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Abstract 

Antibody-based therapeutic agents and other biopharmaceuticals are now used in the 

treatment of many diseases.  However, when these biopharmaceuticals are administrated to 

patients, an immune reaction may occur that can reduce the drug's efficacy and lead to adverse 

side effects.  The immunogenicity of biopharmaceuticals can be evaluated by detecting and 

measuring antibodies that have been produced against these drugs, or anti-drug antibodies (ADAs).  

Methods for ADA detection and analysis can be important during the selection of a therapeutic 

approach based on such drugs and is crucial when developing and testing new biopharmaceuticals.  

This review examines approaches that have been used for ADA detection, measurement, and 

characterization.  Many of these approaches are based on immunoassays and antigen binding tests, 

including homogeneous mobility shift assays.  Other techniques that have been used for the 

analysis of ADAs are capillary electrophoresis, reporter gene assays, surface plasmon resonance 

spectroscopy, and liquid chromatography-mass spectrometry.  The general principles of each 

approach will be discussed, along with their recent applications with regards to ADA analysis. 
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Abbreviations 

ABT: Antigen binding test 

ACE: Affinity capture elution 

ADA: Anti-drug antibody 

ADL: Adalimumab 

bt: Biotin 

CDR: Complementary determining region 

CE: Capillary electrophoresis 

cIEF: Capillary isoelectric focusing 

ECL: Electrochemiluminescence 

ELISA: Enzyme-linked immunosorbent assay 

Fab: Fragment antigen-binding 

Fc: Fragment crystallizable 

HMSA: Homogenous mobility shift assay 

HPLC: High-performance liquid chromatography 

HRP: Horseradish peroxide 

IFX: Infliximab 

Ig: Immunoglobulin 

IgA: Immunoglobulin A 

IgD: Immunoglobulin D 

IgE: Immunoglobulin E 

IgG: Immunoglobulin G 

IgM: Immunoglobulin M 

LC-MS: Liquid chromatography-mass spectrometry  

mAb: Monoclonal antibody 

PIA: pH-shift-anti-idiotype antigen binding test 

Prot. A: Protein A 

RGA: Reporter gene assay 
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RIA: Radioimmunoassay 

SEC: Size exclusion chromatography 

SPR: Surface plasmon resonance 

TMB: 3,3’,5,5’-tetramethylbenzidine 

TNF-α: Tumor necrosis factor alpha 
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1 Introduction 

1.1 Biopharmaceuticals and Therapeutic Monoclonal Antibodies 

Biopharmaceuticals that are based on antibodies, proteins, or related biological agents have 

become common in recent years.  For instance, the 100th monoclonal antibody (mAb) product has 

recently been approved by U.S. Food and Drug Administration (FDA) [1].  In 2020 alone, the U.S. 

FDA approved 13 mAbs for use as therapeutic agents [2].  Antibody-based biopharmaceuticals 

now make up an important component of the therapeutic market, with most of the top-selling 

pharmaceuticals in recent years being based on mAbs [3-7].  Adalimumab (Humira, from Abbvie), 

infliximab (Remicade, Johnson & Johnson), rituximab (Rituxan, Roche), and pembrolizumab 

(Keytruda, Merck) are all examples of mAbs that are used for this purpose [5,6,8-13].   

The target specificity of mAbs [4,6,7,9,12-14] has made these agents of great interest as 

therapies for otherwise intractable diseases, such as various forms of cancer and autoimmune 

disease [3,8].  It is further possible through recombinant techniques to tailor many of the properties 

of mAbs, such as their affinity, size, and general structure [5,7-9,11,13].  However, because mAbs 

and other biopharmaceuticals are human-made and foreign to the body, there is a possibility that 

these agents may elicit an immune response when they are administered to a patient [9,11,14-18].  

Although not all cases of an immune response may lead to adverse effects, the development of 

immunogenicity can lead to a loss of efficacy for a biopharmaceutical [14-18].  Over time, this can 

mean that an increase in dose is needed for the biopharmaceutical or that this drug may have to be 

discontinued if a more severe immune response occurs [11,14,15,17,18].   

The immune response to a biopharmaceutical, such as an mAb-based drug, can be detected 

through the analysis of anti-drug antibodies (ADAs) [9,11,14,17,18].  As an example, the 

occurrence of ADAs is a known factor in the therapeutic failure of mAbs (e.g., adalimumab) that 
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bind to and inhibit tumor necrosis factor alpha (TNF-α), as can occur through the formation of 

drug-ADA complexes and neutralization of the drug’s activity [15,16,17].  These effects have 

resulted in an increasing need for sensitive, precise, and reliable ADA assays [14,17,18].  Many 

approaches are now available to detect, measure, and characterize ADAs.  This review will 

describe the various techniques that have been used in ADA detection or analysis and discuss the 

applications of each approach. 

 

1.2 General Properties of Antibodies and Monoclonal Antibodies 

Antibodies are glycoproteins that are produced by the immune system in response to 

foreign agents, or antigens [4,9,19].  The basic structure of a typical antibody, as represented by 

immunoglobulin G (IgG), consists of two identical long (or “heavy”) polypeptide chains and two 

shorter (“light”) polypeptide chains that are joined through disulfide bonds into a “Y”-shaped form 

(see Figure 1).  The two upper arms of this structure contain the fragment antigen-binding (Fab) 

regions of the antibody, which is where the antibody has sites that can selectively bind to their 

given target.  The lower stem of the antibody is known as the fragment crystallizable (Fc) region.  

The function of this region is to mediate interactions between the antibody and other components 

of the immune system [4,5,9].   

Antibodies belong to the immunoglobulin (Ig) superfamily, which can be divided into five 

common classes (or isotypes): IgA, IgD, IgE, IgG, and IgM (see Figure 1 for examples).  The IgD, 

IgE, and IgG classes of antibodies are expressed as monomers, while IgM presents in the body as 

a pentamer of the basic Ig structure, and IgA is commonly found as a dimer [5,6,9,12,19].  Each 

of these classes has different functions.  For example, IgM is the most abundant type of antibody 

that is produced in blood at the early stages of an immune response, with IgG being the dominant 

Ig class in the circulatory system as immunity to a foreign agent becomes established [12,19].   
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mAbs are antibodies that are produced by a single clonal line of cells.  This group of 

antibodies is valuable as both reagents for antibody-based assays and as biotherapeutic agents 

because of their well-defined binding strengths and specificities for their target antigen 

[5,6,8,19,20].  In contrast to this, antibodies that are normally produced by the immune system are 

highly heterogeneous and are produced by many cell lines in the immune system, giving a mixture 

referred to as “polyclonal antibodies” [9].  During the development of mAbs for therapeutic 

applications, the immunoglobulin isotype is carefully selected, such as to provide relatively long 

half-lives for the drug during its use in treatment [12,17].  In practice, IgG-class antibodies are the 

most frequently used form of immunoglobulins employed to produce therapeutic mAbs [4,6]. 

The level of immunogenicity of mAbs in humans is related to the antibody’s level of 

modification [8].  The first generation of mAbs was created through the hybridoma technique of 

Kohler and Milstein, which involved the fusion of mouse myeloma cells with B lymphocytes to 

produce murine mAbs [5,9,11,12].  Although murine mAbs are valuable as reagents in biochemical 

research, their immunogenicity in humans has limited their therapeutic utility [5,8].  It was later 

found that human-like or humanized mAbs, which contain fewer structural differences from 

human antibodies, induced a lower immune response than murine mAbs [9].  Several types of 

human-like or humanized mAbs have now been developed [9,11].  For instance, combining 

murine-derived variable regions from a mouse with the constant region from a human antibody 

will result in a “chimeric” mAb.  In a “humanized” mAb, all sections of the murine antibody have 

been replaced with human counterparts except the antigen recognition regions.  In a “fully-

humanized” mAb, all parts of the antibody are of human origin and do not contain any part from 

another species [8].  
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1.3 Anti-Drug Antibodies 

Immunogenicity refers to the immune response of a host against a foreign agent, such as a 

therapeutic mAb [11,14,17].  For a biotherapeutic, this response is reflected by the generation of 

ADAs by the immune system [14,17,21].  The formation of ADAs against a biotherapeutic can 

result in adverse effects during a patient’s treatment, such as an increased clearance rate and 

hypersensitivity to the drug [14].  A low success rate (~3%) for the murine mAbs that were used 

in the first-generation of biopharmaceuticals demonstrated the effects that could be caused by 

immunogenicity [5].  However, it was also found this immune response could be mediated by 

designing mAbs with more human-like structures through recombinant DNA techniques and phage 

display methods [11,12].  The use of humanized mAbs that have been made through these 

approaches has increased the average success rate of these biotherapeutic agents to 25% [5]. 

The presence and levels of ADAs are now considered measures of immunogenicity by 

biotherapeutic agents such as mAbs [21].  In addition, ADAs can impact the pharmacodynamics 

and pharmacokinetics of their target drug, thereby reducing this drug's efficacy [11,12,14,17].  In 

some cases, ADAs can cause severe adverse effects in patients with chronic conditions [22].  

ADAs can be divided into two major categories: neutralizing and non-neutralizing 

[11,14,17,23,24].  Neutralizing ADAs can directly block and interfere with the functional activity 

of a biotherapeutic agent to bind to its desired target.  Non-neutralizing ADAs (or “binding” ADAs) 

bind to the biotherapeutic agent but do so at a region that does not affect the drug’s ability to bind 

to its target [23].  Neutralizing ADAs are generally considered more important in a clinical setting 

because they directly affect a drug’s biological activity, but non-neutralizing ADAs may also 

indirectly reduce a drug's efficacy [24]. 
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As a specific example, it is known that ADAs can be produced following the treatment of 

a patient with biotherapeutics that are TNF-α antagonists.  This group of drugs includes mAbs 

such as infliximab and adalimumab that are used to treat chronic inflammatory disease (e.g., 

rheumatoid arthritis, psoriatic arthritis, and Crohn’s disease) [8,25].  TNF-α antagonists reduce the 

inflammatory response by targeting TNF-α and inhibiting its binding to the TNF-α receptor 

[9,17,23,24].  Neutralizing ADAs can directly interfere with the binding of the TNF-α antagonists 

to their target molecule (i.e., TNF-α), thus directly preventing the drug's biological activity [26].  

Non-neutralizing ADAs can indirectly reduce the same drug's efficacy by compromising its 

bioavailability and alter the drug’s clearance from the circulation [14,17,22], such as through the 

formation of ADA-drug immune complexes [24].  

 

2 Immunoassays and Binding Assays for Anti-drug Antibodies 

The development of assays with high sensitivity, precision, and specificity for ADAs has 

become critical for the quality control of biopharmaceuticals and in examining the treatment of 

patients with these drugs [27-34].  Many of these methods are based on immunoassays [33,34].  

Immunoassays are analytical techniques that utilize an antibody or antibody-related reagent to 

identify or measure a target analyte [35].  The strong binding of antibodies with their antigens 

allows immunoassays to be used for the selective detection of their target even in complex 

biological samples such as serum, plasma, urine, tissue, and blood [35,36].   

Detection and quantification of an analyte by an immunoassay is accomplished by using a 

label that can be conjugated to one of the assay components and monitored at a suitable level for 

measurement of the target [35,36].  The most common labels that are employed in immunoassays 

are enzymes, fluorescent tags, chemiluminescent labels, and radioactive isotopes.  These labels 

can be used with antibody-antigen binding in competitive or non-competitive and homogeneous 
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or heterogeneous formats [35,36].  If a biological agent other than an antibody or antigen is used 

in one of these formats, the result is sometimes given the more general name “binding assay”.  

Specific examples of immunoassays and binding assays that have been employed in the 

measurement or detection ADAs are discussed in this section. 

 

2.1  Antigen Binding Tests 

An antigen binding test (ABT) is one type of binding assay that has been used to assess the 

immunogenicity of biopharmaceuticals [27,29,37-44].  In an ABT, antibodies or their 

corresponding antigens are immobilized and used to capture their corresponding binding partner, 

or target analyte.  Various types of labels can be incorporated within this assay to generate a signal 

for detecting or determining the amount of the captured analyte [38-40].   

One format for such an assay is a pH-shift-anti-idiotype antigen binding test (or PIA), as 

illustrated in Figure 2 [39,40].  This method first makes use of an acid dissociation step to release 

ADAs from any drug that is bound to these antibodies; this solution is then neutralized and F(ab) 

fragments that can bind to the drug are added to prevent rebinding by the drug with the ADAs.  

The ADAs and drug are then both adsorbed to a support containing immobilized protein A, which 

can bind to the ADAs (e.g., from various subclasses of IgG) and to the drug through their Fc regions.  

Labeled F(ab)2 portions of the drug are then added to bind to and detect the captured ADAs [39].  

This method has been used with 125I-labeled F(ab)2 portions of adalimumab to measure ADAs in 

the presence of this mAb-based drug [39-41]. 

 

2.2  Electrochemiluminescence Assays 

In a binding assay that is based on electrochemiluminescence (ECL), a signal is produced 

by using an applied potential to produce light from a chemical tag [37,44-46].  The tag reaches an 
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excited state through an oxidation/reduction reaction, followed by relaxation of the excited state 

into a lower energy state through light emission.  This type of detection has been employed in 

assays for ADA detection by using a ruthenium label (e.g., tris(bipyridine)ruthenium(II), or 

[Ru(bpy)3]
2+) [44-46].  In this method, ADAs from a sample are allowed to bind with a form of 

the target mAb drug that contains two labels: biotin and ruthenium.  The bridged complexes of 

ADAs with the labeled drug are then allowed to adsorb to a gold plate that contains immobilized 

streptavidin, which can bind with the biotin tag.  The signal due to ECL for the adsorbed complexes 

and their associated ruthenium tags is then measured [37,44-46]. 

 An ECL binding assay was used in one study in which polyclonal and affinity-purified 

antibodies against five mAb-based drugs were used as model ADAs.  Samples of these antibodies 

were incubated with biotin- and ruthenium-conjugated forms of the drugs, followed by 

measurement of luminescence by the ruthenium tag [44].  The general scheme for such an approach, 

with the use of an acid dissociation step, is shown in Figure 2 [37].  ADAs for the given drugs 

were detected at levels down to 5-64 µg/L and over a wide dynamic range (i.e., 10-10,000 µg/L) 

[44].  Ruthenium conjugates in a sulfonated form (i.e., a sulfo-tag, which helps enhance water 

solubility) have also been employed in ADA assays with ECL detection [37,46].   

A strategy using both precipitation and acid dissociation of drug-ADA complexes has been 

explored for ADA detection in assays with ECL detection [46].  In this method, ADAs in samples 

were saturated by adding an excess of the corresponding mAb-based drug to form immune 

complexes, followed by precipitation of these complexes using polyethylene glycol.  The drugs 

and ADAs were then released from the complexes under acidic conditions and adsorbed to a plate 

for detection.  Sulfo-tagged forms of the drugs were next applied to bind with immobilized ADAs 

and to generate a signal due to ECL.  An improvement in tolerance of the assay to high drug 
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concentrations and a high recovery of ADAs were found in this format when compared with ECL 

bridging immunoassays that used only acid dissociation [46].   

Domain-specific detection has been carried out in an immunoassay with ECL detection for 

ADAs to moxetumomab pasudotox (i.e., a recombinant anti-CD 22 immunotoxin with two specific 

domains) [47].  This assay was based on the competitive binding of domain-specific ADAs with 

and without domain-containing molecules in the presence of biotinylated forms of the drug (i.e., 

for capturing ADAs) and a ruthenylated tagged form of the drug (for ECL detection).  Signal 

inhibition occurred as a result of the binding by domain-specific ADAs with domain-containing 

molecules.  This assay allowed for the detection of lower abundance domain-specific ADAs in 

presence of more dominant forms of domain-specific ADAs [47].   

 

2.3  Radioimmunoassays 

A radioimmunoassay (RIA) is a type of immunoassay that uses a radioactive isotope as the 

label for the detection of an analyte [48].  Iodine-125 is a common radioisotope that is employed 

as a label in RIAs [35,36,38].  Although the use of such a label can provide low detection limits, 

there are also issues with safety, handling, and label storage that need to be considered when using 

a radioisotope as a tag.  Other items to consider are the possible denaturation of the labeled binding 

agent and eventual loss of signal over time when radiolabels are employed [48]. 

A few studies have used RIAs for the analysis of ADAs [37,49,50].  Acid dissociation of 

drug-ADA immune complexes has been utilized with an RIA to overcome the underestimation of 

ADAs that can occur when such immune complexes are present.  This approach has been called 

an acid-dissociation radioimmunoassay (ARIA) [37,49].  As is shown in Figure 2, in an ARIA 

unbound ADAs against the target biopharmaceutical are allowed to bind to biotinylated F(ab’)2 

fragments against such antibodies, followed by acid dissociation of immune complexes is the 
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sample and later neutralization of the solution.  The F(ab')2-biotin-ADA complexes that are 

produced in this mixture are then captured by using a support containing protein A, which is used 

bind to the Fc regions of the ADAs or an mAb-based drug.  The captured ADAs that are also bound 

to the biotinylated F(ab’)2 fragments are then detected by adding 125I-labeled streptavidin, which 

combines with the biotin tag [37,49].   

Other forms of the RIA have been used in the analysis of ADAs [37,50].  For instance, a 

similar approach to the PIA was used in a temperature-shift RIA (TRIA) for ADAs against 

adalimumab [37]. This method (see Figure 2) used biotinylated F(ab')2 fragments that could bind to 

ADAs to replace the need for an acidification step in an ADA assay that was to be conducted in 

the presence of the drug of interest (i.e., adalimumab, in this case) [37].  In another report, a fluid-

phase RIA that was combined with affinity chromatography was used to determine the levels of 

ADAs against infliximab and adalimumab in patient samples [50]. Free and antibody-bound forms 

of radiolabeled infliximab were separated in this work through the use of a support that contained 

anti-human immunoglobulin λ-chain antibodies [50]. 

 

2.4 Enzyme-linked Immunosorbent Assays 

Enzyme-linked immunosorbent assays (ELISAs) are the most common type of 

immunoassays that are used to detect and measure ADAs [51-53].  Advantages of employing 

ELISAs for this purpose include their high sensitivity, low cost, ease-of-use, and relatively high 

throughput [52,53].  There are various ELISA formats that have been used for ADA detection, 

such as direct, indirect, and bridging (or sandwich) methods [51,52,54]. 
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2.4.1  Direct and Indirect ELISAs 

The direct assay format is the simplest type of ELISA. When used for the analysis of ADAs, 

this format involves the immobilization (e.g., through adsorption or covalent attachment) of ADAs 

in a sample onto an ELISA plate [52].  Next, secondary antibodies that contain an enzyme label 

such as horseradish peroxidase (HRP) or alkaline phosphatase are added to the plate and allowed 

to bind the immobilized ADAs.  A suitable substrate for the enzyme label is then added to produce 

a signal that is proportional to the amount of ADAs that are present.  As an alternative approach, 

biotin can be used to label the captured ADAs and then allowed to bind to a streptavidin-conjugated 

enzyme; this enzyme label is then later combined with its substrate to produce a signal that is 

related to the amount of captured ADAs [52]. 

One example of this approach is an affinity capture elution (ACE)-based direct ELISA that 

was developed to detect ADAs against mAb-based drug bamlanivimab [55].  An acid dissociation 

step was used to break up ADA-drug complexes in the samples, followed by use of the target drug 

on a solid-phase support to capture the free or released ADAs.  The captured ADAs were then 

eluted from the support by employing a second acid dissociation step.  The eluted ADAs were then 

allowed to adsorb to an ELISA support surface and detected after the addition of a biotinylated 

form of the drug, HRP-labeled streptavidin, and a substrate for HRP.  It was found that this direct 

ELISA format could detect as low as 500 ng/mL of ADAs in the presence of a 1000-fold excess 

of the mAb-based drug [52]. 

Although a direct ELISA can be simple and easy to perform, the use of this method for the 

detection and measurement of ADAs does have several disadvantages.  First, immobilization of 

the ADAs onto an ELISA plate can cause changes in the conformation of these antibodies and 

mask certain regions in their structures; this masking may hinder binding by these captured agents 
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with secondary binding agents [52,56].  In addition, because the immobilization of ADAs onto an 

ELISA support or plate is usually not specific, other proteins in the sample can bind to this 

support/plate and possibly lead to a high background signal [21,29].   

In an indirect ELISA for ADAs, the original biopharmaceutical agent is added to the 

ELISA plate after the immobilization of the ADAs.  An enzyme-labeled form of a secondary form 

of this antigen is then added to the plate.  This forms a labeled immune complex that can generate 

a signal that is directly proportional to the amount of ADAs on the plate.  A key feature of the 

indirect ELISA is the requirement for a species-specific secondary antigen for detection, an item 

that can be an issue when animal serum is used as a positive control for the detection of ADAs in 

human serum [52].  However, a bridging ELISA (as discussed in the next section) can be used to 

overcome this problem and allow the detection of antibodies for any isotype or species [52,56]. 

 

2.4.2  Bridging ELISAs 

A bridging ELISA uses two binding agents, such as the target drug, to interact with 

different regions on an ADA (see Figure 3) [29,52,53,57].  One of these binding agents is coated 

on the ELISA plate and used to capture the ADA.  The second binding agent, which contains an 

enzyme label, is then added to the mixture, allowed to bind to the captured ADA, and to produce 

a signal for detection [29].   

The use of the two binding agents that are specific to different regions on an ADA makes 

the bridging ELISA more specific than the direct and indirect ELISA formats, a feature that is 

useful when working with complex samples.  Other advantages of a bridging ELISA over direct 

and indirect ELISAs are that it is highly sensitive and does not require species-specific antibodies 

as reagents [55].  Moreover, this method is more tolerant to the concentration of the circulating 
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drug than the direct and indirect assay formats [52].  Due to these advantages, the bridging ELISA 

is currently the most common ELISA format that is used for the detection of ADAs [51,55,58,59].   

However, the bridging ELISA also has disadvantages [29].  For instance, this type of assay 

is more complex than direct or indirect ELISA methods due to its use of two binding agents for 

separate regions on the ADAs.  Furthermore, the bridging ELISA format may be unable to detect 

low affinity ADAs and monovalent antibodies [51,52,55,60].  Although this format is highly 

tolerant to the presence of circulating drugs, it is still susceptible to interferences from high 

concentrations of these drugs [55,60,61].  The issue of drug interference can be minimized to some 

extent when this method is combined with solid-phase extraction and acid dissociation 

[24,55,57,62].  This latter approach relies on the fact that complexes formed between antibodies 

and immobilized antigens are generally more stable than complexes that form between antibodies 

and soluble antigens or that occur in antibody-antibody complexes [57,63-69]. 

Bridging ELISAs have been used to detect ADAs against various biopharmaceuticals and 

mAb-based drugs; examples include ADA assays for erythropoietin, interferon beta, metuzumab, 

adalimumab, infliximab, and eternacept [43,57,62,70-76].  A bridging ELISA assay was used to 

detect antibodies against metuzumab by placing some of this drug on a microtiter plate to capture 

ADAs against this drug [53].  HRP-labeled metuzumab was then added and used with a 

chromogenic substrate (3,3’,5,5’-tetramethylbenzidine, or TMB) to provide a limit of detection of 

0.39 ng/mL and a linear range of 0.39-50 ng/mL.  In another study, a bridging ELISA was used to 

detect IgE-class ADAs against the mAb-based drug MAB072 [77].  This work employed plates 

that were coated with the human IgE receptor FcεRIα to capture IgE-class ADAs from serum 

samples.  A biotinylated form of MAB072 was then added and allowed to bind to the captured 

IgE-class ADAs, followed by the addition of streptavidin-labeled HRP and TMB as a chromogenic 
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substrate for detection.  Another study used a bridging ELISA that combined a covalently coupled 

high-density antigen surface with acid dissociation to minimize interferences from high drug 

concentration during the analysis of ADAs against an mAb-based chemotherapeutic drug [57].  In 

addition, a bridging ELISA has been combined with solid-phase extraction based on the biotin-

avidin system and acid dissociation pretreatment to separate and measure, ADAs and drug-bound 

ADAs from an mAb-based drug [62].   

A growing number of biotherapeutic agents contain engineered sequences or several 

functional domains [78,79].  Work in one study used an ELISA-based assay for the detection 

ADAs and characterization of the immunogenic parts of a bispecific Fab fragment [80].  This 

method combined an indirect bridging ELISA with a molecular engineering approach that used 

several domain detection assays based on variants of the drug.  Ranibizumab, an anti-VEGF Fab 

agent which has no mutations in the constant region, was used as a control for the assay.  The 

results showed that ADAs were mainly directed against both antigen-binding sites of the drug.  

Moreover, this method could distinguish between antibodies against one or both antigen-binding 

sites and the constant domain region of the mAb-based drug [80].   

In recent years, bridging ELISA formats have been developed for the measurement of 

immune complexes rather than just free ADAs, or for the analysis of both ADAs and immune 

complexes [81-86].  An example is work in which a bridging ELISA was used to measure 

circulating ADA-human IgG immune complexes that were found in the plasma of mice that had 

been treated with adalimumab [81].  In this assay, polyclonal goat anti-human IgG was 

immobilized onto an ELISA plate and used to capture ADA-human IgG complexes that were 

present in the samples.  Next, HRP-labeled goat anti-mouse IgG and a substrate for HRP were 

added for detection [81].  In a similar study, acid dissociation was used with a bridging ELISA and 
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chromatography employing a size exclusion support to quantify and characterize drug-ADA 

immune complexes [82].  A biotinylated mAb against the complementary determining region 

(CDR) of the target drug was immobilized onto a streptavidin-coated plate and was used to capture 

the drug-ADA immune complexes from samples.  This was followed by the addition of a 

digoxigenin-labeled mAb against the CDR of the drug, followed by the addition of HRP-labeled 

anti-digoxigenin Fab fragments and the use of 3-(4-hydroxyphenyl)propionic acid as an HRP 

substrate for fluorescence-based detection [82]. 

 

2.5  Homogeneous Mobility Shift Assays 

The homogenous mobility shift assay (HMSA) is a method that combines a ligand binding 

assay with size exclusion chromatography (SEC) [87-93].  SEC is a chromatographic technique 

that can separate target compounds based on their relative size and shape [87,90,92,94].  This 

separation is carried out by using a column that contains a porous support.  Because smaller targets 

will be able to access more of the pore volume of the support, they will elute later from the column 

than larger compounds.  The use of SEC in an HMSA method makes it possible to discriminate 

between isotypes of ADA with different sizes, such as those based on IgG vs IgM or IgA [87,92,94]. 

The general approach in an HMSA is illustrated in Figure 4, as shown for the application 

of this method in the detection and size-based separation of ADAs against infliximab in human 

serum [87].  In this report, an acid dissociation step was used to release ADAs from ADA-drug 

complexes.  The solution containing the released ADAs was then neutralized and incubated with 

a mixture of fluorescent-labeled infliximab (i.e., using an Alexa Fluor 488 tag) and a form of the 

drug with its active-site blocked, with the latter being used as an internal standard.  To measure 

concentration of infliximab in the samples, the same procedure was followed but now with the 

addition of Alexa Fluor 488-labeled TNF-α and no acid association step.  The results of this method 
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were compared to those of a bridging ELISA.  It was found this method could detect down to 0.036 

ug/ml ADAs in the presence of a high concentration (60 ug/ml) of infliximab in serum [87].   

The same approach has been used with other types of ADAs and biopharmaceuticals (e.g., 

adalimumab) [40,87-93].  For instance, dimeric and multimeric immune complexes of adalimumab 

and 11 different ADAs were identified and separated by using a HMSA [40].  It was reported that 

neutralizing ADAs could be discriminated from other components in adalimumab- and infliximab-

treated samples by using HMSAs [90].  A correlation was found in the detection of neutralizing 

antibodies from HMSA and another assay based on affinity capture and elution [90].  A similar 

comparison was made with an ELISA [90,91].  HMSA has also been employed to identify ADAs 

to the mAb-based drugs natalizumab and ustkinumab [92,93]. 

A modified, competitive binding form of HMSA was developed to measure a protein-based 

therapeutic in the presence of another drug in the same class [94].  Adalimumab was used as a 

model drug and the serum concentration of adalimumab was quantified in this work.  Serum 

samples that contained infliximab, as a related drug, were mixed with fluorescent-labeled 

adalimumab, followed by the addition of ADAs to adalimumab and use of a 1 h incubation step to 

allow the formation of immune complexes.  The SEC component of the HMSA was used to 

discriminate the free drug (molar mass, ~150 kDa) from the adalimumab-ADA dimer (~300 kDa), 

and an ELISA was used to validate the HMSA method [94]. 

 

3 Other Methods for the Analysis of ADAs 

 

Several other approaches besides immunoassays and binding assays have been employed 

for the analysis of ADAs.  These other techniques have included capillary electrophoresis, reporter 

gene assays, surface plasmon resonance spectroscopy, and liquid chromatography-mass 
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spectrometry.  This section will examine the general principles and applications for each of these 

approaches as related to the detection, measurement, or identification of ADAs.  

 

3.1  Capillary Electrophoresis 

Capillary electrophoresis (CE) is a separation technique that is based on the differential 

migration of analytes through a capillary and in the presence of an applied potential [95-98].  

Factors that affect the rate of migration and mobility of an analyte in CE include the size and 

charge of the analyte as well as the pH, temperature, and composition of the background electrolyte 

within the capillary.  Several modes of CE have been used to examine antibody-based drugs and 

antibody-drug conjugates.  These modes have included capillary zone electrophoresis, capillary 

isoelectric focusing (cIEF), and capillary gel electrophoresis [95,98]. 

CE has been used to screen ADAs against antibody-related biotherapeutics, including 

nanobodies [96].  Nanobodies are recombinant VHH fragments derived from the unique heavy 

chain antibodies that are produced by animals belonging to the camelids family [96].  Each VHH 

fragment can be linked by short peptide sequences to construct a nanobody that is equipped with 

specific binding properties.  Nanobodies, which have a molar mass of around 15 kDa, are much 

smaller than traditional polyclonal or monoclonal antibodies (typical molar mass, ~150 kDa for 

IgG-class antibodies).  The smaller size of nanobodies, along with the specificity and strong 

binding they exhibit for their targets, have made these agents appealing as platforms for 

biotherapeutics [99]. 

One report described an automated CE method that was a modified version of a capillary 

Western blotting system [96].  This method was used to detect ADAs to three distinct multi-

modular nanobodies.  In this approach, nanobodies were immobilized onto the surfaces of 

capillaries to analyze the levels of ADAs in ADA-positive mice samples.  CE was first used to 
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separate ADAs from other sample components based on differences in their sizes and migration 

times.  The separated ADAs were then immobilized within the capillary through photoactivated 

capture chemistry.  HRP-labeled secondary antibodies where then added to bind to and measure 

the immobilized ADAs through the production of light in the presence of luminol and peroxide.  

Induced immune responses from various regions in multi-modular nanobodies were examined 

through the approach [96].  

Another CE-based approach for ADA detection against nanobodies was created that used 

the Peggy Sue system to reduce the impact of a denaturation step on the sample [98].  The Peggy 

Sue system is a charge and size-based separation and quantification system which combines 

features of immunoassays with a Western blot and cIEF.  In this technique, a pH gradient is 

generated in a capillary and then used in cIEF to separate proteins based on their isoelectric points, 

or pI values.  Samples that may contain ADAs are incubated within the capillary and with the 

separated proteins to form immune complexes.  Detection of these immune complexes can then be 

accomplished by using enzyme-labeled secondary antibodies to the given species of ADAs [98]. 

 

3.2  Reporter Gene Assays 

A reporter gene assay (RGA) is another approach that has been used to examine ADAs 

[100-103].  The RGA is a cell-based assay that uses a signal based on light, such as 

bioluminescence, to investigate a given gene in cells.  This is accomplished by measuring the light 

emission that results from the interactions between a promoter and reporter genes for enzymes or 

proteins that can be linked to a bioluminescent signal, such as luciferase, green fluorescent protein, 

chloramphenicol acetyltransferase, aequorin, or β-galactosidase [102,103].  For instance, 

luciferase can produce bioluminescence through its enzymatic activity, while green fluorescent 

protein can directly produce a signal due to its inherent fluorescence.   
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RGA has been applied in studies of protein-based biotherapeutics and related ADAs (see 

Figure 5) [100,101].  A TNF-α responsive reporter gene cell line using a NFkB regulated firefly 

luciferase and Renilla luciferase reporter genes was used to examine the activities of TNF-α and 

three TNF-α antagonists: infliximab, adalimumab, and etanercept.  The TNF-α antagonists were 

monitored by using TNF-α-induced firefly luciferase activity in the assay.  This response was later 

normalized that produced by the Renilla luciferase activity.  The levels of neutralizing antibodies 

to the TNF-α antagonists were estimated by using the signal ratio for these two types of luciferase 

activities [100].  The same assay format was employed to screen infliximab activity and the activity 

of neutralizing ADAs in a large set of clinical samples.  This demonstrated the potential use of 

RGAs in clinical studies for screening ADAs to TNF-α antagonists and the neutralizing activity of 

ADAs [101].   

 

3.3  Surface Plasmon Resonance Spectroscopy 

Surface plasmon resonance (SPR) spectroscopy is an optic-based measurement system that 

is often used for the study of biological interactions and as a biosensor platform [103-108].  This 

detection approach makes use of delocalized electrons between adjacent two interfaces, such as a 

dielectric material and a metal (e.g., gold or silver).  In SPR, a light source is used to excite these 

delocalized electrons to produce a surface plasmon resonance wave.  A dielectric, such as a prism, 

splits the incident light into the two sections that either resonate with this wave or that does not 

resonate.  Without the resonance with the wave, the light is reflected; in the presence of resonance, 

the light excites the wave and results in a shift of refractive index of the incident light at the surface 

of the metal.  This size of this effect can be altered by binding events that involve substances 

adsorbed on the metal surface, allowing SPR to be used as a tool for examining the extent and rate 

of biological interactions.   



23 
 

The detection and measurement of both ADAs and ADA-drug conjugates has been carried 

out by using SPR [103-109].  As an example, SPR was utilized to assess the immunogenicity of 

panitumumab, an mAb-based drug that binds to epidermal growth factor receptor [105].  In an 

SPR-based immunoassay, a sample of panitumumab was covalently immobilized on the sensor 

chip, and used to detect ADAs at levels down to 1 µg/ml.  The SPR assay also made it possible to 

identify neutralizing antibodies in some samples [105].  SPR was used as alternative to bridging 

assay with ECL detection for ADAs to trebananib [106].  In another report, anti-adalimumab 

antibodies with dissociation equilibrium constants between 10-6 M and 10-9 M were found in ADAs 

that had been isolated from pediatric patient serum samples [107].   

Several other applications have been reported for SPR as related to ADAs, such as the 

simultaneous measurement of biopharmaceuticals and their ADAs.  One such application used a 

sensor array for SPR with six parallel strips, in which TNF-α, infliximab, and IgG-class antibodies 

were immobilized; this array made it possible to measure both infliximab and its ADAs within a 

few minutes in serum [104].  In addition, an SPR-based immunoassay with calibration-free 

concentration analysis was used to estimate the levels of active antibodies in a control sample that 

were known to bind human insulin, insulin degludec (Tresiba), or turoctocogalfa (NovoEight) 

[109]. 

 

3.4  Liquid Chromatography-Mass Spectrometry 

The limitations associated with ELISAs and other ligand binding assays, such as 

interferences from circulating drugs and the inability to identify isotypes, have led to the 

development of approaches for ADA detection based liquid chromatography-mass spectrometry 

(LC-MS) [110].  LC-MS methods for ADA usually start with an immunocapture step to bind 

ADAs or related targets in a sample (see Figure 6).  For example, a biotinylated form of an mAb-
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based drug can be added to a sample to bind ADAs for that drug or associated ADA-drug immune 

complexes.  In this case, magnetic beads that contain immobilized streptavidin could then also be 

added to capture the biotinylated form of the drug and any ADAs or ADA-drug complexes that 

are bound to this drug analog.  An acid dissociation step can be used to release the target drug and 

the remaining ADAs can be digested using trypsin, giving peptides from the ADAs that can be 

quantified and characterized by LC-MS [110,111].  Some advantages of using immunocapture 

with LC-MS are that it allows for antibody isotyping and analysis of multiple classes of antibodies 

in a single assay [112-115]. 

Several studies in recent years have used immunocapture with LC-MS for the detection of 

ADAs to mAb-based therapeutics.  One way this can be accomplished is through the indirect 

measurement of ADAs [110,116].  For example, immunoprecipitation has been used with LC-MS 

to provide an indirect assay for ADAs in serum that can also tolerate the presence of high drug 

concentrations [110].  This method involved the saturation of all available binding sites on the 

ADAs with the use of a high concentration of their target mAb drug.  This step was followed by 

use of protein G (i.e., immobilized on magnetic beads) to isolate IgG-class ADAs that were bound 

to the added mAb-based drugs.  After several washing steps and elution of the isolated ADA-drug 

complexes, stable isotope-labeled peptide standards were added.  After a digestion step, several 

peptides from the mAb drug were quantified by using matrix-assisted laser desorption/ionization 

time-of-flight MS.  The ADAs in the sample were indirectly measured by correlating the amount 

of a given peptide with the concentration of antibodies in positive control samples [110].  Another 

report used an immunocapture-LC-MS assay with indirect ADA detection to simultaneously 

quantitate the residual amount of an mAb drug, the IgG-class antibodies present in residual serum 

components, and neutralizing ADAs positive controls by using bead extraction and acid 
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dissociation [116].  This assay also used an indirect approach to quantitate neutralizing antibodies 

in human serum.  It was found that bead extraction and acid dissociation effectively removed high 

concentrations of the mAb drug and interfering serum components from the samples [116]. 

A major limitation of ADA detection with an indirect immunocapture-LC-MS method is 

the inability to perform ADA isotyping [111].  This issue can be overcome by using 

immunocapture with LC-MS for direct ADA detection [114].  For instance, an immunocapture 

LC-MS assay was employed to simultaneously give semiquantitative information and to isotype 

ADAs in human plasma [113].  The assay uses a biotinylated form of the target drug or of an ADA 

that is bound to streptavidin-coated magnetic beads and used to capture ADAs or ADA-drug 

complexes from samples.  This is followed by removal of the beads from the sample and use of an 

acid dissociation step with the beads to release the ADAs.  Next, the ADAs were digested using 

trypsin.  LC-MS was then utilized to detect and measure several, universal peptides that occur in 

the heavy chains of antibodies for the semi-quantitation and isotyping of the ADAs [113].  A 

similar scheme has been evaluated for use in the analysis of antibodies against biotherapeutics 

[117].  A related strategy for direct ADA analysis has used an immunocapture step that is based 

on the Fab region of a mAb that is coated on a magnetic bead [118].  This technique has been used 

with LC-MS for the isotyping and semi-quantitation of ADAs against fully-humanized mAb-based 

drugs in monkey serum [118].  

Although assays that combine immunocapture with LC-MS have shown great promise for 

the analysis of ADAs, they do have several limitations when compared with the more common 

ligand binding assays [112].  These limitations include some issues with reliability, sensitivity, 

and quantitative accuracy that have been reported with the use of selected reaction monitoring in 

LC-MS for the measurement of mAb-based drugs in pharmaceutical matrices.  In addition, it can 
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be challenging to select an optimum peptide for use in quantification methods that are based on 

the signature peptides for ADA analysis [112]. 

 

4 Concluding Remarks 

Biopharmaceuticals, such as those based on mAbs, have seen great growth and interest for 

use as drugs in recent years [1-7].  However, concerns about the immunogenicity of mAbs and 

other biopharmaceuticals, as reflected by the production of ADAs, have led to the need for arrays 

that can detect, measure, and characterize ADAs to these drugs [14,17,18].  This review discussed 

several assays and analytical approaches that have been created for this purpose and their 

applications.  Many ADA assays depend on reactions that involve antigen-antibody binding or 

related biospecific interactions.  These methods include various forms of immunoassays and 

antigen binding tests, such as several forms of ELISAs, RIAs, ECL-based methods, and newer 

HMSA methods.  Other methods that have also been used for the analysis of ADAs involve the 

use of CE, reporter gene assays, SPR, or LC-MS.   

This current set of methods has made it possible to determine ADA concentration with 

higher accuracy and good limits of detection.  A number of schemes have further been employed 

in these methods to allow the analysis of ADAs in the presence of high doses of the corresponding 

biopharmaceutical or to identify different antibody classes of ADAs [37-39,41,71,78,84,88,91].  

However, further work is still needed in this area.  For example, several studies have shown 

inconsistent values across these methods when used with false positive or false negative samples 

and when determining absolute ADA levels in the same sample [17,34,41,91,92,94,103], a fact 

that indicates the need for more standardization of methods in this area.  Other issues that have 

been reported include the presence of non-parallel titrations for samples in binding assays for 

ADAs, the tendency for some of these formats to underestimate ADA concentrations in the 
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presence of high biopharmaceutical levels, and the need to determine a standard set of cut-off 

points for ADA detection in these methods [32,34,43,52,102].  Thus, it is expected that efforts in 

this field will continue with the goal of producing even more robust and consistent assays for the 

analysis of ADAs for use in clinical and pharmaceutical testing. 

 

Acknowledgments  

This work was supported, in part, by the National Science Foundation under grant CMI 2108881, 

the National Institutes of Health under grant R01 DK069629, and the University of Nebraska 

Research Council.  The authors have no conflicts of interest to declare for this work. 

 

References 

[1]  Mullard A. FDA approves 100th monoclonal antibody product. Nat. Rev. Drug Discov. 

2021;20:491–5. 

[2]  Cai HH. Therapeutic monoclonal antibodies approved by 2020. Clin. Res. Immunol. 

2021;4:1–2. 

[3]  Grilo AL, Mantalaris A. The increasingly human and profitable monoclonal antibody 

market. Trends. Biotechnol. 2019;37:9–16. 

[4]  Fekete S, Gassner AL, Rudaz S, Schappler J, Guillarme D, Analytical strategies for the 

characterization of therapeutic monoclonal antibodies. Trends. Anal. Chem. 2013;42:74-

83. 

[5]  Reichert JM. Monoclonal antibodies in the clinic. Nat. Biotechnol. 2001;19:819-22.  

[6]  Weiner LM, Surana R, Wang S. Monoclonal antibodies: versatile platforms for cancer 

immunotherapy. Nat. Rev. Immunol. 2010;10:317–27.  



28 
 

[7]  Tsumoto K, Isozaki Y, Yagami H, Tomita M. Future perspectives of therapeutic 

monoclonal antibodies. Immunotherapy 2019;11:119–27.  

[8]  Singh S, Tank NK, Dwiwedi P, Charan J, Kaur R, Sidhu P, Chugh VK. Monoclonal 

antibodies: a review. Curr. Clin. Pharmacol. 2018;13:85–99. 

[9]  Breedveld FC. Therapeutic monoclonal antibodies. Lancet 2000;355:735-40. 

[10]  Nose M, Wigzell H. Biological significance of carbohydrate chains on monoclonal 

antibodies. Proc. Natl. Acad. Sci. 1983;80:6632–36. 

[11]  Weiner LM. Fully human therapeutic monoclonal antibodies. J. Immunother. 2006;29:1–

9.  

[12]  Keizer RJ, Huitema ADR, Schellens JHM, Beijnen JH. Clinical pharmacokinetics of 

therapeutic monoclonal antibodies. Clin. Pharmacokinet. 2010;49:493-507.  

[13]  Starr CG, Tessier PM. Selecting and engineering monoclonal antibodies with drug-like 

specificity. Curr. Opin. Biotechnol. 2019;60:119–27. 

[14]  Krishna M, Nadler SG, Immunogenicity to biotherapeutics - The role of anti-drug immune 

complexes. Front. Immunol. 2016;7:21. 

[15]  Casteele NV, Gils A, Singh S, Ohrmund L, Hauenstein S, Rutgeerts P, Vermeire S. 

Antibody response to infliximab and its impact on pharmacokinetics can be transient. Am. 

J. Gastroenterol. 2013;108:962–71. 

[16]  Kim MS, Lee SH, Song MY, Yoo TH, Lee BK, Kim YS. Comparative analyses of complex 

formation and binding sites between human tumor necrosis factor-alpha and its three 

antagonists elucidate their different neutralizing mechanisms. J. Mol. Biol. 2007;374:1374-

88. 



29 
 

[17]  Lazzr-Molnar E, Delgado JC. Immunogenicity assessment of tumor necrosis factor 

antagonists in the clinical laboratory. Clin. Chem. 2016;62:1186-98. 

[18]  Kessler M, Goldsmith D, Schellekens H. Immunogenicity of biopharmaceuticals. Nephrol. 

Dial. Transplant. 2006;21 Suppl. 5:v9-v12. 

[19]  Zahavi D, Weiner L. Monoclonal antibodies in cancer therapy. Antibodies 2020;9:34.  

[20]  Taylor PC, Adams AC, Hufford MM, de la Torre I, Winthrop K, Gottlieb RL. Neutralizing 

monoclonal antibodies for treatment of COVID-19. Nat. Rev. Immunol. 2021;21:382-93. 

[21]  Partridge MA, Purushothama S, Elango C, Lu Y. Emerging technologies and generic 

assays for the detection of anti-drug antibodies. J. Immunol. Res. 2016;2016:6262383.  

[22]  Pratt KP. Anti-drug antibodies: emerging approaches to predict, reduce or reverse 

biotherapeutic immunogenicity. Antibodies 2018;7:19.  

[23]  Vaisman-Mentesh A, Rosenstein S, Yavzori M, Dror Y, Fudim E, Ungar B, Kopylov U, 

Picard O, Kigel A, Ben-Horin S, Benhar I, Wine Y. Molecular landscape of anti-drug 

antibodies reveals the mechanism of the immune response following treatment with TNFα 

antagonists. Fronti. Immunol. 2019;10:2921.  

[24]  Bendtzen K. Immunogenicity of anti-TNF-α biotherapies. II. Clinical relevance of methods 

used for anti-drug antibody detection. Front. Immunol. 2015;6:109. 

[25]  Criscione LG, St Clair EW. Tumor necrosis factor-α antagonists for the treatment of 

rheumatic diseases. Curr. Opin. Rheumatol. 2002;14:204-11.  

[26]  Ben-Horin S, Chowers Y. Tailoring anti-TNF therapy in IBD: drug levels and disease 

activity. Nat. Rev. Gastroenterol. Hepatol. 2014;11:243–55.  

[27]  Casteele NV, Assays for measurement of TNF antagonists in practice. Frontline 

Gastroenterol. 2017;8:236-42. 



30 
 

[28]  Wadhwa M, Thorpe R. Strategies and assays for the assessment of unwanted 

immunogenicity. J. Immunotoxicol. 2006;3:115-21. 

[29]  Wadhwa M, Knezevic I, Kang HN, Thorpe R, Immunogenicity assessment of 

biotherapeutic products: an overview of assays and their utility. Biologicals 2015;43:298-

306. 

[30]  Hindryckx P, Novak G, Casteele NV, Khanna R, Laukens D, Vipul J, Feagan BG. 

Incidence, prevention and management of anti-drug antibodies against therapeutic 

antibodies in inflammatory bowel disease: a practical overview. Drugs 2017;77:363–77. 

[31]  Felis-Giemza A, Moots RJ, Measurement of anti-drug antibodies to biologic drugs. 

Rheumatology 2015;54:1941-3. 

[32]  Gupta S, Devanarayan V, Finco D, Gunn GR, Kirshner S, Richards S, Rup B, Song A, 

Subramanyam M. Recommendations for the validation of cell-based assays used for the 

detection of neutralizing antibody immune responses elicited against biological 

therapeutics. J. Pharm. Biomed. Anal. 2011;55:878-88. 

[33]  Mire-Sluis AR, Barrett YC, Devanarayan V, Koren E, Liu H, Maia M, Parish T, Scott G, 

Shankar G, Shores E, Swanson SJ, Taniguchi G, Wierda D, Zuckerman LA, 

Recommendations for the design and optimization of immunoassays used in the detection 

of host antibodies against biotechnology products. J. Immunol. Methods 2004;289:1–16. 

[34]  Shankar G, Devanarayan V, Amaravadi L, Barrett YC, Bowsher R, Finco-Kent D, Fiscella 

M, Gorovits B, Kirschner S, Moxness M, Parish T, Quarmby V, Smith H, Smith W, 

Zuckerman LA, Koren E. Recommendations for the validation of immunoassays used for 

detection of host antibodies against biotechnology products. J. Pharm. Biomed. Anal. 

2008;48:1267-81. 



31 
 

[35]  Hage DS, Nelson MA. Chromatographic immunoassays. Anal. Chem. 2001;73:199A–

205A. 

[36]  Dinis-Oliveira RJ. Heterogeneous and homogeneous immunoassays for drug analysis. 

Bioanalysis 2014;6:2877-96.  

[37]  Bloem K, van Leeuwen A, Verbeek G, Nurmohamed MT, Wolbink GJ, van der Kleij D, 

Rispens T, Systematic comparison of drug-tolerant assays for anti-drug antibodies in a 

cohort of adalimumab-treated rheumatoid arthritis patients. J. Immunol. Methods 

2015;418:29–38.  

[38]  Bartelds GM, Wijbrandts CA, Nurmohamed MT, Stapel S, Lems WF, Aarden L, Dijkmans 

BAC, Tak PP, Wolbink GJ. Clinical response to adalimumab: relationship to anti-

adalimumab antibodies and serum adalimumab concentrations in rheumatoid arthritis. Ann. 

Rheum. Dis. 2007;66:921–6.  

[39]  van Schouwenburg PA, Bartelds GM, Hart MH, Aarden L, Wolbink GJ, Wouters D. A 

novel method for the detection of antibodies to adalimumab in the presence of drug reveals 

“hidden” immunogenicity in rheumatoid arthritis patients. J. Immunol. Methods 

2010;362:82–8.  

[40]  van Schouwenburg PA, Krieckaert CL, Rispens T, Aarden L, Wolbink GJ, Wouters D. 

Long-term measurement of anti-adalimumab using pH-shift-anti-idiotype antigen binding 

test shows predictive value and transient antibody formation. Ann. Rheum. Dis. 

2013;72:1680-6. 

[41]  Hart MH, de Vrieze H, Wouters D, Wolbink GJ, Killestein J, de Groot ER, Aarden LA, 

Rispens T. Differential effect of drug interference in immunogenicity assays. J. Immunol. 

Methods  2011;372:196–203. 



32 
 

[42]  van Schouwenburg PA, Kruithof S, Votsmeier C, Schie KV, Hart MH, de Jong RN, van 

Buren EEL, van Ham M, Aarden L, Wolbink G, Wouters D, Rispens T. Functional analysis 

of the anti-adalimumab response using patient-derived monoclonal antibodies. J. Biol. 

Chem. 2014;289:34482–8.  

[43]  van Schouwenburg PA, Kruithof S, Wolbink G, Wouters D, Rispens T. Using monoclonal 

antibodies as an international standard for the measurement of anti-adalimumab antibodies. 

J. Pharm. Biomed. Anal. 2016;120:198–201. 

[44]  Moxness M, Tatarewicz S, Weeraratne D, Murakami N, Wullner D, Mytych D, Jawa V, 

Koren E, Swanson SJ. Immunogenicity testing by electrochemiluminescent detection for 

antibodies directed against therapeutic human monoclonal antibodies. Clin. Chem. 

2005;51:1983–5. 

[45]  Zhong ZD, Dinnogen S, Hokom M, Ray C, Weinreich D, Swanson SJ, Chirmule N. 

Identification and inhibition of drug target interference in immunogenicity assays. J. 

Immunol. Methods 2010;355:21–8.  

[46]  Zoghbi J, Xu Y, Grabert R, Theobald V, Richards S. A breakthrough novel method to 

resolve the drug and target interference problem in immunogenicity assays. J. Immunol. 

Methods 2015;426:62-9.  

[47]  Vainshtein I, Sun B, Roskos LK, Liang M. A novel approach to assess domain specificity 

of anti-drug antibodies to moxerumomab pasudotox, an immunotoxin with two functional 

domains. J. Immunol. Methods 2020;477:112688. 

[48]  Skelley DS, Brown LP, Besch PK. Radioimmunoassay. Clin. Chem. 1973;19:146–86.  



33 
 

[49]  Rispens T, de Vrieze H, de Groot E, Wouters D, Stapel S, Wolbink GJ, Aarden LA. 

Antibodies to constant domains of therapeutic monoclonal antibodies: anti-hinge 

antibodies in immunogenicity testing. J. Immunol. Methods 2012;375:93–9. 

[50]  Radstake TRDJ, Svenson M, Eijsbouts AM, van den Hoogen FHJ, Enevold C, van Riel 

PLCM, Bendtzen K. Formation of antibodies against infliximab and adalimumab strongly 

correlates with functional drug levels and clinical responses in rheumatoid arthritis. Ann. 

Rheum. Dis. 2009;68:1739–45. 

[51]  Kim JS, Kim SH, Kwon BO, Hong SS. Comparison of immunogenicity test methods used 

in clinical studies of infliximab and its biosimilar (CT-P13). Expert. Rev. Clin. Immunol. 

2015;11 Suppl 1:S33-41.  

[52]  Casteele NV, Buurman DJ, Sturkenboom MGG, Kleibeuker JH, Vermeire S, Rispens T, 

van der Kleij D, Gils A, Dijkstra G. Detection of infliximab levels and anti-infliximab 

antibodies: a comparison of three different assays. Aliment. Pharmacol. Ther. 

2012;36:765–71.  

[53]  Mi L, Li W, Li M, Chen T, Wang M, Sun L, Chen Z. Immunogenicity screening assay 

development for a novel human-mouse chimeric anti-CD147 monoclonal antibody 

(Metuzumab). J. Immunol. Methods 2016;433:38–43. 

[54]  Trier NH, Ødum Nielsen I, Friis T, Houen G, Theander E. Comparison of antibody assays 

for detection of autoantibodies to Ro 52, Ro 60 and La associated with primary Sjögren’s 

syndrome. J. Immunol. Methods 2016;433:44–50. 

[55]  Bourdage JS, Cook CA, Farrington DL, Chain JS, Konrad RJ. An affinity capture elution 

(ACE) assay for detection of anti-drug antibody to monoclonal antibody therapeutics in the 

presence of high levels of drug. J. Immunol. Methods 2007;327:10–7. 



34 
 

[56]  Brickelmaier M, Hochman PS, Baciu R, Chao B, Cuervo JH, Whitty A. ELISA methods 

for the analysis of antibody responses induced in multiple sclerosis patients treated with 

recombinant interferon-β. J. Immunol. Methods 1999;227:121–35. 

[57]  Patton A, Mullenix MC, Swanson SJ, Koren E. An acid dissociation bridging ELISA for 

detection of antibodies directed against therapeutic proteins in the presence of antigen. J. 

Immunol. Methods 2005;304:189-95. 

[58]  Feldman E, Kalaycio M, Weiner G, Frankel S, Schulman P, Schwartzberg L, Jurcic J, 

Velez-Garcia E, Seiter K, Scheinberg D, Levitt D, Wedel N. Treatment of relapsed or 

refractory acute myeloid leukemia with humanized anti-CD33 monoclonal antibody 

HuM195. Leukemia 2003;17:314–8.  

[59]  Pendley C, Schantz A, Wagner C. Immunogenicity of therapeutic monoclonal antibodies. 

Curr. Opin. Mol. Ther. 2003;5:172–9. 

[60]  Kolfschoten MVDN, Schuurman J, Losen M, Bleeker WK, Martínez-Martínez P, 

Vermeulen E, den Bleker TH, Wiegman L, Vink T, Aarden LA, De Baets MH, van de 

Winkel JGJ, Aalberse RC, Parren PWH. Anti-inflammatory activity of human IgG4 

antibodies by dynamic Fab arm exchange. Science 2007;317:1554–7.  

[61]  Baert F, Noman M, Vermeire S, Assche GV, Haens GD, Carbonez A, Rutgeerts P. 

Influence of immunogenicity on the long-term efficacy of infliximab in Crohn’s disease. 

N. Engl. J. Med. 2003;348:601-8.  

[62]  Smith HW, Butterfield A, Sun D. Detection of antibodies against therapeutic proteins in 

the presence of residual therapeutic protein using a solid-phase extraction with acid 

dissociation (SPEAD) sample treatment prior to ELISA. Regul. Toxicol. Pharmacol. 

2007;49:230-7. 



35 
 

[63]  Griswold WR. Theoretical analysis of the sensitivity of the solid phase antibody assay 

(ELISA). Mol. Immunol. 1987;24:1291–4. 

[64]  Kennel SJ. Binding of monoclonal antibody to protein antigen in fluid phase or bound to 

solid supports. J. Immunol. Methods 1982;55:1–12. 

[65]  Werthen M, Nygren H. Cooperativity in the antibody binding to surface-adsorbed antigen. 

Biochim. Biophys. Acta 1993;1162:326–32. 

[66]  Werthen M, Nygren H. Effect of antibody affinity on the isotherm of antibody binding to 

surface-immobilized antigen. J. Immunol. Methods 1988;115:71–8. 

[67]  Nygren H, Werthen M, Stenberg M. Kinetics of antibody binding to solid-phase-

immobilised antigen: effect of diffusion rate limitation and steric interaction. J. Immunol. 

Methods 1987;101:63–71. 

[68]  Nygren H, Czerkinsky C, Stenberg M. Dissociation of antibodies bound to surface-

immobilized antigen. J. Immunol. Methods 1985;85:87–95. 

[69]  Rubin RL, Hardtke MA, Carr RI. The effect of high antigen density on solid-phase 

radioimmunoassays for antibody regardless of immunoglobulin class. J. Immunol. 

Methods 1980;33:277–92. 

[70]  Hock BD, Stamp LK, Hayman MW, Keating PE, Helms ETJ, Barclay ML. Development 

of an ELISA-based competitive binding assay for the analysis of drug concentration and 

antidrug antibody levels in patients receiving adalimumab or infliximab. Ther. Drug. Monit. 

2016;38:32–41. 

[71]  Sanchez-Hernandez JG, Rebollo N, Munoz F, Martin-Suarez A, Calvo MV. Therapeutic 

drug monitoring of tumour necrosis factor inhibitors in the management of chronic 

inflammatory diseases. Ann. Clin. Biochem. 2019;56:28–41.  



36 
 

[72]  Gross J, Moller R, Henke W, Hoesel W. Detection of anti-EPO antibodies in human sera 

by a bridging ELISA is much more sensitive when coating biotinylated rhEPO to 

streptavidin rather than using direct coating of rhEPO. J. Immunol. Methods 

2006;313:176–82. 

[73]  Ingenhoven K, Kramer D, Jensen PE, Hermanrud C, Ryner M, Deisenhammer F, Pallardy 

M, Menge Til, Hartung HP, Kieseier BC, Bertotti E, Creeke P, Fogdell-Hahn A, Warnke 

C. Development and validation of an enzyme-linked immunosorbent assay for the 

detection of binding anti-drug antibodies against interferon beta. Front. Neurol. 2017;8:305. 

[74]  Chen DY, Chen YM, Tsai WC, Tseng JC, Chen YH, Hsieh CW, Hung WT, Lan JL. 

Significant associations of antidrug antibody levels with serum drug trough levels and 

therapeutic response of adalimumab and etanercept treatment in rheumatoid arthritis. 

Annal Rheum. Dis. 2015;74:e16.  

[75]  Bader LI, Solberg SM, Kaada SH, Bolstad N, Warren DJ, Gavasso S, Gjesdal CG, Vedeler 

CA. Assays for infliximab drug levels and antibodies: a matter of scales and categories. 

Scand. J. Immunol. 2017;86:165–70.  

[76]  Hoesel W, Gross J, Moller R, Kanne B, Wessner A, Müller G, Gromnica-Ihle E, Fromme 

M, Bischoff S, Haselbeck A. Development and evaluation of a new ELISA for the detection 

and quantification of antierythropoietin antibodies in human sera. J. Immunol. Methods 

2004;294:101–10. 

[77]  Zhong ZD, Jiang LL, Khandelwal P, Clarke AW, Bakhtiar R, Zou L. Development and 

utility of an ELISA method for sensitive and specific detection of IgE antidrug antibodies. 

AAPS J. 2020;22:36. 



37 
 

[78]  Klein C, Schaefer W, Regula JT, Dumontet C, Brinkmann U, Bacac M, Umana P. 

Engineering therapeutic bispecific antibodies using CrossMab technology. Methods 

2019;154:21–31. 

[79]  Schmid AS, Neri D. Advances in antibody engineering for rheumatic diseases. Nat. Rev. 

Rheumatol. 2019;15:197–207.  

[80]  Broders O, Wessels U, Zadak M, Beckmann R, Stubenrauch K. Novel bioanalytical 

method for the characterization of the immune response directed against a bispecific F(ab) 

fragment. Bioanalysis 2020;12:509–17.  

[81]  Boysen L, Sprinkel AME, Lauritzen B, Breinholt J, Lykkesfeldt J, Viuff BM, Landsy LH. 

Generic immune complex assay for detection of murine anti-drug-antibodies in complex 

with human IgG. Biologicals 2019;60:42–8. 

[82]  Hoffmann E, Jordan G, Lauer M, Ringler P, Kusznir EA, Rufer AC, Huber S, Jochner A, 

Winter G, Staack RF. Generation, characterization, and quantitative bioanalysis of 

drug/anti-drug antibody immune complexes to facilitate dedicated in vivo studies. Pharm. 

Res. 2019;36:129 

[83]  Stubenrauch K, MacKeben K, Vogel R, Heinrich J. Generic anti-drug antibody assay with 

drug tolerance in serum samples from mice exposed to human antibodies. Anal. Biochem. 

2012;430:193–9. 

[84]  Stubenrauch K, Wessels U, Lenz H. Evaluation of an immunoassay for human-specific 

quantitation of therapeutic antibodies in serum samples from non-human primates. J. 

Pharm. Biomed. Anal. 2009;49:1003-8. 

[85]  Rojas JR, Taylor RP, Cunningham MR, Rutkoski TJ, Vennarini J, Jang H, Graham MA, 

Geboes K, Rousselle SD, Wagner CL. Formation, distribution, and elimination of 



38 
 

infliximab and anti-infliximab immune complexes in cynomolgus monkeys. J. Pharm. Exp. 

Ther. 2005;313:578–85.  

[86]  Pastuskovas CV, Mallet W, Clark S, Kenrick M, Majidy M, Schweiger M, Hoy MV, Tsai 

SP, Bennett G, Shen BQ, Ross S, Fielder P, Khawli L, Tibbitts J. Effect of immune 

complex formation on the distribution of a novel antibody to the ovarian tumor antigen 

CA125. Drug. Metab. Dispos. 2010;38:2309–19.  

[87]  Wang SL, Ohrmund L, Hauenstein S, Salbato J, Reddy R, Monk P, Lockton S, Ling N, 

Singh S. Development and validation of a homogeneous mobility shift assay for the 

measurement of infliximab and antibodies-to-infliximab levels in patient serum. J. 

Immunol. Methods 2012;382:177–88. 

[88]  Rubin DT, Naik S, Kondragunta V, Rao T, Jain A. Detection of adalimumab and antibodies 

to adalimumab using a homogeneous mobility shift assay. Curr. Med. Res. Opin. 

2017;33:837–43. 

[89]  Hernández-Breijo B, Chaparro M, Cano-Martínez D, Guerra I, Iborra M, Cabriada JL, 

Bujanda L, Taxonera C, Garcia-Sanchez V, Marin-Jimenez I, Acosta MB, Vera I, Martin-

Arranz MD, Mesonero F, Sempere L, Gomollon F, Hinojosa J, Gisbert JP, Guijarro LG. 

Standardization of the homogeneous mobility shift assay protocol for evaluation of anti-

infliximab antibodies. Application of the method to Crohn’s disease patients treated with 

infliximab. Biochem. Pharmacol. 2016;122:33–41.  

[90]  Hock BD, McKenzie JL, Goddard L, Smith SM, McEntyre CJ, Keating PE. Discrimination 

of anti-drug antibodies with neutralizing capacity in infliximab- and adalimumab-treated 

patients: Comparison of the homogeneous mobility shift assay and the affinity capture and 

elution assay. Ther. Drug. Monit. 2018;40:705–15.  



39 
 

[91]  Clarke WT, Papamichael K, Casteele NV, Germansky KA, Feuerstein JD, Melmed GY, 

Siegel CA, Irving PM, Cheifetz AS. Infliximab and adalimumab concentrations may vary 

between the enzyme-linked immunosorbent assay and the homogeneous mobility shift 

assay in patients with inflammatory bowel disease: a prospective cross-sectional 

observational study. Inflamm. Bowel. Dis. 2019;25:e143-5.  

[92]  Keating PE, Duncan R, Spellerberg M, O’Donnell J, Hock BD. Measurement of anti-

natalizumab antibodies by homogeneous mobility shift assay. Pathology 2020;52:373–4. 

[93]  Verdon C, Casteele NV, Heron V, Germain P, Afif W. Comparison of serum 

concentrations of ustekinumab obtained by three commercial assays in patients with 

Crohn’s disease. J. Can. Assoc. Gastroenterol. 2021;4:73–7.  

[94]  Hock BD, Smith SM, McEntyre CJ, McKenzie JL, Sies C, Keating PE. Development of a 

competitive binding homogeneous mobility shift assay for the quantification of 

adalimumab levels in patient serum. J. Immunol. Methods 2019;474:112672.  

[95]  Kumar R, Guttman A, Rathore AS. Applications of capillary electrophoresis for 

biopharmaceutical product characterization. Electrophoresis 2021;43:143-66. 

[96]  Wiswell D, Neupane D, Chen M, Bowman EP, Linn D, Sawant A, Chackerian A, Zhang 

S, Escandon E. A capillary electrophoresis based approach for the identification of anti-

drug antibodies against camelid VHH biologics (Nanobodies®). J. Pharmacol. Toxicol. 

Methods 2020;103:106872.  

[97]  Chen JQ, Heldman MR, Herrmann MA, Kedei N, Woo W, Blumberg PM, Goldsmith PK. 

Absolute quantitation of endogenous proteins with precision and accuracy using a capillary 

Western system. Anal. Biochem. 2013;442:97–103. 



40 
 

[98]  Zhang S, Chen M, Zhou S, Raoufi F, Wiswell D, Hsieh S, Seghezzi W. Development of a 

novel capillary electrophoresis-based approach for detection of anti-drug antibody 

responses. J. Immunol. Methods 2021;494:113047. 

[99]  Kolkman JA, Law DA. Nanobodies-from llamas to therapeutic proteins. Drug Discov. 

Today Technol. 2010;7:e139-e146. 

[100]  Lallemand C, Kavrochorianou N, Steenholdt C, Bendtzen K, Ainsworth MA, Meritet JF, 

Blanchard B, Lebon P, Taylor P, Charles P, Alzabin S, Tovey MG. Reporter gene assay 

for the quantification of the activity and neutralizing antibody response to TNFα 

antagonists. J. Immunol. Methods 2011;373:229–39.  

[101]  Pavlov IY, Carper J, Lázár-Molnár E, Delgado JC. Clinical laboratory application of a 

reporter-gene assay for measurement of functional activity and neutralizing antibody 

response to infliximab. Clin. Chim. Acta 2016;453:147–53. 

[102]  Steenholdt C, Bendtzen K, Brynskov J, Thomsen O, Ainsworth MA. Clinical implications 

of measuring drug and anti-drug antibodies by different assays when optimizing infliximab 

treatment failure in Crohn’s disease: post hoc analysis of a randomized controlled trial. Am. 

J. Gastroenterol. 2014;109:1055–1064.  

[103]  Real-Fernández F, Pregnolato F, Cimaz R, Papini AM, Borghi MO, Meroni PL, Rovero P. 

Detection of anti-adalimumab anti-bodies in a RA responsive cohort of patients using three 

different techniques. Anal. Biochem. 2019;566:133–8.  

[104]  Beeg M, Nobili A, Orsini B, Rogai F, Gilardi D, Fiorino G, Danese S, Salmona M, Garattini 

S, Gobbi M. A surface plasmon resonance-based assay to measure serum concentrations 

of therapeutic antibodies and anti-drug antibodies. Sci. Rep. 2019;9:2064. 



41 
 

[105]  Lofgren JA, Dhandapani S, Pennucci JJ, Abbott CM, Mytych DT, Kaliyaperumal A, 

Swanson SJ, Mullenix MC. Comparing ELISA and surface plasmon resonance for 

assessing clinical immunogenicity of panitumumab. J. Immunol. 2007;178:7467–72. 

[106]  Weeraratne DK, Lofgren J, Dinnogen S, Swanson SJ, Zhong ZD. Development of a 

biosensor-based immunogenicity assay capable of blocking soluble drug target 

interference. J. Immunol. Methods. 2013;396:44-55. 

[107] Real-Fernández F, Cimaz R, Rossi G, Simonini G, Giani T, Pagnini I, Rovero P. Surface 

plasmon resonance-based methodology for anti-adalimumab antibody identification and 

kinetic characterization. Anal. Bioanal. Chem. 2015;407:7477–85.  

[108]  Beeg M, Burti C, Allocati E, Ciafardini C, Banzi R, Nobili A, Caprioli F, Garattini S, Gobbi 

M. Surface plasmon resonance unveils important pitfalls of enzyme-linked immunoassay 

for the detection of anti-infliximab antibodies in patients’ sera. Sci. Rep. 2021;11:14976.  

[109]  Aniol-Nielsen C, Toft-Hansen H, Dahlbäck M, Nielsen CH, Solberg H. Calibration–free 

concentration analysis for quantification of anti-drug specific antibodies in polyclonal 

positive control antibodies and in clinical samples. J. Immunol. Methods 2021;497:113002. 

[110]  Neubert H, Grace C, Rumpel K, James I. Assessing immunogenicity in the presence of 

excess protein therapeutic using immunoprecipitation and quantitative mass spectrometry. 

Anal. Chem. 2008;80:6907–14.  

[111]  Chen L. Current status of anti-drug antibody analysis using immunocapture-liquid 

chromatography/mass spectrometry. J. Appl. Bioanal. 2018;4:74–80. 

[112]  Duan X, Dai L, Chen SC, Balthasar JP, Qu J. Nano-scale liquid chromatography/mass 

spectrometry and on-the-fly orthogonal array optimization for quantification of therapeutic 



42 
 

monoclonal antibodies and the application in preclinical analysis. J. Chromatogr. A 

2012;1251:63–73. 

[113]  Chen LZ, Roos D, Philip E. Development of immunocapture-LC/MS assay for 

simultaneous ADA isotyping and semi-quantitation. J. Immunol. Res. 2016;2016:7682472. 

[114]  Chen L, Roos D, Philip E, Pagels S. Sequential immunoaffinity-LC/MS assay for 

quantitation of a therapeutic protein in monkey plasma. J. Appl. Bional. 2017;3:127-138.  

[115]  Zeng J, Jiang H, Luo L. in: Lee MS, Ji QC. (Eds.), Semiquantification and isotyping of 

antidrug antibodies by immunocapture-LC/MS for immunogenicity assessment. In: Protein 

Analysis using Mass Spectrometry: Accelerating Protein Biotherapeutics from Lab to 

Patient. Wiley, Hoboken, 2017, pp. 91-98. 

[116]  Jiang H, Xu W, Titsch CA, Furlong MT, Dodge R, Voronin K, Allentoff A, Zeng J, Aubry 

AF, DeSilva BS, Arnold ME. Innovative use of LC-MS/MS for simultaneous quantitation 

of neutralizing antibody, residual drug, and human immunoglobulin G in immunogenicity 

assay development. Anal. Chem. 2014;86:2673-80. 

[117]  Roos D, Chen L, Vesapogu R, Kane C, Duggan J, Norris S. Detection of cynomolgus 

monkey anti-protein XYZ antibody using immunocapture-LC/MS. J. Appl. Bional. 

2016;2:117-28.  

[118]  Huang X, Xu X, Partridge MA, Chen J, Koehler-Stec E, Sumner G, Qiu H, Torri A, Li N. 

Isotyping and semi-quantitation of monkey anti-drug antibodies by immunocapture liquid 

chromatography-mass spectrometry. AAPS J. 2021;23:16. 

  



43 
 

Figure Legends 

Figure 1. General structure of an antibody, as illustrated using IgG, and examples of major 

classes, or isotypes, of antibodies (e.g., IgG, IgM, and IgA). 

 

Figure 2.  Examples of four types of immunoassays or binding assays that have been used for 

the analysis of ADAs to mAb-based biopharmaceuticals.  These methods are 

illustrated by using adalimumab as the drug of interest.  Abbreviations: ADA, anti-

drug antibody; ADL, adalimumab; bt, biotin; prot. A, protein A.  Reproduced and 

adapted from Ref. [37] with permission from Elsevier. 

 

Figure 3.  General scheme in a bridging ELISA for ADA detection. 

 

Figure 4.  Scheme for a homogeneous mobility shift assay (HMSA) when used for (a) the 

detection of ADAs to a given drug or (b) the parent drug, using infliximab (IFX) 

and Alexa Fluor 488-labeled agents (e.g., IFX-488) in this example.  The TNF-488 

represents Alexa Fluor 488-labeled TNF-α.  Terms: HPLC, high-performance 

liquid chromatography; SEC, size exclusion chromatography.  Reproduced from 

Ref. [87] with permission from Elsevier. 

 

Figure 5.  TNF-α responsive reporter gene construction for use in measuring ADAs to TNF-

α antagonists.  In this figure, κB is the NFκB recognition sequence; the coding 

regions for firefly luciferase and Renilla luciferase are both shown.  The intron is 

from the human β-globulin gene, SV40 Poly A is the SV40 polyadenylation site, 

and SV40 Min. prom. represents the SV40 minimal promoter.  This figure is 

adapted from Ref. [100] with permission from Elsevier. 
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Figure 6.  General scheme for the use of immunocapture with LC-MS for ADA detection. 
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