacodynamics, and adverse events is a required
component of clinical development. In this study, we demon-
strate the value of quasi-quantitative data for comprehensively
studying the characteristics of ADA and its impact on PK.
Additional characterization data, including ADA affinity or
isotype/subclass, may contribute to an even better understand-
ing of the ADA response and its clinical relevance.

CONCLUSION

In summary, administration of a fully human mAb
therapeutic (AMG 317) to subjects with moderate to severe
asthma unexpectedly resulted in a very high rate of ADA
development. Depending on the dose group, antibody
responses varied in concentration and peak timing. The
impact of ADA on PK (drug levels at trough) was influenced
by ADA level, dose, and timing post-administration. Higher
ADA concentrations and later time points were associated
with lower trough AMG 317 measurements, and population

PK modeling was used to confirm that the presence of ADA
had an effect on drug clearance. The availability of ADA
characterization data was critical for the most comprehensive
evaluation of the impact of ADA on PK.
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