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To determine the effectiveness of immunization strategies
used in therapeutic antibody or vaccine development, it is criti-
cal to assess the quality of immunization-induced polyclonal
antibody responses. Here, we developed a workflow that uses
sensitive methods to quantitatively and qualitatively assess
immune responses against foreign antigens with regard to anti-
body binding affinity and epitope diversity. The application of
such detailed assessments throughout an immunization cam-
paign can significantly reduce the resources required to gener-
ate highly specific antibodies. Our workflow consists of the fol-
lowing two steps: 1) the use of surface plasmon resonance to
quantify antigen-specific antibodies and evaluate their apparent
binding affinities, and 2) the recovery of serum IgGs using an
automated small scale purification system, followed by the
determination of their epitope diversity using hydrogen deute-
rium exchange coupled with mass spectrometry. We showed
that these methods were sensitive enough to detect antigen-spe-
cific IgGs in the nanogram/�l range and that they provided
information for differentiating the antibody responses of the
various immunized animals that could not be obtained by con-
ventional methods. We also showed that this workflow can
guide the selection of an animal that produces high affinity anti-
bodies with a desired epitope coverage profile, resulting in the
generation of potential therapeutic monoclonal antibody clones
with desirable functional profiles. We postulate that this work-
flow will be an important tool in the development of effective
vaccines to combat the highly sophisticated evasion mecha-
nisms of pathogens.

One hundred years after the “magic bullet” proposal by Paul
Ehrlich and decades after the establishment of hybridoma tech-
nology for producing monoclonal antibodies (mAbs) by Köhler
(1) and others (2, 3), antibodies have finally become very attrac-
tive therapeutic modalities. The high potency of antibodies and
the ability to generate a seemingly unlimited diversity of speci-
ficities have led to antibody-based therapies that target many

different illnesses and diseases (4 – 6). The majority of thera-
peutic antibodies currently available on the market are of
mouse origin. Despite the proven success of animal immuniza-
tions for over 3 decades, the generation of mAbs for therapeutic
purposes is often a labor-intensive and time-consuming pro-
cess that requires months of work from the initial immuniza-
tion to the identification of specific hybridoma antibodies.
Although other approaches, such as phage display (7) and
human memory B-cell immortalization and cloning (8), have
been developed for the derivation of fully human mAbs that do
not require animal immunization, these methods have shown
limited success due to the challenges associated with anti-
bodies of non-immune origins (9). To date, the production of
mAbs from immunized rodents remains the most highly used
platform for generating high quality therapeutic biologics,
because of the natural in vivo recombination and affinity mat-
uration of antibodies that occur during the humoral immune
response in immunized animals (10 –12).

Generating an effective immune response is not only funda-
mental for therapeutic antibody discovery, but is also crucial for
vaccine development in combating infectious disease. Both
begin with the host immune response elicited against the
foreign antigen/vaccine after immunization. While animal
immunization for therapeutic antibody generation requires
a mechanism-driven strategy for obtaining antibodies that
can demonstrate the therapeutic mode of action prior to
hybridoma fusion and/or B-cell recovery efforts, vaccine devel-
opment emphasizes the stimulation of protective immune
responses by the host’s immune system that are of sufficient
strength and quality to sustain efficient and long term protec-
tion (13, 14). The development of an optimal immune response
to meet either goal is challenging due to the sophisticated
mechanisms that control immune responses (15). The process
often involves multiple critical considerations, such as the
selection of candidate antigens, choice of adjuvant, antigen/
vaccine design, dosage, frequency of application, duration of
immunization, injection protocols, etc. (16 –18). Immune
responses are typically monitored by measuring antibody titers
(the relative concentration of antigen-specific antibodies) in
the blood samples collected from the immunized hosts over the
course of immunization. While many commercial kits and
automated systems are available, ELISA remains the most
widely used method for antibody titer measurements due to its
simplicity and low cost. However, these conventional assays
can only partially evaluate immune responses (19, 20), as they
cannot accurately reveal data about the binding affinity, speci-
ficity, and epitope diversity of polyclonal antibodies, all of
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which are important for an effective immunization campaign
that will lead to the generation of high quality antibody
responses with distinct specificities.

To increase the efficiency of our therapeutic antibody gener-
ation process to achieve long term success, we developed alter-
native methods for assessing the quality of polyclonal antibod-
ies in immune sera, surface plasmon resonance (SPR)2 and
hydrogen deuterium exchange (HDX) coupled with mass spec-
trometry. We propose that a workflow integrating these sensi-
tive methods into the antibody generation platform can help
“engineer” the immune response by providing information on
the effectiveness of various immunization methods and by
selecting the most appropriate animals for antibody recovery.
Access to this information increases the probability of success
in recovering antibodies that meet affinity and/or epitope
requirements. In this report, we describe the following: the
method development and establishment of the detection limits
of our techniques, a proof-of-concept study using sera from
IL-13 immunized mice, the creation of a workflow named
Quality of Antibody Response (QAR), and finally the imple-
mentation of this workflow for a therapeutic anti-B-cell acti-
vating factor (BAFF) antibody generation campaign to guide
the selection of optimal animal donors for hybridoma gen-
eration. We demonstrate how these sensitive methods can
effectively differentiate the antibody responses among vari-
ous animals, thereby contributing to the successful recovery
of functional antibodies. Beyond its use in therapeutic anti-
body discovery, this QAR workflow can also be applied to
advance vaccine development toward the goal of developing
robust vaccines.

Results

Serum IgG Purification Efficiency—To enable analysis by
mass spectrometry, serum IgGs were purified using the
PhyNexus automated purification system (Table 1). To ensure
that the purification process achieved maximal IgG recovery
and optimal IgG quality, SDS-PAGE and AUC were used. We
used naive serum to investigate the number of elution cycles
required for full retrieval of the bound IgGs; SDS-PAGE was

used to track the presence of IgGs in the samples from each of
10 consecutive elution steps. We found that IgGs could no lon-
ger be detected beyond the 5th elution cycle, suggesting that
four elution steps were sufficient (data not shown). Thus, we
used four elution steps throughout this study. Non-reducing
SDS-PAGE analysis of the material from each of the purifica-
tion steps showed that the ProPlus (protein A/G) resin effec-
tively captured IgGs from the mouse sera (Fig. 1A). Although
the remaining flow-through and washing step solutions
contained multiple bands, the eluted solutions showed a single
band whose size corresponded to the typical IgG molecular
mass of �150 kDa. This result was confirmed using reducing
SDS-PAGE, which revealed the presence of two bands with
molecular weights corresponding to those of the heavy and
light chains. The IgG bands from the four sequential elution
cycles gradually decreased in signal intensity as expected. The
pooled eluate, whose total collected volume was �2 ml, was
concentrated, and its purity and homogeneity were evaluated
using AUC. Sedimentation velocity analysis showed that the
sample contained 95% monomeric IgGs (Fig. 1B).

Detection Limit of Antigen-specific IgGs in Serum Using
SPR—The concentration-dependent binding of IgG to human
IL-13 was demonstrated by SPR using samples containing naive
serum with various amounts of DL11 added. Because of the
high concentration of endogenous IgGs, the serum samples
were diluted 1000-fold prior to protein A/G capture. The total
IgGs, which included both endogenous IgGs and DL11, were
captured at a density of �2000 RU. As expected, the binding
response decreased with decreasing DL11 concentrations in
the serum (Fig. 2). The affinity of DL11 was determined to be
�24 (�8) pM, and saturation was achieved at 5 nM human
IL-13. There was no difference in the maximal response level
when 10 and 100 nM human IL-13 solutions were injected over
identical IgG-containing surfaces (data not shown). The con-
centration limit at which antigen-specific IgGs were detected in
serum was determined to be 250 ng/�l, as signals �10 RU are
considered to be background noise in this system. Using Equa-
tions 1 and 2, described under “Experimental Procedures,” the
percentage of DL11 antigen-specific IgGs among the total IgGs
was calculated for each reconstituted sample. As shown in
Table 2, the lower limit of 250 ng/�l corresponded to a concen-
tration that was equivalent to �10% of the total IgGs being
human IL-13-specific DL11.

2 The abbreviations used are: SPR, surface plasmon resonance; QAR, quality of
antibody response; RU, response unit; MEA, micro-extractor automated
instrument; HDX, hydrogen deuterium exchange; AUC, analytical ultracen-
trifugation; cyno, cynomolgus; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; BAFF, B-cell activating factor.

TABLE 1
Operating conditions used for the affinity purification of mouse serum IgGs in the PhyNexus MEA purification system

Step Reagent Reagent position
Reagent
volume Intake volume

Flow
rate

No. of
cycles Delay

Position
axis

�l �l ml/min s
Column equilibration PBS Plate position 7, row A 1000 900 (920 expelled in the last cycle) 0.5 2 20 2575
Capture Serum IgGs diluted in PBS Plate position 3, row A 500 400 (420 expelled in the last cycle) 0.25 10 20 2660
Wash 1 PBS Position 7, row B 1000 900 0.5 3 20 2575
Wash 2 PBS � 1 M NaCl Position 7, row C 1000 900 0.5 3 20 2575
Wash 3 PBS Position 7, row D 1000 900 (920 expelled in the last cycle) 0.5 3 20 2575
Elution 1 30 mM sodium acetate, pH 3.0 Position 7, row E 500 400 0.5 5 20 2575
Elution 2 30 mM sodium acetate, pH 3.0 Position 7, row F 500 400 0.5 5 20 2575
Elution 3 30 mM sodium acetate, pH 3.0 Position 7, row G 500 400 0.5 5 20 2575
Elution 4 30 mM sodium acetate, pH 2.5 Position 7, row H 500 400 (440 expelled in the last cycle) 0.5 5 20 2575
Neutralization (intake) 300 mM sodium acetate, pH 9 Position 8, row B 300 50 6 1 3 2050
Neutralization (expelled) Step-wise deposition to

row E–H
50 2 1 3
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Detection Limit of Antigen-specific IgG in Serum Using
HDX-LC/MS—To determine the IgG-binding epitope on the
antigen, the purified IgGs were subjected to HDX coupled with
LC/MS. This method compares deuterium exchange levels at
different regions of the antigen in the presence and absence of
antibody and identifies those that are protected by the IgGs.
First, a mock experiment using different concentrations of
human IL-13 in the absence of IgGs was performed to deter-
mine the optimal concentration of protein that was required to
ensure full sequence coverage of the protein. The results
revealed that a concentration of 4 �M yielded the highest
sequence coverage (98%) (Fig. 3). Thus, this concentration was
used in the subsequent experiments using IgG samples.

The epitope mapping experiment was performed by incubat-
ing the purified IgGs with human IL-13 as described under
“Experimental Procedures.” Deuterium uptake was compared
in samples containing human IL-13 in the absence and pres-

ence of DL11. Because hydrogen has a mass of 1.008 Da and
deuterium has a mass of 2.014 Da, the replacement of hydrogen
in a protein with deuterium induces a shift in mass of �1 Da.
Because antibody binding inhibits deuterium exchange in the
epitope regions, peptides exhibiting shifts in mass are associ-
ated with antibody epitopes. As shown in Fig. 4A, a large shift in
mass in comparison with the control was observed in the pep-
tide encompassing residues 100 –110 in human IL-13, indicat-
ing that this region was protected by DL11. Therefore, the shift
in mass of this peptide was monitored in the limit of detection
study, in which a fixed amount of human IL-13 was incubated
with samples containing titrated concentrations of purified
DL11. The endogenous IgGs purified from naive serum were
used as a negative control to establish the background signal.

The results shown in Fig. 4B indicated that the observed shift
in mass corresponding to the reduced deuterium incorporation
in human IL-13 was IgG concentration-dependent, as

FIGURE 1. Evaluation of a small scale mouse serum IgG purification using the PhyNexus automated MEA system. A, SDS-PAGE analysis of samples
obtained after various steps of the purification process. Samples maintained under non-reducing (left) and reducing (right) conditions were run in parallel on
individual pre-cast polyacrylamide gels. Markers are in lane 1; flow-through in lane 2; washes in lanes 3–5 (DPBS; DPBS � 1 M NaCl; DPBS, respectively), and
sequential elutions in lanes 6 –9. H and L denote IgG heavy and light chain bands in the reducing gel. B, continuous sedimentation coefficient (s) and distribution
of purified mouse IgGs in 60 mM sodium acetate, pH 5.0, buffer after AUC. s

20, w
0 denotes the apparent corrected sedimentation coefficient calculated using the

buffer’s density and viscosity. The 95% peak represents IgG monomers.
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expected. The limit of detection was determined to be 31 ng/�l,
indicating that this was the minimum IgG concentration
required to yield a detectable amount of deuterium protection.

Proof-of-Concept Study Using Sera from Immunized Mice—A
total of nine �100-�l serum samples from mice of various
strains that were immunized with human IL-13 were evaluated
using our SPR and HDX-LC/MS methods. Each of the serum
samples had previously been characterized as a “binder” by a
single point ELISA analysis. As shown in the results summary
(Table 3), our analysis showed that the serum samples con-
tained different percentages of human IL-13-specific antibod-
ies, and exhibited significantly different average apparent affin-
ities (Fig. 5). Among the nine serum samples, four (samples
A–C and E) showed no human IL-13 binding at the highest
tested concentration (100 nM). Of the other five samples that
showed binding, the apparent affinities ranged from single/
double digit picomolars to single digit nanomolars, as shown by
the SPR binding data. The difference in affinities was influenced
by variations in both ka and kd values. Although serum samples
D and F–H exhibited faster on-rates and slower off-rates, and

FIGURE 3. Human IL-13 sequence coverage from on-line pepsin digestion. Human IL-13 prepared at 4 �M (A), 2 �M (B), and 1 �M (C) in PBS was digested with
pepsin and the resulting peptides, which exhibited different recorded retention times, were analyzed by PMi Byonic, resulting in sequence coverage that was
IL-13 concentration-dependent: 98% (4 �M), 88% (2 �M), and 73% (1 �M). Each bar below the sequence represents an individual peptide. The residues in green
indicate sequences covered by the identified peptides, and those in black represent uncovered regions. The residue in red (N) in the identified peptides was
found to be highly deamidated.

TABLE 2
Quantification of mAb DL11 in mouse serum
NA means not applicable.

Concentrations of DL11
added to serum Total IgG captured Theoretical Rmax Experimental R

max

Human
IL-13-specific IgGs

RU RU RU
2.0 �g/�l 2547 209 93 45%
1.0 �g/�l 2164 177 49 28%
0.5 �g/�l 2168 178 27 15%
0.25 �g/�l 2016 165 14 8%
0.125 �g/�l 1907 156 9 6%
0.063 �g/�l 1909 157 No binding NA
0.031 �g/�l 2044 168 No binding NA
0.016 �g/�l 1990 163 No binding NA

FIGURE 2. SPR sensorgrams of human IL-13 binding to mAb DL11 added
to mouse serum. The binding events were recorded in real time upon the
injection of human IL-13 at 5 nM over the five antibody surfaces simultane-
ously. Each sensorgram represents a different concentration of DL11: 2.0
�g/�l (light blue), 1.0 �g/�l (dark blue), 0.5 �g/�l (green), 0.25 �g/�l (purple),
and 0.125 �g/�l (orange). The black lines that overlay the response curves
represent the local fit obtained by applying the Langmuir 1:1 kinetic binding
model. The binding affinity was determined to be 24 (�8) pM.
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hence lower KD values or higher affinity interactions than those
of serum I, serum I exhibited 3– 6-fold higher amounts of
human IL-13-specific IgGs than the others, based on its larger
experimental Rmax values.

In addition to observing differences in the antigen-specific
apparent affinities and quantities of polyclonal IgGs among the
nine serum samples, we found that the IL-13 binding epitopes
among the serum samples were also different. As shown in Fig.
6, the IgGs from serum H (panel C) protected the region

encompassing residues 95–110 from deuterium exchange,
indicating that this serum sample contained IgGs that were
specific to this region. Similarly, the IgGs from serum I (Fig. 6,
panel D) also showed protection on the same region as that of
serum H, with a relatively less extensive mass shift that was
likely due to weaker affinity to human IL-13. In contrast, the
IgGs from serum C (Fig. 6, panel B) showed no protection at
this region, as the exchange observed there was equivalent to
that of the control, containing no IgGs (panel A), suggesting

FIGURE 4. Deuterium uptake in human IL-13 in the presence of mAb DL11. The mass shifts were calculated based on the differences in deuterium uptake
in human IL-13 in the presence and absence of DL11 over reaction periods that spanned 60, 120, and 240 s. The more negative � mass shifts were correlated
with stronger protection by DL11 binding. A, epitope mapping of DL11 based on mass shifts in human IL-13 peptides. B, DL11 concentration-dependent mass
shift resulting from the protection of human IL-13 peptide region 100 –110 (LHLKKLFREGR). The red line represents the background signal from the naive
serum. Results represent mean and S.E. (error bars) obtained from three time points.

TABLE 3
Evaluation of kinetic binding and epitope mapping of serum antibodies from animals immunized with human IL-13

Sample ID ka (1/ms) kd (1/s) Apparent KD

% human IL-13
specific IgG Binding epitope

pM

Serum A No binding observed None
Serum B No binding observed None
Serum C No binding observed None
Serum D 3.47E�6 1.88E�4 54 �23% 34–38, 66–79, 101–110
Serum E No binding observed None
Serum F 1.42E�6 1.21E�4 85 �12% 101–110
Serum G 2.57E�6 �1.0E�6 �20 �26% 9–16, 34–38, 51–58, 66–79, 83–94, 101–110
Serum H 1.04E�6 3.92E�5 38 �10% 1–9, 9–16, 83–94, 101–110
Serum I 3.00E�5 4.43E�4 1480 �66% 9–16, 83–94, 101–110
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that either this serum sample contained no IgGs targeting this
region or that the level of IgGs present was below the detection
limit of the method (31 ng/�l). The results obtained using both
SPR and HDX LC/MS were consistent, in that the non-binders
showed no binding of any region in human IL-13. For those
samples that exhibited epitope protection, a diverse range of
epitopes were identified. As depicted in Fig. 7, antibody
responses directed toward various helix and loop regions of the
human IL-13 protein were detected. Of the 112 amino acids in
human IL-13, 63 were shown to be protected, indicating that
56% of the sequence elicited antibody responses. While serum
G exhibited the most diverse responses, serum F, which con-
tained antibodies that were exclusively directed against the C

terminus of the protein (Table 3), exhibited the least diverse
response.

Integration of the Workflow Process into Our Antibody Gen-
eration Platform—Given the success of our methods in differ-
entiating the antibody responses among different immunized
animals, we integrated the QAR workflow into our antibody
generation platform to help guide decision-making in future
immunization campaigns. The flowchart shown in Fig. 8 indi-
cates the time frames of the QAR workflow components.
Approximately 2 weeks after the immunization of animals with
antigen or antigen/adjuvant mixtures, after the induction of an
effective antibody response, serum samples are evaluated by
ELISA to determine the presence and titer of antibodies. If the

FIGURE 5. Characterization of binding interactions between mouse serum IgGs and human IL-13. The binding interactions were monitored over 10-min
association periods followed by 45-min dissociation periods. The binding response curves were obtained by measuring the binding of human IL-13 to IgGs
captured on the biosensor surface that were titrated by 2-fold dilutions as follows: 100 nM (light blue); 50 nM (dark blue); 25 nM (green); 12.5 nM (purple); and 6.25
nM (orange). Kinetic fit was performed on serum samples D and F–I using the 1:1 Langmuir kinetic binding model in the ProteOn analysis software, as illustrated
by the black lines that overlay the response curves.
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titer results are positive, the serum samples are directly ana-
lyzed by SPR to determine their apparent binding affinities and
to quantify the percentage of antigen-specific IgGs. At the same
time, the remaining volume of the serum samples (�99 �l) is
subjected to IgG purification using the PhyNexus automated
purification system. While the SPR method can measure six
serum samples at a time (six parallel sample injections based on
the 6 � 6 multiplex configuration) with a protocol that typically

includes multiple binding cycles, the PhyNexus MEA system
can purify 12 samples at a time with an estimated run time of
2.5 h. Multiple MEA systems can be used in parallel to analyze
more than 12 samples simultaneously. Taking into account the
post-purification sample preparation time (enrichment and
buffer-exchange steps), purified IgG samples can be ready for
epitope mapping within 4 h. Meanwhile, analysis of the SPR
data can provide early information on the affinity and quantity
of the antibodies. After sample and reagent preparation, the
HDX LC/MS experiment is performed overnight using an auto-
mated protocol that accurately controls both the deuterium
exchange and quenching reaction times for each sample. Deu-
terium exchange, involving the sequential analysis of three time
points, is performed and completed by the next day. Because of
the large amount of data collected, the MS data analysis
requires about a half-day of data processing using two in-
house-derived proprietary software applications. Thus, a com-
prehensive data package can be generated within 2 days that
provides useful feedback for guiding the immunization
approach. The workflow can be applied at any point during the
immunization campaign to track the development of antibody
responses.

Implementation of the QAR Workflow to Guide Antibody
Recovery—The QAR workflow was integrated into the BAFF
antibody generation campaign, and its performance was evalu-
ated. Similar to the anti-IL-13 sera analysis, the anti-BAFF
sera analysis (Table 4) revealed differences in antibody quality
among the 12 serum samples. In addition to analyzing antibody
binding to the human antigen that was used for immunization,
we also analyzed antibody binding to the cynomolgus (cyno)
monkey protein using SPR. Even though the human and cyno-
BAFF proteins share 97% sequence identity, serum samples
from mice P5804-01 and P5804-02 exhibited KD values for
cyno-BAFF that were five times those for human BAFF, indic-

FIGURE 6. Comparison of mass shifts in human IL-13 following HDX LC/MS analysis using purified IgGs from three different anti-IL-13 sera.
Purified IgGs were incubated with human IL-13, followed by exposure to deuterium for 120 s, digestion with pepsin, and LC/MS analysis. A–D, MS
analysis of the region encompassing residues 95–110 in human IL-13. A, human IL-13 incubated in the absence of IgG. B, human IL-13 incubated with
purified IgGs from serum C. C, human IL-13 incubated with purified IgGs from serum H. D, human IL-13 incubated with purified IgGs from serum I. Peaks
represent the isotopic ion distributions. A shift of the isotope distribution to the left in comparison with the control sample indicates IgG protection of
the region from deuterium exchange.

FIGURE 7. Epitope diversity observed in the IgGs from the serum of mice
immunized with human IL-13. The sequence of human IL-13 was obtained
from NCBI (www.ncbi.nlm.nih.gov, accession number AAK53823.1). The crys-
tal structure was obtained from Protein Data Bank (Protein Data Bank code
1IJZ (39)). The different colors represent each of the identified epitopes and
encompassed the following residues: 1–9 (red); 9 –16 (green); 34 –38 (blue);
51–58 (yellow); 66 –79 (magenta); 83–94 (orange); and 101–110 (cyan). Gray
indicates the absence of an antibody response toward the region.

Quality of Immune Responses

JUNE 29, 2016 • VOLUME 291 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 16367



ative of weaker interactions. We analyzed the binding epitopes
of the various antibodies, focusing on the antibody responses to
the regions in human BAFF that are known to be important for
receptor interactions. Our in-house analysis indicated that
regions encompassing residues 17–31, 68 –90, 128 –137, and
137–145 are important for function (data not shown). There-
fore, we focused our attention on IgGs that were found to target
these regions. Among the 12 serum samples, only five (P5801-
01, P5801-02, P5811-01, P5821-01, and P5821-02) showed
binding responses toward at least one of the prioritized epitope
regions. Although four of these samples exhibited similar dou-
ble digit picomolar or better affinities and less than �2-fold
shifts in binding to cyno-BAFF, the serum sample from mouse
P5801-02 contained the highest amounts (	30%) of human

BAFF and cyno-BAFF-specific IgGs. This mouse was subse-
quently selected for hybridoma fusion, and analysis of the sub-
cloned monoclonal antibodies (Table 5) revealed that they
exhibited low picomolar EC50 binding to human BAFF. In addi-
tion, blockade of receptor binding was confirmed, indicating
that the selection of mice based on the epitope mapping of
serum IgGs is an effective strategy.

Discussion

To increase the probability of success in recovering criteria-
meeting functional antibodies from immunization campaigns,
we explored the feasibility of applying methods that are typi-
cally used later in the antibody identification process, namely
SPR and mass spectrometry, to characterize the antibodies in

FIGURE 8. Flowchart illustrating the QAR workflow and the time frames for each of the methods.

TABLE 4
Evaluation of cross-species binding affinity and epitope mapping of serum antibodies from mice of A/J strain immunized with human BAFF
NM means not measured.

Mouse ID Vaccine
Apparent KD
to hu BAFF

% human
BAFF-specific IgG

Apparent KD to
cyno-BAFF

% cyno
BAFF-specific IgG

Epitope
(17–38)

Epitope
(68 –90)

Epitope
(128 –136)

Epitope
(137–145)

pM pM

P5801-01 Particle vaccine A 38 23% 117 25% � � � �
P5801-02 Particle vaccine A 23 31% 53 36% � � � �
P5804-01 Particle vaccine A 53 12% 263 11% � � � �
P5804-02 Particle vaccine A 66 8% 345 6% � � � �
P5811-01 Particle vaccine B 13 18% 26 19% � � � �
P5811-02 Particle vaccine B 39 24% 90 27% � � � �
P5814-01 Particle vaccine B Insignificant binding 3% Insignificant binding 3% NM NM NM NM
P5814-02 Particle vaccine B �20 10% 68 11% � � � �
P5821-01 Particle vaccine C �20 20% �20 23% � � � -
P5821-02 Particle vaccine C �20 18% �20 20% � � � �
P5824-01 Particle vaccine C �20 6% �20 6% � � � �
P5824-02 Particle vaccine C �20 8% �20 9% � � � �
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sera from immunized mice. The profiling of immune responses
using the standard ELISA method to measure the effectiveness
of immunization and vaccination has been widely applied and
reported (21–24). Here we used SPR instead, because it has
several advantages over the traditional ELISA method. SPR is a
label-free technique that can be performed in real time, but
most importantly, it can provide highly precise measurements
for determining association and dissociation rate constants
(25–27), which cannot be achieved by ELISA. The application
of SPR for analyzing complex biological samples has been dem-
onstrated in several reports (28 –30), although its use for these
applications is still rare compared with other immunoassays.
Another advantage of using SPR for both quantitative and qual-
itative evaluation of IgGs in serum is the ease of including a
“purification” step in which IgGs are captured by protein A/G
onto the sensor surface. Protein A/G has affinity for mouse IgG
isotypes 1, 2a, 2b, and 3. Therefore, the use of this reagent
ensures that the antigen affinities of all the antibodies in the
mouse serum will be effectively evaluated and that the resulting
binding signal is highly specific for the IgGs. Furthermore, the
amount of antigen-specific IgGs present in the serum can be
quantified through calculations from the Rmax values. Accord-
ing to our results using reconstituted samples, the detection
limit for high affinity, low picomolar binding antibodies in
serum using SPR was �250 ng/�l.

Epitope mapping to elucidate both the specificity of the anti-
body responses and their diversities is crucial for obtaining
antibodies with a desirable mechanism of action (31, 32). Tra-
ditionally, the antigen-antibody contact surfaces have been
determined by methods such as high resolution x-ray crystal-
lography and site-directed mutagenesis (33, 34). However,
these methods are not applicable for our purpose, because our
samples contain antibody mixtures. In addition, the amount of
material available for analysis and the time frame for acquiring
epitope information are both limited. In search of a suitable
technique, we initially explored peptide microarray (35, 36), in

which a library of linear synthetic peptides is used to screen for
IgG-binding epitopes. Samples containing mAbs with known
binding epitopes, as well as sera from both naive animals and
animals immunized with human IL-13, were tested using these
methods. However, we were unable to identify specific epitopes
for either the mAb or the antibodies present in the anti-IL-13
sera (data not shown). Regardless, these findings provided two
important insights. First, we learned that the binding epitopes
of the control mAbs were conformational, rather than linear,
and second, we learned that the presence of serum proteins
probably interfered with the methods. Therefore, we consid-
ered alternative techniques that could facilitate the identifica-
tion of native protein conformational epitopes in solution with
high resolution.

Ultimately, we selected HDX coupled with LC/MS due to its
low material consumption, relatively high throughput via
robotic automation, and high sensitivity. The combination of
hydrogen deuterium exchange with mass spectrometry has
proven to be increasingly powerful for characterizing protein
conformations, structural dynamics, and protein-protein inter-
actions (37). Even though HDX is an established method and
had successfully been applied in-house to map epitopes of puri-
fied mAbs at high concentrations, several challenges exist for
the evaluation of IgGs in serum. Therefore, additional method
development was required to improve the feasibility of this
approach. One major challenge is the matrix effects from
serum, which could produce significant interference if injected
directly into the instrument. To address this issue, we devel-
oped a small scale affinity purification protocol using the
PhyNexus system to purify IgGs from the serum using protein
A/G columns. This platform was selected because of the avail-
ability of system automation and its relatively high throughput,
enabling the purification of 12 serum samples simultaneously.
The purification scheme was optimized to achieve maximal IgG
recovery and purity, and our results showed that highly pure
IgGs could be obtained from serum samples. The second chal-

TABLE 5
Characterization of anti-BAFF subclones recovered from mouse P5801-02

Clone name Subclone ID Concenration Subclass mAb-BAFF binding EC50 TACI blocking IC50

�g/ml pM pM

715D12 A2 30 IgG1 �10 300
715D12 A7 30 IgG1 �10 300
727B10 A8 10 IgG1 �10 500
727B10 B6 15 IgG1 �10 500
730B7 A3 15 IgG1 �10 500
730B7 C5 20 IgG1 �10 500
741A6 B11 5 IgG1 20 	2000
741A6 E1 10 IgG1 15 	2000
743F3 A12 10 IgG1 �10 700
743F3 B8 15 IgG1 �10 700
745F10 A2 �1 NDa ND ND
745F10 D10 �1 ND ND ND
748A8 B11 5 IgG1 �10 400
748A8 B12 5 IgG1 �10 400
748B9 C1 10 IgG1 �10 400
748B9 E8 10 IgG1 �10 400
751D4 B9 10 IgG1 �10 500
751D4 H4 30 IgG1 �10 600
759F7 G10 10 IgG1 �10 600
759F7 H8 30 IgG1 �10 400
764C1 B2 5 IgG1 25 3000
764C1 D8 25 IgG1 10 1000
765B9 B9 15 IgG1 �10 300
765B9 H4 20 IgG1 �10 300

a ND means not determined.
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lenge involved the sensitivity of the method for detecting anti-
body epitopes from a mixture of IgGs, each of which is present
at a different concentration. To improve the sensitivity, several
modifications were made in the sample preparation, including
the use of concentrators to increase the IgG concentration and
pH adjustment via buffer exchange to further optimize the deu-
terium exchange efficiency. With the incorporation of these
additional sample-processing steps, it was important to deter-
mine that the IgGs were recovered at sufficient concentrations
for signal detection. An experiment in which a high affinity
mAb with known binding epitopes was evaluated at different
concentrations showed that the sensitivity of the method was
�31 ng of antigen-specific IgG per �l of serum. This high sen-
sitivity can facilitate the detection of less abundant IgGs exhib-
iting unique epitopes, maximizing the diversity of antibodies
that can be recovered.

After establishing the highly sensitive SPR and HDX LC/MS
methods for detecting antigen-specific antibodies in serum, we
tested their performance using sera from immunized mice.
Nine serum samples collected from various strains of mice,
which were immunized with human IL-13 using different pro-
tocols, were analyzed with these methods in a “proof-of-con-
cept” study. These samples were previously classified as binders
by single point ELISA analysis. As anticipated, the results of
these analyses allowed us to differentiate the antibody
responses among the immunized mice with respect to apparent
antigen affinity, amount of antigen-specific activity, and
epitope diversity. To inhibit IL-13 function, the development of
high affinity anti-IL-13 antibodies that target different epitopes
of the IL-13 protein, resulting in either the disruption of IL-13
and IL-13 receptor binding or the disruption of IL-13 and IL-4
�-receptor binding, is required (38). Our analysis of the nine
different anti-IL-13 mouse sera revealed important binding
affinity and epitope information that allowed us to differentiate
the quality of the antibody responses. Although five of the
serum samples were found to contain antibodies that bound to
the surface of IL-13 that interacts with the IL-13 receptor
(epitope 101–110), two sera (D and G) contained additional
antibodies that bound to the surface of IL-13 that interacts with
the IL-4 �-receptor (epitopes 67– 69 (D) and epitopes 51–58
and 66 –79 (G)). To maximize the recovery of functional anti-
bodies, serum G therefore would be the best choice for subse-
quent antibody generation, as it contained high affinity anti-
bodies that could target both mechanisms of action. Although
hybridoma fusions were not performed to assess the recovery of
functional monoclonal antibodies targeting human IL-13, they
were performed to track and assess the antibodies generated for
the BAFF program (see below).

During development of the QAR workflow, a top priority was
to ensure that the time frame for generating the data package
was short enough to enable timely decision-making. As
reflected by our selected methods, throughput was an essential
consideration. According to our assessment, the complete data
package can be compiled within 2 business days, due in large
part to the automation of our platform methods (multiplex SPR
array, tip column-based walk away serum purification, and liq-
uid-handling HDX reaction control), minimizing the need for
extensive manual work. Furthermore, with the implementation

of in-house MS software programs for automating the HDX
data analysis (beyond the scope of this paper), the entire work-
flow process can be efficiently executed and can support addi-
tional iterations if necessary. As shown in Tables 4 and 5, we
used the QAR workflow to guide the development of therapeu-
tic anti-BAFF antibodies, and we demonstrated that the data
package contributed to the successful retrieval of functional
anti-BAFF antibodies in a timely manner. We focused on the
identification of immunized animals that produced high
affinity antibodies that targeted well defined epitopes for use
in hybridoma fusions. The comprehensive data package gen-
erated again confirmed that our methods can provide clear
differentiation among the antibody responses in various ani-
mals. The finding that our methods consistently provided
in-depth and timely information for directing the develop-
ment of high quality antibodies suggests that they will have
widespread utility in guiding therapeutic antibody produc-
tion in the future.

In summary, we have demonstrated that a combination of
sensitive methods can be integrated into the antibody genera-
tion platform to help identify animal hosts exhibiting high
affinity antibody responses and maximal epitope diversities.
The combination of SPR and HDX LC/MS enables the compre-
hensive quantitative and qualitative evaluation of antibodies
present in serum samples. While SPR analysis provides anti-
body affinity information and antigen-specific antibody quan-
tification, MS analysis provides information about the struc-
tural interactions between serum antibodies and their
antigens. Thus, these are complementary methods that
reveal unique information that cannot be obtained using
conventional methods. The proposed workflow process can
also be executed at a speed that the biopharmaceutical
industry demands to discover novel epitopes for new thera-
peutic modes of action. In addition, the QAR workflow can
be useful in guiding the development of robust vaccines. The
described methods can be used to monitor the development
of novel immunogens, vaccine preparations, or delivery sys-
tems, at the early stages of development, to help predict their
efficacy and safety. To our knowledge, this is the first report
that demonstrates how the described methods can be imple-
mented to produce in-depth information that distinguishes
antibody responses and guides the production of therapeutic
antibodies. We intend to follow up with additional studies to
demonstrate the utility of this workflow in future therapeu-
tic antibody and vaccine discovery programs.

Experimental Procedures

Antigens and Antibodies

Recombinant human IL-13, derived from Escherichia coli,
was purchased from R&D Systems (Minneapolis, MN). Mouse
anti-IL-13 mAb clone DL11, derived from a previous campaign,
was produced by transient expression in CHO cells and purified
using Mabselect SuRe-based affinity chromatography (GE
Healthcare). The purified mAb was formulated in 60 mM

sodium acetate, pH 5.0, buffer. To determine the detection lim-
its of our methods, eight 100-�l naive mouse serum samples
containing different antibody concentrations ranging from 2
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�g/�l to 15.6 ng/�l were prepared by serial dilution. Recombi-
nant human BAFF with a His tag and its receptor TACI-hu-
man-Fc chimeric protein were purchased from R&D Systems.
Anti-BAFF mAb supernatants were produced using hybrido-
mas generated using spleen cells from mouse P5801-02, fol-
lowed by cloning and subcloning using limiting dilution. Anti-
body isotypes were determined using the mouse IsoStripTM

monoclonal antibody isotyping kit (Santa Cruz Biotechnology,
Dallas, TX).

Mouse Sera and Immunizations

Naive mouse pooled serum (0.1 �m filtered) from mixed
strains was purchased from BioreclamationIVT (Westbury,
NY). Serum samples from nine mice of different strains
(BALB/c, C57BL/6, and Swiss Webster) immunized with
human IL-13 were stored at �20 °C and used for the proof-of-
concept analysis. Mice of various MHC haplotypes were immu-
nized twice with human BAFF. Serum samples were obtained a
week after the second immunization and stored at �20 °C.
After 10 –12 days, the mice were boosted with BAFF, and the
spleens were harvested for hybridoma fusion using standard
techniques.

Characterization of Anti-BAFF Hybridoma Supernatants

Hybridoma screening was carried out with Luminex bead-
based assays using human BAFF. Positive candidates were
cloned by limiting dilution. To measure the EC50 value of the
mAb-BAFF interactions, magnetic Luminex beads coated with
human BAFF were incubated with a dilution series of the mAbs
for 1 h at 20 °C. After the mAb-BAFF-bound beads were
washed, they were incubated with a biotinylated anti-mouse
Fc-specific antibody (1 �g/ml) for 1 h and then incubated with
streptavidin-phycoerythrin (4 �g/ml) for another 30 min for
signal detection. The anti-BAFF hybridoma subclones were
further characterized by their ability to block BAFF-TACI
interactions (IC50). In this assay, the BAFF-coated beads were
first incubated with samples of diluted mAbs for 1 h at 20 °C.
TACI-human Fc (5 ng/ml) was then added, and the mixtures
were incubated for 2 h, followed by the addition of biotinylated
anti-human Fc-specific antibody (1 �g/ml) for 1 h. TACI bind-
ing was then detected after a 30-min incubation with streptavi-
din-phycoerythrin (4 �g/ml).

Purification of Mouse IgGs from Serum

PhyNexus Automation System and Setup—Mouse antibodies
were purified in a fully automated 12-channel PhyNexus MEA
purification system (PhyNexus, Inc.) using PhyTip columns
packed with 160 �l of ProPlus resin (Part no. PTR41-1607) in
1-ml disposable pipette tips. The ProPlus resin is a protein
A-derived ligand that has attributes of both protein A and G,
with binding specificities for both mouse IgG1 and IgG2a iso-
types. Mouse serum samples were diluted in 500 �l of PBS and
then transferred into the individual wells of a 96-deep well
plate. In addition to the sample plate, two 96-well reagent plates
containing the washing, elution, and neutralization buffer for
each of the purification steps were also prepared. Although
the sample plate was placed in position 3 on the MEA instru-
ment platform and kept at room temperature, the reagent

plates were placed in positions 7 and 8 on top of a chiller to
maintain the temperature at �4 – 6 °C. A number of PhyTip
columns corresponding to the number of samples were
transferred into row 1 of an empty 96-well pipette tip box
located at position 1. Similarly, the same number of standard
1-ml Rainin LTS pipette tips were transferred into row 2 of
the same box for use in the last neutralization step, to trans-
fer the basic solution to the eluent.

After the pre-packed PhyTip columns and reagent plates
were loaded onto the MEA instrument platform, the mouse
antibodies were isolated using a method programmed with
PhyNexus MEA software (version 1.0.17) consisting of the fol-
lowing steps: 1) pre-wash and equilibration of the resin with
PBS; 2) capture of IgGs from the diluted 500-�l mouse serum
samples with the ProPlus affinity resins; 3) washes with PBS and
PBS plus 1 M NaCl to remove other serum proteins; 4) elution of
bound IgGs from the resins with 30 mM sodium acetate, pH 3.0,
three times, followed by one elution with 30 mM sodium ace-
tate, pH 2.5, to ensure the full removal of any remaining bound
IgGs from the resins; and 5) neutralization using 10% (by vol-
ume) of 300 mM sodium acetate, pH 9.0, to bring the final for-
mulation to 60 mM sodium acetate, pH 5.0. The details of the
purification steps with the respective operating configurations
included in the protocols are listed in Table 1. In Table 1, one
cycle represents one intake and one expulsion of solution
through the ProPlus resin at a speed defined by the flow rate.
The flow rate for capturing was maintained at 0.25 ml/min to
ensure sufficient contact time between the serum sample and
the resins. “Delay” is the delay time between each intake and
expulsion step to allow for contact with the solution. The posi-
tion axis is the distance from the tip to the bottom of the plate;
these values were pre-set using the settings recommended by
the manufacturer.

Detection of IgGs by SDS-PAGE—For protein detection, the
samples were analyzed under reducing and non-reducing con-
ditions using NuPAGE 4 –12% BisTris gels in NuPAGE MOPS
SDS running buffer with the Novex XCell SureLock mini-cell
system (Invitrogen) at 200 V for 35 min. The gels were stained
using Instant Blue Coomassie-based solution (Expedeon, San
Diego). Images of the gels were obtained using a CanoScan
9000F scanner.

Quality Evaluation of the Purified IgGs by Analytical Ultra-
centrifugation (AUC)—The quality of the purified IgGs was
evaluated by sedimentation velocity experiments using absor-
bance optics on a Beckman XLI analytical ultracentrifuge
(Beckman Coulter, Inc.). The concentrated IgGs from the elu-
tion pools were diluted in 60 mM sodium acetate, pH 5.0, to 0.4
mg/ml, and then 400 �l of each was loaded into the sample
chamber, whereas buffer was loaded into the reference cham-
ber of an AUC cell that was assembled with standard double-
sector centerpieces and quartz windows. The experiment was
conducted at 20 °C using an An60Ti four-hole rotor spinning at
40,000 rpm. The sedimentation process was monitored by col-
lecting absorbance data at 280 nm using the XL-I operating
software. The collected data were analyzed using the continu-
ous c(s) distribution model in the SEDFIT software (version
12.1c) to provide the distribution of sedimentation coefficients.
The s values obtained with the c(s) distribution in sodium ace-
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tate buffer were converted to s
20, w
0 value with SEDNTERP (ver-

sion 1.09) using the measured density and viscosity of the
buffer.

Apparent Affinity Analysis and Quantification of Antigen-
specific IgGs by SPR

Immobilization of Protein A/G—The biosensor experiments
were performed at 25 °C using a ProteOn XPR36 instrument
(Bio-Rad). After pre-conditioning, a GLM chip docked into the
machine with SDS, NaOH, and NaCl across six channels in
both directions, and protein A/G was amine-coupled onto the
chip surface using a standard coupling protocol with the follow-
ing steps. 1) The six individual flow channels were activated in
parallel by injecting a freshly mixed solution of 0.2 M N(3-dim-
ethylaminopropyl)-N
-ethylcarbodiimide in 0.05 M N-hydroxy-
succinimide. 2) Protein A/G prepared at 50 �g/ml in sodium
acetate, pH 4.5, was immobilized on the activated channels. 3)
The excess reactive esters were deactivated with 1 M ethanol-
amine. Each step was performed at a flow rate of 30 �l/min for
5 min. Protein A/G at a high surface density (5000 response
units (RU)) was coupled onto the chip surface to capture the
serum IgGs and characterize the binding affinities.

Characterization of Serum IgG-Antigen Binding Kinetics—A
small volume of each serum sample (1 �l) was diluted 1000-fold
into the PBS/Tween/EDTA running buffer. Six diluted samples
were then injected simultaneously over the six available vertical
channels at a flow rate of 25 �l/min, during which the IgGs were
captured by the protein A/G. The capture time was monitored
to achieve a high antibody surface density (2000 –3000 RU).
Because of the high abundance of mouse IgGs in the serum
samples, a capture time of �120 –150 s was sufficient to reach
the targeted density level. Following a blank buffer injection of
180 s over the six individual IgG surfaces, five titrated concen-
trations of antigen in 2-fold dilutions were simultaneously
injected in the horizontal direction. The binding interactions
were monitored over a 10-min association period and a 45-min
dissociation period using a high flow rate of 40 �l/min. The last
channel was injected with PBS/Tween/EDTA for reference
subtraction. The surfaces were regenerated with two 18-s
pulses of glycine, pH 1.5, at 100 �l/min in both horizontal and
vertical directions to allow the capture of different serum IgGs
for kinetic binding measurements.

Data Analysis—The collected sensorgram data were pro-
cessed by reference subtraction using inter-spots in addition to
double-referencing with the in-line buffer blank. The inte-
grated ProteOn Manager software version 3.1.0.6 was used to
fit the data with the Langmuir model describing a 1:1 binding
stoichiometry. ka is the association rate constant for the anti-
body-antigen binding; kd is the dissociation rate constant of the
antibody-target complex, and KD is the equilibrium dissocia-
tion constant, defined by the kd/ka ratio. In addition to deter-
mining the apparent binding affinity from the fitted binding
curves, the experimental binding capacity of the surface, Rmax,
was also derived. A comparison of the experimental Rmax and
theoretical Rmax provides the percentage of IgGs that are spe-
cific to the antigen among the total IgGs present in the serum
(Equation 1). To obtain the theoretical Rmax, Equation 2 was
used.

% of antigen-specific IgGs �
experimental Rmax

theoretical Rmax
� 100

(Eq. 1)

Rmax(RU) �
MWanalyte

MWligand
� immobilized ligand level (RU) � n

(Eq. 2)

where MWanalyte is the molecular weight of the antigen;
MWligand is the molecular weight of IgGs captured on the sen-
sor surface, and n is the binding stoichiometry of the reaction.
The immobilized ligand level is the level of captured serum
IgGs, which includes both endogenous IgGs and antigen-spe-
cific IgGs.

Epitope Mapping by HDX LC/MS

Sample Preparation—To prepare samples for epitope map-
ping analysis by mass spectrometry, a diluted sample (�2 ml) of
each purified mouse IgG was concentrated using a 100,000
molecular weight cutoff centrifugal filter device (Millipore, Bil-
lerica, MA). The loaded filter devices were spun in a swinging
bucket rotor at 4000 � g for 40 min at 4 °C. Concentrates of �50
�l were collected and subsequently buffer-exchanged with PBS
using Zeba spin desalting columns (ThermoFisher Scientific) to
maintain a physiological pH for the binding interactions and to
ensure consistent deuterium exchange.

To determine the minimal amount of antigen needed for full
sequence coverage, different amounts of antigen (4-, 2-, and
1-�l aliquots) were diluted in PBS to a total volume of 35 �l.
After analysis, the lowest amount of antigen that yielded the
highest sequence coverage was selected and that amount was
then directly added to the purified antibody sample to yield a
total volume of 35 �l.

Deuterium Exchange—Using the H/D-X PALTM robotic sys-
tem (LEAP Technologies, Inc.), samples containing IgGs incu-
bated with human IL-13 were added to a D2O-containing
buffer, and the reactions were subsequently quenched at con-
sistent times and temperatures using an automated sample run
list. Two separate sample compartments were used for each
experiment. One compartment was kept at 20 °C for D2O label-
ing (deuterium exchange), and the other was maintained at 4 °C
for reaction quenching. After the samples were prepared, they
were transferred into Chromacol screen top vials (Thermo-
Fisher Scientific) and stored in individual positions within the
4 °C sample compartments. A work list was written using HDx-
Director (version 1.0.4.0) with the following steps: 1) dilution
and mixing of 8 �l of sample with 80 �l of deuterium exchange
buffer (10 mM NaH2PO4 in D2O, pH 7.4), and 2) incubation of
the mixture at 20 °C for various time periods (60, 120, and
240 s), during which the exchange reaction took place. At the
end of each incubation period, 80 �l of each mixture was trans-
ferred to a vial at 1 °C containing 80 �l of quench solution (4 M

guanidine hydrochloride, 0.5 M tris(2-carboxyethyl)phosphine
hydrochloride) and mixed thoroughly. Finally, 60 �l of each
quenched reaction mixture was injected onto a Poroszyme�
immobilized pepsin column (Life Technologies, Inc.) for 2 min,
where the proteins were digested and subsequently desalted on
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an ACQUITY UPLC BEH C18 Vanguard Pre-column (Waters
Technologies) for an additional 2 min prior to injection into a
BEH C18 column (Waters Technologies) for LC reverse phase
separation.

LC/MS System Setup—After the digested peptides were
injected onto the C18 column inside the column/valve 4 °C
temperature-controlled compartment, a gradient solvent sys-
tem consisting of precooled mobile phase A (0.1% formic acid,
99% HPLC water, 1% acetonitrile) and mobile phase B (0.1%
formic acid, 5% HPLC water, 95% acetonitrile) was used. The
C18 column was first equilibrated at 0% B during the 2-min
on-column pepsin digest and then the gradient was moved to
10% B during the 2-min peptide wash on the Vanguard pre-
column. The chromatographic separation was performed at
4 °C at a flow rate of 180 �l/min by applying the gradient of
mobile phase B from 10% at 0 min to 50% at 6 min to 90% at
6.5–7.5 min and finally to 0% at 8 –10 min. After chromato-
graphic separation, the sample entered the Orbitrap FusionTM

mass spectrometer operated in positive electrospray ionization
mode. The employed method included activated types of colli-
sion-induced dissociation and electron transfer dissociation
when identifying control peptides, using a resolution of
120,000, a minimum signal of 5000, an isolation width of 3.0,
and a normalized collision energy of 30.0 V. The S-lens radiof-
requency (rf) level was set at 60%. For peptide identification, the
data were collected in profile mode for the full MS scan and in
centroid mode for the collision-induced dissociation and elec-
tron transfer dissociation MS/MS scans. The data were col-
lected over a mass range of 350 –1800 Da. For deuterated sam-
ples, no MS/MS data were collected.

Data Processing—The collected raw LC-MS/MS fragmenta-
tion data from the pepsin digest were analyzed using various
software tools for peptide identification. The fragmentation
data of the control sample (antigen in the absence of IgGs) were
analyzed using Proteome Discover 1.4 (Thermo Scientific) and
PMi Byonic (Protein Metrics, Inc.) and compared with the
given sequence to generate a list of peptides and retention
times. Raw LC-MS/MS data files were preprocessed and con-
verted to ASCII format using proprietary in-house software.
The identified peptides were then matched and summarized.
The epitopes were determined by calculating the differences in
average mass shifting induced by the protection of the region
from deuterium labeling.
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