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Anti-drug antibodies induced by biologic therapeutics often impact drug pharmacokinetics, pharmacodynamics response, clinical
efficacy, and patient safety. It is critical to assess the immunogenicity risk of potential biotherapeutics in producing neutralizing
and nonneutralizing anti-drug antibodies, especially in clinical phases of drug development. Different assay methodologies
have been used to detect all anti-drug antibodies, including ELISA, radioimmunoassay, surface plasmon resonance, and
electrochemiluminescence-based technologies.Themost commonly usedmethod is a bridging assay, performed in an ELISA or on
the Meso Scale Discovery platform. In this report, we aim to review the emerging new assay technologies that can complement or
address challenges associated with the bridging assay format in screening and confirmation of ADAs. We also summarize generic
anti-drug antibody assays that do not require drug-specific reagents for nonclinical studies.These generic assays significantly reduce
assay development efforts and, therefore, shorten the assay readiness timeline.

1. Introduction

Biotherapeutics often elicit unwanted immune response that
produces nonneutralizing and/or neutralizing anti-drug anti-
bodies (ADAs). A widely adopted tiered immunogenicity
testing approach includes first the screening and confirma-
tion of both types of ADAs using immunoassays. Testing for
neutralizing antibodies, preferably using methods that reflect
the drug’s mechanism of action in vivo, may be followed up
for the ADA positive samples [1]. The industry standard for
immunogenicity testing of ADA screening and confirmation
is the bridging immunoassay. In these assays the drug is
labeled separately with different haptens or tags and any anti-
drug antibodies present in a sample will form a bridge
between the two labeled molecules. The most important
advantage with this method is that all isotypes of ADA (IgG,
IgM, IgA, etc.) can be detected [2]. This format can also
be used in all species, as any immunoglobulin is capable of
forming an immune complex with the two labeled drugs.

However, there are several significant disadvantages with
the bridging assay format. Bridging assays can also detect pre-
existing antibodies that recognize the drug. Examples of such
antibodies include agents found in particular diseased popu-
lations, such as rheumatoid factor that binds to Fc domains of
immunoglobulins [3–5]. In other cases preexisting antibodies
reactive to specific regions, such as anti-allotype [6] or anti-
hinge region [7, 8] antibodies, were detected in bridging
assays. In one case, preexisting IgE antibodies specific to an
oligosaccharide present on the therapeutic have also been
shown to cause a hypersensitivity reaction [9]. However, pre-
existing reactivity has generally not been shown to be a risk
factor for posttreatment immunogenicity, especially formon-
oclonal antibody drugs, and in most cases the agent respon-
sible is not identified [4, 10]. Minimizing this type of interfer-
ence is a challenge in bridging assays and can confound the
detection and interpretation of treatment-induced ADA.

In addition to immunoglobulins, other serum compo-
nents can generate signal in the assay. Soluble, multimeric
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drug targets can also form a bridge between the two labeled
molecules, generating a false positive response [11, 12]. This
is a particularly challenging problem, as soluble target levels
generally increase after dosingwith the drug, in some cases by
substantial amounts [13], and the target-mediated assay signal
needs to be reduced to below the assay cut point.

Although the bridging assay format allows detection of all
isotypes of ADA, it does not identify the specific isotypes rep-
resented in the response. In addition, the bridging assay does
not detect IgG4 subclass when monovalent due to Fab arm
exchange [14], and the ADA response to biotherapeutics can
include a substantial proportion of IgG4 [15–17]. However, in
these cases there was also a significant IgG1 response. Hence,
the bridging assay may underestimate the level of IgG4 ADA
but would likely not generate a false negative assay response.

Drug interference is amajor challenge in immunogenicity
assays because the presence of drug may result in false
negatives, which in turn underestimates the ADA incidence.
Given these difficulties with the bridging assay format and
drug tolerance issue in general, alternative platforms or strat-
egies may be required for immunogenicity testing. The focus
of this paper is to review some of the new technologies that
address the challenges of bridging ELISA/MSD or comple-
ment bridging assays for the screening and confirmation of
ADAs. These technologies allow identification of the specific
isotypes and subclasses of ADA and can substantially reduce
interference from soluble drug target. In addition, they may
provide improved drug tolerance, low sample or reagent
consumption, and better matrix tolerance. It is important
to recognize that the ADAs detected by immunoassays
may not necessarily be clinically relevant. The correlations
of ADAs with clinical impact on safety, pharmacokinetics,
pharmacodynamics, and efficacy can only be drawn when
sufficient data has been accumulated during late stage of
clinical development or even postauthorization clinical prac-
tice [18]. Finally, generic ADA assay methodologies that
provide significant time saving in assay development are also
discussed. Neutralizing antibody assays have been reviewed
by others [1] and are outside of the scope of this paper.

2. Emerging Technologies for ADA Assays

2.1. Immunogenicity Assays Using Gyrolab. The Gyrolab plat-
form, which incorporates microfluidics and partial automa-
tion, has been widely used as a bioanalytical tool in ligand
binding assays [19]. Assays have been validated on the Gyro-
lab platform for quantification of biologic drug candidates
(including human IgGs) to determine their pharmacokinetic
properties [20, 21] and to measure the affinity of protein-
protein interactions [22].

Recent industry meetings have also showcased bridging
ADA assays being developed using the Gyrolab.The platform
offers an ADA mixing CD where the key steps of an ADA
assay, such as acid treatment, neutralization, and bridging
reaction, are automated and performed within each CD mi-
crostructure [http://www.gyros.com/products/gyrolab-cds/].
Alternatively, since the technology is based on streptavidin
coated beads [23], the sample preparation steps mentioned
above can also be performed outside of the system [24]

(similar to the MSD platform), followed by analysis on a
regular Gyros CD (1000 nL or 200 nL). The Gyrolab ADA
software also provides a statistical tool that can assist in cut
point determination.

Among the advantages with the Gyrolab platform is the
minimal use of critical reagents and sample volume due to
themicrofluidics [22]. ForADAassays using theADAmixing
CD, the run time per CD can be less than one hour (enabled
by automating the acid and neutralization steps within the
ADA CD). However, the relatively short incubation time for
neutralization and bridging reaction in the ADACDmay not
be sufficient for low affinity antibodies present in the samples
to form the bridged complex. This can be addressed during
development by optimizing the incubation times for the acid
and neutralization/bridging steps.

Some of the disadvantages of the ADA CD include fewer
sample throughputs per CD, 48 microstructures per CD
compared to 96 or 112 (1000 or 200 nLCDused for PK assays).
Also, the ADACD has a maximum sample volume of 200 nL,
which is 5 times less than the regular 1000 nL CD. Additional
limitations to the Gyros platform include the cost of reagents
and consumables, in particular the CDs. However, overall
Gyros can be considered as an alternative platform for the
development of ADA assays to improve workflow through
automation or save on volume of critical reagents consumed.

2.2. Immunogenicity Assays Using iPCR. One of the key
challenges reported for accepted methodologies for ADA
testing is the interference from circulating drug. Several
methodologies, prominent amongst them acid dissociation
and ADA enrichment, have been reported for improving
drug tolerance [25]. In addition, collecting samples after a
wash-out period is also common, although this approachmay
not be practical in multidose efficacy studies. One way to
improve drug tolerance in ADA assays is by incorporating
large dilutions to reduce the concentration of drug in the
sample. Technologies like immune-PCR (iPCR) that offer
high sensitivity may allow for detection of ADA in diluted
samples. In two reports describing ADA assays using iPCR
[26, 27], the bridging assay format was used. The divalent
ADA molecule forms a bridge between drugs immobilized
on the plate and biotin labeled drug. The biotin labeled com-
plexes were detected using a proprietary Imperacer® reagent,
anti-biotin antibody conjugated to DNA, which is quantified
by real time PCR [26].

In the first study, using amodel system of goat anti-mouse
IgG as protein drug mimic and a polyclonal rabbit anti-goat
IgG mimicking the ADA, the assay could tolerate drug levels
2000-fold greater than ADA levels (10 ng/mL of the ADA
detected in the presence of 20mg/mL of drug), probably due
to larger initial dilution of the sample causing dissociation of
ADA-drug complexes. The high sensitivity of the platform
due to signal amplification allows for the detection of low
ADA levels.This is higher than what has been reported using
sample pretreatment and acidification [25, 28, 29].Thismodel
system also reported sensitivity in the order of 5 pg/mL [26].

The second report using iPCR forADAdetection pertains
to the development of an assay to support clinical trials of
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a receptor IgG1 fusion protein. Drug tolerance levels were
reported as 1000-fold greater than ADA levels for the iPCR,
versus 40-fold greater for the MSD platform. In addition,
sensitivity (using the same positive control) was 20 ng/mL
and 40 pg/mL for the MSD and iPCR platforms, respectively
[27]. In addition, in this case study, using the iPCR platforms
allowed an investigation of whether the inverse relationship
between ADA incidence and dose administered was due to
the inability of the assay to detect ADA in the presence of
circulating drug or the induction of immune tolerance.

One of the advantages to using iPCR (in addition to
improved drug tolerance) is that the PCR amplification
enables large sample dilution, thereby reducingmatrix effects
[26]. While the iPCR assay platform has reported improved
drug tolerance and sensitivity, the platform is dependent on
proprietary reagents obtained from the vendor and is there-
fore less amenable to in-house method development. The
need for rigorous analyst training has also been mentioned
as a concern for obtaining reproducible results [27].

2.3. SimultaneousDetection and Isotyping of anADAResponse

2.3.1. SQI SquidLite Technology. Additional characterization
of the immune response may require the development of
assays to isotype the ADA detected. SQI Diagnostics Squid-
Lite technology platform offers the option of ADA detection
and isotyping in the same well, potentially eliminating the
need for multiple assays and reducing the amount of sample
volume needed. SQI’s technology prints microarray spots
of the drug on an activated glass surface. This is followed
sequentially by sample addition and the addition of fluores-
cent labeled detection antibodies [30]. Using this technology
platform, users have reported improved sensitivity and drug
tolerance compared to an ELISA or ECL platform [30]. The
advantage of the SQI platform is the ability tomultiplex when
isotyping is needed and the automated system can potentially
increase throughput. However, the platform uses proprietary
buffers and has a substantial upfront cost in instrument setup.
In addition, initial method development is performed by SQI
and workup is needed by the vendor to optimize spotting of
the drug on the glass surface.

2.3.2. Genalyte Maverick System. Another technology plat-
form that enables simultaneous ADA detection and isotyping
of the immune response is the Genalyte Maverick. In this
technology platform, anti-isotype capture probes are printed
on the silicon photonic biosensor surface. Anti-drug anti-
body in the sample is captured via the Fc portion and the
complex is detected using biotinylated drug followed by
streptavidin coated beads causing a change of refractive
index.TheMaverick system is capable of detecting all immu-
noglobulin isotypes including monovalent IgG4. However,
this platform requires sample pretreatment steps of acid
dissociation followed by affinity capture of ADA using drug
coated on 96 plates. The ADAs are eluted off the plate in
low pH and neutralized before flowing over the sensor chip.
Both platforms (SQI and Maverick) offer the advantage of
automation. Maverick is a label-free detection that allows for
real time kinetic binding results, whereas SQI is end point

reading. However, unlike the SQI there is no user published
literature as yet on the use of the Maverick and the currently
available information is primarily provided by the vendor
(http://www.genalyte.com/resources/).

2.3.3. Immunocapture-LC/MS. Liquid chromatography mass
spectrometry (LC/MS) is becoming an important technology
for large molecule drug development. The applications of
LC/MS in quantifying endogenous protein biomarkers and
biotherapeutics in biological matrices are increasing. Generic
LC-MS assays that measure human mAbs or Fc fusion
proteins have been successfully used for PK bioanalysis [31,
32]. The use of LC-MS for immunogenicity testing has also
emerged in the recent years [33, 34]. In this special issue,
Chen et al. reported an immunocapture-LC/MS assay for
simultaneous ADA detection and isotyping [35].The authors
identified proteolytic derived surrogate peptides that are
unique to each human immunoglobulin isotype and subclass
by LC/MS. Human sera containing preexisting ADA against
a therapeutic protein as determined by ECL bridging assay
were used to demonstrate the LC/MS ADA assay technology.
To increase assay sensitivity, immunopurification was first
performed on these human sera using two techniques. One
method is to use biotinylated drug to enrich the ADA. The
other is to spike excess drug into the sera to saturate the
ADA binding sites followed by using a mouse monoclonal
antibody against drug to capture the ADA-drug complex.
The universal peptides specific to each isotype/subclass were
semiquantitated using LC/MS and purified human Ig isotype
standards. LC/MS ADA assay will become a valuable tech-
nology for immunogenicity testing given LC/MS’s advantage
in multiplexing capability and high specificity. However,
additional improvements are needed to further reduce the
endogenous Ig interference of the immunocapture-LC/MS
assay, and the immunocapture step itself may lead to a higher
level of interlaboratory variability. Furthermore, successful
use of the platform requires strong LC/MS capabilities which
may not be available in standard bioanalytical laboratories.
Serial analysis by LC/MS is also generally lower throughput
compared to ligand binding assays performed in a 96-well
immunoassay plate. Finally, the application of LC/MS in
clinical immunogenicity testing needs to be demonstrated in
patient samples treated with biotherapeutics.

3. Generic ADA Assay Methodologies

ADA assays typically use drug-specific reagents that require
substantial time and resources to prepare and characterize.
Generic ADA assays that can be applied to all human mono-
clonal antibody therapeutics have been reported for nonclin-
ical applications [36, 37]. These “off-the-shelf” assays require
minimal assay optimization and can be used for early candi-
date selection studies right up to IND-enabling GLP studies.

3.1. Generic ADA ELISAs for Nonclinical Studies. Immune-
complex assays have been used to measure immunogenic-
ity in mouse and cynomolgus monkey studies [36, 37].
The assays used anti-human constant region antibodies to
capture the drug and anti-mouse or anti-cynomolgus IgG
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species-specific antibodies to detect the drug-ADA complex.
By preincubating the sample with excess drug, the immune-
complex assay measures total ADA levels. Since the first
report of the assay in 2010, the monkey ADA assay has been
modified and successfully used by Carrasco-Triguero et al.,
for not only monovalent human IgG therapeutic antibodies,
but also antibody-drug conjugates (see this special issue)
[38].Themodified version uses a commercially available anti-
human IgG Fc specific monoclonal antibody as coat and
an anti-monkey IgG polyclonal antibody for detection. In
addition, the paper also described a simple methodology
for determining in study cut points. This assay format has
superior drug tolerance and adequate sensitivity that detected
equal or greater number ofADApositive responses compared
to therapeutic-specific bridging ELISA.One of the drawbacks
of the generic total ADA assay is that this assay format does
not allow for mapping ADA domain specificity, which was
typically done by spiking in other drug-related constructs.
Another difference is that bridging ELISAs detect many
different isotypes whereas the ADA-drug complex assay is
limited to IgG isotype. Furthermore, the complex assay
method is not likely applicable to the detection of ADA in
humans dosed with human monoclonal antibodies.

3.2. Universal ADA ECL Immunoassays for Nonclinical Stud-
ies. To simplify ADA assay development during nonclinical
studies, Bautista et al. reported a universal indirect species-
specific immunoassay (UNISA) for ADA detection in three
animal species: mouse, rat, and cynomolgus monkey [39].
The format of these assays is to coat the therapeutic on carbon
surface plates to capture ADA, which is detected with a
species-specific antibody. Unlike the immune-complex assay,
this assay format allows for mapping the ADA specificity to
different regions of the biotherapeutic molecule.

In a follow-up paper, Bautista et al. validated the UNISA
using a single assay condition across four representative ther-
apeutic monoclonal antibodies [40]. The paper established
a universal cut point, but the suitability of the cut point
would need to be assessed for each new drug candidate.
The paper also demonstrated similar assay sensitivity (2–
10 ng/mL) and drug tolerance (272–403 ng/mL) with the
positive control and defined acceptance criteria based on
the four human monoclonal antibodies tested. As with the
immune-complex assays, the UNISA uses generic reagents
and assay conditions which is a considerable advantage in
nonclinical studies. First, the coat antibody does not require
labeling and is ready to use as it is. Second, using one
assay condition across different therapeutic antibodies saves
the assay development time. In addition, the streamlined
immunogenicity assessment strategy speeds up the assay
validation. As with the immune-complex generic ADA assay,
the use of specific detection antibodies precludes detection
of all isotypes of ADA. In addition, the method has limited
application in the clinical setting.

3.3. Generic Human Anti-PEG Antibody Assays Using Acous-
tic Membrane Microparticle Technology. Polyethylene glycol
(PEG) is a synthetic polymer that has wide applications,

from the cosmetics industry to the biomedical field [41–
43]. However, preexisting anti-PEG antibody and antibody
against PEG moiety induced by PEGylated therapeutics have
been observed in animal models and humans. Preexisting
anti-PEG antibodies may result in an increased incidence of
immunogenicity and/or in hypersensitivity reactions when
patients are treated with PEGylated biotherapeutics [42].

Current immunoassays to detect anti-PEG antibody
responses have suffered from a lack of well-characterized
positive controls and poor specificity due to the high back-
ground seen in these assays [44]. Recently the development
of a generic anti-PEG antibody assay using custom generated
anti-PEG antibody and the Acoustic Membrane Microparti-
cle Technology (AMMP or ViBE® workstation) platform has
been reported [45]. In this assay, a magnetic bead conjugated
with biotin PEG and bound anti-PEG antibody is detected
on a Protein A functionalized sensor.The change inmass due
to the bound complex changes the frequency of an oscillat-
ing piezoelectric membrane proportional to the amount of
analyte bound [46].The AMMP assay overcomes the issue of
high background seen in other anti-PEG antibody assays as
only beads that have the complex of PEG-anti-PEG antibody
stick to the sensor. Other serum components that may bind
to Protein A sensor surface do not contribute to a significant
change in mass.The anti-PEG antibody assay sensitivity with
this custom positive control was 800 ng/mL on the AMMP
compared to the 50–500 𝜇g/mL range seen with the MSD
andAlphaLISA platformswith the same positive control [45].
The use of a Protein A surface increases the assay sensitivity
owing to the multiple IgG binding domains on Protein A.
However, direct binding methods also detect IgM which may
be a substantial component of any anti-PEG response [42].
During method development on the AMMP platform, it is
important to determine the extent of protein coverage on
the bead surface, the need for additional wash steps (and
their impact on the ability to detect low affinity ADA). A
particularly important consideration for anti-PEG antibody
assays is the removal of surfactants like Tween that have a
framework structure similar to PEG.

4. Conclusion

The interpretation of immunogenicity data from bridging
ADA assays has been widely accepted by industry and
regulators for approval and marketing of biotherapeutics.
Given the ubiquity of the bridging assay platform, many
of the technologies discussed here have been targeted for
particular uses (e.g., ADA isotyping, obtaining high sensitiv-
ity, or improving drug tolerance). However, immunogenicity
data from marketed products that have been extensively
studied indicate that ADA positive patients identified using
assays with higher drug tolerance have a lower correlation
with clinical efficacy [18]. This suggests that more sensitive
and drug tolerant assays may not always help interpret the
impact of ADA on clinical outcomes. Nevertheless, regula-
tory authorities continue to request additional details on the
nature of immunogenic responses to ensure patient safety.
The alternative platforms described in this review may help
overcome some of the limitations of the bridging assay or
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provide options for further characterization of antibodies
against therapeutic proteins.
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