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a b s t r a c t

One bead one compound (OBOC) libraries can be screened against serum samples to identify ligands to
antibodies in this mixture. In this protocol, hit beads are identified by staining with a fluorescent labeled
secondary antibody. When screens are conducted against two different sets of serum, antibodies, and
ligands to them, can be discovered that distinguish the two populations. The application of DNA-encoding
technology to OBOC libraries has allowed the use of 10 mm beads for library preparation and screening,
which pass through a standard flow cytometer, allowing the fluorescent hit beads to be separated from
beads displaying non-ligands easily. An important issue in using this approach for the discovery of anti-
body biomarkers is its analytical sensitivity. In other words, how abundant must an IgG be to allow it to
be pulled out of serum in an unbiased screen using a flow cytometer? We report here a model study in
which monoclonal antibodies with known ligands of varying affinities are doped into serum. We find that
for antibody ligands typical of what one isolates from an unbiased combinatorial library, the target anti-
body must be present at 10–50 nM. True antigens, which bind with significantly higher affinity, can
detect much less abundant serum antibodies.

� 2018 Elsevier Ltd. All rights reserved.

A seminal problem in biomedicine today is the discovery of
serum biomarkers for the diagnosis of disease, prediction of drug
efficacy and a variety of other purposes. The adaptive immune sys-
tem is an attractive source of such biomarkers,1 since it is likely
that many disease states induce the production of antibodies
against disease-specific antigens. We have developed one approach
to the discovery of these antibodies called epitope surrogate tech-
nology.2–4 In this process a one bead one compound (OBOC) com-
binatorial library,5 created by split and pool synthesis,5,6 is
incubated with a pool of control serum samples and, after washing,
the beads that display antibody ligands are visualized by staining
with a fluorescently labeled secondary antibody. These are dis-
carded and the remainder of the library is screened against a pool
of serum samples of interest (the ‘‘case” population). Beads that
‘‘light up” in this screen display candidate ligands for potential
antibody biomarkers that distinguish the case from the control
population. The compounds mined from the OBOC library can, if

validated as bona fide ligands,7 be used as an affinity reagent to
enrich the putative disease-specific antibodies to which they bind.
These antibodies, in turn, can be used in immunoprecipitation or
similar experiments to identify their native antigens in a suitable
tissue extract.8,9

Until very recently, these screens employed relatively large (90
mm) TentaGel beads because of the requirement for enough com-
pound to identify the structure of a hit by tandem mass spectrom-
etry.10 Hits were separated from non-hits by a tedious procedure
involving visual inspection of the entire library under a low power
fluorescence microscope and manual picking of the fluorescent
beads using a Pipetteman.11–13 However, the adaption of DNA
encoding technology14–16 to OBOC libraries17 has allowed the use
of much smaller 10 mm TentaGel beads for library synthesis and
screening, since the identity of the bead-displayed compound can
be determined much more sensitively through PCR amplification
of the encoding tag and sequencing of the amplicon. 10 mm beads
are about the size of a small mammalian cell, thus a flow cytometer
can be employed to separate hits from non-hits.7,16,18 This process
is much faster and simpler than manual bead collection, allowing
the use of larger libraries. The flow cytometer also facilitates
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two-color screening experiments.19 For antibody biomarker dis-
covery, the case and control antibody populations are labeled with
green- and red-labeled secondary Fab antibodies,20 respectively,
then mixed together and exposed to the bead-displayed library.
The flow cytometer can be gated to collect beads that bind only
red-stained (case) antibodies and not green-stained (control) IgGs.

An important question is how abundant must a potential bio-
marker IgG be in order for it to be captured by a bead-displayed
ligand in a screen using this new technology? In other words,
how deeply can the immunoproteome be screened in the search
for biomarkers? To address the sensitivity of ligand identification
in this screening format, we started with the well-characterized
anti-Flag antibody-Flag peptide (DYKDDDDK) interaction, which
is of very high affinity (sub-nM apparent KD

12 under the conditions
used here). Altering the peptide sequence of Flag to (DYKHNNYN)
(FLAG-D4H)21 increases the KD to 130 nM.12 The FLAG peptide or
FLAG-D4H was synthesized on 10 lm TentaGel beads following a
linker sequence. Approximately 1000 of the peptide-displaying
beads were doped into about 10,000 blank control beads (no pep-
tide displayed). To distinguish the control beads from those dis-
playing a peptide, the former were labeled in the protein-
inaccessible, hydrophobic internal domain of the TentaGel
matrix22 with carboxyfluorescein, whereas the peptide-displaying
beads were unlabeled (Fig. 1).

The bead mixture was incubated with mouse serum (45 mg/mL
total protein, 18.1 mg/mL (1.2 x 10�4 M) IgG antibodies diluted
250-fold into PBST buffer) into which a known amount of mouse
anti-FLAG antibody had been doped. Mouse serum does not con-
tain antibodies to FLAG peptide, so this protocol allows us to con-
trol the amount of the target antibody in the serum precisely. After
thorough washing, the beads were incubated with Alexafluor 647-
labeled chicken anti-mouse secondary antibody, washed again,
then analyzed using a flow cytometer, monitoring at 448 nm and
647 nm (green and red channels, respectively). The concentration
of the anti-FLAG antibody was varied from 0 to 100 nM, with 1
pM being the lowest analyzed. The primary data, in the form of
flow cytometry dot plots, are shown in Fig. 2.

In the absence of added anti-FLAG antibody, the FLAG peptide
displaying beads showed a slightly higher level of red fluorescence

than the blank beads (top left of Fig. 2), reflecting some non-speci-
fic binding of FLAG peptide to mouse serum antibodies and/or the
labeled secondary antibody. As anti-FLAG antibody was titrated
into the serum, the red fluorescence exhibited by the FLAG pep-
tide-displaying beads increased in a dose-dependent fashion, while
the blank beads were unaffected, as expected. The fluorescence of
the FLAG peptide-displaying beads in the red channel was cleanly
separated from the background (defined by the top left dot plot in
Fig. 2) at 0.01 nM anti-FLAG antibody and exhibited an intense sig-
nal (100-fold above background) at 0.5 nM anti-FLAG antibody
(Figs. 2 and 3). Clearly, had this been a real screen, even low abun-
dance antibodies could have been targeted for ligand discovery.
These data, as well as that obtained from a variety of control exper-
iments are shown in bar graph format in Fig. 3A.

Of course, the FLAG peptide has an affinity for anti-FLAG anti-
body that is much greater than a typical screening hit would have
for a target antibody. Therefore, we repeated the same experiment
using the more modest affinity FLAG-D4H peptide (apparent KD �
133 nM).17 As shown in Fig. 3B (see SI Fig. 1 for the dot plot data)
much higher levels of anti-FLAG antibody were necessary in order
for the ligand-displaying beads to capture above background levels
of anti-FLAG antibody. At 10 nM anti-FLAG antibody, the signal
was barely above background, whereas at 50 nM anti-FLAG anti-
body robust binding was observed.

Finally, a similar experiment was repeated with KMS31, a
ligand for the antigen-binding site of a B cell receptor isolated from
a patient with chronic lymphocytic leukemia (CLL014). KMS31 is
an actual screening hit derived from an OBOC library in which
the target was a soluble, IgG version of the CLL014 BCR.23 When
immobilized on a surface, KMS31 was shown to bind (CLL014)
monoclonal antibody with an apparent KD of 67 nM under condi-
tions similar to those used in the assays described here.23 KMS31
was synthesized (see SI Fig. 4) on 10 mM TentaGel beads and
approximately 1000 of these beads were doped into about
10,000 of the fluorescein-labeled beads. The beads were incubated
with human serum (59 mg/mL total protein, 3.9 mg/mL total IgG
(2.6 x 10�5 M) diluted 250-fold into PBST buffer) to which a known
amount of purified CLL014 antibody had been added, followed by
staining with Alexa Fluor 647-labeled goat anti-human IgG. After

Fig. 1. Schematic of the mock screening protocol employed in this study. Cartoon of the mock screening strategy. ‘‘Blank beads” labeled internally with carboxyfluorescein
were mixed with unlabeled beads displaying a known ligand to the antibody of interest at a ratio of 10:1. The monoclonal antibody targeted by the ligand (blue) was then
doped into serum containing a multitude of IgG antibodies (black) at a known concentration. The beads and serum were mixed, washed, then stained with an Alexa Fluor 647
(A647)-conjugated secondary antibody. After a final wash the beads were analyzed by flow cytometry.
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