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Abstract

A mass spectrometric (MS)-based strategy for antigen (Ag) identification and characterization of
globally produced monoclonal antibodies (mAbs) is described. Mice were immunized with a mixture
of native glycoproteins, isolated from the pooled plasma of patients with non-small cell lung cancer
(NSCLC), to generate a library of 1gG-secreting hybridomas. Prior to immunization, the pooled
NSCLC plasma was subjected to 3-sequential steps of affinity fractionation, including high abundant
plasma protein depletion, glycoprotein enrichment and polyclonal antibody affinity chromatography
normalization. In this paper, in order to demonstrate the high quality of the globally produced mAbs,
we selected 3 mAbs of high differentiating power against a matched, pooled normal plasma sample.
After production of large quantities of the mAbs from ascites fluids, Ag identification was achieved
by immunoaffinity purification, SDS-PAGE, Western blotting and MS analysis of in-gel digest
products. One antigen was found to be complement factor H, and the other two were mapped to
different subunits of haptoglobin (Hpt). The 2 Hpt mAbs were characterized in detail in order to
assess the quality of the mAbs produced by the global strategy. The affinity of one of the mAbs to
the Hpt native tetramer form was found to have a Kp of roughly 1072 M and to be 2 orders of
magnitude lower than the reduced form, demonstrating the power of the mAb proteomics technology
in generating mAbs to the natural form of the proteins in blood. The binding of this mAb to the 3-
chain of haptoglobin was also dependent on glycosylation on this chain. The characterization of
mAbs in this work reveals that the global mAb proteomics process can generate high-quality lung
cancer specific mAbs capable of recognizing proteins in their native state.
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Introduction

The search for clinical protein biomarkers in body fluids such as plasma continues to be an
area of active research. There have been significant efforts to develop various platforms using
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liquid chromatography-mass spectrometry (LC-MS) -based shotgun proteomics to discover
markers associated with disease.1-4 The dynamic range of plasma proteins, the heterogeneity
due to post-translational modifications, and the overall sample complexity continue to be major
challenges for shotgun proteomics-based platforms. While various strategies have been
advanced, there is general agreement that the results to date have not realized the potential of
the LC-MS approach, and validation of candidate markers for clinical application remains a
major hurdle.3

One strategy for biomarker validation is to raise antibodies (Abs) to the discovered candidate
markers for immunoassay analysis, e.g. ELISA. The ELISA method can be highly sensitive,
can be a high throughput method, and is widely accepted as the gold standard in clinical
medicine and biological research.®> On the other hand, ELISA development is time consuming,
and the generation of Abs with high affinity and specificity cannot be certain. Recently, the
use of well characterized monospecific polyclonal Abs as capture reagents has been proposed
as a technology for clinical proteomics and biomarker validation® and several initiatives are
underway to generate Ab libraries.”:8 These technologies include the production of scFv
antibody subunits using phage display’ and the generation of polyclonal Abs (pAbs) against
recombinant peptides.® In addition, the use of monoclonal Ab (mAb) libraries generated against
mixtures of immunogens from tissue organelles!? or plasmall has been suggested as an
alternative (“reverse proteomic”) approach for the discovery of biomarkers.

Another global approach, namely mAb proteomics, has recently been introduced using a
platform for generating large libraries of mAbs in a high throughput manner.12 Mice are
immunized with complex biological mixtures of proteins, e.g. from enriched plasma. A large
hybridoma library is generated, and the mAbs are subjected to high throughput ELISA
screening to identify disease specific mAbs. These mAbs could potentially be directly used in
antibody arrays to screen large sample populations. However, the characteristics of these
globally generated mAbs must be evaluated, including the identification of their specific
antigens. It is the purpose of this paper to first identify the antigens associated with specific
mAbs, and then further characterize the quality of the mAbs produced to provide insight into
the effectiveness of the global mAb production approach. We have established a workflow for
the antigen identification procedure using a mass spectrometric-based method combined with
a simple immunoassay, and then demonstrate that the mAbs generated by this approach are
elicited to the native form of the protein as it exists in plasma.

Experimental

A Materials

Sodium cyanoborohydride, dimethyl pimelimidatee2HCI (DMP), EZ-link™ plus activated
peroxidase were purchased from Thermo Fisher Scientific (San Jose, CA). POROS® Affinity
Protein G beads and horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary
antibody were from Life Technologies (Carlsbad, CA). Sequencing grade trypsin was obtained
from Promega (Madison, WI). Chemiluminescence HRP substrate was obtained from GE
Healthcare (Buckinghamshire, UK). Colorimetric HRP substrate, tetramethylbenzidine
(TMB), was from BioFX (Owings Mills, MD). All other reagents were obtained from Sigma-
Aldrich (St. Louis, MO).

B Plasma sample collection and immunogen preparation

Plasma from 20 patients diagnosed with non-small cell lung cancer (NSCLC) and 20 healthy
control patients, matched by age, gender and race, were obtained from Proteogenex (Culver
City, CA). According to the histological diagnosis, 80% of the cancers were squamous cell
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carcinoma, 15% were adenocarcinoma, and 5% were undifferentiated NSCLC. All of the
patients except one were free of distant metastasis, with primary tumors larger than 2 cm.

Equal volumes of plasma from each patient or matched control were pooled. The pooled plasma
was subjected to 3-sequential steps of affinity fractionation. First, the concentration of the
twelve most abundant plasma proteins was reduced using the Seppro LC10 IgY depletion
immunoaffinity column (Sigma-Aldrich, St. Louis, MO). Then, the glycoproteins in the flow-
through from the depletion column were enriched using a multi-lectin affinity column (M-
LAC).13Finally, the eluate from M-LAC column was subjected to a polyclonal affinity column
for normalization.1* The normalized M-LAC material of native glycoproteins from the NSCLC
plasma was used for immunization to produce the 1gG-secreting hybridoma library.

C Hybridoma screening

Screening of IgG containing hybridoma supernatants was performed in 384 well, high-binding
plates (Corning Inc., Lowell, MA), coated for 2h at room temperature (RT) with 20 pg/mL
goat anti-mouse polyclonal antibody (13 pL/well, Southern Biotechnology Associates, Inc.,
Birmingham, AL) in carbonate-bicarbonate coating buffer at pH 9.6. The plates were blocked
with 40 pL of 0.5% BSA in PBS at 4 °C overnight. Each 1gG (from 13 pL non-diluted
hybridoma supernatant) was added to four adjacent wells for independent readings. The plates
contained eight positive (15 ng mouse 1gG anti-human albumin) and eight negative (13 pL
complete growth medium) controls. Following an overnight incubation at 4 °C and plate
washing, 7 uL of biotinylated depleted plasma (10 pg/mL) in PBS with 0.05% (v/v) Tween 20
and 1% low IgG fetal bovine serum were added to all wells. Labeling of the proteins by biotin
was performed on depleted plasma using a commercially available biotinylation kit (EZ-Link
Sulfo-NHS-LC-Biotin kit, Thermo-Fisher, Rockford, IL). Seven uL of biotinylated human
serum albumin (5 pug/mL) from Sigma was added to the wells of the positive controls. After
90 min incubation at RT, the unbound proteins were removed by washing the plates, and the
signals were developed by addition of streptavidin-labeled-peroxidase and OPD peroxidase
substrate (Vectastain Elite ABC Peroxidase Kit, Vector Laboratories, Burlingame, CA.). The
kinetic measurement of the reaction was performed with a microplate reader SpectraMax
(Molecular Device, MDS, Toronto, Canada) at 450 nm for 4 min (37 °C). The Vmax of the
chromegenic reactions (calculated from the linear part of the kinetic curve) were normalized
across plates using the positive (PC) and negative controls (NC) according to the following
expression: VmaxN sample = (Vmax sample —VVmax NC)/ (Vmax PC—Vmax NC).

D Immunoaffinity purification

A small subset of the IgG-secreting hybridoma cell lines that discriminated between lung
cancer and matched controls was cloned according to standard protocols.1® Three mAbs (mAb
#1, #2 and #3) were produced in large quantities from ascites fluids and purified by means of
HiTrap Protein G (GE Healthcare) and Protein L (Thermo Fisher Scientific) affinity
chromatography. The purified mAbs were crosslinked to POROS® Affinity Protein G beads
using DMP and packed into PEEK columns (2 x 20 mm, 63 uL), respectively. For affinity
purification, a Shimadzu HPLC system (LC-10AD, Columbia, MD) was used. Plasma was
mixed with an equal volume of binding buffer (100 mM phosphate, 150 mM NacCl, pH 7.5),
and 50 pL of sample was injected into the HPLC system. The unbound proteins were washed
away with 5 column volumes of binding buffer, and then the retained proteins were eluted with
100 mM glycine (pH 2.5). The eluted proteins were collected directly into an Amicon spin
column (MWCO: 5 kDa, Ultra-15, Bedford, MA) and buffer exchanged to PBS by means of
centrifugation.
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E SDS-PAGE and Western blotting

Using a NUPAGE® Novex® 4 - 12% Bis-Tris mini-gel system (Life Technologies), SDS-
PAGE was conducted under either reduced or non-reduced conditions. For reduced SDS-
PAGE, the affinity purified antigen was mixed with lithium dodecy! sulfate (LDS) sample
buffer and reducing agent (dithiothreitol (DTT)) and then incubated at 70 °C for 10 mins before
loading on to the gel. For non-reduced SDS-PAGE, the sample was mixed with LDS sample
buffer without addition of DTT. Gels were stained with Coomassie blue for protein detection.

For Western blotting, the proteins on the SDS-PAGE gel were electroblotted onto a
nitrocellulose membrane using XCell Il Blotting Module (Life Technologies). The membrane
was treated with blocking solution (0.5% BSA in PBS) for 1 hour with gentle shaking, followed
by incubation with 1/2000 dilution of the mAb (stock concentration 1 mg/mL) in blocking
solution for 1 hour. The membrane was quickly washed with 18 MQ water, followed by 3
consecutive washes with TBS/ 0.05% v/v Tween (TBST) (10 min x 20 mL/each). The HRP-
conjugated goat anti-mouse secondary antibody was 1/40,000 diluted in blocking solution, and
the membrane was incubated for 1 hour, followed by washing as above. Chemiluminescence
HRP substrate was incubated with the membrane for 2 min before detection using
FluorChem™ Imaging System (Alfa Innotech, San Leandro, CA).

F In-gel and in-solution tryptic digestion

For in-gel digestion, the protein bands of interest were excised and minced into small pieces
(~ 0.5 mm?). Coomassie dye was removed by 2-3 cycles wash with acetonitrile and rehydration
with 100 mM ammonium bicarbonate. After destaining, the proteins were reduced by
incubation with 20 mM DTT for 30 min at 56 °C and then alkylated with 55 mM iodoacetamide
(IAA) for 60 min at room temperature in the dark. Trypsin was added to the gel pieces and
incubated for 40 mins on ice. The unabsorbed trypsin solution was replaced with 50 mM
ammonium bicarbonate, and sufficient volume was added to cover the gel pieces. Samples
were incubated overnight at 37 °C, and then the supernatant was removed and stored. Gel
pieces were further extracted with 5% formic acid at 37 °C for 15 min with constant shaking.
The extracted solution was combined with the stored supernatant and completely dried using
a Speed Vac. Peptides were redissolved in 10 pL 0.1% formic acid for LC-ESI-MS or MALDI-
TOF-MS analysis.

For in-solution digestion, the protein solution (IP pull-down mixture, M-LAC material or
normalized MLAC material) was denatured by 6M guanidine-HCI, reduced by 10 mM DTT
(30 min at 56 °C) and alkylated by 50mM IAA (60 min at room temperature in the dark). The
reduced and alkylated protein solution was buffer exchanged to 50 mM ammonium bicarbonate
using Microcon ultracentrifuge device (5 kDa MWCO, Millipore, Billerica, MA) for 5 cycles
(10 000x% g for 5 min per cycle). Trypsin was added into the protein solution at ~ 1:25 ratio
(enzyme to protein) and incubated for 6 hrs. The enzymatic reaction was stopped by 5% formic
acid and the digest was stored at —80 °C until analysis.

G LC-ESI-MS and MALDI-TOF-MS analysis

For LC-ESI-MS, an LTQ-FT mass spectrometer (Thermo Fisher Scientific) interfaced with an
Ultimate 2000 nanoLC (Dionex, Sunnyvale, CA) was used. A 75 um i.d. capillary column

(New Objective, Woburn, MA) was packed in-house with Magic C1g (3 um, 200 A pore size)
stationary phase (Michrom Bioresources, Auburn, CA). Peptides were eluted at a flow rate of
200 nL/min, and MS/MS spectra were obtained in a data-dependent mode in which the 8 most
intense peaks in each MS scan were chosen for fragmentation. An m/z width of +/— 1 Da was
employed to isolate the peptide precursor ions, and a 35% normalized collision energy was

used to fragment the isolated peptides. Dynamic exclusion was utilized with exclusion duration
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of 30 s and no repeat counts. Protein identification was achieved by searching the Swiss-Prot
human protein database using SEQUEST.

MALDI-TOF mass spectra were acquired using an Applied Biosystems 4700 TOF/TOF
Proteomics Analyzer equipped with delayed extraction and a 200-Hz repetition rate UV laser
(355 nm). The instrument was externally calibrated using angiotensin I. The matrix, a-cyano-4-
hydroxycinnamic acid (CHCA, Mass PREP, Waters, Milford, MA), was prepared in
acetonitrile/water, containing 0.1% trifluoroacetic acid (TFA) (50:50, v/v), at a concentration
of 7 mg/mL. 0.5 pL of the in-gel digest were spotted onto the MALDI plate with 0.4 uL matrix
using a thin-layer spotting method. Protein identification was accomplished by searching the
Swiss-Prot human protein database using MASCOT in the peptide mass fingerprinting (PMF)
mode.

H Deglycosylation and glycan-specific staining

Enzymatic deglycosylation using PNGase F was achieved in either native or reduced
conditions. For deglycosylation of the native protein, affinity purified antigen was mixed with
250 mM phosphate buffer (pH 7.5) at a 1:4 ratio, followed by the addition of PNGase F (1
Sigma unit enzyme for 20 pg Hpt) and incubation at 37 °C for up to 4 days. Two additional
aliquots of PNGase F were transferred into the reaction mixture at the end of the 2"d and 3'd
days, respectively. For deglycosylation under reduced conditions, the sample was mixed with
reaction buffer (250 mM phosphate buffer, pH 7.5) and denaturation buffer (1% SDS and 1%
mercaptoethanol), and then heated at 100 °C for 5 mins. After cooling to room temperature,
PNGase F was added (1 Sigma unit enzyme for 20 ug Hpt), and the mixture was allowed to
incubate at 37 °C for 3 - 4 hours with constant shaking.

Glycan-specific staining was accomplished using periodic acid and a Schiff's base reagent.16
Briefly, the gel was first fixed overnight with 40% ethanol and 7% acetic acid in order to
minimize protein diffusion. Glycans attached to the glycoprotein were oxidized by 1% periodic
acid and 3% acetic acid for 1 hour to generate aldehyde groups. The gel was then washed
thoroughly with deionized water to remove periodic acid. After washing, the gel was incubated
with Schiff's base reagent for 1 hour in the dark. A solution of 0.6% potassium metabisulfite
and 3% acetic acid was used to wash the gel in order to prevent color fading.

| Surface plasmon resonance (SPR) analysis

Surface plasmon resonance was performed on a T100 instrument (Biacore, Uppsala, Sweden).
The sensor chip (type CMS5, series S) surface was first activated with a 1:1 mixture of 0.2 M
N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.05 M N-hydroxysuccinimide
(NHS) in water, followed by a goat anti-mouse antibody solution (30 ug/mL in 20mM sodium
acetate, pH 5.0). The goat anti-mouse antibody (mouse antibody capture kit, Biacore) was
immobilized on the sensor chip surface through amine coupling, and the remaining unreacted
NHS binding sites were blocked with 1 M ethanolamine-HCI, pH 8.5. For SPR analysis, mAb
was first passed through the chip channel, and, after washing with running buffer, the serially
diluted sample was introduced and the interaction recorded in real-time. Regeneration of the
sensor surface between analysis cycles was achieved using 10 mM glycine-HCI, pH 1.7. The
running buffer was 10 mM HEPES, 150 mM NacCl, 3.0 mM CaCly, 1.0 mM EGTA, and 0.005%
Tween-20, pH 7.4. All binding data were analyzed using the Biomolecular Interaction Analysis
evaluation program version 3.1 (Biacore).

J Sandwich ELISA

mADb #1 was conjugated to HRP as follows: a total of 100 pg of EZ-link™ plus activated
peroxidase was reconstituted in 10 pL ultrapure water and added to the 100 pL antibody
solution (1 mg/mL mAb #1 in PBS, pH 7.8). Immediately, 1.1 pL of freshly-prepared sodium
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cyanoborohydride (0.5 M in PBS) was added to the antibody solution, and the solution was
then incubated for 3 hours at R.T. (final concentration of sodium cyanoborohydride, 5 mM).
Four pL of 3 M ethanolamine was added to the antibody solution to quench the reaction. The
reaction solution was buffer exchanged to PBS and incubated overnight with Sepharose Protein
G beads (Thermo Fisher Scientific) at 4 °C. The HRP-mAb #1 conjugate was captured and
eluted from the Protein G column using 0.1 M glycine, pH 2.5, and the eluate was immediately
neutralized with 1 M Tris (1/10 volume), followed by buffer exchange to PBS. The activity of
the HRP-mAD #1 conjugate was confirmed by its ability to turn the TMB substrate from
colorless to blue. For the sandwich ELISA, mAb #2 (20 ug/mL in PBS) was coated onto a 96-
well plate. Serially diluted standard Hpt solution (0.005 - 10 ug/mL) was added into each well,
followed by incubation with HRP-mADb #1 conjugate for standard curve generation. A negative
control (blank) was used to monitor the non-specific signal. For Hpt concentration
determination in crude plasma, the plasma was diluted 600 times with PBS. For Hpt
concentration determination in M-LAC material, the resulting M-LAC material was directly
used with no further treatment.

Results and Discussion

The global production of mAb libraries to complex mixtures of proteins derived from diseased
samples such as cancer can potentially be developed as diagnostic immunoassay kits after the
use of the mAbs for the discovery and ultimate validation of biomarkers. However, the antigens
should first be identified, and the antibodies characterized. The focus of this work was to
develop a platform for antigen identification and then to characterize the antibodies to assess
the effectiveness of the mAb proteomics approach. The generation of hybridoma libraries and
subsequent screening for lung cancer specific hybridomas will be detailed in a separate paper.
Briefly, mice were immunized with NSCLC patient plasma that was depleted of major proteins,
glycoprotein enriched and further normalized. This non-targeted, global immunization strategy
generated a large library (1055) of 1gG-secreting hybridomas. The hybridomas were subjected
to high throughput ELISA screening, and a large number of hybridomas (184) were found to
discriminate between pooled lung cancer and matched normal samples at an abundance
difference level of 1.5. The initial step of screening the hybridomas with pooled plasma was
necessary because of the limited amount of supernatant collected at the initial stages of the
hybridoma growth. Subsequent screening of individual plasma samples with supernatants and/
or the purified 1gG from the cloned cell lines identified 13 mAbs with strong differentiating
powers (p-values calculated from Mann-Whitney U test < 0.01). Three of the cloned mAbs
had an estimated difference of 3.5, 2.5 and 3.0 fold in abundance for mAb #1, #2 and #3,
respectively, between lung cancer and matched controls. These 3 mAbs were then produced
in large quantities from ascites fluids for antigen identification. Antigen identification was
achieved using a workflow consisting of immunoaffinity purification (IP pull-down), SDS-
PAGE, Western blotting and MS-based analysis, as described below.

1. Antigen identification

Immunoprecipitation followed by MS analysis is typically used for antigen identification,
10-11 hyt during affinity purification, not only the antigen but also its natural interacting partners
and non-specific “sticky” proteins can be co-precipitated with the antigen. As a result, MS
analysis will not directly yield a single protein identification, but rather a list of proteins. For
example, when mAb #1 was used to IP pull-down the antigen from plasma, after trypsin
digestion and LC-ESI-MS analysis, more than 30 proteins were identified. The top 9 proteins
(Table 1) were all identified with more than 10 peptide digest fragments. Such a result makes
it challenging to identify the antigen unambiguously and requires additional steps. In one case,
10 3 cDNA expression library was used to screen generated Abs, and the results from the
screening were correlated with MS data to determine the antigen identity.
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Here we used Western blotting to identify the protein band from the IP pull-down, followed
by MS analysis for the antigen identification. As shown in Figure 1, the antigen protein was
first isolated from plasma using an immunoaffinity column with the specific mAb; the eluate
was then separated by SDS-PAGE. Two separate gels were run: one was used for Coomassie
blue staining and the other for Western blotting. The Western blotting membrane was probed
with the same mAb used in the immunoaffinity purification step, and the protein band detected
by the antibody was targeted for MS analysis. The theoretical molecular weight of the identified
protein was also compared with that of the SDS-PAGE / Western blotting results. mAb #1 was
found to target the Hpt-p chain. The identification of the antigen using MALDI-TOF-MS is
shown in Figure 2, with a total of 11 tryptic peptides (56% sequence coverage of the -chain)
identified with a mass accuracy of better than 20 ppm. The major peaks from Hpt- are
annotated in Figure 2-C. The mAb #2 was determined to target Hpt-a (Figure 3), with both the
o1 and ay chains of Hptl7 being recognized by this mAb. The identification was accomplished
using LC-ESI-MS. The sequence coverage for Hpt-aq and Hpt-a, are 40% and 52%,
respectively. Two representative MS/MS spectra resulting from Hpt-o4 (Figure 3-A, band 4,)
and Hpt-a, (Figure 3-A, band 3) are shown in Figure 3-C. The peptide fragments (b- and y-
ion series, Figure 3-C) unambiguously determined the identity of the antigen. In plasma, native
Hpt circulates as an (af), tetramer with N-linked glycosylation sites on its f-chain.1” The a-
chain is polymorphic, and Hpt-as is the product of gene duplication with approximately twice
the length of Hpt-oy.18:19

Haptoglobin (either Hpt-a,20 Hpt-B21-23 or whole Hpt protein?4) has previously been suggested
to be candidate marker for various cancers, including lung cancer.24 However, in our study,
we expected that the majority of Hpt from the lung cancer plasma would be removed following
immunodepletion with the IgY-antibodies. We performed a shotgun proteomic analysis (see
Experimental Section) on the M-LAC and normalized M-LAC fractions to estimate the amount
of Hpt in the two samples. It is interesting to note that Hpt was identified in both samples with
total peptide counts of 14 and 3 for the M-LAC and normalized M-LAC fractions, respectively.
This result indicates the presence of residual amounts of Hpt in the samples used for
immunization (according to the manufacturer, the removal efficiency of Hpt from the depletion
column is not complete but is > 95%). To accurately determine the levels of Hpt, we measured
the Hpt concentration in the M-LAC sample (the protein mixture after M-LAC glycoprotein
enrichment) using a sandwich ELISA assay developed with mAbs #1 and #2 (see below). The
concentration of Hpt in M-LAC sample was determined to be ~120 ng/mL. Unfortunately,
there was not sufficient amount of normalized M-LAC sample for direct Hpt concentration
measurement by ELISA. However, it can be estimated that the Hpt injected into the mouse
was in the low to medium ng/mL level. This estimation suggests that this global method of
immunization has the potential of eliciting an immune response to low abundance proteins,
such as those originating from tumor cells but secreted into the bloodstream, if proper sample
pretreatment is achieved. In this study, we have only focused on 3 of the discriminating mADbs;
however, at least 184 hybridomas have been shown to discriminate between lung cancer and
matched controls. Future antigen identification of this set of mAbs could reveal potentially
novel markers for NSCLC.

Turning to mAb #3, the antigen was identified in a similar manner as above and found to be
complement factor H (CFH, Supplementary Material, Figure S1). The characterization of mAb
#3 was not pursued in this study.

2. Western blotting

To test whether the affinity of anti-Hpt-p was influenced by Hpt glycosylation, the binding of
mADb #1 was examined for both the glycosylated and deglycosylated form of Hpt. PNGase F
was used to remove the N-linked sugars from Hpt, and the deglycosylated protein was
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subsequently examined by reduced SDS-PAGE and Western blotting. The protein was
visualized by Western blotting, and the protein band corresponding to the signal observed on
the blot was excised from the gel, digested and analyzed by mass spectrometry. The identified
Hpt-B chain hasa MW ~ 44 kDa (Figure 2-A, band 2), which is 13 kDa larger than its theoretical
MW (31 kDa), due to the glycosylation attached to the chain. It is well known that glycans
attached to an antigen could affect Ab-Ag interaction,25:26 either directly through hydrogen
bonding and/or electrostatic interaction, or indirectly by glycosylation-induced conformational
changes of the protein. As shown in Figure 4, the Hpt-f chain is seen to migrate with a MW
of 44 kDa (Figure 4-A, lane 1); after PNGase F treatment, Hpt-p shifted to an apparent MW
of 31 kDa (Figure 4-A, lane 2). Glycan-specific staining confirmed that the shift in MW was
due to the removal of the glycans (Figure 4-B). A separate Hpt preparation, which underwent
all the deglycosylation steps except for the addition of PNGase F, was run in parallel with the
deglycosylated Hpt as a positive control (Figure 4-C, lane 1). Western blotting indicated that
N-linked glycosylation on Hpt-f is essential for the Ab-Ag interaction (Figure 4-C, lane 2). In
a separate experiment, Hpt was subjected to PNGase F treatment under native conditions,
followed by non-reduced SDS-PAGE and Western blotting (Supplementary Material, Figure
S2). As expected, the complete removal of all glycans from the native Hpt was not possible,
even after a long incubation time (4 days) and repetitive additions of PNGase F. Nonetheless,
the signal for Western blotting of the Ab-Ag interaction was weaker for the partially
deglycosylated protein, further suggesting that the glycan structures on Hpt-f chain are
necessary for the Ab-Ag interaction.

3. Surface plasmon resonance

Surface plasmon resonance (SPR) was employed to measure the affinity constant (Kp) of mAb
#1 (anti-Hpt-p) against native Hpt purified from the pooled lung cancer and matched control
plasma samples. Multiple rounds of affinity purification were conducted to obtain sufficiently
pure Hpt (data not shown). Anti-Hpt-B was immobilized onto two flow channels of the same
SPR sensor chip, one for the sample and the other to serve as a reference channel or control.
A serially diluted affinity purified native Hpt sample was introduced, and the interaction was
recorded in real time. A similar Kp (102 mol) of anti-Hpt-B against native Hpt (glycosylated
tetrameric form) was observed for both the lung cancer and matched control samples (Figures
5 A-B). To further characterize the reactivity of anti-Hpt-, we measured the Kp of anti-Hpt-
B with a) reduced Hpt-p chain (glycosylated monomeric form, Figure 5-C) and b) reduced and
deglycosylated Hpt-B chain (deglycosylated monomeric form, Figure 5-D). Due to the limited
availability of lung cancer patient plasma samples, these SPR experiments were conducted
using Hpt isolated from pooled, untreated normal plasma. The results indicated that mAb #1
binds with relatively tight affinity to the native Hpt tetramer, with a Kp of ~ 1072 M (Figure
5-B), versus 2 orders of magnitude lower for the reduced Hpt (Kp of ~ 107 M, Figure 5-C).
As expected, no interaction was observed for reduced and deglycosylated Hpt (Figure 5-D).
The affinity constant of mAb #2 (anti-Hpt-a) against native Hpt was also measured by SPR
and the Kp was found to be in the 1078 M range.

The favorable interaction of mAb #1 with the tetrameric form in comparison to the monomeric
form suggests that anti-Hpt- was generated to the protein that actually exists in plasma, i.e.,
the native form. This is an important result since mAbs are typically produced against synthetic
peptides or recombinant protein fragments which generally are not the native form. No
interaction between anti-Hpt- and the reduced and deglycosylated Hpt was observed, further
suggesting that the mAb proteomics process generates mAbs to the protein as it exists in
plasma. Ignoring serum albumin, over 80% of the plasma proteome is glycosylated,?”: 28 and
many of these glycoproteins require their glycans to be functionally active. In summary, we
have demonstrated that the mAb proteomics process can produce large numbers of monoclonal
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antibodies, some of which are of high affinity (Kp in nmol range) that target the native structure
and associated PTMs.

It is interesting to note that similar affinity constants of anti-Hpt-f3 were observed for both the
lung cancer and matched control samples. Aberrant glycosylation changes on Hpt-p chain have
been found for various cancers,22-24 including lung cancer.24 This result seems to suggest that,
although the interaction of anti-Hpt-p mAb and the Hpt protein is affected by the presence of
glycan structures, the high affinity of anti-Hpt-p may not be specific for cancer-induced
glycosylation changes. Thus, the high differentiating power of this mAb for lung cancer vs.
normal plasma seems to mainly result from the Hpt's abundance difference between the lung
cancer and matched control sample.

4. Sandwich ELISA of Hpt

The sandwich ELISA assay is taken to be the gold standard for measuring the concentration
of proteins in crude and complex mixtures; however, the development of an ELISA assay
requires highly specific antibody pairs targeting separate epitopes on the antigen, often a
difficult goal to achieve. In this study, since mAb #1 and mAb #2 were found to target different
subunits on the same protein, the potential to develop an ELISA assay was examined. mAb #1
was labeled in-house with HRP and used as the detection antibody, as shown in Figure 6-A.
Activated HRP was chosen to label the antibody, and the resulting Schiff base was reduced to
form a stable secondary amine with sodium cyanoborohydride. A standard sandwich ELISA
operation procedure was followed,? and the calibration curve was generated using Hpt ranging
from 0.005 - 10 pg/mL (Figure 6-B). The sandwich ELISA assay was used to measure a) the
Hpt concentration in the M-LAC sample from pooled lung cancer patients plasma and b) the
Hpt levels in crude plasma of a subset of individual lung cancer patients and controls. For the
M-LAC sample, as noted earlier, the Hpt concentration was found to be ~ 120 ng/mL. For the
individual samples, the Hpt concentration in the lung cancer patients was found to be ~ 3 mg/
mL and in the normal samples to be 1 mg/mL (Table 2). This result confirmed the expected
up-regulation of Hpt in the plasma of the lung cancer patients and served as an independent
check of the cancer-specific mAb screening. The high number of mAbs generated by the mAb
proteomics clearly increases the chances of producing mAb pairs suitable for the development
of sandwich ELISA assays. This can be an important potential advantage of this method.

Conclusions

In this work, we used Western blotting and mass spectrometry to identify antigens from
globally produced mAbs and characterized Ab-Ag interaction using Western blotting, SPR and
sandwich ELISA. The Western blotting results indicated that the reactivity of mAb to the beta
chain of Hpt was affected by the glycosylation on the chain. Surface plasmon resonance
revealed that this mAb was generated to the native form of the protein in plasma with relatively
tight binding (Kp in the low nM range). Also, using a sandwich ELISA from two mAbs of Hpt
and LC-MS based proteomics analysis, the Hpt concentration in the immunogen mix was
determined to be in the low ng/mL range, demonstrating that the mAb proteomics used in this
work can generate mAbs against low abundance plasma proteins, e.g. potentially proteins
originating from tumor cells. The results of this study indicate that the mAb proteomics process
is a promising approach for the high throughput generation of disease specific mAbs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pooled lung cancer plasma

Affinity chromatography

SDS-PAGE

Western blotting

In-gel digestion / LC-ESI-MS (or MALDI-TOF)

Database search / Manual validation

\ 4

Antigen ID.

Figure 1. Antigen ldentification Workflow

The affinity purified antigen mixture was separated by SDS-PAGE, and then probed with a
specific mADb to locate the binding antigen. The MW region, which was reactive in Western
blotting, was excised from the gel, digested with trypsin and sequenced by mass spectrometry.
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Figure 2. Antigen Identification for mAb #1
Reduced SDS-PAGE of the mAb #1 affinity purified mixture from pooled lung cancer patient
plasma (15 pg) and stained with Coomassie blue (A). Bands 1 and 3 are the heavy (~ 50 kDa)
and light chains (~ 25 kDa) of IgG, respectively. The protein (band 2) migrating at ~ 44 kDa
was recognized by the mAb #1 (B) and was subsequently identified as Hpt-$ chain by MALDI-

TOF-MS (C).
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Figure 3. Antigen Identification for mAb #2
Reduced SDS-PAGE of an affinity purified mixture (5 ng) from 1gG- and albumin-depleted

pooled lung cancer plasma, stained with Coomassie blue (A). Bands 1 and 2 are albumin and
Hpt-B chain, respectively. Bands 3 (~18 kDa) and 4 (~10 kDa) were both recognized by mAb
#2 (B) and were subsequently identified as the Hpt-a, and Hpt-a4 chain by LC-ESI-MS (C).
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Figure 4. N-linked Glycosylation is Essential for the mAb-Ag Interaction
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Glycosylated and deglycosylated haptoglobin were separated by SDS-PAGE and stained with

either Coomassie blue for protein detection (A), Schiff's base reagent to determine the

deglycosylation efficiency (B) or transferred to the nitrocellulose membrane for Western

blotting (C, probed with anti-Hpt-p mAb #1).
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Figure 5. Surface Plasmon Resonance Analysis of Anti-Hpt-g with Hpt

Panels A-D are sensorgrams of the interaction of anti-Hpt-p with (A) native Hpt (lung cancer);
(B) native Hpt (matched control); (C) reduced Hpt-f chain (matched control); and (D) reduced
and deglycosylated Hpt-p chain (matched control).
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Figure 6. Sandwich ELISA Using mAb #1 and mAb #2

(A) mADb #1 was labeled with HRP for detection and mAb #2 was used as the capture Ab.
(B) The standard curve was generated using Hpt standard ranging from 0.005 - 10 pg/mL. The
haptoglobin concentration in M-LAC material, lung cancer and matched control plasma sample
were measured using this assay.
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Table 1

Proteins Identified from the IP Pull-Down Mixture Using mAb #1”

Protein Name Peptide Counts

1 Haptoglobin 103
2 Serum albumin 33
3 C4b-binding protein o chain 29
4 Apolipoprotein A-1 26
5 Hemoglobin subunit 20
6 Hemoglobin subunit o 13
7 Ig alpha-1 chain C region 11

1g kappa chain C region 10
9 Ig gamma-3 chain C region 10

Page 18

*
The criteria used are as following: Xcorr >=1.9 when charge is +1, >= 2.2 when charge is +2, >= 3.8 when charge is +3; ACn>=0.1 and Peptide

Prophet>=0.95.
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