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Abstract. The development of therapeutic proteins requires the understanding of the relationship
between the dose, exposure, efficacy, and toxicity of these molecules. Several intrinsic and extrinsic
factors contribute to the challenges for measuring therapeutic proteins in a precise and accurate manner.
In addition, induction of an immune response to therapeutic protein results in additional complexities in
the analysis of the pharmacokinetic profile, toxicity, safety, and efficacy of this class of molecules.
Assessment of immunogenicity of therapeutic proteins is a required aspect of regulatory filings for a
licensing application and for the safe and efficacious use of these compounds. A systematic strategy and
well-defined criteria for measuring anti-drug antibodies (ADA) have been established, to a large extent,
through coordinated efforts. These recommendations are based on risk assessment and include the
determination of ADA content (concentration/titer), affinity, immunoglobulin isotype/subtype, and
neutralization capacity. This manuscript reviews the requirements necessary for understanding the nature
of an ADA response in order to discern the impact of immunogenicity on pharmacokinetics/
pharmacodynamics and efficacy.
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INTRODUCTION AND BACKGROUND

The clinical development of protein therapeutics has
made significant advances as evidenced by the increasing
number of approvals. Protein therapeutics have complex
structures which result in unique pharmacokinetic and
pharmacodynamic (PK/PD) properties, including an often-
times high degree of nonlinearity in the dose–exposure–
response relationship due to high-affinity interactions with
pharmacologic target structures and other endogenous pro-
teins (1,2). Accurate measurement and modeling of PK/PD
characteristics of therapeutic proteins are required to make
decisions on adequate exposure in preclinical toxicology
studies, select first-in-human starting doses for single and
multiple dosing regimens, determine the efficacious dose for
phase III trials, and assess drug–drug interactions (3).
Administration of protein therapeutics can induce anti-drug
antibodies (ADA), which can have an impact on their PK/PD

characteristics. When produced in “high1” amounts, these
“high”-affinity mature ADA have an increased likelihood of
modulating and even neutralizing the drug's therapeutic
effects. The characterization of these ADA responses
presents bioanalytical challenges. Recent publications and
regulatory guidance documents have provided significant
insights and direction to meet the regulatory requirements
of characterizing and quantifying immune responses to
protein therapeutics (4–6).

The ADA formation may impact either the pharmaco-
kinetics of the protein therapeutic, i.e., the relationship
between dose and the obtained concentrations in plasma or
other organs and tissues, or the pharmacodynamics, which
describes the relationship between systemic concentrations
(exposure) and therapeutic effects, or both. Thus, ADA may
ultimately affect the efficacy and/or toxicity profile of
therapeutic proteins (7,8). In order to delineate the impact
of the immunogenicity on modulating PK and PD, drug
development scientists are challenged with simultaneously
considering the interplay of multiple influential factors that
are major determinants in the occurrence, frequency, severity,
quantifiability, and clinical impact of immune reactions to a
protein therapeutic.

Several factors influence the immunogenicity of thera-
peutic proteins. The European Medicine Agency guidance
document and other reviews (4,6,9) have classified them into

1 The methods to define “high” amount/affinity of ADA that can
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field.
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disease-, patient-, or product-related factors. Briefly, disease-
and patient-related factors have the potential to predispose
an individual to an immune response. Examples for disease-
related factors include dysregulation of immune responses in
autoimmune conditions, inflammatory responses due to an
infectious agent, or an existing immune response in a patient
due to a disease condition (4). A patient-related factor is for
example the major histocompatibility complex background of
subjects that has been demonstrated to influence the immu-
nogenicity of protein therapeutics (10). Product-related
factors that can influence immune response to a therapeutic
protein have also been reported (11,12), such as the induction
of an unanticipated inflammatory response in healthy subjects
after administration of an immunomodulatory biologic (e.g.,
anti-CD28 mAb) (13). In summary, there is a multitude of
interacting factors responsible for ADA formation against
protein therapeutics that comprises product-specific critical
quality attributes (14) including (1) amino acid sequence
differences between therapeutic protein and endogenous
proteins; (2) post-translational modification-associated
changes; (3) structural alterations such as aggregation,
oxidation, deamidation, degradation, and conformational
changes; (4) changes due to storage conditions; (5) produc-
tion/purification-associated modifications; and (6) formula-
tion-associated changes, as well as other factors such as (7)
route, frequency, and dose of administration; (8) immune
status of the clinical subject/animal; and (9) genetic back-
ground of the subject.

This review highlights some of the challenges in under-
standing the impact of immunogenicity on PK/PD through a
series of questions and partial answers with examples.
Listings of the current gaps and suggestions for further
analyses are provided in Tables I and II.

WHAT ARE THE CHALLENGES IN THE METHODS
FOR BIOANALYTICAL QUANTIFICATION OF ADA
AND THERAPEUTIC PROTEINS?

The primary objective of accurate bioanalytical measure-
ments of therapeutic proteins is to ensure the presence of
drug concentrations in the target organ or tissue that are
sufficient for inhibition or activation of its molecular target.
Several factors affect the accurate measurement of circulating
protein therapeutics; these include interference of soluble
target, bound ADA, and serum components (15,16). Advan-
ces in bioanalytical assays may allow detection and measure-
ment of free protein therapeutics and various bound forms

(17), e.g., therapeutic bound to ADA, therapeutic bound to
target, modified or truncated therapeutics, and metabolites of
the therapeutic (18). The bound form of a therapeutic protein
can become biologically inactive as it can be neutralized by
the target (e.g., through binding to shed target receptors) or
ADA. An assay for free therapeutic protein allows for the
detection of a bioactive drug that is not complexed to a
soluble target or ADA. There are instances where the
terminal half-life (t½) is much shorter for the therapeutic
measured in the “free” assay than in the “total” assay, as the
ADA–therapeutic protein complex is oftentimes cleared
slower than the free therapeutic protein. In addition, com-
pensatory upregulation of shed target may result in concen-
tration increases in “total,” while “free” concentrations are
actually decreasing (16). In addition, the accuracy of quanti-
fication of protein therapeutics can be confounded by the
presence of ADA. Thus, the challenges in measuring
concentrations of therapeutic proteins include understanding
the characteristics of free and bound forms and the impact of
circulating ADA on assay accuracy.

Significant advances have been made in the bioanalytical
methods to measure ADAwhich involve three stages, namely
screening, confirmation, and characterization (5,6). The
screening and confirmatory assays utilize binding immunoassays
to detect the presence of ADA. The ADA response is likely to
be a polyclonal response with (1) diverse ADA concentrations
and affinity, and (2) different isotype and subtype responses and
(3) directed to different epitopes. The samples that are positive
in the confirmatory assay are subsequently characterized in a
functional assay to determine the neutralization potential. The
lower limit of detection of ADA is highly dependent on the
affinity of the antibodies used in the immunoassays and has
been reported as approximately ~20 and 1,000 ng/mL for
capturing antibodies with an approximate KD of 10−9 and
10−8 M, respectively (19,20). There are instances where the
described quantification methods for therapeutic proteins
fail, for example, if the drug is dosed in low amounts and is
immediately consumed by the target, resulting in no quantifiable
concentrations. In these instances, PD measurements confirming
target binding to the drug can be used as a surrogate marker for
drug exposure. For some modalities like fusion proteins or
conjugated proteins, where enhanced degradation through
biotransformation might occur, a PD effect could also be a more
reliable surrogate for understanding exposure as PK assays can
detect only the intact molecule while metabolites that are
potentially still bioactive can usually not be detected by these
assays.

Table I. Considerations for Analyzing the Impact of Immunogenicity on PK/PD

Considerations:

1. The assessment of the impact of immunogenicity on PK/PD should consider different dosing schedules and well-defined sampling
schedules, which could include peak and trough concentrations and late time points after the circulating drug has been cleared.

2. The bioanalytical methods should detect ADA in the presence of circulating drug, and conversely, therapeutic proteins should be
measured in the presence of ADA. These data will allow for advances in modeling the total kinetics of ADA responses in subjects.

3. Differentiation of ADA responses by concentrations should be performed prior to an accurate assessment of impact on PK profiles of
therapeutic proteins.

4. In certain cases, pharmacokinetic profiles of therapeutic proteins could be assessed through cross-sectional analysis of PK bioanalytical
data, using population PK data analysis methods.

5. ADA with higher concentrations have a greater likelihood of having an impact on PK profiles of therapeutic proteins.
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WHATTYPESOFADARESPONSESTOTHERAPEUTIC
PROTEINS HAVE BEEN OBSERVED IN CLINICAL
TRIALS?

The concentrations and types of ADA are variable
between individuals and can therefore have a different impact
on PK/PD and the efficacy of therapeutic proteins in different
individuals. In addition, a similar concentration of ADA in
two different individuals could also have a variable impact
due to the polyclonal nature of the ADA response. Hence,
characterizing the nature of the antibody response could
provide a mechanism to differentiate the range of ADA by
strength and type, thereby facilitating the development of
robust statistical methods to evaluate their impact on PK, PD,
efficacy, and safety. ADA isotype responses from IgM to the
various IgG subtypes have been reported. These responses
have been shown to be directed to epitopes which target both
the active site (ligand/receptor binding epitopes, which result
in neutralizing activity) and non-neutralizing sites on thera-
peutic proteins. Table III shows the immunogenicity rates and
characteristics of a short list of therapeutic proteins, which
represent the major classes of drug products, i.e., monoclonal
antibodies, recombinant cytokines, enzymes, and other pro-
teins. A more detailed list can be found at www.fda.gov and
in other recent reviews (21–23).

As noted in the previous section, the bioanalytical
methods to measure free circulating ADA are influenced by
high concentrations of circulating drug, especially during the
dosing phase of clinical studies. Thus, assessment of the ADA
of the subjects is preferably performed at the end of the study
in the absence of circulating drug, but this cannot be done in
all clinical instances, for example if drug therapy is continued
after study completion for ethical reasons.

The inability to accurately measure the concentrations of
antibodies, especially during the course of the study, hampers
the ability to characterize and model the time course of an
immune response to therapeutic proteins. In order to be able
to determine the impact of antibodies on PK completely and
accurately, both samples for PK and ADA analyses need to
be collected at the same appropriate time points. The time
period of the first occurrence of therapeutic protein induced
ADA ranges from ~2 to 4 weeks post-administration.
Although much is known about the kinetics of the immune
response to vaccine antigens and autoantigens in disease
states (24), the precise kinetics and the nature of the immune
response induced by ~10–300 mg doses of human and
humanized therapeutic proteins in humans are largely
unknown. Notwithstanding, studies on immunogenicity to
natalizumab indicate that ADA were detected by 12 weeks
post-treatment and that persistent ADA (rather than

Table II. Gaps in Our Current Knowledge on the Impact of Immunogenicity on PK/PD Ordered by Priority for the Need to Be Addressed

GAPS:

1. There is a lack of consistency in reporting types of ADA responses; thus, characteristics of the ADA that have impact on PK/PD are
reported in diverse ways (e.g., titers, concentrations, isotypes, etc.) and are difficult to compare among compounds.

2. High concentrations of circulating protein therapeutics and ADA interfere with accuracy of bioanalytical measurements and make
simultaneous quantification challenging.

3. The inability to accurately measure the concentrations of antibodies, especially during the course of the study, hampers the ability to
model the time course of an immune response to therapeutic proteins.

4. The mechanism of action of ADA-induced impact on PK of therapeutic proteins has not been extensively investigated and remains unclear.
5. There is limited knowledge of the effect of endogenous modification or partial degradation on the immunogenicity of protein therapeutics.
6. There is a lack of a database of product- and patient-related factors that influence the impact of immunogenicity on PK/PD and efficacy.

Table III. Immunogenicity Rates and Characteristics for a Selection of Representative Therapeutic Proteins

Product Mechanism of action Type Immunogenicity ratea
Estimated ADA
concentration (type)

Adalimumab Anti-TNF-α Ab Human IgG1 κ 1–12 % NR
Infliximab Anti-TNF-α Ab Chimeric IgG1 κ 10 % NR
Alemtuzumab Anti-CD52 Ab Humanized IgG1 κ 8.3 % NR
Muromonab-CD3 Anti-CD3 Ab Murine IgG1 κ 86 % (IgM, G, E)
Cetuximab Anti-EGFR Ab Chimeric IgG1 κ 5 % NR (IgE)
Natalizumab Anti-α4β1 Ab IgG1 κ 9 % NR
Rituximab Anti-CD20 Chimeric IgG1 κ 1 % NR
Darbepoietin α Analog of erythropoietin Protein 3–4 % 0.2–1 μg/mL (IgG1-4)
Interferons Interferons Protein 6–24 % NR
Anakinra IL1R antagonist Protein 28 % NR
Recombinant FVIII, IX Factor VIII, IX replacement Proteins 3.6–20 % ~1.2–3 BU
Alglucosidase α Alglucosidase α replacement Protein 89 % >12,800 titer (IgG)

All information were derived from the respective prescribing information. From (21–23)
NR not reported, Ab antibody
a Immunogenicity rates are highly dependent on the sensitivity of the applied assay methodologies
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transient ADA) had a strong correlation with a decrease in
drug serum concentrations and resultant reduced efficacy
(25). Two anti-TNF-α antibody therapeutics, infliximab and
adalimumab, have also shown more rapid clearance resulting in
loss of efficacy when ADA were formed (8,26). ADA that
have an impact on clearance have been reported in a range
of 8–16 weeks after initiation of therapy (25,27). Since
measurements of ADA and drug concentrations at the
same time points are significantly impacted by assay
interferences, improved bioanalytical methods to define
the characteristics of ADA are needed to allow for
advances in characterizing the kinetics of ADA responses.

WHAT ARE THE CHARACTERISTICS
OF ADA LIKELY HAVING AN IMPACT ON PK/PD
OR EFFICACY OF A THERAPEUTIC PROTEIN?

ADA can impact the PK of therapeutic proteins in
diverse ways. On the one hand, ADA can enhance clearance,
and on the other sustain the circulation of therapeutic
proteins. The mechanism of action of an ADA-induced
impact on the PK of therapeutic proteins has not been
extensively investigated. Both binding and neutralizing ADA
have likely the potential to impact the clearance of therapeu-
tic proteins (28). Generally, ADA that are present at high
concentrations and have high affinity for the therapeutic
protein are considered to have the highest potential of
impact. The isotype of the ADA may also affect clearance,
based on interactions of the various isotypes (e.g., IgG1,
IgG2, IgG3, etc.) with Fc receptor (FcR) types (29,30). The
increased likelihood of ADA formation at >4 weeks after
initiation of therapy can be explained by the kinetics of the
somatic hypermutation process of immunoglobulins (31).

Treatment of Pompe disease patients with alglucosidase-
α (Myozyme) represents an example for the effect of ADA
on PK/PD and efficacy. Alglucosidase-α is administered to
subjects with mutations in the glucosidase gene and induces
ADA in the majority of the subjects. It was estimated that
subjects with an ADA titer of >1:12,800 had an increase in
clearance by 50 % (range, 5–90 %) from weeks 1 to 12 (32).
Furthermore, patients with high sustained ADA titer have an
attenuated therapeutic response to this enzyme replacement
therapy (33).

We have recently analyzed the impact of ADA concen-
trations on the PK of a fully human monoclonal antibody
therapeutic. Several individuals developed ADA ranging in
concentration from 250 to >2,000 ng/mL. (Note: the concen-
trations of ADA are relative, since these have been
extrapolated from a rabbit polyclonal standard). Using a
statistical approach, we have observed that higher ADA
concentrations were associated with lower therapeutic trough
concentrations and that the association was strongest at later
time points (week 12 of weekly dosing) (Starcevic M. et al.,
manuscript submitted).

WHAT ARE THE MECHANISMS OF ADA-INDUCED
CLEARANCE AND SUSTENANCE OF THERAPEUTIC
PROTEINS?

The binding of protein therapeutics to ADA directed
against them results in the formation of immune complexes.

Similar to immune complexes formed from endogenous IgG
molecules and their natural targets, ADA–protein therapeu-
tic immune complexes circulating in the bloodstream trigger
regular endogenous elimination processes. This elimination is
mediated through the reticuloendothelial system, predomi-
nantly phagocytic cells in the liver and spleen such as
monocytes and macrophages as well as endothelial cells.
The immune complexes are internalized and undergo subse-
quent lysosomal degradation. Since this process results in the
degradation of the protein therapeutic and the ADA, the
ADA-induced clearance constitutes an additional elimination
pathway for the protein therapeutic (Fig. 1). While there is
still limited mechanistic knowledge on the uptake of the
immune complex, Fcγ receptors have been suggested as a
major route for immune complex internalization (34).

Binding of ADA to therapeutic proteins occurs either
through the active site of the protein which can neutralize its
activity or through other portions of the protein. ADA can
bind to the therapeutic proteins and clear the drug through Fc
receptor pathways. The characteristics of an ADA response
that can clear versus sustain therapeutic proteins are not
clearly understood. One hypothesis for the mechanism of the
clearing versus sustaining ADA involves the size of the
ADA–protein therapeutic immune complex. Herein, larger
immune complexes can be cleared by endogenous mecha-
nisms. Thus, clearing ADA increases the clearance of the
affected protein therapeutic as their immune complex forma-
tion triggers elimination through the reticuloendothelial
system. This additional elimination process results in a
decrease in the systemic exposure and shortening of the
elimination half-life of the affected protein drug. In contrast,
sustaining antibodies also form ADA–protein drug immune
complexes, but the size and structure of the formed complex
are insufficient to trigger the elimination process through the
reticuloendothelial system. These complexes serve as a
storage depot for the protein therapeutic. They can thereby
reduce the clearance of protein therapeutics and increase
their systemic exposure and elimination half-life. Recycling of
the immune complex through interaction of the ADA
component of the complex with the neonatal Fc receptor
may be an additional mechanism for the observed prolonga-
tion in half-life (35). As other hypotheses about the mecha-
nism of the ADA effect on PK have been proposed, further
studies on the characteristics of ADA responses are needed
to provide insight into those ADA that result in clearing
versus sustaining circulating concentrations of therapeutic
proteins (36).

WHAT EXPERIMENTS AND DATA ANALYSIS
ARE UTILIZED FOR EVALUATING THE IMPACT
OF IMMUNOGENICITY ON PK/PD?

In order to evaluate the impact of immunogenicity on
PK/PD, the following factors should be considered: different
dosing schedules and appropriate timing of sample collection
which should include samples at the peak and trough
concentration, at late time points after dosing, and samples
after the circulating protein drug has been cleared, if possible.
At every sampling time point for ADA assessment, a PK
sample for corresponding concentration measurements of the
therapeutic protein should also be collected. Thus, the ADA
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sampling strategy involves collection as early as 2 h post
dosing to as late as several weeks after dosing. The
interference of soluble targets, extracellular domain of the
target receptors, or ADA on the PK assay need to be
considered in the design of the sampling strategy by looking
for free or total drug. The ADA sampling for shorter studies
frequently includes a pre-dose sample as reference, a sample
approximately 2 weeks after dosing to capture early low-
affinity response, and late-stage sampling after approximately
a month to capture mature IgG-mediated response. For long-
term studies, quarterly sampling ensures monitoring for a
transient vs. a persistent response and maturation to a
neutralizing response. In instances where a high magnitude
of immune response is expected, drug–ADA immune com-
plex sampling can also occur. Such a sampling would require

capture of time points following dosing to ensure capture of
the immune complexes before they are cleared by the
reticuloendothelial system.

In certain cases, pharmacokinetic profiles of therapeutic
proteins can be assessed through cross-study analysis of
concentration measurements using population PK analysis
methods (37,38). The analysis of effects of immunogenicity on
PK has been described for several molecules (22,24,25).
However, the use of pharmacostatistical techniques in a
population PK analysis across multiple clinical studies can
provide a more robust dataset for these analyses. In this
approach, box plot analysis between steady-state area-under-
the-concentration-time curve of the therapeutic proteins can
assess the variability of systemic exposure in the subjects with
ADA. Through analysis of individual subjects, it can be

Fig. 1. Example of multiple clearance pathways affecting the pharmacokinetics of a typical
protein therapeutic. Depicted is a two-compartment pharmacokinetic model with
intravenous administration of a dose (D), concentrations of the protein therapeutic in
the central (PT1) and peripheral (PT2) compartment, and interdepartmental clearance Q.
The pharmacokinetic model includes two clearance pathways, one from the central
compartment (CL1) representative of for example renal metabolism or proteolytic
degradation through the reticuloendothelial system, and a second unspecific proteolytic
degradation pathway from the peripheral compartment (CL2) Added to these two
clearance pathways is, on the right side, a target-mediated disposition pathway that
constitutes interaction of the protein therapeutic with its pharmacologic target receptor,
which is in a homeostatic equilibrium of synthesis and degradation (synthesis rate ksyn and
degradation rate constant kdeg). The dynamic equilibrium for the formation of the resulting
protein therapeutic–receptor complex (PT–R) is determined through the association rate
constant kon and the dissociation rate constant koff. The formation of PT–R does not only
elicit the pharmacologic effect, but also triggers degradation of the complex. Thus, target
binding and subsequent PT–R degradation constitute an additional clearance pathway for
the protein therapeutic (CL3). The left side of the graphic depicts the effect of an immune
response to the protein therapeutic resulting in ADA formation. Again, the circulating
concentration of the ADA is determined by a homeostatic equilibrium between its
formation rate (kformation) and a catabolic turnover process (rate constant kcat). The ADA
response results in the formation of immune complexes with the drug (ADA–PT).
Dependent on the size and structure of the immune complexes, endogenous elimination
pathways through the reticuloendothelial system may be triggered, most likely via Fcγ-
mediated endocytosis. Thus, immune complex formation and subsequent degradation may
constitute an additional clearance pathway (CL4) for protein therapeutics
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assessed whether subjects with different characteristics of
ADA response clear the circulating drug faster or slower.

The interpretation of these results, although statistically
correct, can be hampered by the bioanalytical methods used
to measure neutralizing antibodies which usually have a very
low tolerance to the presence of circulating drug. In this
respect, it is possible that some subjects, who have high
circulating concentrations of therapeutic protein, could score
negative for the presence of neutralizing antibodies in the
bioassay, but the ADA could influence the circulating drug
concentrations. In order to be able to address this issue,
relative quantitative analysis of antibody concentrations can
be used to further stratify the analysis. Using this approach, a
more in-depth analysis of the impact of immunogenicity can
be performed.

WHAT ARE THE CONSEQUENCES OF ADA
USUALLY BEING A POLYCLONAL RESPONSE
FOR ADA ASSESSMENTS?

Due to induction of a polyclonal ADA response
following administration of protein therapeutics, multiple
ADA species circulating in the serum exist, each of which
has its own specificity and binding affinity. As a result, these
different ADA responses may have divergent effects on the
PK/PD of the protein therapeutic: (1) neutralizing effect on
activity by interfering with the protein therapeutic's ability to
bind to its pharmacologic target, (2) non-neutralizing effect
on activity and a sustaining effect on the PK, and (3) non-
neutralizing effect on activity, but an enhanced elimination of
the protein therapeutic. The net clinical effect will be
determined by the ADA responses that are expressed in the
largest amounts and/or have the most prominent effects with
regard to the PK/PD. Therefore, quantifying the concentra-
tions of ADA responses along with circulating drug concen-
trations may provide a pathway for a better understanding of
the impact of immunogenicity (37). Nevertheless, there are
still major gaps in the understanding of many aspects of the
polyclonal ADA response.

CAN AN ADA RESPONSE BE OVERCOME
CLINICALLY?

The field of immunogenicity to therapeutic proteins has
evolved from methods of detecting ADA into the develop-
ment of treatment regimens that manipulate the immune
system and abrogate immunogenicity. In this respect,
methotrexate, rituximab, and intravenous immunoglobulins
have been utilized to inhibit ADA responses to therapeutic
proteins (39–41). These immunomodulatory regimens are
particularly relevant to therapeutic proteins with a high
risk to breaking the B cell tolerance towards their
endogenous analogs, such as hemophilic factors IX and
VIII, or replacement enzymes such as alglucosidase alfa
(Myozyme). In these cases, mitigating antibody responses
by induction and maintenance of immune tolerance can be
key to the success of a therapy in patients.

The primary solution to the presence of ADA has been
to “dose through” with higher dose regimens, i.e., stoichio-
metrically overcoming the neutralizing effect of an ADA
response by supplying a large number of molecules of the

protein therapeutic that outnumber the available ADA
molecules. The doses selected for this approach have been
established empirically. This could for example be shown for
the treatment of multiple sclerosis patients with interferon-β.
A loss of bioactivity due to the formation of neutralizing
ADA could be overcome by intravenous application of
high-dose interferon-β (42).

WHAT ARE THE PITFALLS OF COMPARING ADA
INCIDENCE RATES AMONG DIFFERENT PROTEIN
THERAPEUTICS?

Although significant advances have been made to
standardize methodologies to measure ADA through collab-
orative efforts of industry and regulatory agencies, several
challenges continue to manifest in measuring immunogenicity
to therapeutic proteins. Some of these include the inability to
measure total and free ADA during the dosing phase, use of
different technology platforms in measuring diverse antibody
polyclonal responses (such as low affinity, high concentra-
tions, specific isotype), or the limited assessment of sensitivity
and specificity of assays due to use of polyclonal rabbit/
monkey positive controls (43,44). For these reasons, it
remains difficult to compare the immunogenicity of different
therapeutic proteins. It is possible that a concerted effort to
develop international standards for classes of therapeutic
proteins can provide some value in comparative immunoge-
nicity. Such efforts have been made in vaccine development
(45), and their establishment for protein therapeutics,
although challenging, will be valuable to compare immuno-
genicity rates of molecules, especially with the advent of
expanding development activities for biosimilars.

SUMMARY

Many of the questions raised in this review regarding
ADA formation and its impact on the PK/PD and efficacy of
protein therapeutics could only be partially answered based
on the current knowledge. Table I summarizes major consid-
erations that should be taken into account in the assessment
of ADA responses, while Table II highlights some of the
major gaps in our current understanding of immunogenicity.
Further work on immunogenicity and clinical immunology
will have to address many of these current gaps in our
knowledgebase on the immune response to protein therapeu-
tics in order to improve the safety and ensure the efficacy of
the clinically used protein drugs today and in the future.
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