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ABSTRACT
Anti-drug antibodies (ADA) can limit the efficacy and safety of therapeutic antibodies. However, determin-
ing the exact nature of ADA interactions with the target drug via epitope mapping is challenging due to 
the polyclonal nature of the IgG response. Here, we demonstrate successful proof-of-concept for the 
application of hydroxyl radical footprinting (HRF)-mass spectrometry for epitope mapping of ADAs 
obtained from goats that were administered a knob-into-hole bispecific antibody (BsAb1). 
Subsequently, we performed epitope mapping of ADAs obtained from cynomolgus (cyno) monkeys 
that were administered BsAb1 as we described in a recently published paper. Herein, we provide the 
first data to demonstrate the feasibility of using HRF for ADA epitope mapping, and show that both goat 
and cyno-derived ADAs specifically target the complementary-determining regions in both arms of 
BsAb1, suggesting that the ADA epitopes on BsAb1 may be species-independent.
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The administration of a biotherapeutic drug can lead to an 
unwanted immune response and the production of anti-drug 
antibodies (ADAs), which can diminish drug efficacy, affect 
drug pharmacokinetics, and cause possible adverse events, 
including anaphylaxis.1–3 Therapeutic antibodies (i.e., mono-
clonal (mAbs) and related proteins, such as bispecific antibo-
dies (BsAbs)), are attractive biotherapeutics due to their high 
specificity and generally low immunogenicity risk. However, 
even some humanized and fully human mAbs have been 
shown to elicit immunogenic responses.1,2,4–6 Hence, the mon-
itoring of ADAs is routinely performed during nonclinical and 
clinical studies of therapeutic antibodies, and is expected from 
health authorities during drug development.

In our companion study,7 we used an integrated approach 
to determine the cause of the strong immunogenic response 
observed during clinical trials of a bispecific antibody (BsAb1). 
BsAb1 is a full-length, humanized IgG4 bispecific antibody that 
blocks the activity of soluble targets A and B (Anti-A/B). BsAb1 
is produced in two separate E. coli cell culture processes, 
followed by in vitro assembly using knobs-into-holes 
technology.8 The clinical development of BsAb1 was termi-
nated, in part due to the observation of a high incidence of 
ADAs.9 Interestingly, the two monovalent parental mAbs 
(Anti-A/A and Anti-B/B, standard antibodies) derived from 
Chinese hamster ovary (CHO) cells, exhibited low rates of 
ADA formation in clinical trials (data not shown). The notable 
difference between the CHO-derived standard parent mAbs 
and the E. coli-derived BsAb1 molecule include anti-B variable 
domains from parental IgG1 grafted onto the IgG4 framework 
of BsAb1, 4 knob-into-hole mutations in the CH3 domains of 
BsAb1, and a lack of N-linked glycans due to E. coli expression 

of BsAb1. Thus, understanding this unexpected immune 
response is paramount for the future development of E. coli- 
derived bispecific antibody modality.

Our previous work investigated the cause of immunogeni-
city with an in vivo study of cynomolgus (cyno) monkeys using 
BsAb1 (Anti-A/B) and three highly similar bispecific antibo-
dies, differing only in their content and positioning of anti-A 
and anti-B antigen-binding fragment (Fab) arms (Anti-A/A, 
Anti-B/B, Anti-B/A).7 This work showed that the molecules 
that included Arm-B elicited strong immune responses, 
whereas the molecule lacking Arm-B (i.e., Anti-A/A) elicited 
little or no response. Thus, the assumption drawn was that the 
Fab of the anti-B arm of BsAb1, was necessary for the cyno 
ADA response. However, the exact binding interactions 
between the ADAs and BsAb1 remained unclear. We were 
thus interested in epitope mapping of cyno-derived ADAs to 
understand the nature of the epitope interaction on BsAb1.

There are many technologies available for epitope mapping, 
including peptide array, electron microscopy, crystallography, 
and mutagenesis (reviewed by Nilvebrant et al.10). However, 
each of these technologies has disadvantages, such as cost, 
throughput, protein amount/purity requirements, and ability 
to detect conformational vs. linear epitopes. Bottom-up mass 
spectrometry (MS) technologies using covalent and non- 
covalent labeling have shown promise for deciphering pro-
tein–protein interactions and are able to circumvent some of 
the inherent challenges described by other epitope mapping 
technologies.11–13 One of the emerging MS-based technologies 
for epitope mapping is hydroxyl radical footprinting (HRF)- 
MS, a technology that uses hydroxyl radicals to label the side 
chains of solvent-exposed amino acids.14 The high affinity, 

CONTACT Aaron T. Wecksler wecksler.aaron@gene.com Genentech Inc, 1 DNA Way, South San Francisco, California, USA
#Currently in the Harvard Chemical Biology Graduate Program

Supplemental data for this article can be accessed on the publisher’s website

MABS                                                           
2022, VOL. 14, NO. 1, e2028337 (6 pages) 
https://doi.org/10.1080/19420862.2022.2028337

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1080/19420862.2022.2028337
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19420862.2022.2028337&domain=pdf&date_stamp=2022-01-24


specificity, and large surface area of antibody-antigen com-
plexes are ideal for epitope mapping using HRF.13,15,16 

However, identifying the difference between a binding site 
and a conformational change is difficult for all bottom-up MS 
technologies.

Epitope mapping ADAs is challenging due to their polyclo-
nal nature. A typical ADA response consists of multiple anti-
bodies that bind different epitopes on the same antigen. 
Therefore, using bottom-up technologies to determine binding 
site(s) is extremely difficult and has only recently been demon-
strated using hydrogen-deuterium exchange-mass spectrome-
try (HDX-MS).17 To our knowledge, epitope mapping of 
ADAs using HRF has not been shown. In addition, the affinity 
purification of ADAs from serum can significantly influence 
the final ADA population depending on the selection process.

In this study, we first performed a proof-of-concept study 
using ADAs derived from the immunization of goats against 
BsAb1, to determine the feasibility of epitope mapping ADAs 
using HRF. Upon successful demonstration, we then repeated 
the workflow with the ADAs from the cyno that produced the 
highest titer ADA response against BsAb1 as observed in the 
companion study.7 Below we describe the workflow for the 
epitope mapping of the ADAs, and show that the cyno- 
derived ADAs specifically target the complementary-deterem-
ing regions (CDRs) from both Arm-A and Arm-B of BsAb1.

The epitope mapping workflow was as follows: Purified 
ADAs from goat and cyno were mixed with BsAb1 to facilitate 
ADA-BsAb1 complex formation, separated using size-exclusion 
chromatography (SE-HPLC), and subjected to HRF analysis. SE- 
HPLC not only enables enrichment of the complexes but also 
provides buffer exchange into a suitable buffer (phosphate) for 
HRF analysis. The HRF technology used in this study was Fast 
Photochemical Oxidation of Proteins (FPOP), a bench-top tech-
nology ideally suited for epitope mapping and characterizing 
protein–protein interactions.18,19 HDX-MS is a well-established 
technique used in industry for epitope mapping, but as with all 
bottom-up MS technology, there are certain limitations, includ-
ing the time-dependent labeling requirements, pH-dependent 
labeling effects, and deglycosylation challenges. FPOP can cir-
cumvent some of these challenges due to the stable addition of 
the hydroxyl radical.20 However, the combination of both of 
these technologies may provide the most comprehensive under-
standing of protein–protein interactions.21–23

The amount of hydroxyl radical labeling (% modification) 
that occurs is dependent on the intrinsic reactivity and solvent- 
accessible surface area (SASA) for each residue.24,25 

Quantitating the hydroxyl radical labeling for every given pep-
tide provides a detailed, region-specific footprint of the solvent 
accessibility of the protein. Determining the binding interface 
between ADA and target (e.g., epitope mapping) can be 
achieved by comparing the oxidative footprints of the unbound 
BsAb1 and ADA-bound BsAb1. Specifically, BsAb1 regions 
with a statistical decrease in labeling (decrease in SASA) in 
the ADA-bound state, relative to the unbound state, provide 
evidence for direct ADA binding interactions. However, con-
formational changes that occur from binding can lead to both 
decreased and increased labeling (increase in SASA). 
Therefore, changes in SASA are not always indicative of the 
binding site.

The successful epitope mapping of polyclonal ADAs in 
these studies required three important aspects: 1) high tryptic 
mapping sequence coverage of the antigen, 2) fractionation of 
the fully bound ADA-target complexes, and 3) determination 
of the potential sequence overlap between the ADAs and the 
BsAb1. We achieved these three aspects by demonstrating 
>80% sequence coverage for the BsAb1, utilizing SE-HPLC to 
fractionate and purify the ADA complexes, and screening of 
the unbound ADA tryptic digestion against the BsAb1 
sequence database. Interference from goat ADA-derived pep-
tides was not a concern due to insufficient sequence identity 
between goat IgG and the humanized BsAb1 framework. 
However, we expected the cyno ADAs to share some sequence 
overlap with the humanized BsAb1 framework. As seen in 
Figures S1 and S2, there is sequence overlap between the 
cyno ADAs and BsAb1 in both the light chain (LC) and 
heavy chain (HC) constant regions. There was also some 
unexpected sequence overlap with HC-CDR3 of BsAb1 Arm- 
B, but it was unclear if this was a false positive, as no sequence 
overlap is expected within the CDRs (Figure S2). The peptides 
showing overlap between cyno ADA and BsAb1 were excluded 
from the oxidative footprint analysis for the cyno ADA epitope 
mapping to avoid confounding the results.

As indicated, the initial proof-of-concept studies were per-
formed with purified goat-derived ADAs immunized against 
BsAb1 antigen-binding regions (see methods section). This 
was intended to simplify the identification of the potential 
ADA binding sites by focusing on the variable domains, 
thereby providing a positive control. The goat ADA-BsAb1 
complexes were generated by mixing the goat ADAs in a 2:1 
molar excess to the BsAb1 (to ensure full occupancy), then the 
material was separated using SE-HPLC (Figure S3). Given the 
polyclonal nature of the ADA and the bispecific nature of 
BsAb1, it was not surprising to observe multiple peaks in the 
chromatogram as a result of ADA-BsAb1 complexes. The 
complexes and unbound BsAb1 were subsequently subjected 
to HRF analysis. Comparison of the full oxidative footprints 
between the unbound and ADA-bound BsAb1 provides direct 
evidence for interactions at the HC and LC CDRs of both Arm- 
A and Arm-B (Figure S4, Figure S5) of BsAb1. These data were 
subsequently plotted on a homology model of BsAb1 for 
visualization (Figure 1).

After successfully demonstrating the use of HRF for epitope 
mapping of goat-derived ADAs targeting the antigen-binding 
regions, a similar workflow was performed for the cyno-derived 
ADAs. In this case, the cyno ADAs were affinity purified against 
the full-length BsAb1 without negative selection against the IgG 
constant regions (see methods section). This enabled a relatively 
unbiased analysis of the potential ADA epitopes on the entire 
BsAb1 molecular surface. The cyno ADA-BsAb1 complexes were 
analyzed following the same procedures as the goat ADA-BsAb1 
complexes, and they demonstrated a similar SE-HPLC profile 
(data not shown). Peptides with identical sequence derived from 
cyno ADA and BsAb1 were removed from the analysis, and 
therefore there were fewer peptides to consider for the mapping 
of cyno ADAs as compared with the goat ADA study. The 
oxidative footprint of cyno ADA-bound BsAb1 demonstrated 
binding at the HC and LC CDRs of both Arm-A and Arm-B 
of BsAb1 (Figure S6, Figure S7). There was no evidence of ADA 
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binding epitopes on the humanized IgG4 bispecific knobs-into- 
holes framework. However, there were two regions showing 
increased hydroxyl radical labeling (increased SASA) in the 
cyno ADA-bound BsAb1, which could indicate remote confor-
mational changes elicited by ADA binding (Figure 2).

Our previously published companion study provided evi-
dence that the Anti-B arm of BsAb1 was necessary for 
a strong cyno ADA response.7 However, in this work, we 
demonstrate that cyno ADAs target the CDRs in both Anti- 
A and Anti-B arms of BsAb1. To understand the population 
of ADAs that target the Arm-A vs. Arm-B, we used the three 
other bispecific antibody variants to determine how much 
immune-complex is formed when mixed with the cyno- 
derived BsAb1 ADAs. SE-HPLC analysis of the different 
immune-complexes generated from the four bispecific var-
iants (Anti-A/B, Anti-B/A, Anti-A/A, Anti-B/B) showed that 
the Anti-A/A variant produced the least amount of immune- 
complex compared with the variants containing the Anti-B 
arm (data not shown). While quantitative abundance was not 
determined, these data indicated that the ADAs against the 
Arm-A were lower in abundance or lower in affinity than the 
ADAs targeting Arm-B.

Therefore, we likely observed ADA epitopes on Arm-A simply 
due to enrichment of low abundance immune-complexes for 
HRF analysis. Targeting of both Arm-A and Arm-B was observed 
for both goat and cyno ADAs, suggesting that the targeting of 

CDRs may be a species-independent phenomenon. Although 
ADA binding epitopes were identified here, additional work to 
identify the T cell epitopes necessary to produce a mature ADA 
response using MHC-associated peptide proteomics (MAPPS) 
and other assays will be required to enable a better understanding 
of the root causes of BsAb1 immunogenicity.

This report demonstrates the feasibility of using HRF for 
epitope mapping of ADAs. While successful in the current 
studies, epitope mapping of human patient ADAs will pose 
substantial challenges due to the limited quantities, their poly-
clonal nature, and potential sequence identity with the admi-
nistered biotherapeutics. Addressing these challenges will 
depend on both the nature of the administered biotherapeutics 
and the associated immune-complexes, as well as improved 
analytical tools for enrichment and analysis. The strategy pre-
sented here for epitope mapping of ADAs provides a novel 
framework for improving our understanding of biotherapeu-
tic-derived immunogenicity.

Materials and methods

The in vivo study was conducted at Genentech, South San 
Francisco, in accordance with the IACUC, the USDA Animal 
Welfare Act and the Guide for the Care and Use of Laboratory 
Animals.

Figure 1. Structural analysis of Goat ADA-BsAb1 Complex by HRF. Bar graph comparing the oxidative labeling footprint of selected tryptic peptides in the unbound and 
bound states for both arm A (a) and arm B (b) of BsAb1. Full oxidative footprints are shown in Figure S4 & S5. (c) Mapping of the HRF data onto the molecular model. 
*Denotes practically significant changes in % modification.

MABS e2028337-3



Antisera generation

A female Nubian goat was hyperimmunized via subcutaneous 
administration of 1 mg of BsAb1 on Day 0 (Genentech, South 
San Francisco, CA). The animal was subsequently boosted four 
times (on Days 14, 28, 42, 56) with 1 mg of BsAb1 subcuta-
neously, and on Day 65, the animal was bled. The bleed was 
processed to isolate the antisera fraction, which was used as 
a starting material for affinity purification of goat ADAs direc-
ted against BsAb1. The cyno ADAs were generated as pre-
viously described.7

Purification of goat ADA from goat serum

Goat ADAs were purified by total IgG isolation, negative selec-
tion, and positive selection. All steps were performed using an 
ÄKTApurifier FPLC (GE Healthcare, Piscataway, NJ).

For negative selection, polyclonal hu IgG (Jackson 
ImmunoResearch, West Grove, PA. Catalog number: 009– 
000-003) and IgG4 isotype rhuMAb (Genentech, South San 
Francisco, CA), 5 mL HiTrap® (GE Healthcare, Piscataway, NJ) 
affinity columns were constructed per the manufacturer’s 
instructions. For each column, approximately 50 mg of anti-
body was immobilized. For positive selection, a BsAb1 5 mL 
HiTrap® affinity column was constructed (approximately 
50 mg was immobilized).

Total goat IgG was isolated from goat anti-BsAb1 antisera 
via saturated ammonium sulfate precipitation. Next, the goat 
IgG was passed over polyclonal hu IgG and IgG4 rhuMAb 
affinity columns connected in series (negative selection). 
Finally, the flow-through from the negative selection step was 
passed over the BsAb1 affinity column, and goat anti-BsAb1 
CDR polyclonal antibodies were recovered via elution with 
100 mM acetic acid pH 2.8 (positive selection). The eluate 
was neutralized using 1 M Tris pH 8.0 and dialyzed extensively 
against phosphate-buffered saline (PBS) pH 7.4.

Purification of cyno ADA from cyno serum

To purify the possible ADA from cynos treated with BsAb1, 
frozen serum samples (4 mL) were thawed and centrifuged at 
3000 x g for 4 min and the supernatant was purified through 
two 0.2-micron filters before loading onto two tandem affinity 
columns at a flow rate of 0.1 mL/min. The first affinity column 
was an anti-human IgG affinity resin prepared with sheep anti- 
human IgG (The Binding Site, Birmingham, UK, AU003.M) 
bound to Actigel ALD resin (Sterogene, 40–60 um particle size) 
to bind and remove any remaining free human BsAb1. 
The second column was prepared from full-length BsAb1 in 
a similar manner using the Actigel resin to bind any cyno 
ADAs present in the serum that were directed to BsAb1. The 
tandem columns were extensively washed with PBS until the 

Figure 2. Structural analysis of Cyno ADA-BsAb1 Complex by HRF. Bar graph comparing the oxidative labeling footprint of selected tryptic peptides in the unbound and 
bound states for both arm A (a) and arm B (b) of BsAb1. Full oxidative footprints are shown in Figure S6 & S7. (c) Mapping of the HRF data onto the molecular model. 
*Denotes practically significant changes in % Modification.
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A280 absorbance reached baseline. Thereafter, the two col-
umns were separated, and each eluted with 0.1 M acetic acid 
containing 0.15 M NaCl. After elution, each column was re- 
equilibrated with PBS for subsequent rounds of purification 
from additional cyno samples. Fractions from the starting 
serum and peaks eluted with acetic acid were analyzed by non- 
reducing SDS-PAGE and mass spectrometry to confirm the 
nature of the eluted sample. Both analyses confirmed purifica-
tion of BsAb1 from the sheep anti-human column and 
a heterogeneous mix of antibody masses eluted from the 
BsAb1 column.

ADA-BsAb1 complex preparation

Goat ADA-BsAb1 complexes were prepared in PBS buffer at 
a 2:1 ratio of excess ADAs and incubated for 1 h at room 
temperature before analysis. Cyno ADA-BsAb1 complexes 
were prepared in PBS buffer at a 2:1 ratio to promote ADA 
binding toward BsAb1 and were incubated for 1 h at room 
temperature before analysis.

Size-Exclusion High-Performance Liquid Chromatography
SE-HPLC was performed on Agilent 1200 Series HPLC 

instruments (Agilent Technologies, Santa Clara, CA) with 
Chromeleon version 7.2 software (Thermo Fischer Dionex, 
Waltham, MA). ADA, BsAb1, and ADA-BsAb1 complex sam-
ples were flowed through a TSKgel G3000SWxl column (Tosoh 
Bioscience, Tokyo, Japan) at 0.5 mL/min. The mobile phase 
consisted of 0.2 M potassium phosphate/0.25 M potassium 
chloride pH 6.2. Column temperature was maintained at ambi-
ent temperature, and absorbance was monitored at 280 nm. 
Fractionated ADA-BsAb1 complexes were collected in 1.5 mL 
microcentrifuge tubes (Eppendorf, Hamburg, Germany).

Hydroxyl radical footprinting

Fractionated BsAb1 and ADA-BsAb1 complexes were sub-
jected to labeling as previously described.16 Briefly, a high- 
power laser was focused on a glass capillary to irradiate the 
sample. Two syringes, one containing the protein samples 
combined with arginine (used to help control the amount of 
hydroxyl labeling) and another containing hydrogen peroxide, 
converged on a T-mixer just before the point of laser irradia-
tion. This T-mixer allowed the solution to mix at a 2:1 (protein: 
hydrogen peroxide) volume ratio. After irradiation, the sam-
ples were delivered in-line to a sample tube containing methio-
nine and catalase to quench the labeling reaction. Three laser- 
irradiated samples were obtained in addition to a no-laser 
control sample. Percent oxidation is presented as the mean of 
triplicate runs after subtraction of the “no laser” background 
oxidation control. Error bars represent the 95% confidence 
limits for the mean. The difference in percent oxidation levels 
of two samples is considered to be practically significant when 
the corresponding error bars do not overlap.

Peptide mapping and mass spectrometry analysis

Hydroxyl radical labeled protein samples were digested as 
previously described.16 Briefly, the proteins were reduced 
with 6 M guanidine-HCl and 10 mM dithiothreitol (DTT) 

at 45°C for 10 min, alkylated with 25 mM iodoacetamide at 
room temperature for 5 min, and quenched with 50 mM 
DTT at room temperature. The resulting samples were then 
desalted using NAP-5 columns (GE Healthcare, Chicago, 
Illinois), digested with trypsin at 37°C overnight, and 
quenched with 100% of formic acid. Tryptic peptide separa-
tion was performed using a Waters H-Class UPLC system 
(Waters Corporation, Milford, MA) with a Waters Acquity 
UPLC CSH130 C-18 column (1.7-μm, 2.1 mm × 150 mm). 
The flow rate at 0.3 mL/min and the column temperature 
was set to 77°C. Mobile phases consisted of 0.1% formic acid 
in water (A) and 0.1% formic acid in acetonitrile (B). The 
gradient was 0% to 35% B in 42 min. MS analysis was 
carried out with a ThermoFisher QExactive Orbitrap MS 
operating in positive mode, performing MS2 scans on the 
top-10 most abundant peaks in data-dependent acquisition 
mode in the m/z range 350–2000 at a resolving power of 
35,000. MS data treatment was performed using Byonic and 
Byologic Footprint Software Suites (Protein Metrics, Inc., 
Cupertino, California) for peak identification and quantita-
tion of percent oxidation for each peptide, respectively. 
Percent oxidation is presented as the average of triplicate 
runs after subtracting the no-laser background oxidation 
control. Error bars represent the statistical analysis per-
formed using a single sample t-test with a 95% confidence 
interval.
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