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The antibody species that patrol in a patient's blood are an invaluable part of the immune system.While most of
them shield us from life-threatening infections, some of them do harm in autoimmune diseases. If we knew ex-
actly all the antigens that elicited all the antibody species within a group of patients, we could learn which ones
correlate with immune protection, are irrelevant, or do harm. Here, we demonstrate an approach to this ques-
tion: First,we use a plethora of phage-displayed peptides to identifymany different serumantibody binding pep-
tides. Next, we synthesize identified peptides in the array format and rescreen the serumused for phage panning
to validate antibody binding peptides. Finally, we systematically vary the sequence of validated antibody binding
peptides to identify those amino acids within the peptides that are crucial for binding “their” antibody species.
The resulting immune fingerprints can then be used to trace them back to potential antigens. We investigated
the serum of an individual in this pipeline, which led to the identification of 73 antibody fingerprints. Some fin-
gerprints could be traced back to theirmost likely antigen, for example the immunodominant capsid protein VP1
of enteroviruses, most likely elicited by the ubiquitous poliovirus vaccination. Thus, with our approach, it is pos-
sible, to pinpoint those antibody species that correlate with a certain antigen, without any pre-information. This
can help to unravel hitherto enigmatic diseases.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Evolution designed our antibody-based immune system to tackle in-
fectious diseases, which is shown by the fact that we are likely to die –
especially from infections with encapsulated bacteria – if our humoral
immune system is compromised (Fried and Bonilla, 2009). Depending
on his or her individual history of infections, every person clonally

expands presumably thousands of different antibodies producing B
cell clones, which secrete the bulk of the 11 mg IgG antibodies per mL
blood serum (Gonzalez-Quintela et al., 2008).

These “amplified” antibody species are selected from a plethora of
different antibodies. The antibody repertoire stems from the random
combination of gene segments and clonal selection, which is triggered
by specific binding to a pathogen's antigen. Eventually, most of these se-
lected antibody species are further refined in their binding characteris-
tics by random point mutations and somatic hypermutation (Murphy
and Weaver, 2016).

In today's typical antibody-based diagnostics, the disease status is
concluded from the binding of a patient's serum antibodies to one or a
few proteins (Borrebaeck, 2000). This protein-specific binding is possi-
ble despite the randomness in antibody generation: Immunoblotting
techniques validate that only a limited number of proteins of a pathogen
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are targeted (Haury et al., 1994; Stahl et al., 2000). Thus, the immune
systems of different individuals seem to commonly prefer only a few
proteins out of thousands of potential antigens of a bacterial pathogen
or in autoimmune disease. However, quite a few basic scientific ques-
tions are still unanswered: Do the immune systems of different patients
not only target the same proteins, but also similar epitopes? And, more
importantly, could we get clues about the cause of an enigmatic disease
from a determination of all epitopes of the “amplified” antibodies?

There have been many different approaches to analyze the diversity
of a patient's individual antibody repertoire. In 2009, Weinstein et al.
(Weinstein et al., 2009) used high-throughput sequencing to find out
that the majority (N50%) of all possible V, D, J gene segment combina-
tion is indeed present in zebrafish to constitute its immunoglobulin di-
versity, adding support to the idea of an essentially random generation
of antibody species. Recently, high-throughput DNA sequencing of im-
munoglobulin genes (Ig-seq) has been introduced, which allows for
the quantitative read out of molecular information of the humoral im-
munity (Georgiou et al., 2014; Khan et al., 2016). However, both tech-
niques rely on the conclusion that the full antibody repertoire can be
deduced from the gene expression at a certain time point. This expres-
sion might be somewhat different to the actual diversity and specific-
ities of antibodies.

Functional screens have been used to directly determine the antigen
targets. Crompton et al. used protein arrays to find out that up to 41% of
the displayed proteins from the malaria pathogen Plasmodium
falciparum are targeted by the serum antibodies of patients (Crompton
et al., 2010). By focusing antigenic attention upon irrelevant or highly
variable epitopes, also referred to as deceptive imprinting (Tobin et al.,
2008), themalaria pathogenmakes it extraordinarily challenging to de-
velop an efficient and targeted vaccine. The Johnston group used spot-
ted arrays with some 10,000 random peptides that were stained with
patient sera to discover patterns of stained peptides that indicated a
growing cancer, a vaccination, or an infection (Legutki et al., 2010;
Legutki and Johnston, 2013; Stafford et al., 2014). In a similar approach,
Wang et al. used phage displayed peptide libraries (Smith, 1985; Devlin
et al., 1990; Scott and Smith, 1990) to identify a pattern of targeted pep-
tides that indicated a growing prostate cancer (Wang et al., 2005). Xu et
al. generated a phage library, displaying proteome-wide peptides from
all known human viruses, to discover viral epitopes that are targeted
by serum antibodies from human sera (Xu et al., 2015). Screening ran-
dom peptide libraries with mouse or human serum antibodies also
allowed to distinguish healthy mice from mice that were infected with
helminth parasites (Bongartz et al., 2009) or to pinpoint rheumatoid ar-
thritis specific antigens (Dybwad et al., 1993). Moreover, Reineke et al.
used the SPOT method from Ronald Frank (Frank, 1992) to synthesize
arrays with some 5500 random peptides to identify linear peptides,
which served as surrogate binders (“mimotopes”) for known conforma-
tional antibody epitopes (Reineke et al., 2002).

However, two technical bottlenecks still have to be overcome before
we can access the complete information embodied in antibodies patrol-
ling in a patient: (i) the synthesis of peptide arrays is still expensive,
and (ii)wewouldneed to knowexactlywhich amino acidswithin a bind-
ing peptide are crucial for the binding of many different antibody species.
The second point is necessary to query data bases for potential target pro-
teins of serumantibodies,whichmight play a role in an enigmatic disease.

Here, we combined next generation sequencing of a phage display
peptide library (Matochko et al., 2012) with our novel solid-material-
based synthesis method for high-density peptide arrays, enabling den-
sities of over 10,000 peptide spots per cm2 (Beyer et al., 2007; Stadler
et al., 2008; Loeffler et al., 2012; Maerkle et al., 2014; Loeffler et al.,
2016). For the latter, either a laser printer (Stadler et al., 2008) or a
laser scanning system (Loeffler et al., 2016) is used to structure a syn-
thesis surface with ≥20 different amino acid building blocks, which
are embedded in a solid matrix material. Then, a simple heating step
starts the coupling reaction bymelting thematrixmaterial. Parallel syn-
thesis on the same array surface is achieved by repeating these steps for

the different amino acid building blocks, until the desired peptide
length is reached. This large number of peptides not only allows for an
almost comprehensive coverage of entire genomes but also for substitu-
tion analyses: Systematically substituting every amino acid position in a
sequence of a specific antibody-binding peptidewith every other amino
acid, it is possible to identify the key residues for each epitope. This ap-
proach allows us to evaluate the specificity of an antibody down to the
individual amino acid level and refines the profiling of the antibody rep-
ertoire (see workflow in Fig. 1). It reveals the original epitopes of a
patient's antibodies or the mimotopes, and can also uncover potential
cross-reactivity (Reineke et al., 2002). Thus, besides gaining knowledge
on the antibody repertoire, our principle may be useful for elucidating
clinical phenotypes with unknown disease antigens, without any a
priori knowledge.

2. Results

In this study, we investigated the potential of a novel three step
screening pipeline to comprehensively read out the antibody specific-
ities in the serum of a donor subject. We combined phage display pre-
screening with a subsequent two-step peptide microarray analysis.
First, a serum was analyzed using an epitope phage display panning
followed by DNA sequencing. Then, the resulting binders were synthe-
sized on laser-generated high diversity peptide arrays and incubated
with the original serum. Subsequently, epitopes of identified binders
were synthesized again on laser-generated high diversity peptide ar-
rays, but this time with variants representing a complete substitution
analysis set: We generated 12 × 19 = 228 individual variants of each
12mer peptide, where each amino acid position of the original sequence
is substituted one by one with all other 19 amino acids. These analyses
resulted in 73 antibody fingerprints. We could identify four different
motifs that were present in several peptide binders. These four motifs
were used to query public protein databases.

2.1. Validation arrays

Phage displaywith 12mer peptide presenting phagewas carried out
in three panning rounds. The peptide encodingDNA fragments of bound
phage of panning rounds two and three were sequenced and in silico
translated into amino acid sequences. For both panning rounds togeth-
er, the sequencing resulted in a total of 38,533 different 12mer peptides.
These peptides were synthesized on 10 different arrays with up to 4128
peptides as spot duplicates per array and incubated with the serum. Fig.
2A shows the fluorescence scan of an array that was stained with the
serum.

The fluorescence intensity of each peptide was analyzed by calculat-
ing the average of spot duplicates. For each array, a threshold was de-
fined. Peptides showing higher intensities than this threshold were
further analyzed in the following substitution analysis. Fig. 2B shows
the intensity distribution plot of the array in Fig. 2A. The threshold
was set to an intensity value of 1000 a.u. and at least 0.15% of the pep-
tides of each slide (4128 peptides) with the highest fluorescence inten-
sity were substituted. The screens resulted in 97 peptides which
exceeded the threshold.

2.2. Substitution analysis

For the substitution analysis, each of the 97 validated 12mer binders
was synthesized in 12 × 19 = 228 peptide variants and 12 original se-
quences as 240 duplicate spots and incubated again with the serum.
We screened a total of 23,280 different peptide double spots, resulting
in 73 distinct fingerprints. Fig. 3 shows the fluorescence scan of a com-
prehensive substitution analysis of a typical peptide in spot duplicates.
Each row represents the substitution at one position of the original pep-
tide with 19 different amino acids (plus the original one), whereas each
column corresponds to one of the 20 amino acids in alphabetical order
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