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Antigen arrays for profiling autoantibody
repertoires

Autoantibodies are a key component for the diagnosis, prognosis and monitoring of
various diseases. In order to discover novel autoantibody targets, highly multiplexed
assays based on antigen arrays hold a great potential and provide possibilities to
analyze hundreds of body fluid samples for their reactivity pattern against thousands
of antigens in parallel. Here, we provide an overview of the available technologies
for producing antigen arrays, highlight some of the technical and methodological
considerations and discuss their applications as discovery tools. Together with recent
studies utilizing antigen arrays, we give an overview on how the different types of
antigen arrays have and will continue to deliver novel insights into autoimmune
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Detection of circulating autoantibodies holds
a great promise to support diagnosis, predic-
tion, classification and monitoring of various
Within rheumatoid arthritis, for
instance, the presence of a group of autoan-

diseases.

tibodies to citrullinated protein antigens is
associated with more severe structural dam-
age and poorer response to therapy in RA
patients
group of autoantibodies among healthy indi-

(1]. Furthermore, the presence of this

viduals is related to an increased risk of devel-
oping RA p2]. There are other examples where
evidence suggests that in various diseases
autoantibodies are produced in patients sev-
eral years before the onset of clinical symp-
toms, thus highlighting the early prediction
potential of autoantibody analysis [3.4]. The
need for such autoantibody-based biomark-
ers is escalating in a wide spectrum of dis-
eases, ranging from autoimmune conditions
to cancer [s], especially when taking into
consideration their potential for stratifica-
tion of patient groups in relation to outcome

of therapies and even for development of
antigen-specific therapies [6]. Although the
value of autoantibodies as disease biomarkers
has been recognized in some conditions (7],
it still remains underutilized regarding sev-
eral other ones, where disease-related target
self-antigens are not known yet.
Conventional immunoassays such as
ELISA are commonly used in the field of
autoimmune laboratory diagnosis, but such
strategies are limited to @ priori knowledge
of the autoantigens, thus not allowing for
novel discoveries from a research perspec-
tive. Besides, such assays are not able to offer
a high-throughput and multiplex analysis
of several hundreds of body fluid samples
against several hundreds of antigens. In this
review, we will describe various aspects of the
antigen array technology and different anti-
gen array platforms, which fulfill such a need
for profiling body fluid autoantibody reper-
toires in a high-throughput and highly multi-
plex manner. In addition, we will also address
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some aspects, which pose analytical or practical chal-
lenges, as well as various methodological and statistical
considerations applicable for studies employing antigen
arrays as their main discovery tools. Finally, we will
give an overview of the attempts made in recent years
regarding the application of antigen arrays for autoan-
tibody profiling, mostly geared towards identification
of potential biomarker candidates.

Overview of antigen array technologies

& platforms

Antigen array formats

Planar arrays

The conceptual foundation for producing an immuno-
assay in a ‘microspot’ fashion was introduced in 1960s,
where the utility of depositing microspots of an anti-
gen solution was demonstrated for detection of serum
autoantibodies against thyroglobulin in autoimmune
thyroiditis patients (8]. Two decades later, the theoreti-
cal principle of microspot assays was proposed [9]. It
was, however, not until 1990s that the contemporary
planar, or ‘spotted’ microarray concept took its cur-
rent shape when the DNA microarray technology hit
its peak and the concept of a simultaneous analysis
of several thousand probes spotted on solid supports
proved itself as a highly valuable tool within genom-
ics and transcriptomics. In the beginning of 2000s,
the ready availability of robotic printing devices and
scanners within the DNA microarray world led to the
adaptation of equipment and procedures and the pio-
neering proof-of-concept studies demonstrating the
feasibility of ‘printing proteins’ followed [10,11]. Soon
after, the potential of spotted protein microarrays for
the analysis of entire proteomes was demonstrated [12].

Planar antigen arrays are generated by immobi-
lization of a large number of different antigens in
microspots, generally at a spatial density of up to 2000
per cm? or more. The capture reagents are immobi-
lized on the solid support by means of either contact
printing devices using, for example, pins that touch
the surface of the solid support, or noncontact print-
ing devices that involve jetting systems forming and
propelling droplets onto the solid surface. Only minute
amounts of capture reagent volume are spotted, usually
in the range of 50-500 pl, resulting in spot sizes of
100-300 um depending on the utilized solid support
properties.

A large number of different solid support options are
available, offering different surface chemistry choices
for planar arrays. As recently reviewed, for example,
by Sutandy ez al. (13], surface immobilization strate-
gies can in general be categorized as physical, cova-
lent or affinity-based immobilization. Surfaces coated
with nitrocellulose or gel pad allow for a passive

adsorption resulting in noncovalent and nonspecific
attachment of proteins, whereas, for example, epoxy-
activated surfaces allow for a covalent attachment of
proteins through their accessible amine, hydroxy or
thiol groups. Surfaces coated with affinity tags, such as
avidin or histidine, allow for an affinity-based, nonco-
valent but specific attachment of proteins or peptides.
While epoxy-activated or nitrocellulose-coated sur-
faces allow for a random orientation of the proteins,
affinity tag coated surfaces allow for a uniform orien-
tation of the proteins. In choosing a slide surface, it is
important to consider whether a uniform or a random
orientation of the proteins is desired in order not to
mask any epitopes.

There is no universal solid support type with a partic-
ular surface chemistry, which is suitable for several, let
alone all applications. On the contrary, before exploit-
ing the full utility of planar affinity arrays for profiling
samples, usually a considerable amount of time has to
be spent to develop and find the right surface chem-
istry and to fine-tune the assay protocols accordingly.
Here, several aspects need to be considered, such as
whether the printed proteins have to retain their con-
formation and functional stability without undergoing
denaturation. Usually, a similar effort has to be spent
for identifying the optimal buffer composition to block
the array surface prior to application of samples.

To date, signal generation on planar arrays mostly
relies on fluorescence-based methods. This is simply
due to the fact that the laser scanners compatible with
fluorescent dyes, developed and widely used for DNA
microarrays, were directly implemented into the pro-
tein microarray field. Such scanners typically provide
a fluorophore excitation at wavelengths of 532 and 633
nm, allowing for a detection of organic fluorescent dyes
such as Cyanine and Alexa Fluor or protein-pigment
complexes such as R-phycoerythrin (R-PE). Although
read-out by fluorescence has been and still is by far the
most widespread signal generation method within pla-
nar (as well as bead-based) array applications, there is
indeed a rich spectrum of alternatives. This includes
both label-based methods, such as chemiluminescent
or nanoparticle labeling as well as label-free methods,
such as surface plasmon resonance, carbon nanotubes
and microcantilevers. A very comprehensive overview
of such emerging signal generation methods, as well
as a comparison regarding the detection sensitivities
they offer, has been provided by Chandra ez a/. (14 and
Ray et al. [15].

Bead-based arrays

The principle of bead-based arrays, or the so called
suspension bead arrays, relies on immobilization of
capture reagents on distinguishable microsphere sets
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as solid supports and detection of the captured tar-
gets on each microsphere set by means of a flow cyto-
metric read-out system. Microspheres utilized as solid
supports carry functional groups, such as carboxyl or
thiol groups, facilitating the immobilization of pro-
teins. Microspheres pre-coupled with neutravidin can
also be utilized to immobilize biotin-containing cap-
ture reagents, which offers an alternative for immobi-
lization of, for example, synthetic, biotin-containing
peptides.

The concept of utilizing microspheres as a solid sup-
port is in fact not as new as it is generally anticipated.
Almost 40 years ago, the potential use of microspheres
for immobilization of antigens to identify antigen-
specificantibodies in serum was described [16]. A decade
later, McHugh ez al. demonstrated this possibility by
simultaneously detecting serum antibodies against
herpes simplex and cytomegalovirus antigens, which
were immobilized on microsphere sets with different
diameters [17]. Towards the end of 1990s, embedding
spectrally different fluorophores into microspheres to
prepare 64 spectrally distinct microsphere populations
was demonstrated [18]. This lay the foundation for
the multiplex microsphere array technology provided
today, for example, by the Luminex Corporation.

This technology is built on the use of polystyrene
microsphere sets, which are internally dyed with pre-
cise amounts of two or three spectrally different fluoro-
phores. Since each microsphere set can be distinguished
by their spectral address, microsphere sets, each linked
to a distinct capture reagent can be combined within
a single array, allowing for a multiplex measurement.
The first generation of these microspheres contained
two internal fluorescent dyes allowing for a multiplex-
ing of up to 100 analytes, whereas the next-generation
microspheres containing three internal dyes allow for
a multiplexing of up to 500 analytes. In addition to
commercially available technologies, it is also feasible
to develop home-brewed protocols. This was demon-
strated by Wu ez al., where maleimide-derivatives of
fluorescent dyes were used to generate 1152 different
microsphere sets [19].

The flow cytometer-like bead analyzers compatible
with 100-plex or 500-plex bead arrays offer a through-
put of 96 or 384 samples in microtiter plates. In the
analyzers, each microsphere is subjected to a 635-nm
laser beam, which excites the internal fluorescent dyes
in each microsphere and allows for the deconvolution
of the spectral address. A 532-nm laser beam excites
the reporter molecule bound to the analyte and enables
for read-out in terms of median fluorescence intensity
(MFI) across each distinct microsphere set.

Microspheres embedded further with superparamag-
netic particles allow for an automated plate washing or
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magnetic bead transfer, which are important aspects
contributing for a good recovery of microspheres, a
good assay reproducibility, a reduced hands-on time
and human error. Both nonmagnetic and magnetic
microspheres are functionalized, for example, with car-
boxyl groups, allowing for covalent immobilization of
proteins via their primary amine groups. Besides, there
are ready-to-use kits for analysis of autoantibodies,
such as antinuclear antibodies (ANAs) [20].

Various studies have evaluated the agreement
between measured serum autoantibody levels, such as
ANAs 211, or levels of antibodies against viral antigens,
for example, from Epstein—Barr virus [22], using ELISA
and multiplex bead-based assays and reported con-
cordant performances. Offering less consumption of
crude sample volume, less sample processing time and
multiplexing capacity while not compromising analyti-
cal sensitivity and accuracy makes bead-based arrays
highly versatile tools. The open architecture offered by
the bead-based arrays offers the possibility to develop
and continuously fine-tune home-brewed protocols
to create arrays with a fully customized content of
proteins or peptides.

Planar arrays versus bead-based arrays
While practically being restricted solely to the avail-
ability of antigens, planar array platform theoretically
offers the possibility to spot tens of thousands of anti-
gens within one glass slide for a highly multiplex analy-
sis. This can be considered as the main advantage of
planar arrays, suiting the analysis of binding against
thousands of antigens at once. Certainly, the more fea-
tures are spotted on the array surface increasing the
multiplexing capacity of the assay, the less possibility
to create subarrays, where individual samples can be
analyzed on the same array surface, thus a lower sam-
ple throughput. Planar array platform can, therefore,
be considered as a suitable initial discovery platform
suited for identification of potential biomarker can-
didates by analyzing sample collections in the range
of lower hundreds. These can be verified further on
technological platforms offering much higher sample
throughput capacity, such as the bead-based arrays.
Bead-based arrays offer also certain advantages over
planar arrays, including no requirement for laborious
image analysis, direct collection of data, greater sam-
ple throughput and a more flexible and customizable
array content. An array facility to generate and utilize
planar arrays would require scanners, image analysis
software and sophisticated printing robots which can
usually be operated by experienced users, whereas a
facility based on bead-based arrays might be estab-
lished in less time-frames due to the more user-friendly
nature of the currently available bead-based technolo-
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gies. However, as indicated before, planar arrays offer
a possibility to generate arrays with hundreds to few
thousands of proteins or antibodies per cm?, thus the-
oretically allowing for a greater degree of multiplexing
than offered by the most widely used bead-based plat-
forms. These two array platforms indeed complement
each other when efficiently utilized at different phases
of biomarker discovery studies, as well as when each
platform is utilized to technically verify the findings
revealed by the other, as demonstrated in our recent
study [23].

Antigen array platforms

Using antigen arrays, both analytical and functional
assays can be performed. In a functional assay format,
the arrayed antigens are utilized to decipher various
binding activities such as protein-protein, protein-
drug, protein-peptide or protein-nucleic acid interac-
tions, as reviewed, for example, by Zhu et a/. 24) and
by Sutandy et al. (13). In an analytical assay format,
arrays of antigens are used to detect and characterize
antibodies, either against self- or non-self antigens.
Here, we will frame the discussion mainly to the ana-
lytical assays for antibody profiling on antigen arrays.
Although for this purpose other types of bait reagents,
such as lipids or carbohydrates can be utilized as
antigens, we will mainly discuss arrays of full-length
proteins, or fragments thereof, and arrays of peptides
(Figure 1).

Protein arrays

There are two strategies to fabricate protein arrays:
proteins from a recombinant or nonrecombinant
source, such as a crude or preseparated protein extract,

®
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Figure 1. Formats and binder types for antigen arrays.

Protein fragments

Peptides

can be either immobilized on planar or bead-based
surfaces, or they can be expressed iz situ, namely on
spot (or on bead) using cell-free expression systems.

Protein arrays by in situ synthesis

The in situ array production strategy eliminates the
need to separately express and immobilize the pro-
teins and relies on the synthesis of proteins directly
on the array in a cell-free manner. Here, DNA tem-
plates, either in the form of a plasmid or a PCR prod-
uct are utilized. The DNA template allows for protein
synthesis in the presence of a crude cell lysate, which
contains all macromolecular components needed for
the transcription and translation machineries, such as
ribosomes and initiation, elongation and termination
factors. These components are also supplemented with,
for example, amino acids, salts and cofactors. Cell-free
protein expression systems were traditionally made
from E. coli, followed later by cells from eukaryotic
species, such as wheat germ cells, insect cells or rabbit
reticulocyte, as reviewed, for example, by He ez a/. 23]
and Carlson ez al. [26].

Within the last decade, several in situ protein array
production strategies emerged upon the marriage
between such commercially available cell-free protein
synthesis methods and the protein array technology.
A prototype strategy, the so-called protein in situ
array (PISA), later also known as DiscernArray™ [27],
was originally described by He and Taussig [28]. In
PISA, PCR-generated DNA constructs are designed
to encode a protein or a fragment thereof, and a tag
sequence. The array surface is precoated with a tag
capture agent and after translation using a cell lysate,
the synthesized proteins are captured on the array sur-
face and the unbound lysate material is washed off.
Angenendt e# al. later miniaturized PISA further by
utilizing a multiple spotting technique increasing the
theoretical spot density up to 13,000 [29].

An alternative to PISA, the so-called nucleic acid
programmable protein array (NAPPA), was originally
described by Ramachandran ez al. 30]. The concept of
NAPPA is based on spotting the DNA template, in this
case a biotinylated plasmid, encoding the protein of
interest as a fusion with a GST tag. The array surface is
precoated with avidin, as well as an antibody targeting
the GST tag. Upon incubation of the spotted plasmid
DNA array with the cell lysate, the expressed protein
is captured within each spot by the antibody against
tag. A next version of NAPPA was described [31], where
planar arrays consisting of up to 1000 proteins were
generated and later Wong e# /. adapted the NAPPA
strategy on bead-based arrays [32]. One of the impor-
tant concepts offered by the NAPPA strategy is the
feasibility of storing an array with the DNA template
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for a long term until usage. In turn, the protein spots
(or beads) are per se not ‘pure’ since they remain co-
localized with the DNA template and the antibody
against the tag.

A third in situ protein array production strategy,
the so-called DNA array to protein array (DAPA) was
originally described by He ez 4/. (33] and recently opti-
mized further [34]. The concept behind DAPA involves
two slides and a permeable membrane in between:
one slide is immobilized with PCR-generated DNA
constructs encoding tagged proteins, the other slide is
immobilized with tag-capturing reagents, and between
the two slides the cell-free protein synthesis is carried
out within a filter membrane. The newly synthesized
proteins on the first slide diffuse through the mem-
brane and become captured on the second slide. The
main advantage offered by the DAPA strategy is the
possibility to reuse the same DNA array up to 20 times
to generate multiple copies of a protein array [33]. In
comparison to NAPPA, DAPA also allows to gener-
ate ‘pure’ protein spots on a separate surface than the
DNA template. Yet, diffusion can be regarded as a
potential limitation to synthesize multimeric proteins.
Besides, the protein spots occupy a large area due to
diffusion effects; the so far reported spot densities for
DAPA strategy have been in the range of 100 [33].

Taken together, the in situ array production strate-
gies in principle avoid the need to express, purify and
store individual proteins, thus also reduce the concerns
about the storage stability of protein arrays. When a
mammalian cell-free protein synthesis systems, such
as rabbit reticulocyte lysate, is utilized, in situ array
platforms also enable the expression of full length
eukaryotic proteins with native protein conformation.

Protein arrays by printing

The more conventional approach of fabricating protein
arrays is based on immobilization of proteins on a solid
support. where the source of the proteins can be non-
recombinant, such as a crude or preseparated protein
extract from a cell line or tissue [36], or a recombinant
source. While the latter strategy, namely the expression
and purification of proteins individually is a challeng-
ing task in several aspects, the feasibility of fabricating
arrays with thousands of proteins have been demon-
strated by the earliest pioneering studies in the field:
Zhu et al. demonstrated the feasibility of fabricating
an array containing approximately 80% of the yeast
proteome by cloning, expressing and purifying almost
6000 yeast open reading frames as GST-His6 fusion
proteins [12]. Using the same strategy, Chen ¢t /. dem-
onstrated the feasibility of fabricating an array with
over 4200 E. coli proteins, representing 99.3% of the
E. coli genome [37). This approach originally described
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by Zhu et al. was commercialized by Proteometrix Inc.,
subsequently acquired by Invitrogen™ (now Thermo
Fisher Scientific), which is using GST fusion proteins
in its ProtoArray® product line. The current 5.0 version
of the ProtoArray® Human Protein Microarray hosts
over 9000 full-length human proteins expressed in
insect cells. Similarly, in one of the early protein array
studies, Lueking et a/. fabricated arrays with 2,413 full-
length human proteins expressed in E. coli utilizing a
human fetal brain cDNA expression library [38]. This
approach was later commercialized as the UNIarray®
platform by Protagen Diagnostics.

More recently, Jeong et al. reported an array with
16,368 human open reading frames as GST-His6
fusion proteins expressed in yeast, representing 12,586
unique genes, thus 60% of the human protein-coding
genes [39]. This framework was recently commercial-
ized by CDI Laboratories as the HuProt™ Human
Proteome Microarray, containing 19,394 full-length
human proteins in its version 2.0 and corresponding to
over 75% of the human protein-coding genes.

The recombinant human protein fragments gener-
ated within the Human Protein Atlas [40] represent
yet another approach, demonstrating the feasibility
of large-scale expression and purification of human
antigens. Currently, the Human Protein Atlas hosts
over 41,000 MS-verified human protein fragments,
representing more than 18,000 human protein-coding
genes. These 50-150 amino acid long fragments are
expressed in E. coli as recombinant fusion human pro-
tein fragments, which are subsequently utilized within
the Human Protein Atlas pipeline to generate planar
antigen arrays. These arrays consist of random sets of
384 human protein fragments and are routinely uti-
lized to characterize the binding specificity of newly
generated Human Protein Atlas antibodies (41]. The
collection of these protein fragment arrays offers a
valuable protein array resource. More recently, pro-
tein fragment arrays with a larger content have been
fabricated as well, which host 21,120 human protein
fragments and representing 12,412 protein encoding
genes [42] and we are currently in the process of pro-
ducing a next generation of these arrays hosting 41,393
protein fragments and representing 18,191 protein
encoding genes.

Peptide arrays

In addition to proteins or protein fragments, antigen
arrays can be generated by utilizing synthetic peptides.
Peptide arrays are very efficient tools for the charac-
terization of epitopes of autoantibodies that have been
identified using protein array platforms, at a single
amino acid resolution. The main disadvantage of syn-
thetic peptides compared to full-length proteins or
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protein fragments is that they are restricted to mimic
discontinuous epitopes and allow to assess continuous
epitopes. Yet, peptides offer certain advantages such as
they might be relatively inexpensive to synthesize; they
are physically and chemically more stable than pro-
teins thus offer more stability during storage and they
offer incorporation of certain posttranslational modi-
fications such as citrullination or phosphorylation.
Similarly, they allow for incorporation of non-natural
amino acids and other modifications for detection or
immobilization, such as biotin or a histidine tag, which
can be introduced at any required position.

Peptide arrays might be considered to designate the
emergence of the array technology. The foundations for
peptide arrays were laid in the 1960s when the concept
of solid phase peptide synthesis and automated pep-
tide synthesizers emerged. Adopting these concepts,
Geysen et al. introduced the early version of peptide
arrays [43]. Shortly thereafter, the so-called SPOT™
synthesis approach was introduced [44], which demon-
strated the possibility of 7z situ synthesis of peptides.
The principle of SPOT™, applied in a further minia-
turized way, is still utilized in currently available com-
mercial peptide array platforms such as PepSpot™ or
PepStar™ provided by JPT Peptide Technologies.

Around the same time as the emergence of the
SPOT™ approach, Fodor ez al. reported another break-
through 77 situ approach by combining the solid phase
peptide synthesis concept with semiconductor fabrica-
tion concept [45]. Here, peptide arrays were generated
on glass slides using combinatorial synthesis based on
photolithography. This method relied on synthesis of
peptides by repeated cycles of coupling of activated
amino acids and photodeprotection with a photomask.
This strategy was in fact adopted for photolithographic
synthesis of high-density oligonucleotide arrays [46].
Regarding the synthesis of peptides, requirements such
as individual synthesis of amino acid monomers with
photolabile protection groups led to further modifica-
tions of the photolithographic approach. For instance,
Singh-Gasson et al. [47] replaced the photomasks
with digital micromirrors, which has been adopted
also in more recent studies, such as by Shin ez al. [43)
and by Buus ez al. [49]. A similar approach to the one
described by Buus e a/. was recently utilized by Roche
NimbleGen Inc. to fabricate an array with 2.1 million
overlapping peptides representing all human protein
coding-genes [50].

Mask-free photolithographic methods have been
also developed such as by Gao ez a4l [51] and by
Price et al. [52], where the latter work demonstrated the
feasibility and utility of peptide arrays using micropro-
cessor-grade silicon wafers as solid support. In addition
to these strategies, particle-based peptide array fabri-

cation methods have been introduced. Relying on the
basic principle of SPOT™, Beyer et al. developed a
combinatorial synthesis method utilizing electrically
charged amino acid particles positioned on a solid sup-
port by electrical field which is generated either by a
computer chip (s3] or a laser printer [54]. This technol-
ogy is currently commercialized by PEPperPRINT,
providing PEPperCHIP® Peptide Microarrays.

The methods outlined so far exemplify the in
situ peptide array synthesis approaches and a more
detailed overview has been provided, for example,
by Katz et al. [s5]. These approaches currently allow
to generate high or even ultrahigh density peptide
arrays. Certainly, it is also possible to fabricate peptide
arrays by immobilizing presynthesized peptides. This
approach is more suited to generate arrays with a more
limited content geared towards more focused investi-
gations. It also allows to utilize peptides upon assess-
ment of their identity and purity, which is not feasible
when generating peptide arrays in situ.

Technical considerations relevant for antigen
arrays

Type & source of antigens

One of the most important considerations for anti-
gen array applications is the type and source of the
antigens. Bacterial expression systems, such as E. coli
are extensively used and optimized for production of
human proteins or fragments thereof, as also demon-
strated within the Human Protein Atlas. However,
eukaryotic expression systems are needed when aspects
such as posttranslational modifications, native fold-
ing and activity need to be addressed. Certainly, the
consideration regarding the type of expression system
applies also when 77 situ array production strategies are
adopted. Important to note is that folding and activity
of proteins expressed in eukaryotic systems might still
be compromised by adsorption or covalent attachment
of the proteins to the surface of utilized solid support,
which highlights the importance of testing different
array surfaces and related parameters for downstream
applications such as autoantibody profiling [s6]. Such
changes in antigen structure might affect discontinu-
ous epitopes that might be of relevance, but it can also
expose epitopes that otherwise are not accessible to
antibodies as recently underlined by Wang et al. [57).
Thus, there is no established ultimate strategy in terms
of the type and source of the employed antigens, which
can be utilized to explore the diversity of the autoan-
tibody repertoire. There are studies demonstrating
not only the value of employing full-length proteins
expressed in eukaryotic systems, but also the value of
recombinant protein fragments [23], synthetic over-
lapping peptides [52] or even random-sequence pep-
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tides [58.59] or peptidomimetics [60], each with their
inherent advantages and disadvantages. Even antibody
arrays can be used to study in particular those auto-
antigens circulating in complex with their autoanti-
bodies [61]. Thus, initial discoveries made with a given
type of antigen can be reevaluated and verified using
antigens of alternative types and sources.

What to detect?

As highlighted by Prechl ez al. [62), for antigen array
applications aiming to profile the autoantibody reper-
toire in body fluids, the consideration regarding what
to detect is as important as what to immobilize as
antigens. A majority of autoantibody profiling inves-
tigations focus to determine antigens recognized by
autoreactive IgG antibodies only (Figure 2). Yet, the
feasibility and potential value of detecting subclasses
of IgG (63.64] or different immunoglobulin classes on
antigen arrays have been demonstrated [65.66]. While
these and similar investigations utilized planar arrays,
a study by Ayoglu et a/. aimed to develop a bead-based
assay allowing for a parallel analysis of antibodies
of IgG, IgM and IgA classes [67]. In addition to the
analysis of class or subclass distribution, examination
of the clonality of the autoantibodies by using kappa
or lambda light chain specific detection antibodies
might reveal highly relevant information in the con-
text of various conditions if an altered light chain
kappa/lambda ratio is hypothesized to be disease or
disease-stage associated [68] (Figure 3).

The specificity of the secondary detection antibody
might be an important factor to consider when ana-
lyzing only a single autoantibody class. For instance,
regarding the choice for secondary reagents to detect
IgG autoantibodies, reagents with specificity against
both heavy and light chain or with specificity against
only the Fc portion of the heavy chain can be utilized.
Reagents specific against both heavy and light chain
might offer a broader epitope recognition than Fc frag-
ment-specific reagents, but they might react with other
immunoglobulin classes since they share the same
light chain. Depending on the quality of the reagent,
Fc fragment-specific secondary antibodies might still
cross-react with other immunoglobulin classes. Thus,
either highly optimized secondary reagents should be
preferred or secondary reagents from different vendors
with different specificities should be evaluated before
any a large-scale analysis of clinical samples.

As reported in a recent work [67], when serum sam-
ples are screened at a low dilution rate, captured serum
immunoglobulins building an antigen-antibody com-
plex on the array surface might activate the comple-
ment system, which might in turn mask the detect-
ability of captured immunoglobulins by secondary
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reagents. Thus, prior to any large-scale analysis of
serum samples, it might be beneficial to evaluate dif-
ferent sample dilution rates and the need to block the
complement system by means of suitable assay buffer
additives such as EDTA.

Antigen  array-based  autoantibody  profiling
approaches using planar arrays mostly adopt a single-
color approach, where autoantibodies are detected
using fluorescent dye labeled secondary antibodies.
Dual-color approaches have also been described for
array-based autoantibody profiling approaches. Hart-
mann et a/l. utilized a dual-color approach for detec-
tion of both total immunoglobulin and antigen-spe-
cific autoantibodies [69]. Kattah ez 4/, described the
co-incubation of two different samples labeled with
fluorescent dye-labeled Fab fragments [70]. Approaches
like the latter might allow to incorporate a reference
sample for internal normalization, which can be a
preferable strategy when analyzing, for instance, lon-
gitudinal sample collections. As shown in our previous
work using tagged protein fragments as antigens (23], a
dual-color approach can also be used to involve a sec-
ondary antibody to detect the tag and this information
can in turn be utilized both for spot alignment and for
normalization.

Other technical aspects

Prior to autoantibody profiling applications, purifica-
tion of immunoglobulins by means of protein A/G can
be considered as a strategy to enrich for immunoglobu-
lins in body fluid samples. Yet, systematic evaluations
addressing the effect of such preanalytical steps on
array-based downstream analyses have so far not been
reported in detail.

Upon identification of targets on autoantibod-
ies, competition assays can add valuable information
regarding the degree of autoantibody specificity. Here,
an assessment of the reduction in antibody binding
upon preblocking of samples with the identified tar-
get would provide support for autoantibody specific-
ity. This can be an especially important point when
proteins or protein fragments are expressed as fusion
proteins in bacterial expression systems, since body
fluid samples from a subset of individuals might con-
tain antibodies reacting, for example, with the expres-
sion tag. In such cases, depending on the antigen type
and source, a protocol step for preblocking of samples
with the expression tag or a lysate originating from the
expression system should ideally be evaluated prior to
analysis of large sample collections [23].

A similar consideration is relevant when utilizing
peptide arrays for autoantibody profiling purposes.
In several applications, peptides are generated with a
C- or N-terminal biotin and a linker molecule, which
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Figure 2. A typical autoantibody profiling assay workflow on planar or bead-based antigen arrays.

allow to immobilize peptides on, for example, neu- from a subset of individuals might contain antibodies
travidin-coated planar or bead-based surfaces. Yet, as  reacting with neutravidin, which might require a step
reported in our previous work [67], body fluid samples  for preblocking of samples.
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Experimental, statistical & methodological
aspects

In this section, we would like to reflect on miscella-
neous general aspects regarding study design for bio-
marker discovery-oriented assays carried out on anti-
gen arrays. We also would like to share some common
practices regarding experimental design and data and
statistical analysis.

About study design: from samples to assays
For a study aiming to identify differentially abundant
autoantibodies as a potential biomarker candidate for
a certain disease, the choice of control samples is of
utmost importance. While several population-based
control samples can be accessed easier from a population
register, hospital controls, especially those with other
diseases, might represent a more relevant population,
although they might not provide an unbiased represen-
tation of a control group. Thus, it should be evaluated
in close collaboration with experts of the studied dis-
ease, whether population controls or hospital controls
are more suitable for the intended study outcome.
Control samples should ideally be matched in terms
of demographic variables such as age and gender, if not

for other relevant variables as well. However, this might
be difficult for some diseases, for example, if the sam-
ple type is an invasively collected body fluid or if the
patients are very young. Similarly, when several disease
subtypes are compared, matching subtype samples in
terms of age can be a challenge since samples belonging
to more advanced stages of the disease might per se be
older. Finally, possibilities to involve well-selected sam-
ple collections of a related disease or of another control
set might be worth to consider, as well as sample col-
lections from different centers [71], especially if this can
be allowed by the sample throughput of the utilized
array platform.

While there are strategies to statistically determine
the theoretically required number of samples per
group, such as by the statistical power analysis [72.73],
analysis of as many samples as the utilized array plat-
form allows for would increase the chances for finding
candidates that can be verified downstream. However,
as recently also highlighted by Wallstrom ez al. 74], sta-
tistical expertise should indeed be involved at the early
stage of such studies. As expressed by Ronald Fisher,
‘to call in the statistician after the experiment is done
may be no more than asking him to perform a post-
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mortem examination: he may be able to say what the
experiment died of.

If a subset of samples needs to be selected from a
larger sample collection to meet the sample through-
put capacity of the array platform, this selection needs
to be carried out in close collaboration with experts of
the disease in order to determine which disease sub-
types or age groups might be prioritized in an initial
discovery analysis. Certainly, the sample preparation
type and condition should meet the requirements of
the technical analysis to be carried out. For instance,
serum and not plasma samples, which have not been
exposed to freeze-thaw cycles prior to analysis are the
suitable sample types for measurement of complement
activation on antigen bead arrays [67].

Conventional autoantibody profiling studies on
antigen arrays very often employ a targeted approach
for antigen selection. This involves selection of a lim-
ited set of antigens upon literature mining, where
existing knowledge, such as relation to affected tissue,
organ, cellular pathways associated with the disease
can be taken into consideration. However, as we also
previously argued for [75], the increasing availability
of antigen collections such as by the Human Protein
Atlas, as well as commercially available protein and
peptide array formats, allow for the adoption of non-
targeted, unbiased approaches for autoantibody profil-
ing on antigen arrays. Thus, antigen arrays can also be
implemented within a true discovery framework.

About experimental & assay design: from
assays to data points

Basic but effective experimental design elements can
help to estimate, isolate and eliminate possible bias in
autoantibody profiling experiments on antigen arrays.
Randomization and replication are for instance, two
very basic but very crucial concepts. Randomiza-
tion of samples protects against introduction of bias,
which might be introduced by uncontrollable assay-
or instrument-related factors. Especially if assays will
be carried out on multiple slides or microtiter plates,
samples can be applied in a randomized layout, where
even a balanced distribution across age, gender and
diagnosis type of samples can be applied by a stratified
randomization.

Replicating entire experiments can reveal day-to-
day, namely inter-assay reproducibility and including
replicates of, for example, both sample-free assay buf-
fer and a sample pool, distributed within and across
several slides or microtiter plates can reveal intra-assay
reproducibility. Utilizing the same sample pool as a
replicate in segmented experiments carried out as dif-
ferent batches can reveal the so-called batch effects (76],
which can be addressed during data processing.

Regardless of the robustness of a given assay pro-
tocol, relevant positive and negative control analytes
need to be included in each assay. Similarly, depending
on the type of antigens or samples utilized, even well-
established buffer compositions should preferentially be
fine-tuned. Regarding the content of the antigen arrays,
including more than one antigen representing different
regions of each target might provide a better insight.
However, this is certainly restricted by the multiplexing
capacity of the array format utilized and the availability
of the antigens.

Finally, it is beneficial to adapt assay protocols to be
compatible with automated liquid handling devices,
which are becoming increasingly available and afford-
able. Aliquoting and randomization of samples and/
or antigens should preferably be carried out on such
devices in order to reduce hands-on time and risk of
human error. Reducing or eliminating hands-on time
as much as possible during assays is also an important
aspect for a robust outcome especially within large-scale
profiling studies on several samples and/or for several
targets, where experiments might be carried out by
different operators at different days.

About data analysis & statistics: from data
points to potential biomarker candidates

Data processing and analysis usually gets less atten-
tion than the aspects regarding study and experimen-
tal design. Ironically, this stage of especially large-scale
studies can require equal, if not even more amount of
time and effort as generating the data itself. Although
the discussion about data analysis and statistical tools
applied for antigen array data would be complex
enough to write a separate review article, we will briefly
summarize some basic aspects.

While the assay read-out for bead-based arrays can
be obtained directly from the analytical instrument,
there is an intermediate image analysis phase in order to
obtain assay read-out for planar array formats. Depend-
ing on the number of samples analyzed, the image anal-
ysis phase can be very labor-intensive. It ideally requires
a visual inspection of the entire topography of each
array surface in order to identify and exclude array fea-
tures affected, for example, by dust specks or scratches
before overlaying a grid and extracting the read-out
from an image analysis software.

Once data are obtained, there are basic inspections
helping to assess the quality of data, such as calculation
of coefficient of variation (CV) values for the technical
replicates or visualization of data distribution in histo-
grams. The latter implies whether data points should
be transformed (e.g., by logarithmic transformation) if
common statistical methods making assumptions on
normal distribution will be applied. As discussed, for
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example, by van den Berg ¢z al. (77), there are no uni-
versally applicable strategies for data transformation,
scaling and normalization. In order to identify the most
suitable one, different strategies and their combinations
might need to be evaluated in each study having its
unique composition of sample collection and its own
research question. Here, the suitability of each strat-
egy can be evaluated, for example, by their impact on
technical CV values.

Before applying statistical methods on the data for
comparative analyses, it is a preferred practice to inves-
tigate the presence of any systematic variation in the
dataset, which might not be disease but sample-related
or might have been introduced during the experimen-
tal procedure. Here, principal component analysis and
unsupervised hierarchical clustering are two useful
tools to asses, for example, the presence of sample type,
sample batch or sample origin effects. Such analyses
can also identify possible artifacts introduced during
experimental procedure, such as position effects within
a microtiter plate or on a slide. These analysis tools
furthermore allow to decipher outliers in the dataset,
which might be necessary to be excluded before further
statistical analysis [78.79].

Prior to any comparative analysis, it is also impor-
tant to assess whether there is any systematic variation
between case and control groups. Such variation might
either be introduced due to differences in the preanalyt-
ical chain of sample collection and storage, or it might
also reflect a true biological difference in the overall
protein content of case and control groups due to dis-
ease pathology. Such skewed trends can be reflected by
the presence of systematically positive or negative fold
changes.

In biomarker discovery-oriented applications, the
ultimate aim is to identify the ‘features, namely the
antigens, which reveal differences between the com-
pared sample groups. The identified features should be
statistically validated using either the available dataset,
or preferably a dataset generated using a new sample
collection. The feature selection methods utilized for
this aim can be divided into univariate and multivari-
ate methods [80]. For a univariate feature selection from
data generated on antigen arrays, the nonparametric
Wilcoxon rank sum test (or the Kruskal-Wallis test
for a multigroup comparison) can be applied. Here,
the median for a feature is considered to differ signifi-
cantly when the hypothesis testing statistics is smaller
than the set value for alpha, which is generally set to
alpha = 0.01. The data generated using multiplex arrays
is though mostly high-dimensional, namely, not one
but as many hypothesis tests are performed as the num-
ber of targets. This increases the probability of com-
mitting a type [ error, namely a false positive error. To

Antigen arrays for profiling autoantibody repertoires Review

address this, multiple testing correction methods can
be applied.

For a univariate feature selection, comparison of
autoantibody reactivity frequencies within the sample
groups can be equally, if not more, insightful. Here,
first thresholds need to be defined for ‘positive reactiv-
ity, which can be set in a sample-specific, target-specific
or control group-specific manner (Figure 4). Once the
positive reactivity frequencies are calculated within
each sample group, then the nonparametric y? test, or
preferably a Fisher’s exact test suitable also for sample
group sizes smaller than 20, can be applied upon cross-
tabulation of the frequency information.

It is also possible to utilize a multivariate feature
selection strategy, which usually works in concert with
a classification method. There are several classification
methods, such as partial least squares discriminant
analysis (PLS-DA); support vector machines; logistic
regression; classification trees and ensemble classifiers
such as random forest. Once features have been selected
either using a univariate or a multivariate strategy, their
performance can be estimated by a cross-validation,
ideally using new samples. Alternatively, the dataset can
be split into training set and test set parts and meth-
ods such as leave-one-out or k-fold cross-validation can
be utilized to asses the performance of a classifier. The
performance measure of a classifier is given by its diag-
nostic sensitivity and diagnostic specificity, which are
usually plotted together in receiver operating character-
istic curve (ROC) and the performance is reported by
the area under the curve (AUC). An extended discus-
sion regarding various data analysis tools and strategies
relevant for clinical proteomics has been provided by
Smit et al. (81]. It should be highlighted that each data-
set generated within the context of a certain disease has
different characteristics and there is no universal data
analysis strategy applicable within all studies.

The identified features as outcome of a nontargeted
investigation, can be subjected further for a biological
interpretation. Here, functional annotation tools such
as DAVID [s2] can be utilized to assess whether there
are gene ontology (GO) terms significantly enriched for
certain molecular functions, biological processes and
cellular compartments. Furthermore, use of tools such
as STRING [83] can reveal whether the identified set
of features contains known protein—protein interaction
partners. Integration of such sources of information
might provide additional insights about the potential
and relevance of the identified biomarker candidates.

From potential biomarker candidates to
biomarkers

As summarized in Figure 5, upon identification of
potential targets as outcome of an initial discovery on

fsg

future science group

www.future-science.com

1115



Review  Ayoglu, Schwenk & Nilsson

25,000
20,000

MFI (AU)

15,000
10,000

5000

0=

1. Setting a reactivity threshold

Sample-specific reactivity threshold

IgG reactivity profile of a sample over 384 antigens 25,000

20,000
15,000
10,000
Antigen Z 5000

Antigen X

MFI (AU)

Antigen Y

PR e TR AR TSN I 0

384 antigens

List of reactive antigens
per sample per group

Antigen-specific reactivity threshold in
the control or disease subtype group

1gG reactivity profile for antigen X over 400 samples

il

Group A (n = 150)

Group B (n = 250)

2. Cross-tabulating the frequency of reactivity in sample groups

19G reactivity frequency for antigen X

FN [0}
o o
| |

Positive reactivity (%)
n
o
|

Group A  Group B

3. ldentification of antigens with statistically

significant differences in positive reactivity
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antigen arrays, extensive technical verification steps
should be taken to minimize the risk of false positive
findings. Here, reproducibility of the study outcome
should be confirmed within and across multiple exper-
iments and preferably using an orthogonal technical
platform, such as ELISA. As an initial step, different
array platforms, namely bead-based or planar arrays
can be utilized (Figure 2 & 6), which can be followed by
performing ELISA.

As the next approach, either protein fragments or
peptides representing different parts of the target anti-
gen can be utilized to gain better understanding of the
binding site of autoantibodies. For initial discoveries
made using protein fragments or peptides, an intuitive
first step should be to assess whether such autoantibody
reactivity patterns are reproduced for a full-length rep-
resentation of the target protein. It needs to be con-
sidered though that producing the full-length version
of certain types of proteins, such as transmembrane
proteins, might render a challenge.

A technical verification stage should be followed by
a ‘biological’ verification stage. The main purpose of

the biological verification stage is to demonstrate the
validity of the initially identified autoantibody pro-
files in new sample collections with same characteris-
tics as the discovery sample set using an orthogonal
platform. This should be followed by analysis of new,
larger and independent sample collections from differ-
ent geographical locations. At this stage, the diagnostic
specificity and sensitivity of the initially identified set
of targets should be assessed, as well as the positive pre-
dictive value and negative predictive value. The latter
are measures combining the prevalence characteristics
of the given disease with the diagnostic sensitivity and
specificity [84].

If successfully accomplished, the steps we described
so far, starting with a single or a small set of poten-
tial biomarker candidates would lead to technically
and biologically verified biomarker candidates. At this
stage, the intended use of the biomarker candidates
should be clarified further and the degree to which the
use of these new biomarker candidates would lead for
an improved diagnosis or monitoring should be clear.
However, this stage of the biomarker discovery pipe-
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Figure 5. Overview of typical steps of studies using antigen arrays as a platform for discovery of autoantibody

targets in body fluids.

line is also when commercial partners with resources
and diagnostic expertise might need to be involved,
because access to thousands of samples for design and
logistics of extensive studies calls for a considerable
amount of human and financial resource. Certainly,
the decision making criteria for commercial partners
closely, if not solely, depends on factors such as a fore-
seeable and reasonable return on their investment.
Thus, a biomarker candidate is still several steps far
from becoming a biomarker. Indeed, this perspective
strongly argues for the strategy we described above,
which integrates the discovery and a characterization
of potential biomarker candidates as part of a thorough
preclinical discovery process.

Applications of antigen arrays for biomarker
discovery

Antigen arrays offer a multiplex and high-through-
put analysis tool for the investigation of the immune
response in the context of several conditions. Arrays
of allergen extracts [85] or recombinant allergens [86]
can be utilized to characterize the immune response
in allergy. Similarly, as reviewed by Vigil er al. [87)
and Natesan ez al. [88] and exemplified in several
works [89-92] among others, antigen arrays of pathogens
can be utilized to characterize the immune response
within various infectious diseases, which might help
to develop vaccines or monitor vaccine immunogenic-
ity. By utilizing antigens representing human proteins
or peptides, autoimmune reactions against self-anti-
gens can be studied in the context of several diseases,
including autoimmune diseases and cancer. In the fol-
lowing section we will mainly focus on this application
area of antigen arrays.

Early demonstrations of the utility of antigen arrays
for autoantibody profiling approaches were reported by
Joos et al. (931 and by Robinson ez al. (94]. Joos et al. gen-
erated arrays with 18 recombinant proteins well-known
to be targets of autoantibodies in autoimmune diseases
such as Sjogren’s syndrome or rheumatoid arthritis and
demonstrated autoantibody binding in serum samples.
Similarly, Robinson et al. created arrays with 1152 fea-
tures representing 196 different well-known autoim-
mune targets including peptides, proteins and other
molecules, which were analyzed with serum samples
from patients with autoimmune rheumatic diseases.
Joos et al. observed detection sensitivities compa-
rable to ELISA and Robinson ez al. reported four- to
eight-fold improved analytical sensitivity than ELISA.

Following these pioneering demonstrations of auto-
antibody profiling applications and reviews highlight-
ing their potential [95-98], antigen arrays have been
used in several targeted studies, where selected sets
of proteins or both proteins and peptides were uti-
lized to generate antigen arrays: Feng er al. [99] and
Hueber et al. [100] investigated rheumatoid diseases;
Fattal ez al. (101, Li et al. [102], Price et al. [103] and
Haddon ez al. [104] investigated systemic lupus erythe-
matosus and Balboni ez a/. [105] investigated juvenile
dermatomyositis. Quintana ez al. [106107] analyzed
serum and paired serum-cerebrospinal fluid samples
in the context of multiple sclerosis. Besides these
autoimmune conditions, Britschgi ez al. [108] utilized
peptide-based antigen arrays within Alzheimer’s dis-
ease; Gnjatic et al. 109] applied antigen arrays within
non-small-cell lung cancer and Hagedorn ez al. [65)
investigated serum samples from patients with chronic
rejection of lung transplantation. These and similar tar-
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geted studies focus on describing the mechanisms and
different phenotypes associated with the occurrence of
autoantibodies against certain groups of proteins, such
as cytokines: arrays of a large panel of cytokines, che-
mokines and other serum factors were utilized by Price
et al. to investigate anticytokine autoantibodies in sys-
temic lupus erythematosus [103] and by Rosenberg et a/.
for profiling anticytokine autoantibodies in a diverse
set of patients with immunodeficiencies [110,111].

There were also several nontargeted approaches
exploring the autoantibody repertoire in various dis-
eases. Adopting the strategy originally described by
Zhu et al. [12], arrays with 1058 full-length liver pro-
teins were generated by Hu ez 4/. [112], which were later
extended to contain a total of 5011 human proteins
and utilized in the context of autoimmune hepa-
titis [113]. By using arrays produced with the same
strategy, Hu ez al. utilized the arrays hosting 16,368
yeast-expressed human proteins [39] for profiling the
serum and cerebrospinal fluid autoantibody repertoire
in neuropsychiatric lupus [114]. Similarly, Hudson et a/.
utilized arrays with 5005 full-length human proteins
to identify tumor-associated antigens within ovarian
cancer [115]. The strategy of utilizing human fetal brain
cDNA expression libraries to generate antigen arrays,
originally described by Lueking et al. [115], was also
applied in the context of dilated cardiomyopathy [116]
and the autoimmune condition alopecia areata [117],
where arrays with 37,200 redundant, recombinant

human proteins were utilized. This setup, later com-
mercialized by Protagen Diagnostics, and contain-
ing 3101 proteins or protein fragments was utilized
within multiple sclerosis for autoantibody profiling in
cerebrospinal fluid [118].

The previous work by Ayoglu ez al. also exemplifies
the hypothesis-free application of in-house generated
antigen arrays, where a total of 11,520 human protein
fragments representing 7644 protein-encoding genes
were utilized for autoantibody profiling in a multiple
sclerosis-related serum sample collection [23]. The more
targeted follow-up work of this study recently led to
the identification of the ion channel protein anoctamin
2 (ANO?2) as an autoimmune target in multiple sclero-
sis, which might contribute to the characterization of
a subgroup of MS patients. [119]. This strategy was also
used for profiling the serum autoantibody repertoire
within osteoarthritis (120}, as well as adapted for pro-
filing of autoantibody repertoires in bronchoalveolar
lavage samples in the context of sarcoidosis [121]. These
studies also demonstrate the utility of bead-based anti-
gen arrays for autoantibody profiling in large sample
collections.

Within the last few years, the majority of the non-
targeted autoantibody profiling applications have uti-
lized the commercial ProtoArray® platform. It has been
used in a broad spectrum of diseases, including chronic
renal disease [122] and renal transplantation [123];
hematological disorders [124] and autoimmune condi-
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tions such as rheumatoid arthritis [125], inflammatory
bowel disease [126], Type-1 diabetes [127], Meniere’s dis-
ease [128] and primary Sjogren’s syndrome [129], where
all the mentioned studies analyzed blood-derived sam-
ples except the latter one demonstrating the analysis of
saliva samples. Targets identified by these and similar
unbiased screening approaches contribute significantly
for the molecular characterization of clinical pheno-
types and manifestations of autoimmune diseases.
For instance, utilizing the ProtoArray platform, Lan-
degren ez al. identified the enzyme transglutaminase
4 (TGM4) as a male-specific prostate autoantigen
in autoimmune polyendocrine syndrome 1 (APSI),
which was linked to the infertility component in male
APS1 patients [130). Within cancer field, ProtoArray
has been used to identify tumor associated antigens
in the context of colorectal cancer [131], bladder can-
cer [132] and ovarian and pancreatic cancer [133]. While
these cancer-oriented studies focused on analysis of
serum samples, Gunawardana ez a/. analyzed ascites
fluid in the context of ovarian cancer [134]. ProtoAr-
ray has also been utilized for serum autoantibody
profiling in neurological diseases such as Alzheimer’s
disease [135], Parkinson’s disease [136] and amyotrophic
lateral sclerosis [137], whereas Querol ef al. analyzed
cerebrospinal fluid in the context of multiple sclero-
sis [138]. While these studies reported disease-associated
autoantibody reactivities, Nagele ez al. profiled serum
samples from healthy individuals and highlighted that
IgG autoantibodies are ubiquitous in serum [139].

Antigen arrays generated by utilizing the in situ
NAPPA strategy have been also frequently implemented
for recent autoantibody profiling applications. The
first studies utilizing NAPPA had a focus on analysis
of serum autoantibodies within breast cancer [140,141].
More recently, in addition to other cancer types such
as ovarian cancer [142], NAPPA has been utilized in the
context of osteoarthritis [120] and various autoimmune
conditions, including Type 1 diabetes [143], anklosing
spondylitis [144] and juvenile arthritis [145], where the
latter study also demonstrated the analysis of synovial
fluid samples on the NAPPA platform.

Once targets of disease-associated autoantibodies
are identified, peptide arrays allow for a fine-mapping
of the epitopes of autoantibodies at a single amino
acid resolution, that have been identified using pro-
tein array platforms. The utility of such high-density
peptide arrays for autoantibody profiling applications
has been demonstrated, for example, in the context
of systemic lupus erythematosus [52,146] and multiple
sclerosis [147,148].

Besides protein and peptide arrays, there are also
examples of phage arrays which have been applied
mostly within the cancer field for the identifica-
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tion of targets of tumor-specific autoantibodies. This
approach combines the phage display technology
with array technology. As described, for example, by
Cekaite ¢t al or Chatterjee et al., a cDNA library is
constructed from mRNA isolated from cancer tissue
and the cDNA library is inserted into a phage vector
to generate cDNA phage-display library [149,150]. After
several rounds of affinity maturation, the library is
enriched for page clones reacting, for example, with
serum from patients. The library of enriched clones is
immobilized on solid supports to create phage arrays
for further analysis of sample collections. This method
has been applied for autoantibody profiling in various
cancer types, such as breast cancer [151], prostate can-
cer [152], lung cancer [(153,154], ovarian cancer [155] and
colorectal cancer [156], as well as in some autoimmune
conditions such as celiac disease [157].

In addition to the use of antigen arrays for identifica-
tion of autoimmune targets, Papp e a/. demonstrated
for the first time that antigen arrays can also be utilized
for a parallel measurement antigen-specific serum com-
plement activation by detecting the deposited comple-
ment C3 fragments on antigen array surfaces [66,158,159].
Analysis of the complement activating property of
autoantibodies is a valuable measure of the pathogenic
potential of autoantibodies leading to inflammatory
tissue damage. Thus it represents a powerful tool to
evaluate the disease activity in a wide spectrum of sys-
temic autoimmune diseases [160,161], such as rheumatoid
arthritis, systemic lupus erythematosus, antineutrophil
cytoplasmic autoantibody (ANCA)-associated vascu-
litides, systemic sclerosis, antiphospholipid antibody
syndrome or primary Sjégren’s syndrome. Assessment
of complement-activating properties of autoantibod-
ies, as well as their immunoglobulin classes, aims to
generate more immune function-related information
on antigen-arrays. This strategy, reviewed in more
depth by Prechl ez al. [162) was applied, for example,
in the context of systemic lupus erythematosus [163].
While the originally described strategy by Papp ez al.
and later applications utilized planar arrays, the study
by Ayoglu et al. [67] implemented this strategy further
on bead-based antigen arrays for high-throughput
profiling of samples.

Conclusion & future perspective

As we discussed in this review, antigen arrays are not
only tools to investigate limited sets of preselected pro-
teins. They can rather serve as discovery tools to iden-
tify novel targets of disease-related autoantibodies in
various disease conditions. We envision that antigen
arrays will continue to be explored and exploited in the
near future, as there is a remaining need to unravel the
characteristics of autoantigens and the role and contri-
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bution of autoantibodies to health and disease. There-
fore, antigen arrays are and will be very valuable tools
for us to learn more about the autoantibody repertoires
in different diseases, as well as the natural autoantibody
repertoire in healthy individuals, which, in turn, might
aim to translate findings of basic research into clinical
practice and improved health outcomes.

Arrays composed of full-length proteins, protein frag-
ments or peptides are currently all needed and should
be utilized more to increase the understanding about
the autoantibody repertoire in body fluid samples. Gen-
erating more information in more studies and disease
areas will help to clarify the relevance and clinical value
of each type of antigens, as well as the relevance of anal-
ysis of autoantibodies directed against continuous or
discontinuous epitopes. Studies utilizing arrays with an
unbiased content and of whole-proteome coverage can
provide a particularly valuable starting point to unravel
the common features of autoantigens being recognized
in body fluid samples both in the context of diseases, as
well as in health.

In near future, it will not only be about what the
autoantibodies are binding to but also what kind of
autoantibodies are binding to the self-proteins. More
systematic studies shifting the focus to differences in
immunoglobulin class frequencies might provide addi-
tional clues about whether certain set of antigens shar-
ing certain features related to, for example, structure or
localization co-determine the antibody class, thus the
effector functions such as complement activation. As we
highlighted here, identification of interesting autoanti-
body targets on antigen arrays should be followed by
extensive technical verification stages. We also believe
that bead-based arrays should be acknowledged more as
an essential part of the antigen array-based biomarker

investigations in the near future, as they allow to screen
many more samples at a time in a straightforward man-
ner, thus allowing for an effective validation of findings
in extended sample collections. In terms of technical
developments, analytical sensitivity of antigen arrays
will be improved, as the interest for lower abundant
autoantibodies will grow. Utilizing detection methods
beyond the conventional fluorescence-based strategies
and experimenting with more novel label-free or label-
based detection technologies is an area still open for
development of new assay concepts on antigen arrays.
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Executive summary

e Autoantibodies are increasingly interesting to be incorporated into diagnosis and classification criteria of
various diseases including, but not limited to, autoimmune diseases.

e Antigen arrays offer the possibility to screen hundreds of body fluid samples for reactivity against hundreds to
thousands of self-antigens at a time, consuming only tiny amounts of antigen and sample material.

e The generation of antigen resources, such as the Human Protein Atlas, and the availability of commercially
available antigen array platforms are increasing and will accelerate the accessibility and use of antigen arrays.

e Within the recent years, antigen arrays in forms of protein, protein fragment or peptide arrays have been
widely utilized for identification of novel autoimmune targets.
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