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Preface

During the last years, the application of protein microarray-based proteomics to the analysis
of human diseases has paved the way to profile proteomes in normal and pathological states,
increasing our understanding of human biology.

The themes discussed within this book, Protein Microarrays for Disease Analysis: Methods
and Protocols, are mainly focused on protein analysis covering a wide spectrum of the utility
of protein microarrays for disease analysis. This book brings a collection of detailed proto-
cols written by top experienced professionals around the world to cover a variety of protein
microarray-based approaches. The chapters encompass different stages of protein micro-
arrays from their construction to their use, including the different types of protein micro-
arrays (recombinant proteins, antibody, phage, and NAPPA protein microarrays) in planar
format or in solution by means of bead arrays with their multiple applications discussed, and
the development of the next generation of protein microarrays and their applications to
human diseases. These approaches have proved useful to decipher disease proteomes and
characterize protein networks and interactomes to help shed light on mechanisms of many
diseases (allergy, ocular diseases, characterization of the humoral immune response, etc.).
Finally, the last chapter focuses on protein microarrays by bioinformatics for data analysis
and statistics.

Collectively, this volume will offer readers key advice and procedural details to empower
their needs and successfully achieve their own scientific and experimental goals applied to
their specific research.

Protein Microarrays for Disease Analysis covers all the technical aspects of protein
microarrays, and it will serve as a thorough, comprehensive, and valuable resource for
graduate and postdoctoral fellows interested in protein microarrays as well as senior
researchers interested in getting further insights into the growing field of protein
microarrays.

Madrid, Spain Rodrigo Barderas
Tempe, AZ, USA Joshua LaBaer
Mumbai, Mahavashtra, India Sanjeeva Svivastava
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Protein Microarray-Based Proteomics for Disease Analysis

Rodrigo Barderas, Sanjeeva Srivastava, and Joshua LaBaer

Abstract

As we approach the twentieth anniversary of completing the international Human Genome Project, the
next (and arguably most significant) frontier in biology consists of functionally understanding the proteins,
which are encoded by the genome and play a crucial role in all of biology and medicine. To accomplish this
challenge, different proteomics strategies must be devised to examine the activities of gene products
(proteins) at scale. Among them, protein microarrays have been used to accomplish a wide variety of
investigations such as examining the binding of proteins and proteoforms to DNA, small molecules, and
other proteins; characterizing humoral immune responses in health and disease; evaluating allergenic
proteins; and profiling protein patterns as candidate disease-specific biomarkers. In Protein Microarray for
Disease Analysis: Methods and Protocols, expert researchers involved in the field of protein microarrays
provide concise descriptions of the methodologies that they currently use to fabricate microarrays and
how they apply them to analyze protein interactions and responses of proteins to dissect human disease.

Key words Discase analysis, Proteomics, Protein microarrays, Protein science, Functional analysis,
Microarray data analysis

1 Introduction

With their ability to combine 20 different amino acids, in contrast
to only 4 nucleotides in polynucleotide chains, proteins have enor-
mous potential for complexity. The complexity of the human pro-
teome is further expanded to an estimated 10° proteoforms, well
beyond the 19,100 human protein-coding genes [1-3]. These
values inform the challenge to study proteins’ functions, their
molecular behavior in comparison to genes, genomes, and tran-
scriptomes. In this sense, about 20% of human proteins remain
without known function and /or structure and even their interact-
ing proteins are yet to be elucidated (referred to as the “dark
proteome”) [4, 5], which may play significant roles in health and
disease.

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_1,
© Springer Science+Business Media, LLC, part of Springer Nature 2021
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The exploding interest in proteomics-based research has
enabled the simultaneous examination of thousands of proteins
using high-throughput techniques and innovative analytical tools
for data analysis [6-8]. Among proteomic approaches, protein
microarrays provide a suitable tool for the functional characteriza-
tion of proteins, identification of protein-protein interactions,
determination of DNA- and small-molecule-binding protein and
proteoform specificity, identification of protein targets of infectious
disease antibodies or disease-specific autoantibodies (i.e., neurode-
generation, cancer, or autoimmune diseases), etc.

Here, the editors’ intent for the volume Protein Microarrays for
Disease Analysis: Methods and Protocols is to provide not only an
introduction to protein array technology but also an extensive
display of applications for screening and validation, epitope
mapping, detection of protein-protein interactions, analysis of
PTMs, and characterization of humoral immune responses,
among others. Therefore, we have introduced the readers to
descriptions of state-of-the-art protein microarrays with multi-
plexed detection platforms to study proteins in any field of life
sciences, with an emphasis on clinical applications.

The first part of the volume includes four chapters, mainly
focused on the design and production of protein microarrays, either
in planar format (Chapters 2 and 3), in nanowells (Chapter 4), or in
solution using bead arrays (Chapter 5). These have been used for
the identification of antibody biomarkers, for the screening of
humoral immune responses, or for the validation of proteomic
profiles in body fluids.

The next set of chapters focus on the different applications that
protein microarrays excel at. In this section readers can become
familiarized with methods for the specific detection of protein-
protein interactions using recombinant protein microarrays
(Chapter 6), production of peptide microarrays with posttransla-
tional modifications for detection of autoantibodies (Chapter 7),
epitope mapping of allergenic lipid transfer proteins by means of
HaloTag NAPPA (Chapter 8), or epitope mapping of food aller-
gens by peptide/protein microarrays printed using noncontact
piezoelectric microarray printers (Chapter 9).

The most common applications of protein microarrays are
described in the next five chapters, especially related to deciphering
immune responses in health and disease. In these chapters, a
description of how protein microarrays can be used to elucidate
immune responses in infectious diseases (Chapters 10 and 11) or
noninfectious human chronic diseases (Chapters 12-14) is given.
In particular, the screening of protein microarrays for the identifi-
cation of immune responses to malaria and bacterial infections is
described. Chapter 12 describes protocols for discovering protein
biomarker candidates in cardiovascular and atherosclerotic diseases
using suspension bead arrays with technology developed by the
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Human Protein Atlas. In addition, protocols for screening humoral
immune responses in osteoarthritis using NAPPA and screening
autoantibodies against brain tumors with high-density recombi-
nant protein microarrays are thoroughly described in Chapters 13
and 14, respectively.

The remaining four chapters are related to the use of protein
and antibody microarrays for the characterization of disease-specific
protein profiles, and bioinformatics for the data analysis of protein
microarrays. First, a thorough description of the methodology for
deciphering intracellular altered signaling pathways in tumor devel-
opment is discussed (Chapter 15). Then, the combination of
recombinant proteins and antibody arrays to characterize func-
tional features of dark proteins in human cell cultures is provided
(Chapter 16). Chapter 17 focuses on the application of protein and
antibody microarrays in planar format or in solution bead-array
format for the characterization of ocular diseases. Finally, an over-
view of protein microarray bioinformatics for data analysis is
provided (Chapter 18). In this last chapter, statistical methods for
analyzing protein microarray data using R are provided. Using a
publicly available protein microarray dataset, this chapter describes
practical applications for how to sort the findings based on their
significance.

In summary, this volume provides unique methodologies for
each of the steps of protein array, from its construction to its
evaluation, which will give the readers the idea of the versatility of
protein microarrays to be used in their specific field to accelerate
their research. Finally, we would like to thank all of the contributors
of the Protein Microarrays for Disease Analysis: Methods and Proto-
cols for sharing their insights and protocols of this emerging field,
where different creative approaches have been used in multiple
applications to solve biological and clinical problems, and asso-
ciated diseases.
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Systematic and Rational Design of Protein Arrays
in Noncontact Printers: Pipeline and Critical Aspects

Pablo Juanes-Velasco, Alicia Landeira-Vinuela,
Angela-Patricia Hernandez, and Manuel Fuentes

Abstract

The systematic design and construction of customized protein microarrays are critical for the further
successful screening of biological samples in biomedical research projects. In general protein microarrays
are classified according to the content, detection method, and printing methodology, among others. Here,
we are focused on the type of printing: contact and noncontact. Both approaches have advantages and
disadvantages; however, in any of the approaches, a prior well design and systematic preparation of materials
and/or instruments required for the customized antibody arrays is critical. In this chapter, the process for
an antibody microarray by a noncontact printer is described in detail from the preparation of array content
to the analysis, including quality control steps.

Key words Noncontact printers, Protein microarrays, Array design, Array workflow, Array pipeline

1 Introduction

Recently, protein microarray technology has been successfully
employed for multiplex biomarker determination (diagnostic and
prognostic) in tumoral pathologies [1-4], discovery of potential
vaccine candidates [5-7], or seeking for autoantibodies in autoim-
mune diseases [8—11], among others. The usefulness of arrays in
these areas is given by the ability to generate high-content informa-
tion with minimal amount of sample. There are several types of
arrays depending on what you want to study. It is essential to know
the different types of arrays to develop new and diverse applications.

In general, protein microarrays are classified according to their
features such as content, format, or detection method (Fig. 1).
According to their content or their nature of the capturing agent,
the arrays can be divided into three main groups: (1) analytical
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Fig. 1 Different types of protein microarrays according to their content, format, and detection method.
(Created with BioRender.com)

protein microarrays or antibody microarrays, in which proteins are
specifically and selectively detected in complex biological samples
by immunoaffinity [ 12-14 ]; (2) functional protein arrays or recom-
binant protein arrays, to identify the interactions of proteins with
different molecules such as DNA, lipids, other proteins, or small
molecules [14]; and (3) reverse-phase protein arrays, in which a
biological sample is printed and its proteins are detected by the
binding with antibodies [12, 14, 15].

According to the format, protein arrays are divided into two
main groups: (1) planar arrays, in which high-density microspots
containing different and multiple ligands are deposited on a solid
support (2D (i.e., silica-activated surface) or 3D (i.e., polymer-
coated glass surface)) and separated by a minimal distance. In this
format, it is necessary to define the size, morphology, and repro-
ducibility of the spots, as well as the capacity of the ligand and the
background signal, being that they are parameters that influence on
the performance of the assay [14, 16]. (2) Microsphere arrays are
based on the simultaneous use of different populations of micro-
spheres color coded with different fluorochromes. Each single-
color-coded microsphere will be covered by different antibodies
to incubate and study a biological sample [14, 15].
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Regarding the detection method, they can be classified into
two large groups: methods based on labeling with reporter mole-
cules (i.e., fluorescence dyes) and label-free methods. Among the
methods based on labeling are (1) conventional fluorescent labels
such as fluorochromes or radioisotopes (such as rhodamine, cou-
marin, cyanine); (2) flow cytometry microsphere arrays to detect
soluble proteins from cell lysates or in human proximal fluids;
(3) antibodies coupled to magnetic microspheres to detect pro-
teins; (4) quantum dots that function as fluorescent tags by binding
to antibodies or peptides for the recognition of cellular compo-
nents; and (5) metal nanoparticles as label agents, such as gold
nanoparticles that have good optical properties, quantum effi-
ciency, and compatibility with a wide range of wavelengths.
Among the label-free methods there are (1) surface plasmon reso-
nance, based on the generation of plasmons on a well-controlled
chemically activated and characterized surface, which allows mea-
suring changes in the refractive index of the sensor surface. It will
be possible to determine if there are molecular associations or
dissociations, as well as the affinity and specificity of the biomole-
cules with each other, according to the variation in the intensity of
the reflected light and /or the angle of incidence. (2) Microcantile-
vers are thin sheets of silicon coated with a gold surface associated
with nanomechanical biomolecular recognition systems. The inter-
action between the antibodies or proteins immobilized in said
sheets, with their possible ligands, can be observed with different
optimal and electronic systems. (3) Atomic force microscopy is a
microscopic analysis to observe the topological variations of a sur-
face and thus is able to evaluate the immobilization of biomolecules
and detect protein interactions on the surface of the arrays [14].

Among others, there are currently different deposition meth-
ods useful for generating protein arrays, which can be divided into
two principal groups: contact and noncontact printing. Both print-
ing technologies have been highly reliable for biomarker discovery
and validation in many biomedical research projects [17] (Fig. 2a).

In contact printing, there is a direct contact between the depo-
sition tool (i.e., stainless needle or pin) and the chemically activated
planar microarray surface. This method is based on printing with
tips/pins in which probe solutions are loaded by capillarity and the
deposition is by contacting the tips on the support [18]. Contact
printing can be performed with micro-stamps based on the princi-
ple of soft lithography [19, 20] or as nano-tip based on the dip-pen
nanolithography [21, 22]. The diameter of the spots will be influ-
enced by the surface properties, viscosity of the probe solution, and
geometry of the tips. Although it is a very simple method, its
drawbacks are cross-contamination and damage to the array
surface [18].

On the other side, noncontact printing methods have in com-
mon the preservation of the sample. In these groups of methods are
included electrospray technique in which a strong electric field is
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applied to the solution, microdroplets are formed, and the solution
dries instantly [23]. Another method is thermo printing in which
the ejection of the drop is based on inkjet printing, in which the
sample is heated to a temperature of around 200 °C, avoiding its
evaporation. And the last noncontact technique is piezoelectric
printing, similar to the previous method but avoiding heating of
the sample, in which the drop is expelled by the vibration of a
piezoelectric membrane at the printing tip [18], so it is generally
preferred and is the one that we will describe as a systematic pipeline
to generate a tailor-made array with high reproducibility.

Both deposition methods have advantages and disadvantages
regarding compatibility with complex biological compounds, real-
time detection systems, intra- and inter-array reproducibility, and
surface format, among others (Fig. 2b). However, it appears that
noncontact printing is the best strategy to process a large number of
samples with high reproducibly, reducing the number of antibo-
dies, reagents, and samples required [15].

In this chapter, it is described in detail how a customized
antibody microarray is designed and constructed with the noncon-
tact nanoinjection piezoelectric printer “ArrayJet Printer Marathon
v1.4” (ArrayJet, Roslin, UK), and all the steps of the workflow,
included from the beginning to the final experimental design with
labeling-based detection methods.

2 Materials

2.1 Source Plate
Preparation

2.2 Chemical
Functionalization
of Microarray Silica
Surface [24]

1. JetStar™ Microarray-Specific 384-well Microplates (ArrayJet).

2. JetStar™ Optimum Microarray Protein Printing Buffer
(ArrayJet).

3. DMSO (Sigma-Aldrich).

4. BS3  (bis(sulfosuccinimidyl)suberate)  (Thermo  Fisher
Scientific).

5. Thermoblock (Thermo Fisher Scientific).
6. Thermal mixer (Thermo Fisher Scientific).

7. Phosphate-buffered saline (PBS) pH 7.4: 3.6 g Na,HPOy,
0.2 g KCl, 0.24 g KH,POy,, 8 g NaClin 1 L.

8. Glycerol 47% (v/v): Prepared from glycerol 99% (Sigma-
Aldrich).

1. Acetone.

2. 3-(2-Aminoethylamino)-propyldimethoxymethylsilane
(Thermo Fisher Scientific).

3. DEPC-treated water.
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2.3 Noncontact
Printing

4. Ground slides 76 x 26 mm (Linealab, Barcelona, Spain).
Orbital shaker.

92

Slides with chemically activated glass surfaces.
Nanoinjection printer Marathon ArrayJet (Array]Jet).
JetSpyder™ 12 samples (ArrayJet).

Sonicator.

L e

3 Methods

3.1 Design
of Customized Array
Layout

3.2 Array Map
Generation and Array
Content Preparation

3.2.1 Originate the Well
Plate Map

The generation of a customized microarray is a process that involves
multiple steps in a specific sequential planning (Fig. 3). Each of
them is essential to obtain perfectly designed and successful screen-
ing with this set of customized microarrays. This section details the
methodology and recommendations for designing microarrays.

The first step in the production of the array is the design of the
arrangement of the spots. In this chapter, we used Microsoft Excel
as the spreadsheet program to generate the array layout sample file.
This command allows to generate the appropriate comma-
delimited file format (.cvs) that will be exported to the ArrayJet
software.

1. Open a new sheet of Microsoft Excel and design the microarray
according to the final sample printing (se¢ Note 1).
An example of a design can be seen in Fig. 4.

2. Save as .CSV document.

3. Open the new document with a text editor and replace the

«.”

semicolon (“;”) with comma (“,”).

4. Save the document with the replacement.

Antibody solutions and controls for printing must be properly
arranged on the source plate to be used in the process. Likewise,
the samples require a previous preparation in order to set a constant
viscosity in all the solutions to be aspirated and injected correctly
and reproducible on the slide.

The well plate map is the document that provides the information
to prepare the source plate (see Note 2).

1. Open the software “Command Centre™ for Marathon.”

2. Go to File—Generate Microplate Map File.

3. In the new tab titled “Microplate Mapping from Avray Layout
File,” select the file, the type of plate we will use to contain the
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samples to be printed, the direction (vertical or horizontal),
and the type of JetSpyder of your equipment as could be seen in
Fig. 5.

4. Click on the button “Browse” and select the location and folder
where the .Csv file (Subheading 3.1, step 3) was saved.

5. Once selected, click on the open button.
6. In the section “Print run information” select:

(a) Type of microplate where the samples will be located
(96,/384 wells).

(b) In the section “Microplate filling” select the direction in
which we want to fill the microplate with our samples.
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Fig. 6 Wellplate map to prepare the samples

(c) In the section “JetSpyder” select type of instrument avail-

able for the printing.

. Click on the “Generate associated input file (.txt)” (see Note 3).
. Finally, click on the button “Generate” (see Note 4). The

program will generate a file that can be opened as a separate
spreadsheet, obtaining a map as the example depicted in Fig. 6.
This file is also necessary for generating the corresponding
document to analyze the array as it will be explained at the

end of this method’s section.

3.2.2 Source Plate

Preparation corresponding antibody dilutions and dispositions:

Once the well plate map is generated, prepare the samples with the

1. Prepare dilutions of protein samples in PBS (see Note 5).

2. Wells must be prepared with the right viscosity required by the

printer:



3.3 Chemical
Functionalization
of Microarray Glass
Surface

3.4 Noncontact
Printing

3.
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e Option I: protein sample (15pL) and optimum protein
printing buffer (15puL).

e Option 2: protein sample (15pL) and glycerol at 47% v/v
crosslinker containing BS3 at a final dilution of 0.1 mmol
(15pL).

Once the plate is charged with the samples, spin it down briefly
to remove air bubbles. When the plate is not going to be used
immediately after being prepared, cover it with foil and store it
in the dark at 4 °C.

Surface of slide must be chemically functionalized before the print-
ing to promote molecule binding by adsorption or covalent

link [24].

1. Select slides without notches or scratches. Clean the slides with
a paper or tissue that does not leave any dust.

2. Leave the slides parallel on a metal rack.

3. Prepare the silica functionalization solution: dissolve 6 mL of
3-(2-aminoethylamino) propyldimethoxymethyl silane in
294 mL of acetone (see Notes 6 and 7).

4. Immerse the metal rack with the slides to be functionalized in

the glass cuvette containing the functionalization solution (see
Note 8).

. Activate the surfaces with this solution for 30 min in orbital

shaking at RT.

. Discard or reuse the functionalization solution (se¢ Note 9).

. Wash the functionalized slides with enough acetone to cover

the slides completely for 30 min in orbital shaking at RT.

Once source sample plate is properly prepared for nanoinjection
printer the printing design must be generated in Marathon ArrayJet
software. In this step block distribution, number of spots printed,
number of drops per spot, and number of replicates can be deter-
mined. With this software it is also possible to determine the
number and the dimension of the subarrays. Several examples of
array distribution are depicted in Fig. 7.

For noncontact printing with Marathon ArrayJet, follow these

steps:

1.

2.

Turn on the nanoinjection printer and the temperature and
humidity control station as well as the computer if it is
turned off.

Perform daily maintenance of the equipment to check the
nanoinjection system (se¢ Note 10).
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3. Introduce the plate with the samples and the microarrays into
the equipment using the route: Marathon — Options —
Load /unload microplates and slide (se¢ Note 11).

. Create a folder with the print registration number inside the

Microarray Design folder where both the “run slide” experi-
ment and the print results provided by the ArrayJet system will
be saved (sec Note 12).

. Go to “Print run Settings (slides)” and enter the settings

appropriate to your printing requirements.

(a)

In the menu “Source microplate properties,” set micro-
plate characteristic as plate type or number of samples
(Fig. 8).

Samples of JetSpyder can be deactivated in the menu “Jet-
Spyder properties” as shown in Fig. 9.

Measures and distribution of subarrays can be established
in the menu “Slide properties.” In Fig. 10, an example of'a
slide with seven subarrays is shown.

In the menu “Spot properties,” the distribution of the
spots in the subarray can be determined as well as the
technical repeats included in the assay (Fig. 11).

Begin printing in the last menu of this tab, “Options
(start).” Select the source of the sample (microplate in
this case) and press the button “START RUN PRINT”
(Fig. 12).
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Printrun Settings (slides)

Heght of mini-arrays [om] (7,129 |2
Noofaraysacossside: [} |2

Width of mini-arrays [mm] [ 21,000 -
Mini-arrays custom spadng

Verticalgapno |1 v <

width [mm) | 1.867 15
Horizontal gap no
width [mm] o =
Mini-arrays Layout Info
Layout info for mniarayin  1st  ~ rowand 1st v column

0 Please choose a value between: 0.0 and 62.60

Shde Settings Shde Layout Preview
Number of trays: [2 I
No. of sides in last tray [25 bad
Total number of sides: 50 b
Front shde margin [mm] T_:_
Rear shde margin [mm] @_:_
Left side margin [mm)] 2000 15
Right side margn [mm] [2.000 H-
Shde width [mm)] 25.000
Side length [mm) [7s.000 ]

Mini-arrays
No of arrays down shde: [7 Fed

Source Microplate Properties  JetSpyder Properties  Side Propertes  SpotProperties  Overview  Options (Start)

column
row

L

,é._..

ng

4th

Mini-arrays vertical gap [mm] 1&5‘! I Mini-arrays horizontal gap [mm) ['0.000
Mini-arrays vertical pitch [mm] (8995 | Mini-arrays horizontal pitch [mm] [21.000 |

Apply

Fig. 10 Menu “Slide properties” with and example of subarray dispositions

6. At the end of printing, software informs us of the quality of the
printed arrays provided by the system. Immediately, save all
images and results generated by this system in the folder cre-
ated for this assay.

7. Initialize system again.

8. Remove plates and store under conditions required by the

samples.

9. Extract the printed microarrays and label them with array

number and print request/registration number.

10. Dry microarrays in an oven at 37 °C with a moisture-absorbing

agent.
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Printrun Settings (slides) n
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Fig. 11 Menu “Spot properties” to distribute spots in each subarray

3.5 Generate the File
for Analysis

11. Once microarrays are dry, label them with appropriate dimen-
sions so that it does not interfere in the design of the micro-
array and in the design of experiments to be carried out.

A GenePix Array List (.GAL) document is the file necessary to carry
out the analysis of the microarrays results.
Follow these steps to generate the GAL of the printed arrays
(Fig. 13):
1. Go to “Print run Settings (slides),” tab “Options (Start),” and
section “Output Files.”
2. Select:
(a) “GenePix Array List file (GAL).”
(b) The folder to save the .gal file.
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Print run Settings: ARFA vs2.0.prp

Print run Options

(®) Using source microplates
(using source microplates to print onto shides)

(O using buffer
(using system buffer to print onto sides)

() software ONLY simulation
(software simulation to create output files)

Estimated print time for selected options
Caloulate printing time

The print run will end in approximately

<TIME>

i

Source Microplate Properties JetSpyder Properties  Slide Properties  Spot Properties  Overview Options (Start)

Output Files

[ Comma Separated Values file (CSV)
(simple data format mapping file)

] GenePix Array List fie (GAL)
(simple data format mapping file)

Output file location
| C:\Program Files (x86)\Arrayjet\Marathon Softw|

No input file selected

START PRINT RUN

Load Save Apply

Fig. 12 Menu “Options (start)” to set up the final properties for the printing

3. To add the name of samples to the .gal file, export the input file
(.txt):

(a)

In “Print run Settings (slides)” — “Options (Start)” —
“Output Files” — “No input file selected” button
(Fig. 13).

In the new tab “Input File Options,” click “ Browse” button
and select the corresponding file obtained in Subheading
3.2.1, step 8.

Click on “Open” button.

In the section “Input File Options,” select “Automatic
Detection Mode (TAB or COMMA).”

Click on “OK” button.
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Source Mcroplate Properties  JetSpyder Properties  Shde Properties  Spot Properties Overview Options (Start)

Print run Options Output Files
O Using source microplates [ Comma Separated Values file (CSV)
(using source microplates to print onto shdes) (simple data format mapping file)
O using buffer (4 GenePix Array List fle (GAL)
(using system buffer to print onto sides) Fakwrls Aabn Grvwnt manninn flls)
@ Software ONLY simul
(software simulaton  Load Input Fie
Browse No input file defined
Estimated print time for sele
Input File Options

Caladate nrnmqm-@ (®) Automatic Detection Mode (TAB or COMMA) (O User Defined Delimiter:

e of entries in a samples file:

1A1 [delmiter] sample name
1 Al sample name
1 A 1 sample name

where [delimiter] could be a TAB, a comma, or a user defined character

[[] Alternative Format
1 A 1 name 1 name2

o Lead Save Apply

Fig. 13 Tab for GenePix Array List file (GAL) generation

3.6 Quality Control Once the printing is finished, some quality criteria are obtained
directly from the software. It evaluates the printing of each one of
the microarrays thanks to the camera system providing not only the
quality parameters but also the images of each of the microarrays.

Quality criterin:

1. Maximum % of missing spots: 5.

2. Maximum % of other defects: 5.

Furthermore, the quality criteria can be completed with the
following indications:

Functionalization process: Once the functionalized slides have
dried, no residue or mark on the surface should be observed
with the naked eye.
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3.7 Analysis
of Results

Printing of microarrays.
Follow these steps to confirm that printing is correct:

1. Randomly select several microarrays from the printing (see
Note 13).

2. Scan the microarray and export the file.

3. Open the .tif file obtained after scanning in GenePix and .
gal file.

4. Check that the design of microarray is correct before start-
ing any test.

Microarray technology allows obtaining a customized platform to
make a high-throughput screening from your biological samples.
Once the design and printing are carried out, test results must be
processed and analyzed [13]. In this last section, highlights for data
processing are briefly presented as shown in the following workflow
(Fig. 14).

1. Prepare your biological samples for microarray incubation.
Consider the great detection capacity of microarray technology
and take advantage of the possibility of testing different condi-
tions simply and quickly.

2. When you have processed the samples with microarrays, scan
slides according to the detection method that you incorporated
into the array design for this purpose. Use a Sensovation Fluo-
rescent Array Imaging Reader or a similar instrument.

3. Use GenePix software to combine the images obtained from
the scan with array sample information (.gal file) and obtain a
GenePix Results file (.gpr) with individual spot information for
each biological sample incubated.

4. Finally, compile all the information obtained from all your
samples in a specialized software such as Python or R and
perform the corresponding biostatistical analysis with consis-
tent methods.

4 Results

In our previous studies, we evaluated the suitability of the experi-
mental pipeline for serum screening in osteoarticular pathologies
for biomarker discovery and validation using a different array print-
ing technology in each phase: contact and noncontact printing,
respectively [17].

In both types of printing, identical processing steps were fol-
lowed to be able to evaluate functionality and detect differences in
performance. The experimental design avoided introducing addi-
tional biases to the intrinsic variability of the printing process.
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Fig. 14 Workflow for analysis results after biological assays

An identical quality control (QC) was performed to evaluate
spot characteristics and to detect undesirable effects such as cross-
talking or cross contamination between points in both types of
arrays. Antibody arrays were incubated with HRP-conjugated
anti-rabbit IgG and the expected values of each spot (i.e., antibody
spot, empty spot, blank) were observed. In addition, it was deter-
mined that the variation of the signal could be related to the
amount of immobilized antibodies and the saturation
concentration.

Based on the quality control results, both printing methods
showed high reliability for use in biomarker discovery. However,
the contact arrays showed a larger shape and size of the spots, which
may lead to a higher probability of cross contamination (Fig. 15).
This limited the number of subarrays that can be had per array, and
therefore the number of replicas and samples that could be ana-
lyzed. Furthermore, contact arrays required considerably larger
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Contact printing Noncontact printing

A=532nm

A =635nm

Fig. 15 Contact and noncontact printing results. (Adapted from ref. 17)

amounts of sample and reagents in printing than noncontact arrays,
making it unsuitable for the analysis of large numbers of clinical
samples.

Regarding the validation phase, noncontact antibody arrays
were used in which more antibodies and more clinical samples
were studied. This technology was selected due to the higher
precision printing and the lower number of reagents and samples
required. In addition, to evaluate the similarity in the performance
of both technologies, the median signal normalized by antigen and
the group of patients (osteoarthritis, rheumatoid arthritis, and
controls) was calculated for each type of array. The correlation (7,
Pearson) of these values between the different arrays for each
antigen was obtained. Despite the multiple sources of variability
(experimental procedures, different samples tested in each case,
etc.), the correlations were positive for most of the antigens
(71%), showing similar behaviors on both platforms. In fact, 31%
of the antigens showed correlations higher than 0.8, which implied
a measurement agreement between both technologies (Fig. 16).

5 Notes

1. Itis important to print different controls (positive /negative for
experimental assay) and quality controls, depending on the
needs of the study. It is also interesting to print landmarks to
make the final analysis easy.
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Fig. 16 Correlation of antigens by both printing technologies

2.

It should be noted that the JetSpyder aspirates 12 samples at
the same time but sampling is not linear. According to this fact,
the map array will not correspond to the sample distribution
and it is necessary to generate this sample map to distribute
them properly in the plate.

. Selecting “Generate associated input file” allows us to generate

a file that we can combine with the GAL file.

. The .txt and .Csv files are saved in the same folder as our

microarray design.

. Antibodies can be prepared in different concentrations (1:100,

1:200, 1:500 ... v/v) to establish a detection range within the
array.

. Use only glass material, avoiding plastic material in these steps

and the further steps of microarray functionalization. Also
avoid any alcoholic solvent for salinization process.

. Use suitable protective equipment for the treatment of

reagents.
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8. Once the process begins, do not let the slides dry out at
any time.

9. The functionalization solution can be reused twice. Be sure to
discard the solution according to chemical waste management
standards.

10. Check information on pressure measurements at the start and
end of printing and the quality of the printed microarrays
provided by the system.

11. Make sure that the plates are perfectly positioned in the correct
orientation and that the microarrays are in the corresponding
positions, paying special attention that none of them sticks out
of the tray.

12. For a correct operation and design of the printing, include an
additional wash between sampling the nanoinjection system
during the printing of the microarrays.

13. Microarrays must be dried before scanning.
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Abstract

Chronic diseases are the leading cause of disability and responsible for about 63% of deaths worldwide.
Among the noninfectious chronic diseases with the highest incidence are cancer and neurodegenerative
diseases. Although they have been extensively studied in the last years, there is still an urgent need to find
and elucidate the molecular mechanisms underlying their formation and progression to get an early
diagnosis and find new therapeutic targets of intervention. Beyond other microarray-based proteomic
techniques more extensively used because of their commercial availability, such as protein and antibody
microarrays, phage microarrays are another kind of protein microarrays useful for the identification and
characterization of disease-specific humoral immune responses and to get further insights into these
devastating diseases. Here, we describe the integration and utilization of phage microarrays, which offer
such a combination of sensitivity and cost-effective multiplexing capabilities that makes them an affordable
strategy for the characterization of humoral immune responses in multiple diseases.

Key words Autoantibody, Biomarkers, Phage microarrays, Proteomics, Diagnostic/prognostic auto-
antibody biomarkers

1 Introduction

The longer life expectancy and the progressive aging of the popula-
tion are causing a marked increase in chronic diseases. According to
the World Health Organization, chronic diseases are and will be, as
population ages, the main economic burden on health systems.
Chronic diseases are the leading cause of disability and responsible
for about 63% of deaths worldwide. Cancer and neurodegenerative
diseases are found among the noninfectious chronic diseases with
the highest incidence.
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For the identification of protein profiles and specific targets and
molecular pathways, efforts have been mainly focused on using
high-throughput molecular biology methods to understand the
clinical behavior of cancer and neurodegenerative diseases [1-11],
and other not so prevalent diseases [12-15]. The belief that the
specific dysregulation of proteins and protein complexes and altera-
tions of signature networks and pathways are associated with a
particular disease is feeding proteomics. Defining specific protein
expression patterns reflecting the disease would allow an early
diagnosis and better prognosis, paving the way for new interven-
tion targets and a better management of patients to offer them
personalized therapeutic modalities.

Beyond mass spectrometry-based proteomics, another poten-
tial solution for identifying such protein profiles lies in the use of
protein microarrays [ 16-21]. Protein microarray-based proteomics
represents a valuable tool to improve our understanding of physio-
logical and pathological mechanisms, for the identification of both
dysregulated protein profiles and abnormalities, and the identifica-
tion and characterization of disease-associated humoral immune
responses. The most extensively used protein microarrays are
based on high-density commercial recombinant protein microar-
rays and antibody microarrays. Indeed, in the market there are now
available microarrays containing recombinant proteins, HuProt
[22], or fragments of human proteins up to 150 amino acids in
length (PrESTs) [23], bearing almost the whole human proteome
(considering one protein per gene), or antibody microarrays con-
taining several hundreds or thousands of antibodies [24]. On the
other hand, phage microarrays are an alternative to study disease-
specific alterations at protein level [25]. These arrays are printed
with specific peptides and proteins, as produced in the pathological
tissue of study due to specific mRNA alterations, displayed on the
surface of M13 or T7 phages. This allows for identitying protein
alterations related to the disease, such as aberrant peptides or
proteins, alternative splicings, frameshifts, or point mutations,
which otherwise would be missing by the screening of wild-type
protein microarrays [25, 26]. Multiplexing capacities of phage
microarrays allow for simultaneously surveying several hundreds
or dozens of thousands of probes using small amounts of serum
samples. The combination of phage display and protein microarrays
enables to identify potential biomarkers and possible therapeutic
targets as well as specific disease-related pathways.

In this context, we here report the protocols needed for print-
ing and screening of phage microarrays from the phage display
selection to the fabrication of the arrays, their probe with sera,
data analysis, and validation for the characterization of disease-
associated humoral immune responses.
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2 Materials

2.1 Common
Reagents
and Equipment

2.2 Phage Display

This section outlines all common resources used in the different
sections for phage microarray production and screening, followed
by the specific materials and solutions used in subsequent indicated
subheadings.

1.

2.

O 0 N O\ Ul R~ W

0 N O Ul W N~

Phosphate-buffered saline pH 7.4: PBS, 137 mM NaCl,
2.7 mM KCI, 8 mM Na,PO,, and 1.5 mM KH,PO,.

Washing solution: 0.1% PBST, 999 mL PBS containing 1 mL
Tween-20.

. Bovine serum albumin: BSA.

. Milli-Q water.

. Double-distilled water: ddH»O.

. Microgrid II robot/sciFLEXARRAYER S3 (sec Note 1).
. Nitrocellulose microarrays (FAST slides, Merck).

. Orbital shaker/oscillating rocker /roller.

. Heating and drying oven.

10.
. Microtube centrifuge.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Falcon centrifuge 5810 R.

1.5 mL Eppendorf tubes.

15 mL Falcon tubes.

50 mL Falcon tubes.

384-Well plates.

96-Well plates.

QuadriPERM cell culture vessel.

Slide hybridization polycarbonate chamber.
GenePix 4000B.

GenePix Pro 7.1.

. Commercial phage libraries.
. Control or patient serum samples.

. Protein G Plus-Agarose beads.

PBS.

. 1% BSA: 1 g BSA and 100 mL PBS.

. 10% BSA: 10 g BSA and 100 mL PBS.

. BLT5615 bacteria cell strain.

. TB: 900 mLL ddH,O, 12 g Bacto tryptone, 24 g yeast extract,

4 mL glycerol, 100 mL sterile KPOy, autoclave.
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2.3 Phage
Microarrays

9.

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.

1.

20x M9 salts: 20 g NH4CI, 60 g KH,POy4, 120 g Na,H-
PO4+7H,0, pH 7.0, in 1 L ddH,0O, autoclave.

M9TB: 5 mL 20x M9 salts, 2 mL 20% glucose, 0.1 mL 1 M
MgSOy, in 100 mL TB.

Carbenicillin (see Note 2).

1 M Isopropyl thio-p-p-galactoside: IPTG.

100 mM Phenylmethylsulfonyl fluoride: PMSF.
Protease inhibitor cocktail.

Gelatin, from porcine skin.

1% SDS.

80% Glycerol.

Washing solution.

PCR Kit (TaKaRa).

Blocking solution: 5% Skimmed milk in 0.1% PBST; 50 g
skimmed milk powder and 1 L 0.1% PBST.

. Centrifuge blocking solution at 1500 x g for 15 min at room

temperature.
PBS.

. Washing solution.

. 1 mg/mL BSA.

. Control or patient serum samples.
. Anti-T7 tag-antibody.

. Anti-human IgG antibody.

. Anti-mouse IgG antibody.

10.
. Alexa Fluor 555-labeled goat anti-mouse 1gG.

Alexa Fluor 647-labeled goat anti-human IgG.

3 Methods

Phage microarrays are an economical and home-made alternative to
commercial protein arrays that might be used for multiple-purpose
protein-protein interaction studies, identification of ligands of
small molecules, and identification of substrate kinases, among
others [16, 17], probing in parallel thousands of proteins. Never-
theless, their main application has been related to the characteriza-
tion of the humoral immune response [26-33], and consequently
we here describe the workflow to use them appropriately with
that aim.
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3.1.1 Patient and Control
Serum IgG Isolation

3.1.2  Amplification of T7
Phage Display Libraries
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Phage libraries, usually from T7 phages, are firstly constructed
using cDNA libraries from the mRNA isolated from the target
tissue. The peptides and proteins encoded by these cDNAs are
subsequently displayed on the surface of the phages in frame with
the C-terminal end of the 10B capsid protein. Then, the libraries
are enriched in phages displaying peptides recognized by patient’s
sera in a process called biopanning. Finally, individual phages are
printed onto nitrocellulose microarrays and hybridized with
patients’ and controls’ sera to identify those phages displaying the
most immunoreactive peptides (Fig. 1).

The use of phage microarrays involves multiple steps related to the
enrichment of T7 phage display libraries on immunoreactive phages
displaying disease-specific peptides and proteins by means of three
or four rounds of selection in a procedure called biopanning,
monoclonal phage amplification, printing of individual phages,
and, finally, microarray hybridization. For a full description of the
procedures related to T7 phage library construction, biopanning,
and phage amplification see refs. 26-29.

After T7 phage display library construction, biopanning allows
the enrichment of the library in about 10° times in immunoreactive
phages to IgG of the same disease whose libraries were constructed.
The protocol involves a negative selection with controls’ sera to
remove unspecific phages, and thereafter a positive selection with
patients’ sera to enrich on specific phages, in a multistep procedure
described below.

1. Prepare the necessary Eppendorf tubes to perform the biopan-
ning (one tube per patient or control sera) (see Note 3).

2. Transfer 25 pl. of Protein G Plus-Agarose beads per each
1.5 mL Eppendorf tube.

Equilibrate beads with 350 pL PBS per tube.

Centrifuge at 2000 x g4 for 1 min.

Discard the supernatant.

Repeat steps 3-5 twice.

Block beads with 350 pLL 1% BSA for 1 h at 4 °C on a roller.
Centrifuge at 2000 x g for 1 min.

WX N oUW

Discard the supernatant.

10. Incubate beads with 250 pL of control or patient serum 1:20
diluted in 1% BSA during 4 h at 4 °C on a roller.

1. Prepare an overnight BLT5615 bacterial culture on M9TB
containing 50 pg/mL carbenicillin.

2. The day after, propagate 1.5 mL overnight BLT5615 culture
onto 29 mL M9TB containing 50 pg/mL carbenicillin.
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Fig. 1 Technical workflow for the construction of a T7 phage library and its subsequent biopanning process to
get phage microarrays to be screened for the identification of potential biomarkers related to the humoral
immune responses that patients develop against specific chronic diseases. Construction of T7 phage libraries
is made from purified total mRNA from control and diseased tissue. Then, phage display libraries are enriched
in specific immunoreactive phages to lgGs from diseased patients by means of a so-called biopanning
procedure. By negative selection, immunoreactive phages against control antibodies are removed, and then
phages binding to the antibodies of interest are recovered and re-amplified. The biopanning process can be
repeated three or four times for a higher enrichment. Then, the enriched phage library is amplified and
monoclonal phages are isolated, individually re-amplified, and printed on the microarrays. Subsequently,
phage microarrays are screened with controls’ and patients’ sera to identify phages displaying disease-
specific peptides or proteins. After image quantification, normalization, and data analysis, those phages
significantly recognized by lgGs from diseased patients in comparison to controls are amplified for a further
validation using orthogonal techniques (i.e., ELISA, WB, or IHC)
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. Incubate at 37 °C until the ODggq reaches 0.4-0.5 shaking at

250 rpm. Subsequently, add IPTG (1 mM final concentration)
and shake for 20-30 min more at 37 °C and 250 rpm.

. Inoculate 1 pL of the phage display library into 5 mL IPTG-

induced bacterial BLT5615 culture in a 15 mL Falcon tube.
Use 50 pL of eluted phages for amplification after each round
of biopanning. Incubate at 37 °C and 250 rpm until complete
lysis is observed (see Note 4).

. Mix each 5 mL bacterial lysate with 50 pL. PMSF (1 mM final

concentration), 50 pL. protease inhibitor cocktail, and 50 pL
2% gelatin.

. Remove cell debris by centrifugation at 4000 x g during

10 min.

. Transfer the supernatant containing the amplified phage—

ready for biopanning—to a new 15 mL Falcon tube (see
Note 5).

. Wash beads incubated with controls’ sera using 350 pL PBS.
. Discard the supernatant by centrifugation at 2000 x g for

1 min (see Note 6).

. Repeat steps 1 and 2 twice. Perform centrifugations at 4 °C

unless indicated.

. Mix 35 pL of a 10% BSA with 315 pL out of the 5 mL amplified

phage.

. Incubate with controls’ sera beads of step 3 for2hat4°Cona

roller.

. Collect the supernatant (SP1) by centrifugation at 2000 x g for

1 min.

. Wash beads incubated with patients’ sera using 350 pL PBS.
. Discard supernatant after centrifugation at 2000 x g for 1 min.
. Repeat steps 1 and 2 twice.

. Incubate patients’ sera beads with supernatant SP1 overnight

at 4 °C on a roller.

5. Centrifuge at 2000 x g for 1 min and remove supernatant.
6. Wash with 350 pL PBS.

. Repeat steps 5 and 6 twice in the first round, five in the second

round, and ten times in the third and fourth rounds of
biopanning.

. Elute phages by incubating with 100 pL 1% SDS during 10 min

at room tempcerature on a roller.
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3.1.5 Monoclonal Phage
Amplification

3.2 Phage
Microarrays

3.2.1 Printing

3.2.2 Hybridization

9. Centrifuge for 5 min at 5000 x 4. Collect the eluted phages:
save 10 pL at —80 °C for phage titration (se¢ Note 7) [26] and
50 pL for phage amplification, and store the remaining phage
containing glycerol (20% final concentration) at —80 °C.

After biopanning, 1824 individual monoclonal phages from the
third and fourth rounds of selection are individually amplified
onto 96-well plates. After centrifugation to remove cell debris,
amplified phages are diluted 1:3 in 0.1% PBST. Then, 20 pL of
1:3 PBS-diluted individual phages are transferred onto 384-well
plates for microarray printing onto nitrocellulose slides.

Prior to transferring monoclonal phages to 384-well plates and
printing the microarrays, it is needed to confirm the absence of
phage cross-contamination between wells and analyze the diversity
of the inserted cDNA sequences on phages by PCR (se¢ Notes
8 and 9).

The next steps after phage display involve the printing of individual
phages onto nitrocellulose slides and their hybridization and
screening to identify specific reactive phages of the pathology of
interest.

The printing of the T7 phages and controls is usually made using
solid pins and contact printing on nitrocellulose microarrays with a
Microgrid I robot at a constant temperature of 20 °C and a relative
humidity of 50%. However, other automated piezo-driven robots
with a noncontact dispensing system can be alternatively used for
printing, as the sciFLEXARRAYER S3, maintaining the tempera-
ture at 20 °C and the humidity at 50%.

In total, 1824 individual monoclonal amplified phages and
96 controls distributed into five 384-well plates are printed in
duplicate onto nitrocellulose slides. A total of 3840 spots are
printed at a recommended space of 400 pm using 24 tips (Micro-
grid II robot) or 8 capillaries (sci FLEXARRAYER S3) (see
Note 10).

After printing, nitrocellulose slides are maintained in the robot
at a constant relative humidity of 45% between 4 h and maximum
time of 16 h. Then, microarrays are removed from the robot, dried,
and stored at —20 °C until use.

While phage microarrays can be used to identify protein-protein
interactions, small-molecule binding, etc., where the hybridization
should involve the use of labeled proteins or small molecules for a
better detection of the interaction, the workflow for the screening
of the humoral immune response of patients and controls involves
the use, apart from the serum or plasma of patients and controls, of
secondary antibodies labeled with fluorophores for the detection of
disease-specific IgGs, IgMs, or IgAs.



3.3 Scanning
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11.

12.
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. Equilibrate the microarrays at 4 °C for 10 min and then at

room temperature for 10 min prior to starting with subsequent
steps.

. Equilibrate the necessary microarrays to perform the experi-

ment (one microarray per patient or control sera). Make
subsequent steps on a quadriPERM cell culture vessel unless
otherwise indicated.

. Incubate the nitrocellulose phage microarrays with 4 mL of

PBS for 5 min to completely rehydrate the slides.

. Discard and remove the excess of PBS (se¢ Note 11). Immedi-

ately incubate the microarrays with centrifuged blocking solu-
tion at 1500 x g for 1 h at room temperature on a roller at
30 rpm (see Note 12).

. Discard and remove the excess of blocking solution

II. Immediately incubate the array with 1.6 mL of 1:300 dilu-
tion of serum and 1:200 dilution of anti-T7 tag antibody in a
blocking solution for 90 min at room temperature on a roller at
30 rpm (see Note 13). Use a hybridization chamber for this
incubation (see Note 14).

. Wash each array with 4 mL of washing solution for 5 min at

room temperature at 30 rpm.

. Discard and remove the excess of washing solution.
. Repeat steps 6 and 7 five more times.

. Immediately incubate the microarrays with 2 mL blocking

solution containing 1:2000 diluted Alexa Fluor 647-labeled
goat anti-human IgG antibody and 1:10,000 diluted Alexa
Fluor 555-labeled goat anti-mouse IgG antibody at 30 rpm
(see Note 15).

Repeat steps 6-8.

To remove detergent traces wash again twice with PBS for
5 min at room temperature at 30 rpm and then in Milli-Q
water to remove salt traces.

Dry the phage microarrays by centrifugation at 260 x g for
10 min in a 50 mL falcon tube containing absorbent paper at
the bottom (see Note 16). If the microarray possesses a printed
barcode put the barcode at the bottom of the falcon tube (see
Note 17).

For microarray scanning, a specific microarray scanner compatible
with all surfaces, including nitrocellulose, and containing at least
532 and 635 nm solid-state lasers is needed, such as the GenePix
4000B.
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3.4 Validation

The 635 nm laser (red channel) is used for the detection of
Alexa Fluor 647, Cy5, or any dye spectrally similar in signal,
whereas the 532 nm laser (green channel) is used for Alexa Fluor
555, Cy3, or any dye spectrally similar.

For a better analysis of low- and high-reactive phages (spots),
we recommend to scan phage microarrays at two laser powers (i.c.,
100% and 10%). However, the ideal laser power percentages need
to be adjusted during scanning. Scan all the microarrays at the same
laser powers for proper subsequent data normalization.

The obtained images are next quantified using a microarray
acquisition and analysis software allowing for intra-array normali-
zation using the background signal around each spot (i.e., GenePix
Pro 7.1 program). Then, data from the software for each spot in the
microarray is inter-array normalized and processed. We recommend
using the median intensity of each spot for data processing using
the desired statistical tests from free available webpage-specific
bioinformatics tools, such as babelomics suite for functional
profiling analysis, Pomelo II, or MultiExperiment Viewer [34-
36]. Babelomics allows intra-array normalization and subsequent
data processing, whereas Pomelo II and MultiExperiment Viewer
allow for data processing to obtain those statistically significant
upregulated and downregulated seroreactive phages displaying
disease-associated peptides or proteins (see Note 18).

Since the identification of false positives is a problem that can take
place using high-throughput techniques, results derived from high-
density microarray-based proteomic technologies must be validated
by other approaches to ensure the accuracy of the results. Indeed, a
recurring problem with regard to massive data analysis is the lack of
validation of the derived results (either unaltered or altered pro-
teins). Thus, this lack of validation and the actual possibility of
finding erroneous identifications can pose problems due to the
subsequent use of these proteins, which ultimately would produce
a delay in the translation of results into clinical diagnosis and in the
identification of new therapeutic targets.

Therefore, additional validation and functional analysis of the
data obtained from phage microarrays should be mandatory to get
available validated data by using alternative techniques including
dot blot, WB, ELISA, or in-solution immunoassays [10, 11, 37,
38]. However, this strategy could be restricted due to the absence
of adequate and affordable antibodies that recognize the peptides
or proteins of interest. The acceptance criteria of the validation
assay must take into account the objectives of the study, the nature
of the methodology, and the biological variability of the biomarker.
Taken together, these validation steps should result in high-quality
validated bioanalytical data available to the scientific community.
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4 Notes

. Either a MicroGrid II robot using solid pins or a sciFLEXAR

RAYER 83 piezo-driven robot with a noncontact dispensing
system with the here-described printing buftfer has been satis-
factorily used for printing T7 phages in nitrocellulose slides.
Alternatively, other microarray printers can be used. However,
printing buffer and conditions should be tested prior to a high-
density printing.

. Carbenicillin is a semisynthetic ampicillin analog that is more

stable than ampicillin in growth media because it has better
tolerance for heat and acidity. However, if needed it can be
substituted by ampicillin in the here-described experiments.

. Either individual or pool of sera can be used. Most works

report the use of sera pools during biopanning and individual
serum for the screening of phage microarrays.

. To facilitate the visualization of the lysis because of T7 phage

usage, it is recommended to include as control a noninfected
bacterial cell culture to monitor a correct lysis either during
biopanning or during the growth of monoclonal phages in
96-well plates.

. The phage library is amplified to be used only in the first round

of selection during biopanning. Subsequent amplified phages
are consecutively used in the next rounds of selection (i.e.,
amplified eluted phages from the first round is used in the
second round of biopanning and so on).

. Do not centrifuge at higher speeds than 2000 x g to avoid

beads from crashing, except during T7 phage elution to recover
as much eluted phage as possible.

. To determine the number of phages and confirm the enrich-

ment of the library in specific phages, the eluted and amplified
phages from each round of biopanning should be titrated
[26]. An increase in the number of phages should be observed
between the eluted phages from the first and the third and
fourth rounds of biopanning if enrichment is observed.

. The diversity of the DNAs inserted on the phages of the third

and fourth rounds of biopanning should be analyzed, since a
high diversity is needed in the monoclonal phages printed on
nitrocellulose microarrays. The diversity is analyzed by PCR
using specific primers (forward primer T7_up2: 5'-TGCTAAG
GACAACGTTATCGG-3' and reverse primer T7_down2: 5'-
TTGATACCGGACGTTCAC-3') annealing in the genome of
the phage upstream and downstream of the foreign inserted

DNAs and visualized using 1.5% agarose gels containing
GelRed [26-28].
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9.

10.

11.

12.

13.

14.

15.

16.

T7 phage DNA isolation has to be performed for sequencing of
foreign DNA. T7 phages are precipitated using PEG/NaCl
[11], and then T7 phage DNA can be purified and directly
used for PCR amplification and sequencing using the described
specific primers in Note 8.

BSA ata concentration of 1 mg/mL, empty T7 phages (ora T7
phage displaying a known sequence), and printing buffer (0.1%
PBST) are the recommended negative controls to be included
in the array. Human and mouse IgG at 0.1 mg/mL and three
tenfold serial dilutions, and 0.1 mg/mL Alexa Fluor
647-labeled goat anti-human IgG and 0.1 mg/mL Alexa
Fluor 555-labeled goat anti-mouse IgG, are recommended as
positive controls. It is recommended to distribute positive and
negative controls in the upper and lower corners of each sub-
array for a good alignment of the grid for image quantification.

Be careful to avoid the nitrocellulose slide to be dried after any
incubation or during washes to avoid unspecific signal or an
increase in the background signal of the microarrays.

If any of the subsequent steps involves the use of biotinylated
secondary antibodies to further amplify the signal with
fluorophore-labeled streptavidin do not block the membrane
with skimmed milk (use 5% BSA as blocking agent). The
presence of biotin in milk could abrogate the specific signal of
subsequent steps or increase the background signal of the
microarray.

A 1:300 dilution of serum is the standard dilution in most
experiments. However, the optimal serum dilution to be used
in the phage microarrays should be tested between 1:50 and
1:600 prior to incubation with a large set of samples. Plasma
instead of serum could also be used.

It is recommended to hybridize a phage microarray only with
an anti-T7 antibody followed by the appropriate secondary
antibody as quality control of printing. In addition, it is also
recommended to probe a phage microarray with only the
secondary labeled antibodies to identify potential unspecific
reactive phages recognized by the secondary antibodies.

Keep the fluorophores away from light using aluminum foil
during any step involving fluorophore-labeled antibodies. If
IgM or IgA autoantibodies are the purpose of the study, use
appropriate secondary fluorescently labeled antibodies to
detect them instead of Alexa Fluor 647-labeled goat anti-
human IgG.

Prior to microarray scanning it is recommended to apply fil-
tered air to remove any particle from the surface and
completely dry the slides. It is also recommended to scan the
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nitrocellulose slides the day after hybridization to allow the
matrices to dry completely and to avoid the presence of traces
of moisture that can interfere during scanning.

17. Put the microarray with the barcode on the bottom of the
falcon tube; otherwise during the centrifugations the barcode
glue can potentially affect the signal and significantly increase
the background on the microarray.

18. Since webpage-specific bioinformatics tools use different algo-
rithms to obtain significantly dysregulated proteins, it is recom-
mended to use different programs and validate those reactive
phages in common since they are more prone to be actual
targets of autoantibodies. In addition, validate as much top
hits identified by the different programs as possible.
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Identification of Antibody Biomarker Using High-Density
Nucleic Acid Programmable Protein Array

Lusheng Song, Peter Wiktor, Ji Qiu, and Joshua LaBaer

Abstract

A novel protein microarray technology, called high-density nucleic acid programmable protein array
(HD-NAPPA), enables the serological screening of thousands of proteins at one time. HD-NAPPA extends
the capabilities of NAPPA, which produces protein microarrays on a conventional glass microscope slide. By
comparison, HD-NAPPA displays proteins in over 10,000 nanowells etched in a silicon slide. Proteins on
HD-NAPPA are expressed in the individual isolated nanowells, via in vitro transcription and translation
(IVTT), without any diffusion during incubation. Here we describe the method for antibody biomarker
identification using HD-NAPPA, including four main steps: (1) HD-NAPPA array protein expression,
(2) primary antibodies (serum/plasma) probing, (3) secondary antibody visualization, and (4) image
scanning and data processing.

Key words Nucleic acid programmable protein array, HD-NAPPA, Biomarker, Antibody biomarker
discovery, Silicon nanowells

1 Introduction

Protein microarrays are typically printed on a microscope slide,
which can be used as immunoassays that identify multiple antibody
biomarkers. Conventional purified protein microarrays require
laborious protein transformation /transfection, extraction or purifi-
cation, and then spotting on the array. By comparison, nucleic acid
programmable protein array (NAPPA) [1, 2] expresses proteins in
situ directly on the array. The processing steps for NAPPA are
(1) spot cDNA plasmid and a capturing reagent, like fusion tag
antibody, in an array format onto a glass slide; (2) express the
protein, with a fusion tag, using in vitro transcription and transla-
tion (IVIT) reagent; and (3) in situ capture the expressed proteins
through the binding of the fusion tag and the fusion tag antibody.
Compared to purified protein microarrays, NAPPA allows for the
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programmable layout of the proteins on the array and prolongs the
array’s shelf life and makes proteins freshly at the time
of immunoassay.

High-density NAPPA (HD-NAPPA) is a silicon nanowell ver-
sion of NAPPA, which spots the ¢cDNA plasmid and capturing
agents into individual nanowells. The individual nanowells are
sealed during protein expression, minimizing proteins’ diffusion
during the in vitro transcription and translation incubation process.
Compared to NAPPA, HD-NAPPA reaches a higher throughput of
more than 10,000 proteins per array. So far, HD-NAPPA has been
used for antibody biomarker identification of Mycobacterium tuber-
culosis (Mtb), type 1 diabetes (T1D), and Borrelia disease [3-5]. In
this chapter, we describe antibody biomarker identification using
HD-NAPPA in four steps: (1) protein array expression, (2) primary
antibody (serum/plasma) probing, (3) secondary antibody visuali-
zation, and (4) image scanning and data processing [5, 6].

2 Materials

2.1 HD-NAPPA
Protein Array
Expression Materials

Prepare all solutions using 18 MQ c¢m ultrapure water (at 25 °C),
prepared by purifying deionized water. All reagents are at an analyt-
ical grade level. Prepare and store reagents as listed conditions
(temperature and moisture). Process and dispose of reagents
according to standard material safety data sheets (MSDS).

1. Stocking assay running buffer: 10x PBS, pH 6.8. Add about
100 mL water to a 1 L glass beaker (sec Note 1). Weight 25.6 g
Na,HPO,4-7H,0 (or 13.6 g Na,HPO,), 80 g NaCl, 2 g KCl,
and 2 g KH,POy4 and transfer to the beaker. Add water to a
volume of 900 mL. Mix and adjust pH to 6.8 with HCI (see
Note 2). Add water to a volume of 1 L. Store at room
temperature.

2. Assay running buffer: 0.2% PBST, pH 7.2. Take 100 mL of
10x PBS (pH 6.8) in a graduated cylinder. Add 800 mL water
to the cylinder. Take 200 pL Tween 20 (see Note 3) and add to
the cylinder. Make up to 1 L with water. Store at 4 °C.

3. HD-NAPPA pre-expression blocking buffer: SuperBlock™
(PBS) Blocking Buffer (Thermo Fisher) (see Note 4). Store at
4°C.

4. Blocking and dilution buffer: 5% Skim milk in 0.2% PBST,
pH 7.2. Take 400 mL of 0.2% PBST (pH 7.2) in a graduated
cylinder. Weight 25 g of skim milk powder. Add to the cylinder
and mix with a magnetic stir bar for 1 h at room temperature.
Make up to 500 mL with 0.2% PBST (pH 7.2). Store at 4 °C
(see Note 5).

5. Cold water bath trough: 400 mL of water in a square glass
trough. Store at 4 °C (see Note 6).
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In vitro transcription and translation (IVIT)-coupled protein
expression reagent solution: 1-Step Human Coupled IVT
Kit—DNA (Thermo Fisher). One kit includes 500 pL. Hela
lysate, 100 pL accessory proteins, 200 pL reaction mix, and
1.5 mL nuclease-free water. There are also two control DNAs,
10 pg pCFE-GFP and 10 pg pT7CFE1-cHis (see Note 7).

. IVTT expression solution: A mixture of 450 pL 80% IVTT per

silicon slide (freshly prepared). Add 175 pL. Hela lysate to a
1.5 mL new Eppendorf centrifuge tube. Add 50 pL accessory
proteins to the centrifuge tube and mix with pipette tips. Let
the tube sit on ice and wait for 1 min. Add 100 pL reaction mix
to the centrifuge tube and mix with pipette tips. Add 125 pL.
nuclease-free water to the centrifuge tube and mix with pipette
tips. Centrifuge the tube at 10,000 rpm (9,500 x g) at 4 °C for
2 min. Take the clear supernatant and add to a new 1.5 mL
Eppendort centrifuge tube. Let it sit on ice. Put the 1.5 mL
tube on ice in a vacuum chamber and apply vacuum of
—28 mmHg for 5 min (se¢ Note 8).

. Corn syrup: A bottle of Karo corn syrup stored at room

temperature.

HD-NAPPA silicon slides: HD-NAPPA silicon slides printed
with 8 DNA replicate subarrays.

Four-chamber tray: A plastic tray with four chambers, in which
each one fits in one 25 mm, 75 mm standard slide.

Plastic tray: A 120 mm, 80 mm plastic tray with three spacers
evenly distributed every 30 mm. It is used for slide rinsing and
blocking procedures.

Water baths with temperature controllers: Two water baths for
IVTT expression temperature control, one set at 30 °C and the
other set at 15 °C.

Expression fill-n-seal apparatus and accessory materials: Apparatus
and accessory materials are used for IVIT filling into nanowells,
sealing with a polymer film, and expressing proteins on the
HD-NAPPA array. The fill-n-seal apparatus includes two parts, a
window part (top) and a base part (bottom), that sandwich a
polymer film and silicon slide in the middle (Fig. 1).

1.

Fill-n-seal apparatus window part (top): A customized trans-
parent plastic window with an aluminum holder (Fig. la).
There are one inlet port and one outlet port through the
window at its two ends. The inlet port accommodates a copper
tube for injecting a sealing liquid used for sealing the polymer
film. The outlet port attaches to a two-way valve (Fig. 1a). The
aluminum metal holder has six screws, at four corners and
middle of long sides, aligned with the base part, for clamping
the top and bottom sandwich structure of the fill-n-seal
apparatus.
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A.
Inlet _‘OUtlet
Window part
Silicon slide with nanowells O-ring
8 | il ﬁl i
Inlet”™ Base part “Outlet

Fig. 1 Apparatus of HD-NAPPA expression system. (a) A customized transparent
plastic window with an aluminum holder (not shown). (b) A customized
aluminum metal base with etched slots for silicon slide and 0-ring, respectively

2. Fill-n-seal apparatus base part (bottom): A customized alumi-

num metal base with etched slots for silicon slide and O-ring,
respectively (Fig. 1b). The slots are a rectangle in the middle
and two half-circle ends. The rectangle accommodates the
silicon slide, and the two half circles accommodate the
O-ring. There are one inlet port and one outlet port through
the base at each end. The inlet port allows the injecting of
IVTT liquid. The outlet port attaches to a tube for collecting
and recovering excess IVIT (Fig. 1b). The aluminum metal
base has six screw holes, at four corners and middle of long
sides, aligned with the window part for clamping the sandwich
structure.

. Polymer film: A bi-polymer transparent film with polystyrene

(PS) on one side and polyvinylidene fluoride (PVDF) on the
other side. Cut the polymer film into a size of'4.5 cm, 10.0 cm.
Label the PS side with “Up” with a marker. Spray both sides of
the film with RNaseZap™ RNase decontamination solution
(Thermo Fisher) (see Note 9). Use Kimwipes soaked with
RNaseZap solution to wipe both sides of the film. Rinse the
film with flowing water. Gently blow-dry the film with com-
pressed air. Store at room temperature in a lens paper book.

. O-ring along with silicon slide: An O-ring that fits in the slot

and around the silicon slide on the base part.

. Red burst disk: A disk film for temporarily holding corn syrup

(sealing liquid). The burst disk is composed of a plastic annulus
(7.15 mm OD, 3 mm ID, 0.075 thick) bonded to a 7.15 mm
OD wax paper disk. Cut the plastic annulus and wax paper disk
with a laser cutter and bond them together. Place the burst disk
in the bottom of the inlet port of the fill-n-seal window.

. 007 N90 O-ring: This goes onto the top of the burst disk

before attaching the copper tube filled with sealing liquid.

. Window inlet sealing plug: A black plug that fits the inlet port

of the window part.
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. Two-way valve: A valve that attaches, at one end, to the outlet

port of the window part and, at the other end, attaches to a
pressure or vacuum supply line.

Copper tube: An L-shaped copper tube that holds the sealing
liquid and attaches to the window part’s inlet port. The copper
tube is filled with corn syrup (sealing liquid) for sealing the
nanowells with the polymer film. One end of the tube attaches
to the inlet port of the window part, and the other end attaches
to the nitrogen (N,) pressure supply line.

Tightening tool: This is to tighten or untighten the attachment
of the copper tube to the inlet port of the window part.

50% Glycerol. Add 25 mL water to a 50 mL conical tube. Add
25 mL glycerol to the tube and mix well with a vortex. Store at
room temperature. 50% Glycerol is used to hold down the
silicon slide in the base part of the fill-n-seal apparatus.

Nitrogen (N,): Provide the pressure for sealing liquid injection
and maintaining the pressure at 200 psi during protein expres-
sion incubation to seal the nanowells. A tank of N, is attached
to a pressure supply line with a valve.

Vacuum pump: A vacuum pump that produces a vacuum of
—28 mmHg.

White burst disk: A disk film for temporarily holding IVTT
reagent. The burst disk is a 5.55 mm OD, 0.03 mm thick circle
that is punched out of a sheet of waxed paper.

Window inlet port sealing plug: A screw plug that fits the
window part inlet port.

Check valve: A check valve allows only one-way air and liquid
flow and fits the window part outlet port.

20 mL Syringe with a Luer adaptor to the check valve.

Collection tube: A collection tube attached to the check valve
for IVIT recovery.

Injection setup: An injection setup assembled with a glass
syringe and an injector, attached to a pressure supply line.

500 pL Syringe: A 500 pL. Hamilton glass syringe, attached to
the injector with a screw.

Injector: A pressure-powered injector attached to the pressure
supply line through a valve.

Pressure and vacuum control knobs and switches: To control
the pressure and vacuum during IVTT injection.

Clamps: Two clamps, to clamp the window and base parts of
the fill-n-seal apparatus during disassembly.

Water baths with temperature controllers: Two water baths for
IVTT expression temperature control, one set at 30 °C and the
other set at 15 °C.
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2.3 Primary
Antibodies (Serum/
Plasma) Probing

1.

Prepare 1:300 diluted mouse anti-GST solution: Add 2990 pL.
5% skim milk to a 15 mL conical tube and add 10 pL. monoclo-
nal mouse anti-GST (Cell Signaling) to the tube. Mix well with
vortex and let it sit on ice until use.

. Prepare 1:500 diluted rabbit anti-p53 solution: Add 2994 pL

5% skim milk to a 15 mL conical tube and add 6 pL rabbit anti-
p53 (Cell Signaling) to the tube. Mix well with vortex and let it
sit on ice until use.

. Serum/plasma sample: A human pooled sample.
. Prepare 1:125, 1:250, 1:500, 1:1000,1:2000, 1:4000,1:8000,

and 1:16,000 diluted pool serum solution.

(a) Add 620 pL 5% skim milk to a 1.5 mL Eppendort centri-
fuge tube and add 5 pL pool serum to the tube. Mix well
with vortex and let it sit on ice as 1:125 dilution pool
serum solution.

(b) Take 300 pL 5% skim milk to a new 1.5 mL Eppendorf
centrifuge tube, add 300 pL 1:125 dilution pool serum,
mix well, and let it sit on ice as 1:250 dilution pool serum
solution.

(c) Take 300 pL 5% skim milk to a new 1.5 mL Eppendorf
centrifuge tube, add 300 pL 1:250 dilution pool serum,
mix well, and let it sit on ice as 1:500 dilution pool serum
solution.

(d) Take 300 pL 5% skim milk to a new 1.5 mL Eppendorf
centrifuge tube, add 300 pL 1:500 dilution pool serum,
mix well, and let it sit on ice as 1:1000 dilution pool serum
solution.

(e) Take 300 pL 5% skim milk to a new 1.5 mL Eppendorf
centrifuge tube, add 300 pL 1:1000 dilution pool serum,
mix well, and let it sit on ice as 1:2000 dilution pool serum
solution.

(f) Take 300 pL 5% skim milk to a new 1.5 mL Eppendorf
centrifuge tube, add 300 pL 1:2000 dilution pool serum,
mix well, and let it sit on ice as 1:4000 dilution pool serum
solution.

(g) Take 300 pL 5% skim milk to a new 1.5 mL Eppendorf
centrifuge tube, add 300 pL 1:4000 dilution pool serum,
mix well, and let it sit on ice as 1:8000 dilution pool serum
solution.

(h) Take 300 pL 5% skim milk to a new 1.5 mL Eppendorf
centrifuge tube, add 300 pL 1:8000 dilution pool serum,
mix well, and let it sit on ice as 1:16,000 dilution pool
serum solution.

5. 8-Chamber gasket: A proplate 8-chamber gasket.
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. Aluminum foil seal film: An aluminum foil seal film cut to

25 mm, 75 mm rectangle.

. Glass slides: Standard Fisher brand 25 mm, 75 mm microscope

glass slide.

. Binder clips: Medium, 1-1/4” Wide, 5/8" Capacity, Black,

Pack of 24.

. Laboratory rocker.

. Prepare 1:500 diluted Alex Fluor® 647-labeled goat anti-

mouse IgG and 1:500 diluted Alex Fluor® 555 goat anti-rabbit
IgG solution: Add 2988 pL 5% skim milk to a 15 mL conical
tube. Add 6 pL Alex Fluor® 647-labeled goat anti-mouse IgG
(Thermo Fisher) and 6 pL Alex Fluor®™ 555 goat anti-rabbit
IgG (Thermo Fisher) to the tube. Mix well with vortex and let
it sit on ice until use.

. Prepare 1:200 diluted Alex Fluor® 647-labeled goat anti-

human IgG: Add 2985 pL 5% skim milk to a 15 mL conical
tube and add 15 pL Alexa Fluor® 647-labeled goat anti-human
IgG (Jackson Immunology) to the tube. Mix well with vortex
and let it sit on ice until use.

. Backing film: A 0.3 mm thick film, with pressure-sensitive

adhesive, to bring the silicon slide thickness from 0.7 to 1 mm.

. Tecan scanner: Two lasers for scanning both Alex Fluor

647 and Alex Fluor 555 /Cy3.

. Array Pro microarray image analysis software: To extract the

fluorescence intensities from Tecan scanner-generated images.

3 Methods

3.1 HD-NAPPA
Protein Array
Expression

3.1.1 Materials
and Preparation

All procedures are performed under room temperature unless oth-
erwise specified.

1.

Preheat water baths: Set two water baths to 30 °C and 15 °C,
respectively.

2. Turn on N, tank pressure to 200 psi.

Take one HD-NAPPA slide from an argon gas-filled
storage tank.

Place the slide in a four-chamber plastic tray and prepare a
dummy slide in another four-chamber plastic tray. Load 9 mL
cold superblock into the slide chamber and a dummy slide tray,
respectively.

. Centrifuge at 4000 rpm (3,750 x g) for 1 min, to dislodge air

bubbles from the nanowells.
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Table 1

The IVTT mixture for 1-6 slides

80% IVTT mixture for HD-NAPPA expression

Slide Hela lysate

Accessory protein Reaction mixture Nuclease-free water Total volume

no. (L) (nL) (L) (nL) (pL)

1 200 50 100 100 450
2 400 100 200 200 900
3 600 150 300 300 1350
4 800 200 400 400 1800
5 1000 250 500 500 2250
6 1200 300 600 600 2700

3.1.2 Fill-n-Seal
Apparatus Assembling
and HD-NAPPA Expression

. Take the slide out and load slide in a slide rack. Quickly

immerse the rack into a cold-water trough and lift it
up. Repeat ten times (~10 s total).

. Centrifuge the slide dry at 1200 rpm (338 x g), room temper-

ature, for 20 min.

. Prepare 80% IVTT solution (Table 1) (see Notes 10 and 11).

. Prepare an expression fill-n-seal apparatus and separate the

window part and base part (Fig. 2a, b).

. Insert a white burst disk into the base part’s inlet port, screw in

a black plug, and tighten it (Fig. 2a, steps 1 and 2).

. Lay the base part on a flat surface, fixed to the lab bench. Add

three drops of 30 pL 50% glycerol spaced evenly along the
rectangular slot’s middle length. Load the HD-NAPPA slide
onto the slot and lay an O-ring along with the slide (se¢ Note
12) (Fig. 2a, steps 3 and 4).

. Let one polymer film sit on top of the slide with the PVDF side

facing down toward the slide (Fig. 2a, step 5).

. Screw an inlet sealing plug into the inlet port of the window

part and tighten it (Fig. 2b, steps 1 and 2).

. Attach the two-way valve into the outlet port of the window

part. Tighten the valve and turn counterclockwise (release) for
two rounds (Fig. 2b, step 3).

. Assemble the window part and the base part using the six

screws attached (image not shown). At first, finger tighten
the screws. Attach an N, pressure supply line to the two-way
valve at the window part’s outlet port and turn on the pressure
(200 psi). This step pushes down on the silicon slide and
spreads out the 50% glycerol to adhere to the bottom of the
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Fig. 2 IVTT incubation procedure for HD-NAPPA expression system. (a) Prepare base part. (b) Prepare window
part. (c) Assemble the window part and base part. (d) IVTT injection

silicon slide to the base part. Wait for 5 s and then turn off the
pressure supply line (Fig. 2¢, steps 1 and 2). Detach the pres-
sure supply line and attach it to the outlet port of the base part.
Turn on the pressure (200 psi) to flatten the sealing film across
the bottom of the window part. Tighten the six screws clamp-
ing the window and base parts of the fill-n-seal apparatus.
Sequentially tighten each screw a little at a time to apply even
clamping pressure between the window and base parts. Use a
torque wrench to prevent overtightening of the screws. Turn
off the pressure and detach the outlet port’s pressure supply
line (Fig. 2c, step 3).

. Detach the inlet sealing plug from the inlet port of the window
part. Load a red burst into the window part’s inlet port and add
a 007 N90 O-ring on top of the burst. Use a syringe to add
corn syrup to a copper tube from one end until it starts to flow
out from the other end. Attach the copper tube to the window
part’s inlet port and tighten it using the tightening tool. Attach
and tighten the other end of the copper tube to the N, pressure
supply line. Attach the two-way valve to a vacuum and pressure
switch supply line (Fig. 2¢, steps 4 and 5).
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Detach the black plug from the base part’s inlet port. Attach
and tighten a check valve to the base part’s outlet port. Attach
and tighten the check valve to a collection tube for IVIT
recovery (see Note 13). The other end of the collection tube
is attached and tightened to a switched vacuum and pressure
supply line (Fig. 2d, step 1).

Load a 500 pL. Hamilton syringe with 300 pL prepared IVTT
reagent. Attach the syringe to a pressure-powered injector and
tighten the syringe to the inlet port of the base part (Fig. 2d,
step 1).

Turn on the vacuum at the outlet port of the window part and
then switch the vacuum on the outlet port of the base part
(Fig. 2d, step 2). Turn on the pressure to the pressure-powered
injector to inject the IVIT in the space between the polymer
film and silicon slide (see Note 14) (Fig. 2d, step 3). Turn on
the pressure at the inlet of the window part to inject the corn
syrup to seal the nanowells onto the slides. Watch closely until
the corn syrup gets close to the outlet and close the two-way
valve (Fig. 2d, step 4). Turn off the vacuum and pressure for all
supply lines except for the window part’s inlet supply line.
Collect the recovery IVIT in the collection tube. Detach the
check valve and the injection syringe from the base part, and
detach the pressure/vacuum supply line from the window
part’s outlet. Insert plugs at the inlet and outlet ports of the
base part and tighten them (Fig. 2d, step 5).

Transfer the whole setup to a 30 °C water bath (preheated) and
incubate for 2 h.

Transter the whole setup to a 15 °C water bath (pre-cooled)
and incubate for 30 min.

. After 2.5 h, transfer the setup back to the lab bench on a flat

surface.

. Turn off the pressure at the inlet of the window part. Detach

the copper tube from the inlet port and two-way valve from the
window part’s outlet port. Load a syringe filled with 10 mL
deionized water.

. Detach the plug from the base part’s inlet port, load a syringe

filled with 1 mL of 5% skim milk, and attach it to the inlet port
of the base part.

. Inject 10 mL deionized water into the inlet port of the window

part. This step helps to lift the sealing film from the silicon
slide. Sequentially unscrew the six screws, starting from the
inlet end of the window part.

. When all screws are loose, inject 1 mL 5% skim milk into the

base part’s inlet port. This step separates the sealing film from
the silicon slide.
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Take oft the window part and polymer film, exposing the
silicon slide.

. Quickly squirt ~10 mL 5% skim milk onto the silicon slide to

prevent it from drying out.

. Gently remove the silicon slide from the base part and quickly

immerse it in a plastic tray filled with 30 mL 5% skim milk. Do
not allow the slide to dry out.

. Wash the slide with 5% skim milk in the plastic tray three times,

5 min each on a laboratory rocker, at room temperature.
Block the slide in 30 mL 5% skim milk for 1 h at 4 °C.

Prepare a 1:300 diluted mouse anti-GST solution.

. Prepare a 1:500 diluted rabbit anti-p53 solution.
. Prepare 1:125, 1:250, 1:500, 1:1000, 1:2000, 1:4000,

1:8000, and 1:16,000 diluted pool serum solution.

. Attach a 25 mm, 75 mm rectangle aluminum foil seal film to

one side of an eight-chamber gasket and seal tight (see Note

15).

. Load 250 pL primary antibody sample to the designed cham-

ber. Align one dummy glass slide with the HD-NAPPA slide
and align them together with the eight-chamber gasket.
Tighten the chamber and the slide with four clamp clips (two
clips on each side). Flip the setup over to allow the chamber’s
solution to come into contact with the silicon slide.

. Incubate the whole device on a laboratory rocker, at speed

setting 2, overnight (se¢e Note 16) at 4 °C.

Prepare 1:500 diluted Alex Fluor® 647-labeled goat anti-
mouse IgG and 1:500 diluted Alex Fluor® 555-labeled goat
anti-rabbit IgG solution.

. Prepare 1:200 diluted Alex Fluor® 647-labeled goat anti-

human IgG.

. Take the whole device with a primary sample out of 4 °C.

De-assemble the device and release the HD-NAPPA slide to a
plastic tray filled with a 30 mL 5% skim milk solution.

. Rinse the slide with 30 mL 5% skim milk three times, 5 min

each, rocking at speed 2 at room temperature.

. Post-rinse with 5% skim milk. Load 3 mL 1:500 diluted Alex

Fluor® 647-labeled goat anti-mouse IgG and 1:500 diluted
Alex Fluor® 555-labeled goat anti-rabbit IgG solution to a
four-chamber tray. Immerse the rinsed HD-NAPPA slide for
expression quality control in the solution. Incubate the slide by
rocking at speed 2 on a laboratory rocker at room temperature

for 1 h.



3.4 Data Analysis

3.4.1 Expression Quality
Control Analysis (Fig. 3a)

10.

11.

12.
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. Post-rinse with 5% skim milk. Load 3 mL 1:200 diluted Alex

Fluor® 647-labeled goat anti-human IgG solution to another
four-chamber tray. Immerse the rinsed HD-NAPPA slide for
serology study in the solution. Incubate the slide by rocking at
speed 2 on a laboratory rocker at room temperature for 1 h.

. After 1 h, take the slides to a plastic tray filled with a 30 mL

0.2% PBST solution. Rinse the slide with 30 mL 0.2% PBST
three times, 5 min each, rocking at speed 2 on a laboratory
rocker at room temperature.

. Prepare a trough with 400 mL cold (4 °C) deionized water (see

Note 17). Load the HD-NAPPA slides, rinsed with 0.2%
PBST, into a slide rack. Immerse the rack with slides in the
cold-water solution and lift up after 2 s; repeat this step ten
times.

. Centrifuge the rack with slide at a speed of 1200 rpm at room

temperature (25 °C) for 20 min.

Remove the dried HD-NAPPA silicon slide from the centri-
fuge and attach a 25 mm, 75 mm backing film to bring the
silicon slide thickness to 1 mm.

Load the slide into a Tecan scanner and set up the scanning
setting as below:

(a) Turn on the warming step for both red laser (635 nm) and
green laser (532 nm).

(b) Set both laser’s scanning intensity at 25% and 25% gain.

(¢c) Use a customized slide type: tune the focus at the bottom
of the nanowell (~70 pm deep).

(d) Start scanning to generate two images at 635 nm and
532 nm, respectively.

Load the 25% intensity, 25% gain images to an Array Pro
microarray image analysis software, and extract the fluores-
cence intensity saved as .txt file. The extracted data includes
the spotlist information (Spot No., Grid, Row, Column, Pro-
tein name, Protein symbol, Organism, Spot category) and each
array’s median intensity.

. The expression quality control includes two aspects: an overall

expression level of all proteins compare to no-DNA (printing
mixture only, PM) controls and a linear regression correlation
between different arrays.

. The overall expression level is calculated as how many proteins

(M’roteins) out of all PrOtCins (NAll Proteins) have CXpI’CSSiOH level
(Alex Fluor® 647-labeled goat anti-mouse IgG @mouse anti-
GST probing intensity) that is higher than a cutoff. The cutoff
is calculated as the average of no-DNA spot (PM) intensity plus
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Fig. 3 HD-NAPPA results. (a) Mouse anti-GST result image. (b) The expression level of proteins on NAPPA
array. A cutoff (red dotted line) at the average of PM spots plus three-times standard deviation. (c)
Intercorrelation between two arrays. (d) Rabbit anti-p53 result image

3.4.2 Serology Result
Analysis

1.

three times of standard deviations (Meanpy; + 3Sdpp). Fig-
ure 3a presents a mouse anti-GST probing result on an
HD-NAPPA array with 907 proteins and 48 PM spots for
each array (one grid). An HD-NAPPA expression level is
P = Nbproteins/ NAI Proteins, and a qualified array requires
P > 95%. In the case of Fig. 3b, four subarrays of 907 proteins
and 48 PM spots showed expression levels of 98.5-99.5%.

. The linear regression correlation is calculated between all pro-

teins from array 1 and array 2. The array could be on the same
slide (intra-slide correlation) or between two slides (inter-slide
correlation). A linear regression correlation R > 0.9 is a passing
criterion. Figure 3c shows an example of the eight-subarray
HD-NAPPA correlation between array 1 and array 2 with
R =0.972.

. Specific protein analysis is shown in Fig. 3d. The highlighted

spots are TP53 protein spots.

The serology antibody response will be analyzed separately for
IgG antibodies (Fig. 4a).
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2.

Load the median intensity of a serology IgG profiling of a
whole slide to Microsoft Excel and separate the subarrays.
Calculate the median intensity value (Iyiegian) Of all proteins in
each subarray. Divide the raw intensity of each protein by
IMedian tO generate a new set of median normalized intensity
(MNI). MNI > 2.0 is an experienced seropositive cutoff. Sero-
positive response proteins will be selected as possible candidate
biomarkers (Fig. 4b).

. Further statistical analysis can be performed based on needs.

4 Notes

. Having water in the glass beaker helps dissolve the PBS salts

relatively easily, allowing the magnetic stir bar to work
immediately.

. HCl is a strong corrosive acid, so wear extra personal protec-

tion equipment. The pH of the PBS is close to what you want.
You can choose to use serial diluted HCI (6 N or 1 N) to avoid
a sudden pH drop. The pH of 10x PBS is around 6.8, and a
final pH of the 1 x PBS from this 10x PBS will be around 7.2.

. Tween 20 is a sticky surfactant. Use a 1 mL pipette tip,

trimmed with a blade, and pipette slowly. Pipette up and
down multiple times until all Tween 20 solution is added to
the cylinder.

. According to the vendor Thermo Fisher, a superblock solution

is a nonprotein base blocking buffer, hence use as it is.

. 5% Skim milk is typically required when de-assembling the

HD-NAPPA expression apparatus, blocking, and sample prob-
ing. Prepare the solution ahead of time and allow it to stir with
a magnetic bar for at least 2 h ahead of usage. Do not use 5%
skim milk older than 3 days. The blocking buffer could vary
based on needs. 1-2.5% BSA could also be taken as a blocking
and dilution buftfer.

. The temperature of the cold-water bath is a critical factor.

Allow enough time for the water to cool down to 4 °C. A
higher temperature affects rinsing quality.

. These plasmids are not required for the HD-NAPPA experi-

ment. However, they are a standard kit accessory for testing the
IVTT solution expression efficiency.

. The centrifuge and de-gas steps are critical for the resulting

HD-NAPPA image quality. IVI'T mixture has cloudy aggre-
gates while mixing the solution. A centrifuge at 10,000 rpm is
recommended by the vendor (Thermo Fisher), and it helps to
remove those aggregates. If they are not removed ahead of
usage, the resulting image has many high signal patches. The
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vacuum de-gas step is also critical. The HD-NAPPA expression
apparatus is under vacuum before IVTT injection to prevent air
bubbles from being trapped in the nanowells on the
HD-NAPPA slides. Genes in wells with trapped air bubbles
are not expressed.

. This step requires an RNase-free environment to maintain

expression efficiency. RNaseZap treatment is critical for the
polymer film since the PVDF polymer directly touches the
IVTT during protein expression in each nanowell.

The IVTT Kkits are stored separately at —80 °C. A thawing step
on ice takes typically around 30—45 min for a full kit (500 pL
Hela lysate, 100 pL accessory protein, and 200 pL reaction
mix). Try to plan the experiment ahead of time and maintain
the minimum freeze-thaw cycle for the IVITT kits. A maximum
of two freeze-thaw cycles is recommended.

Before usage, it is suggested to keep the IVTT mixture on ice.
Also, it is suggested to monitor the vacuum step to avoid
overflow of bubbles carefully.

The O-ring helps to seal the whole apparatus for successful
expression of HD-NAPPA slides. Carefully check the O-ring
elasticity strength and avoid using an O-ring with cracks. Lay
the O-ring down into its slot in the base part and make sure
that it does not pop out.

The check valve and collection tube will allow the collection of
IVTT. They will help to keep the vacuum status during IVIT
injection.

Since the chamber is in a vacuum state and the IVTT injection
tool’s pressure is high, the injection step will be speedy. Look
closely during IVTT injection to avoid bubbles. An evenly
distributed IVTT will go smoothly along the long axis.

The multiple chambers will allow the probing of the different
regions of the same array. Sealing is essential to avoid
contamination.

An overnight incubation usually is equal to 16 h. It could also
vary based on needs.

The last step before drying is critical to maximize the signal
while minimizing the background. A quick wash in cold water

(4 °C) is needed.
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Bead-Based Assays for Validating Proteomic Profiles
in Body Fluids
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Abstract

Protein biomarkers in biological fluids represent an important resource for improving the clinical manage-
ment of diseases. Current proteomics technologies are capable of performing high-throughput and multi-
plex profiling in different types of fluids, often leading to the shortlisting of tens of candidate biomarkers per
study. However, before reaching any clinical setting, these discoveries require thorough validation and an
assay that would be suitable for routine analyses. In the path from biomarker discovery to validation, the
performance of the assay implemented for the intended protein quantification is extremely critical toward
achieving reliable and reproducible results. Development of robust sandwich immunoassays for individual
candidates is challenging and labor and resource intensive, and multiplies when evaluating a panel of
interesting candidates at the same time. Here we describe a versatile pipeline that facilitates the systematic
and parallel development of multiple sandwich immunoassays using a bead-based technology.

Key words Suspension bead array (SBA), Single-binder immunoassays, Sandwich immunoassay
(SIA), Antibody, Protein standard, Mass spectrometry (MS)

1 Introduction

Proteins in human biological fluids offer a clinically useful window
into human health, and play a central role in clinical decision-
making [1, 2]. In particular, the simultaneous analysis of multiple
proteins has become an attractive approach to provide better
insights into the complexity of human health and pathophysiologi-
cal conditions [3, 4]. Mass spectrometry (MS) is regarded as the
most commonly used workhorse of proteomic applied to bio-
marker discovery, since it allows the analysis of hundreds to
thousands of proteins, as well as the characterization of their struc-
tures and modifications [5]. On the other hand, affinity-based
methods such as suspension bead arrays (SBA) [6-8] or proximity
extension assays [9, 10] have shown to be extremely powertful for

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_5,
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the profiling of biofluids at a higher sample throughput with
medium-high multiplexing capacity and consuming only minimal
amounts of samples.

A further argument in favor of affinity-based profiling methods
is that, despite the tremendous advances in clinical MS with its
potential in complementing some of immunoassay’s shortcomings,
affinity assays are still the most versatile and broadly applied meth-
ods in research and clinical laboratories.

In recent years, the field of biomarkers has shifted the attention
from pure discovery to verification and efforts on clinical transla-
tion and validation.

Relevant aspects in biomarker validation include: a focused
clinical question; the availability of high-quality samples from
large and clinically representative population; and robust and
high-throughput assays for accurate and reproducible quantifica-
tion of candidate protein biomarkers [11].

The need to accelerate preclinical research and translation of
biomarkers “from bench to clinic” have posed a growing demand
on strategies evaluating the quality and suitability of the reagents
used [12, 13], and the reproducibility of the discovery using
orthogonal approaches [9, 14, 15].

Verification and validation of large panels of candidate biomar-
kers generated by proteomic profiling of body fluids call for appro-
priate pipelines that can cope with a systematic development of
high-quality assays for robust quantification of several proteins.

Antibodies coupled to color-coded beads used to profile
biotin-labeled body fluids such as serum, plasma, and CSF have
been extensively described [7, 16, 17]. This single-binder immu-
noassay has provided the foundation to establish a protocol for the
development of sandwich immunoassays (SIA) for several candidate
biomarkers in parallel (Fig. 1).

Using this microtiter plate procedure, we recently screened
2170 antibody pairs targeting a total of 209 unique proteins from
the human secretome. Out of these, 22 sandwich immunoassays
were developed and validated with samples collected in a longitu-
dinal manner [18]. Here we describe the details for performing
such assays.

2 Materials

2.1 Bead Goupling

Prepare all solutions using Milli-Q ultrapure water (deionized
water purified, to attain a sensitivity of 18 MQ cm at 25 °C) and
analytical grade reagents.

1. Carboxylated color-coded paramagnetic beads (MagPlex-C,
Luminex Corp).
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Fig. 1 Pipeline for bead-based development and validation of sandwich immunoassays. (a) Multiplexed
proteomic profile of biofluids leads to the discovery of multiple candidate biomarkers (example of a case-
control study scenario). (b) A bead array containing capture antibodies raised against the candidate biomar-
kers is prepared and (c) tested in combination with multiple detection antibodies in dilution curves of protein
standards and plasma. (d) Best performing pair is selected for assay validation. Signal detection on each bead
ID is detected by dual laser
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2.2 Selection
of Antibody Pairs
and Assay Validation

2.

10.

[\

MES buffer: 0.1 M 2-(N-morpholino) ethanesulfonic acid,
pH 4.5. Add about 150 mL ultrapure water to 2.93 mg. Adjust
pH to 4.5 using NaOH. Filtrate the buffer using a 0.45 pM
filter. Store at 4 °C for up to 1 month.

. Activation buffer (AB): 0.1 M NaH,POy4, pH 6.0-6.2. Dis-

solve NaH,PO, in 150 mL ultrapure water. Adjust the pH with
NaOH, and filtrate the solution using a 0.45 pM filter. Store at
4 °C for up to 1 month.

. Washing bufter (WB): Phosphate-buftered saline prepared by

dissolving PBS tablet in deionized (DI) filtered H,O supple-
mented with 0.05% Tween 20. Store at room temperature.

. Storage buffer: Blocking reagent for ELISA supplemented with

ProClin™ 0.003% v/v. Store at 4 °C for up to 1 month.

. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC):

0.5 mg per antibody dissolved to 10 mg/mL in AB.

. Sulfo- N-hydroxysulfosuccinimide (Sulfo-NHS): 0.5 mg per

antibody dissolved to 10 mg/mL in AB.

. Antibodies to be coupled to beads: Dilute 1.75 pg antibody in

MES bufter to a final volume of 100 pL and final concentration
of 17.5 ng/pL. Antibodies can be conveniently distributed in
96-well plates (antibody selection is further discussed in
Note 1).

. For coupling test: Anti-species IgG conjugated to

R-phycoerythrin (R-PE).

Equipment: Protein low-binding tubes; half-area flat-bottom
96 and 384 plates; PCR plates; magnet for plates; magnetic
tube holder; Luminex instrument for readout (Luminex
Corp.).

. Capture bead population previously prepared (see Subheading

3.1) at a working concentration of 40,000 beads/mL.

. Washing buffer (WB) (see Subheading 2.1).

. Biotinylated detection antibodies [ 19 ]: Working concentration

of 103 mg/mL (see details described in the Chapter 12).

. Protein standard (when available): In order to run nine dilution

curves in duplicate, approximately 1.5 pg of protein is needed.
The preferred standard is purified and lyophilized recombinant
protein reconstituted at a concentration of 1-0.1 pg/pL in 0.2
pum filtered PBS, supplemented with 1% BSA. Reconstituted
proteins should be stored in working aliquots at —70 °C.

. Sample pools: A pool of the body fluid, ideally from the cohort

that was analyzed in the discovery phase. Samples should be
pooled in order to have a “high pool” (the protein of interest
was detected at high levels) and “low pool” (protein was
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detected at low level). Commercial pool of samples from
healthy donors are available for most types of body fluids
(e.g., serum, plasma, cerebrospinal fluids (CSF), saliva) at

https: //bioivt.com/.

. Plasma from other species (e.g., chicken, donkey, horse).

7. Surrogate of body fluid of interest (e.g., artificial CSF [20]).

. Assay buffer 1: PBS with 0.5% (w/v) polyvinyl alcohol, 0.8%

(w/v) polyvinylpyrrolidone, 0.1% casein, supplemented with
0.5 mg/mL rabbit IgG.

. Assay buffer 2: PBS with 1% BSA.
10.
11.

Assay buffer 3: Low-cross buffer (see Note 9).

R-PE-conjugated streptavidin (SAPE): Dilute to 1:750 to
0.4 pg/mL.

3 Methods

3.1 Bead Coupling

All procedures should be carried out at room temperature unless
otherwise specified.

A suspension bead array is prepared by adding diluted antibodies to
chemically activated beads, each featuring a different color code
(ID) for identification. The antibodies are covalently bound to the
carboxylated beads by carbodiimide crosslinker chemistry, and any
excess of antibody is washed away. The different bead IDs are then
pooled together to create a capture array.

1.

Gently vortex the antibodies and dilute them in MES buffer
each to a final concentration of 17.5 ng/pL and final volume of
100 pL. For the first antibody pair screening, the bead array
may include up to 100 difterent capture antibodies (indicatively
to evaluate assays for 20-50 target proteins in parallel). The
array must contain at least two capture antibodies per target
and a couple of negative controls (bare beads, same species
IgG) and positive controls such as antibody against a protein
with long residence in the biofluid analyzed (e.g., albumin or
IgG in plasma) (see Notes 1 and 2).

. Vortex the bottles containing each specific color-coded mag-

netic bead ID and distribute 40 pL beads, one bead ID per
well, into a flat-bottom low-binding 96-well plate.

. Wash the beads in AB. Place the flat-bottom plate on the

magnet and wait for 30 s to pull beads to the bottom of the
plate. Remove the liquid carefully without touching the beads
and then add 80 pL. AB per well. Wait for another 30 s, decant
the supernatant, remove the plate from the magnet, and add
50 pL of AB.
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4.

Prepare the activation solution (AS) by dissolving EDC and
sulfo-NHS in AB at a concentration of 10 mg/mL. The solu-
tion needs to be prepared fresh and used immediately. Timing
is critical for this step since the intermediate generated by EDC
may hydrolyze and lose its reactivity toward primary amines (see
Note 3). Add 50 pL activation solution to each well in the flat-
bottom plate. Seal the plate, place it on a plate shaker, and
incubate it for 20 min at 650 rpm in the dark.

. After incubation, wash the plate two times with 100 pL. MES

buffer (see step 3). Place the plate on the plate magnet and wait
for 30 s. Remove the supernatant and add 100 pLL MES buffer.
Repeat the washing steps once. After MES buffer has been
discarded for the second time, remove the plate from the
magnet and add 100 pL of diluted antibody to the beads.
Seal the plate, vortex it gently, place it on a plate shaker, and
incubate for 2 h at 650 rpm in the dark.

. After incubation, wash the plate two times with WB (see steps 3

and 5). After WB has been discarded for the second time,
remove the plate from the magnet and add 50 pL of storage
buffer to each well. Seal the plate, vortex it carefully, and
incubate it at 4 °C overnight in order to block the beads.

. After overnight blocking at 4 °C, individual bead IDs are

pooled together creating a bead array containing beads coupled
to all the different antibodies, at a concentration of 40,000
beads/mL.

. The coupling efficiency is tested by incubating the beads with

an R-phycoerythrin-conjugated (RPE) antibody targeting the
host species in which the antibody coupled to the bead was
raised. The RPE-conjugated antibody is diluted to 0.5 pg/mL
in WB. 100 pL diluted antibody is added to 5 pL coupled beads
and incubated for 20 min at 650 rpm at room temperature.
After incubation, wells are washed three times with 100 p. WB
before being analyzed on a Luminex instrument. Readout
signals are reported in terms of median fluorescence intensities
(MFI). Coupling test for a bead ID is regarded as failed if the
signals obtained are lower than 2 x standard deviation (SD) of
the mean value for the bead array or if the value obtained does
not exceed the mean value for the bare bead (bead not coupled
to any antibody). In case of a failed coupling, a new coupling is
performed only for the specific bead identity. During coupling
test, the bead counts are also evaluated. In each well, bead
count per ID should be of 100-200.

Desirable characteristics for antibody pair combinations are:

Recognition of their target both in the format of a recombinant
protein standard and in the native form in the sample matrix of
interest.
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¢ Low interaction with other proteins.

e Low background and therefore a high signal-to-background
ratio.

Each sandwich assay requires its own development and optimi-
zation in terms of sample dilution, assay buffers, incubation time,
need for heat treatment, and concentration of detection antibody.
However, the starting point for the development should be the
selection of an antibody pair working in a dilution series of a protein
standard (if available) (sec Note 4) and in a dilution series of a
sample pool (see Note 5). Below we will describe the screening of
antibody pairs for a protein in plasma and with the recombinant
protein where all antibodies are tested as capture and as detection as
described in Fig. 1.

1. Prepare a plate layout following the representation in Fig. 1b.

2. Thaw sample pool and recombinant protein on ice. Dilute the
plasma in assay buffer 1 to cover a dilution range of 1:4 to
1:3000 in seven steps (threefold serial dilutions). Dilute the
standard protein in assay buffer 1 covering a concentration
range from 1 pg/mL to 1 ng/mL. A blank sample (containing
only the specific assay bufter) is prepared for both the dilution
curves. Each dilution curve should be prepared in duplicate (see
Note 6). To optimize the number of antibody pairs and even-
tually protein standard tested, the format of 96-well plate
described in Fig. 1 can be extended to a 384-well plate by
combining four 96-well plates (see Notes 7 and 8). However,
to simplify, in the following steps volumes have been calculated
for a 96-well plate format.

3. Calculate the volume of diluted standard and plasma to be
enough for 50 pL diluted sample per well. Start by making
the highest concentration and go stepwise through the series
by mixing previous concentration with buffer, excluding the
blank.

4. Prepare the bead array of capture antibodies by vortexing and
sonicating the tube. Dispense 5 pL beads into the wells of a
96-well Greiner assay plate. Vortex the tube containing the
bead array every other column since the beads will sediment.
Transfer 45 pL of each point in the dilution series for both
recombinant protein and plasma to the corresponding wells in
the Greiner plate with beads. Seal, vortex, and incubate over-
night at room temperature, dark, and 650 rpm.

5. Spin down the plate and wash 3 x 100 pL WB. Dilute detec-
tion antibodies to a concentration of 1 pg/ml. Add 50 pL
detection antibody into the wells according to the plate layout.

Seal, vortex, and incubate for 1.5 h at room temperature, dark,
and 650 rpm.
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Fig. 2 Selection of antibody pairs. Combinations of multiple capture antibodies (CapAb) coupled to beads and
detection antibodies were tested in a dilution curve of recombinant protein (a) and plasma (b)

6. Spin down the plate and wash 3 x 100 pL. WB. Dispense 50 pL.

SAPE diluted 1:750 in each well. Seal, vortex, and incubate for
30 min at room temperature, dark, and 650 rpm.

. Spin down the plate and wash 3 x 100 pL of WB. After the last

wash add 100 pL of WB to each well and start measurement in
Luminex instrument.

. In the instrument, set sample volume (100 pL), bead type, and

bead IDs included in the array. The signal detected from each
bead ID is reported as “median fluorescence intensity.” A
minimum count of 50 beads per ID is required.

. To evaluate the performance of antibody pairs during the

10.

11.

selection phase, data are log-transformed and visualized by
plotting the dilution series of each capture antibody with each
detection antibody for both plasma and recombinant protein
(Fig. 2).

Antibody pairs can be grouped into four categories according
to their performance: (1) dilution-dependent curves with pro-
tein and plasma, (2) dilution-dependent curves with protein
only, (3) dilution-dependent curves with plasma only, and
(4) no dilution-dependent curves with either sample type.

Antibody pairs that are selected for further assay validation
should be assigned to group 1 or group 3 (it a recombinant
standard protein is not available) and they report only signals
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above an average background. When more than one promising
pair is available, priority should be given to the pair showing
(a) the widest dynamic range of detectable concentrations of
recombinant protein and plasma, (b) the lowest background
level in antigen-free samples, and (c) the lowest interferences or
off-target recognition of other captured proteins.

Antibody pairs should be excluded when a dilution-dependent
curve for its own target was observed in combination with a
dilution-dependent curve for the same detection antibody paired
with another capture antibody toward a different target or for a
control bead (see Note 9).

When working antibody pairs have been identified, validation
should proceed for each single assay by evaluating parameters
such as linearity, dynamic range, reproducibility, robustness (see
Note 10), and matrix effect (see Note 11). Below we describe
how the upper limit of quantification (ULOQ), lower limit of
quantification (LLOQ), limit of detection (LOD), and 50% effec-
tive dose (ED50) are calculated.

1. Prepare multiple SBAs to target few proteins at the time. Each
SBA may contain up to 20 capture antibodies including
(a) antibodies binding the protein target of interest;
(b) antibodies raised against proteins different from those tar-
gets for which the assay is under evaluation in order to exclude
off-target interactions and interference; and (c) negative con-
trol such as bare beads as described in Subheading 3.1, step 1.

2. Prepare a plate layout according to an experimental design that
aims to test 14-point dilution curves for standard proteins and
7-point dilution curves for plasma excluding blanks. Each dilu-
tion curve should be prepared in triplicate, and could be
repeated under different experimental conditions. Parameters
that may be investigated are (a) different dilution buffers (see
Note 11), (b) effect of sample preheat (see Note 12),
(c) different concentration of detection antibody and SAPE,
and (d) different incubation times and temperatures. For vali-
dation, the assay can be upscaled to a 384-well format (see
Subheading 3.2, step 2 and Note 7).

3. Thaw sample pool and recombinant protein on ice.

4. Prepare 14 vials with decreasing concentration of recombinant
protein covering a range of 1 pg/mL to 1 pg/mL (14-point
dilution curve). Dilute the plasma starting from a dilution 1:2
to a dilution 1:1500 in plasma dilution buffer (seven steps,
threefold serial dilution). Blanks of both assay buffer and
plasma dilution buffer are included. Each point of the dilution
curves in plasma and for standard proteins must be prepared in
triplicates.
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Fig. 3 Dilution curve of recombinant proteins. An antibody pair was tested in a
dilution curve of AFM. A 5-parametric log-logistic model was applied to fit the
data. LLOQ, ULOQ, and ED50 are represented, respectively, by red, blue, and
gray dashed lines. Values obtained for a plasma pool are plotted onto the curve
(orange dots)

5.

Calculate the volume of diluted protein standard and plasma to
be 50 pL per assay well. Start by making the highest concentra-
tion and go stepwise through the series by mixing previous
concentration with buffer, excluding the blank. Mix each dilu-
tion thoroughly before the next transfer.

. Sample and bead incubation, washes, and detection steps are

performed according to steps 3-7 from the previous section

(Subheading 3.2).

. To evaluate the performance of antibody pairs during the

selection phase, data are loglO transformed and visualized by
plotting the dilution series of each capture antibody with each
detection antibody for both plasma and recombinant protein.

. Determine the CV for each dilution point averaging it across all

dilution steps. Acceptable CVs are below 10% (Fig. 3).

. Calculate the limits of quantification as follows: (a) LOD: aver-

age blank signal + 3 x SD of the blank sample; (b) LLOQ:
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average blank signal + 10 x SD of the blank sample;
(c) ULOQ: average signal obtained for the highest protein
concentration point subtracted by the SD at that point; and
(d) ED50 (50% effective dose): defined as the concentration
(dose) at which 50% of the maximum intensity is observed.

The standard curves are used to extrapolate the concentration
for each sample by logl0 transforming the measured MFI
signal intensities according to the equation obtained from the
five-parametric log-logistic model and by multiplying it with
the applied dilution factor of the sample (Fig. 3).

4 Notes

1.

2.

4.

Antibodies: To create a sandwich assay, at least two different
antibodies targeting the same protein are preferred. Optimally
a list of antibodies targeting different epitopes should be
screened. Pairs composed by a monoclonal (capture) and a
polyclonal (detection) are more common than other combina-
tions. However, multiple antibodies are often not available, and
in that case one polyclonal antibody can be tested as both
capture and detection reagent.

At least two types of negative controls in the array are recom-
mended: a bare bead (blocked bead without coupled antibody)
and an affinity-purified IgG for each host species in which the
capture antibodies were generated (e.g., affinity-purified rabbit
IgG, affinity-purified mouse IgG). Control beads assess back-
ground binding to IgG molecules or to the bead itself.

During the activation step, EDC reacts with carboxylic acid
groups on the beads to form an active O-acylisourea interme-
diate that reacts with proteins’ primary amino groups. The O-
acylisourea intermediate is unstable in aqueous solutions; for
this reason sulfo- N-hydroxysuccinimide (NHS) is included in
the coupling procedure, to improve the efficiency of the reac-
tion. The O-acylisourea reacts with sulfo-NHS, producing a
more stable amine-reactive sulfo-NHS ester allowing for effi-
cient conjugation to antibodies at physiologic pH. Since EDC
is moisture sensitive, we found it convenient to buy it in a
pre-aliquoted format to prevent loss of reactivity and
contamination.

When the recombinant protein is not available, the perfor-
mance of an antibody pair can be evaluated using an over-
expressed lysate spiked in a buffer resembling the sample of
interest or a pool of samples where the target proteins were
detected at high levels with another method.
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10.

11.

. It is very important to use a sample pool which is expected to

contain the target protein. If the discovery of the candidate
biomarker was performed in a specific sample cohort, then
samples in that cohort, where the protein level was high, should
be pooled. Different plasma pools might give different results.

. For an optimal evaluation, any test should be performed at least

in duplicate. However, for the first screening of antibody pairs
we found it convenient to run each condition as a single point
to optimize the number of antibody pairs tested.

. Assay development in the 384-well format is convenient not

only to increase the number of tested conditions, but also to
reduce reagent and sample consumption. In the 384-well for-
mat the volumes for each reaction can be reduced to the half.

. If the assay under development will be applied in a large set of

samples, the 384-well format may be more suitable to increase
sample throughput. A method developed in a 96-well format
will always require some optimization while upscaling to the
384-well format; therefore, we found it more convenient to
start the development in a 384-well plate directly.

. A common source of interference when developing sandwich

immunoassays is represented by HAMA = human anti-mouse
antibodies. HAMA circulates in the human blood and can
introduce false-positive results if either one or both of the
capture antibodies bound to the beads and the detection anti-
body were raised in mouse. Other anti-animal antibodies (rat,
rabbit, goat, etc.) that are common for example in animal
workers may interfere with the assay. We have found
LowCross-Buffer and other supplements effective for reducing
HAMA interference.

Robustness is per definition the ability of a method to remain
unaffected by small variations. To evaluate robustness, it is
necessary to identify critical parameters in the procedure such
as temperature and duration of incubation, and perform the
assay while systematically changing these parameters when
testing the same sample.

During antibody pair selection, the assay is often performed
with a relatively simple dilution buffer (e.g., 1% BSA) which
does not fully represent the complexity of the samples. During
assay validation it is advisable to use higher complexity matrices
to dilute protein standard such as plasma from other species or
surrogates of biofluids such as artificial CSF (see Subheading 2).
Eventually also the dilution of sample pool should be per-
formed diluting a sample containing high level of the protein
of interest, with a sample containing nondetectable levels of it.
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12. We have observed that sample preheat treatment at 56 °C for
30 min, followed by 10 min at RT, may improve an antibody
pair performance due to a partial protein denaturation and
better exposure of the epitope.
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Analysis of Protein-Protein Interactions by Protein
Microarrays

Ana Montero-Calle and Rodrigo Barderas

Abstract

The analysis of the proteome and the interactome would be useful for a better understanding of the
pathophysiology of several disorders, allowing the identification of potential specific markers for early
diagnosis and prognosis, as well as potential targets of intervention. Among different proteomic
approaches, high-density protein microarrays have become an interesting tool for the screening of
protein-protein interactions and the interactome definition of disease-associated dysregulated proteins.
This information might contribute to the identification of altered signaling pathways and protein functions
involved in the pathogenesis of a disease. Remarkably, protein microarrays have been already satisfactorily
employed for the study of protein-protein interactions in cancer, allergy, or neurodegenerative diseases.
Here, we describe the utilization of recombinant protein microarrays for the identification of protein-
protein interactions to help in the definition of disease-specific dysregulated interactomes.

Key words Protein-protein interactions, Protein microarrays, Proteomics, Human disease

1 Introduction

Proteins are key effectors of all human cells, organs, and tissues.
These biomolecules are composed of a linear sequence of amino
acids (AAs) covalently bound by peptide bonds between the car-
boxyl group of the first AA and the amino group of the subsequent
AA. After folding, their secondary and tertiary structures give rise
to the different protein domains, which are the basic fundamental
functional units of proteins [1]. Through these domains, proteins
can interact with other biomolecules as DNA, lipids, or proteins,
forming homo- or hetero-dimers, trimers, or tetramers, modifying
their structure and applying an effect over them, which some
proteins need to be functional or to mediate the formation of
protein complexes and posttranslational modifications (PTMs) [2].

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
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Protein-protein interactions are needed in all cell compart-
ments for all cellular processes, such as transport, metabolic path-
ways, or signal transduction, among others [3]. Therefore, the
characterization of the proteome and the interactome of disease-
specific dysregulated proteins would be useful to get further
insights into the pathobiology of devastating diseases, allowing
the identification of not only potential markers for early diagnosis
and prognosis but also new potential targets of intervention, and,
thus, improving the clinical management of patients [4—6].

Proteome characterization of all predicted protein-coding
genes is a very complex task that beyond the Human Proteome
Project is far from being achieved to generate a map of the protein-
based molecular architecture to help elucidate biological and
molecular function [7-9], due to the presence of multiple isoforms
and PTMs that convert each protein in 10-50 different proteo-
forms [10-12]. In addition, changes in protein expression levels
and their localization over time increase the difficulty of protein
studies. Currently, besides mass spectrometry methods and other
classical methods as yeast two-hybrid screening or phage display for
the identification of protein-protein interactions and for the char-
acterization of a cell, tissue, or disease-specific interactome, high-
density protein microarrays have become a valuable tool usetul for
the identification of protein-protein interactions, as well as for the
identification of new biomarkers for patients’ monitoring and for
personalized medicine.

For the analysis of protein-protein interactions different types
of protein microarrays might be used, according to the nature of
the printed biomolecule:

1. Recombinant protein microarvays: These arrays containing
thousands of proteins encoded by an organism directly printed
onto the slide are useful for the characterization of protein
functions, such as protein-protein binding, biochemical activ-
ity, enzyme-substrate relationships, and immune responses
[13-15]. Currently, there are commercial high-density recom-
binant protein microarrays (HuProt) printed with up to
15,889 out of 19,613 canonical human protein-coding genes
described in the Human Protein Atlas (see Subheading 3).

2. PrESTs: In these protein microarrays, fragments of proteins
(protein-epitope signature tag antigens, PrESTs) up to
150 AA in length are printed on the slides [8, 16]. This
approach developed by the Human Protein Atlas (HPA) initia-
tive has synthetized PrESTs for almost each human protein-
coding gene, without including isoforms and PTM:s.

3. NAPPA (Nucleic Acid-Programmable Protein Arrays): These
arrays are printed with plasmid DNA containing the cDNA
codifying the protein of interest fused to epitope tags on the
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N- or C-terminal end of the protein, so that they can be
captured by a high-affinity capture reagent immobilized along
with the cDNA. This approach minimizes protein manipula-
tion, inducing their expression using cell-free protein expres-
sion methods just at the time of the experiment, avoiding
problems with protein purification and stability [17-20].

4. Antibody microarrays: Antibodies or fragment of antibodies
(scFvs, Fabs ...) are printed onto these protein microarrays,
which are mainly used for the identification of pathology-
associated altered proteins [21-23]. There are commercial
antibody microarrays (RayBiotech) composed of thousands of
antibodies against human proteins [24].

5. Phage arrays: These arrays are an economic alternative to com-
mercial protein microarrays, and are useful for the identifica-
tion of antigens or autoantigens specific of a disease [25—
27]. This approach requires the use of phage display libraries
displaying on their surface peptides or proteins, which after
enrichment are later printed onto nitrocellulose slides for
subsequent analysis.

In this context, in this chapter we report the protocols needed
for the identification of protein-protein interactions using different
biological samples and recombinant protein microarrays, which are
the most widely used protein microarrays together with NAPPA for
such a purpose.

2 Materials

2.1 Common
Reagents

This section resumes common materials and reagents used for the
identification of protein-protein interactions using commercial pro-
tein microarrays followed by the specific materials and solutions
used for the specific procedure in subsequent indicated
subheadings.

1. Phosphate-buffered saline pH 7.4: PBS, 137 mM NaCl,
2.7 mM KCl, 8 mM Na,POy, and 1.5 mM KH,PO,.

2. Bovine serum albumin: BSA.
3. 1,4-Dithiothreitol: DTT (see Note 1).

4. Probe buffer: 1% BSA, 0.05% Triton X-100, 5% glycerol, 5 mM
MgCl,, 0.5 mM DTT in PBS, 10 g BSA, 500puL Triton X-100,
50pmL glycerol 100%, 1.02 g MgCl,, 0.078 g DTT, and
950 mL PBS (see Note 2).

5. Blocking solution: 1% BSA and 0.1% Tween-20 in PBS; 10 g
BSA, 1 mL Tween-20, and 999 mL PBS (see Note 2).

6. Milli-Q water.
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2.2 Equipment

2.3 Protein
Microarrays

2.4 Proteins

7. Primary antibodies against the protein of interest (sec Note 3).

8. Primary antibody against the tag fused to proteins printed onto
the microarrays (positive control) (see Note 3).

9. Biotinylated Cy3/Cy5 pairs or Alexa Fluor 555 /Alexa Fluor
647-paired secondary antibodies.

10. Cy3-, Cy5-conjugated streptavidin, or Alexa Fluor 555 or
647 fluorescent streptavidin.

Orbital shaker/oscillating rocker /roller.

. 0.22pm pore filters.

. Slide hybridization polycarbonate chamber.
. Falcon centrifuge 5810 R.

. Microtube centrifuge.

. Nanodrop 2000C.

. Microarray scanner: GenePix 4000B.

. Microarray acquisition and analysis software: GenePix Pro 7.1.

O 0 N QN Ul e N

. Bioinformatic tools (Pomelo II, MultiExperiment Viewer, or
Protoarray Prospector, among others).

High-density commercial protein microarrays (i.e., HuProt (CDI
Labs)) contain thousands of recombinant human proteins whose
open reading frames (ORF) are expressed with an N-terminal or a
C-terminal tag.

Fusion proteins are printed on nitrocellulose slides along with
positive and negative control proteins, like IgG, BSA, or GST. Each
array is composed of several subarrays with about 100pm diameter
spots, each probe being printed in duplicate or triplicate onto the
slide. Customized protein microarrays are also available attending
to researchers’ needs and provided from different biotechs (i.e.,
RayBiotech).

Proteins to be used for the identification of protein-protein inter-
actions with protein microarrays could be (1) purified proteins;
(2) serum samples (i.e., detection of a disease-specific humoral
immune response—antibody-antigen interaction); (3) cell or tissue
protein extracts (i.e., pathological and healthy tissues to identify
disease-specific interactions); or (4) conditioned medium from cell
cultures (i.e., cancer cells with different metastatic abilities to iden-
tify protein-protein interactions related with metastasis, or produc-
tion of a protein directly released into the media to be used for
identification of their interacting partners).

If neither primary nor secondary antibodies are used, protein
samples have to be labeled, either with biotin (indirect assay) or
with a compatible pair of fluorophores (direct assay).
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2.4.3  Fluorophore
Labeling

2.5 Detection
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. 4 mM EDTA PBS.

. Lysis buffer: RIPA.

. Protease inhibitor cocktail.

. Phosphatase inhibitor cocktail.

. 16- and 18-G needle syringes.

. Coomassie brilliant blue R-250.
. Nitrocellulose membrane.

. Washing solution: 0.1% PBST; 999 mL PBS containing 1 mL
Tween-20.

9. PBST supplemented with 3% skimmed milk (see Note 4).

O NN O\ U W W N

10. Primary antibodies (anti-tag or anti-protein of interests).
11. HRP-labeled Anti-Mouse IgG secondary antibody.
12. HRP-labeled Anti-Rabbit IgG secondary antibody.

13. ECL Pico Plus chemiluminescent reagent.

. Sterile-filtered PBS.

. Labeling bufter: PBS, DMSO, EZ-Link NHS-Biotin.
. Dimethyl sulfoxide: DMSO.

. Stop solution: 1 M Tris-HCI pH 8.0.

. HRP-streptavidin.

QN Ul W W N

. Floating dialysis rack.

1. Cy3 and Cy5 NHS ester.
2. Extraction/labeling solution (E0655-30ML, Sigma-Aldrich).

3. SigmaSpin column.

The detection of protein-protein interactions is mainly performed
by using fluorophores (Fig. 1). If the proteins of interest have been
labeled with a fluorophore, such as Bodipy, cyanine (Cy), or Alexa
Fluor dyes, additional reagents or any steps prior to be probed in
the arrays are not necessary, since the fluorescence signal is directly
detected after the screening of the protein microarrays (Fig. 1a).
However, when the proteins of interest are unlabeled, tagged, or
untagged, a secondary incubation with fluorescence or biotinylated
primary or secondary antibodies is necessary to detect their protein
interactors (Fig. 1b). In addition, when biotinylated proteins or
biotinylated antibodies are used, a subsequent incubation with
Cy5-conjugated streptavidin (or other compatible fluorophores)
is necessary prior to scanning.
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Fig. 1 Screening of human protein microarrays for the identification of protein-protein interactions. (a) Protein
microarrays hybridized with the labeled protein of interest would be directly scanned after hybridization.
Protein samples might be labeled with fluorescence (upper panel) or biotinylated (bottom panel). (b) Protein
microarrays incubated with unlabeled protein samples will require subsequent hybridization steps for
incubation with the primary or secondary labeled antibodies prior to scanning. These antibodies might be
labeled with the selected fluorophore (middle panel) or with biotin (bottom panel). Biotinylated proteins and
antibodies will require a subsequent incubation with fluorescently labeled streptavidin (i.e., Cy5- or Alexa Fluor
647-streptavidin) for signal development. Incubation of protein microarrays with only the secondary labeled
antibody is required to identify unspecific reactive proteins (negative control). (c) Validation of protein-protein
interactions identified by protein microarrays is recommended and might be performed by different orthogonal
techniques, such as dot blot, western blot, ELISA, surface plasmon resonance (Biacore), phage display, or
immunoprecipitation, among other techniques



Protein-Protein Interaction Detection 87

C
Dot blot Western blot Immunoprecipitation
rJ
Protein 4 ’r + . *: )
Protein 3 Protein 1 l - --‘ Protein extract ’ :ﬂlﬂil’)‘ antibody
Protein2| ® © O O Protein 2[ - - a8 ‘ \/
Protein1| @ ©® ® © Protein 3| = ~= == eeg) =%
Vinculin| & @& & © Protein-protein
binding
Surface plasmon resonance .
(Biacore) ELISA Phage display
5% s ©00000000000 .
L ]
of e300 g0t 000000000000 = ®
€ 7 000000000000
]| vt I 000000000000
3 ssses 000000000000
e . 000000000000
& |SEEEE e 000000000000
— 000000000000 TERR.

Fig. 1 (continued)

3 Methods

3.1 Protein
Extraction
and Quantification

Protein microarrays have been mostly used for investigation of
protein-protein interactions of proteins related to autoimmune
diseases, chronic diseases such as cancer or neurodegenerative dis-
eases, and allergy.

A schematic workflow for the screening of human protein
microarrays for detection of protein-protein interactions is depicted
in Fig. 1.

For the analysis of protein-protein interactions using biological
fluids, such as serum samples or cell culture-conditioned medium,
protein concentration should be determined prior to hybridization.
When using tissue or cell protein samples for these studies a previ-
ous step of protein extraction is necessary.

For cell protein extracts, adherent cells are resuspended using
PBS containing 4 mM EDTA, whereas cells growing in suspension
are harvested in growing culture medium. Cells are then harvested
by centrifugation at 260 x g during 5 min at room temperature.
Then, cell pellets are resuspended in RIPA supplemented with 1x
protease and phosphatase inhibitors and mechanically disaggre-
gated using 16 G and 18 G needle syringes until homogeneity is
observed [28]. Alternatively, for tissue protein extracts, frozen
tissue samples are cut into small pieces on dry ice, and lysed with
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3.2 Labeling
of Protein Samples

3.2.1

Biotin Labeling

RIPA supplemented as above [21]. Finally, samples are centrifuged
at 10,000 x gand 4 °C during 10 min and protein extracts (super-
natants) transferred to a new tube [28].

Protein quantification prior to protein labeling and hybridiza-
tion is necessary and can be performed by different methods, such
as tryptophan method [29]. In addition, quality of protein samples
should be confirmed by Coomassie blue staining and western blot
(WB) (see Note 5).

For protein-protein interaction analysis using protein samples with-
out primary or secondary antibodies, protein labeling is necessary,
either with biotin (indirect assay) or with a fluorophore (direct
assay) (Fig. 1a), as previously described [30].

Prior to biotinylation, any traces of amines and azides should be
removed as they quench the biotinylation reaction. Dialysis and gel
filtration are the preferred methodologies for such a purpose.

1. For biotinylation, 100-200pL of purified protein samples at a
concentration of 0.1-0.2 mg/mlL are separately dialyzed on
tubes incubated onto a floating dialysis rack inside a beaker
containing approximately 1000 times more volume of PBS
than the volume of the sample. Buffer should be continuously
on stirring, and samples should be dialyzed three times for 2 h
at 4 °C each time, except the third one that could be left
overnight (see Note 6).

2. Then, transfer the samples into microfuge tubes and centrifuge
them for 5 min at 100 x g at room temperature to remove any
precipitate. Collect the supernatant and store at —20 °C.

3. Immediately before labeling, prepare the labeling reagent. Add
100pL of sterile-filtered PBS to the label reagent tube resus-
pended in DMSO (i.e., EZ-Link NHS-Biotin (Thermo Fisher
Scientific)). Dissolve it by pipetting up and down.

4. Add 30pg of the individual protein samples to the labeling
reagent tube to get >20-fold molar excess of NHS-Biotin.
Perform the reaction in a final volume of 300pL during
30 min at room temperature.

5. To stop the reaction, add 3pL of stop solution.

6. Dialyze the samples as previously done to remove unbound
biotin and any salt traces.

7. Centrifuge the samples for 5 min at 9500 x g to remove
floating particles and precipitates. Annotate the final volume,
and measure again the protein concentration prior to hybridi-
zation of the protein microarrays (sec Note 7).
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Although Cy3/Cy5 pairs or, alternatively, Alexa Fluor 555 /Alexa
Fluor 647 pairs can be used, for protein microarrays it is usually
recommended to perform the hybridization with far-red fluores-
cent dyes (Cy5 or Alexa Fluor 647) to avoid the background
observed in these arrays in the green channel (Fig. 1a). For fluor-
ophore labeling, use 100pL of sample at a concentration of

1.25pg/pL (see Note 8):

1. To prepare the labeling reagent, add 50pL of the labeling
solution to the lyophilized Cy5 tube. The buffer (and the
sample) must not contain any azide or primary amine groups
to avoid any interference in the reaction.

2. Add 6.25pL of the reagent to the sample tubes (20pL of Cy5
tor each 400pg of protein). Incubate the labeling reaction for
30 min at room temperature at 600 rpm. Then, add 50pL of
labeling reagent.

3. Prepare one SigmaSpin column to remove unbound dye for
each labeling reaction.

4. Centrifuge during 2 min at 4 °C and 750 X g to remove any
resin excess.

5. Add the total volume of each labeling reaction onto the center
of SigmaSpin columns. Use one SigmaSpin per sample. Do not
reuse columns. Centrifuge for 4 min at 4 °C and 750 x g.

6. Collect the eluate and store 130pL at —20 °C and the remain-
ing volume at 4 °C.

7. Calculate dye/protein ratio and protein concentration with the
eluate stored at 4 °C (see Note 9).

Commercial or custom-made protein microarrays are normally
stored at —20 °C. Before use, protein microarrays have to be
equilibrated at 4 °C during 15 min. Then, microarrays are placed
in the incubation chambers with the bar code facing up and incuba-
tions are made at room temperature unless indicated.

1. To minimize nonspecific binding, block each protein microar-
ray with 3 mL of blocking solution during 1 h at 4 °C and
50 rpm.

2. Discard and remove the excess of blocking solution by pipet-
ting (see Note 10).

3. Immediately incubate each protein microarray using a hybridi-
zation chamber with 1.6 mL of protein samples diluted in the
probe buffer overnight at 4 °C and 30 rpm (see Notes 11
and 12).

4. Discard and remove the incubated protein sample by pipetting.

5. Wash each microarray with 3 mL of probe buffer during 5 min
at 4 °C and 50 rpm.
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3.4 Scanning
and Data Analysis

6. Discard and remove the excess of probe bufter by pipetting.
7. Repeat steps 5 and 6 three more times.

8. Incubate each protein microarray with 3 mL of the primary
antibody at the dilution recommended by the manufacturers in
probe buffer during 1 h at 4 °C and 50 rpm (se¢e Notes 13
and 14).

9. Discard and remove the excess of primary antibody by
pipetting.
10. Repeat steps 5-7.

11. Incubate each protein microarray with 3 mL of the
corresponding fluorescently labeled secondary antibody at the
dilution recommended by the manufacturers diluted in probe
buffer during 90 min at 4 °C and 50 rpm (se¢ Notes 8 and 15).

12. Discard and remove the excess of secondary antibody by
pipetting.
13. Repeat steps 5-7.

14. Wash each protein microarray with 3 mL of PBS during 5 min
at 4 °C and 50 rpm to remove any detergent traces.

15. Wash each microarray with 50 mL of Milli-Q H,O to remove
any salt traces (see Note 16).

16. Dry protein microarrays by centrifuging at 300 x g for 10 min
at room temperature in a 50 mL falcon tube containing absor-
bent paper at the bottom with the barcode at the bottom of the
falcon tube (see Note 17).

17. Transfer each protein microarray to a new 50 mL falcon tube
and store at room temperature in darkness until scan (see
Note 18).

A microarray scanner compatible with nitrocellulose surfaces and
with the 532 nm (red channel) and 635 nm (green channel) solid-
state lasers is needed, as the GenePix 4000B. The red channel is
used for the detection of Cy5 and Alexa Fluor 647, while the green
one is used for the detection of Cy3 and Alexa Fluor 555 (ifitis also
used). The laser power percentage should be adjusted during pre-
view scanning, and probe at, at least, two different laser powers
(i.e., 100% and 10%) for a better analysis of low- and high-reactive
spots. Finally, all arrays have to be scanned at the same laser power
for proper normalization.

The quantification of the signal intensity of each spot is per-
formed using a microarray acquisition and analysis software com-
patible with the previously obtained images with the scanner (i.e.,
GenePix Pro 7.1 program) that allow the intra-array normalization
using the background signal around each spot. For such a purpose,
the array list (*.gal) containing the information associated to each
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spot printed onto the array (protein ID, protein name, gene name
... together with the x and y coordinates of this location in the
array) is required. This array list is provided by the manufacturers of
commercial protein microarrays. Alternatively, for custom-made
protein microarrays the array list can be generated with GenePix
Pro 7.1 or Microsoft Office Excel.

Then, after the analysis of the microarrays, the signal intensity
obtained will be recorded in the array list associated to the
corresponding spots. Finally, data obtained for each spot in the
microarray is inter-array normalized and processed using the
median intensity of each spot. For data processing, free available
bioinformatics tools, such as Babelomics, Pomelo II, or MultiEx-
periment Viewer [31-33], can be used to identify those proteins
interacting with the protein of interest and ranked according to the
signal intensity displayed in the microarrays. Alternatively, commer-
cial protein array manufacturers provide bioinformatic tools for
analysis and identification of protein interactors, such as Protoarray
Prospector v5.2.

Validation of results should be made using orthogonal techniques
in order to avoid false positives and to ensure the accuracy of the
results. Lack of validation would increase the identification of erro-
neous protein-protein interactions and the incorrect definition of
their interactome.

Validation of protein-protein interactions identified by high-
throughput microarrays might be performed by means of qualita-
tive and quantitative techniques, including dot-blot, WB, ELISA,
surface plasmon resonance (Biacore), interferometry (Blitz), phage
display, or yeast two-hybrid assays (Fig. 1c) [34, 35]. Surface plas-
mon resonance and interferometry are recommended to get the
affinity constants of the interacting proteins [36-38]. Another
accurate technique for validation of protein-protein interactors is
immunoprecipitation followed by WB using HRP-labeled antibo-
dies against the protein of interest and their partners (Fig. 1lc¢).
However, some of these techniques might not be available due to
the absence of adequate and affordable antibodies that recognize
the peptides or proteins of interest. In that case, it would be
recommended to use fusion proteins with different tags and anti-
tag antibodies for the validation of the interactions, or alternatively
use mass spectrometry for validation of the interactor partners
[28]. Finally, it would also be recommended to perform reciprocal
assays to doubly verify protein-protein interactions.

Validation assays might take into consideration the objectives
of the study, the nature of the methodology, and the biological
variability. Collectively, validation assays should result in high-
quality validated bioanalytical data available to the scientific
community.
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4 Notes

. DTT is a reagent used to reduce protein disulfide bonds to

sulthydryl groups in peptides and proteins. DTT should not be
added to the probe buffer until use, and after adding DTT,
probe buffer should be stored at 4 °C in a container tightly
sealed and protected from oxygen for less than 1 week to avoid
its oxidation.

. Blocking solution and probe bufter should be prepared the day

before the assay, filtered, and stored at 4 °C until use.

. Primary antibodies used for detecting protein-protein interac-

tions by means of protein microarrays might be unlabeled,
biotin-labeled, or fluorophore-labeled antibodies. For those
unlabeled antibodies, a secondary fluorescently labeled anti-
body has to be used to detect specific signals.

. When using biotinylated proteins or antibodies, to further

amplify the signal with fluorescently labeled streptavidin do
not block the membrane with skimmed milk (use BSA as
blocking agent). The presence of biotin in milk could abrogate
the specific signal of subsequent steps or increase the back-
ground signal of the microarray.

. Quality of purified protein samples should be assessed by Coo-

massie blue staining and WB after 10% SDS-PAGE under
reducing conditions. Alternatively, for protein extracts assessed
as above, use a-tubulin, GAPDH, B-actin, or RhoGDi as load-
ing controls by WB. Diffused protein bands or multiple bands
observed by WB suggest protein sample degradation, and then,
new protein samples should be obtained prior to labeling and
hybridization with the protein microarray.

. Sample volumes could change after dialysis. If the protein

samples were equally concentrated before the dialysis, the sam-
ple volumes should be the same after the dialysis. However, it is
always recommended to measure the collected volume and
quantify the protein concentration for subsequent steps.

. To check for a correct labeling, perform a WB analysis using

HRP-streptavidin for detection of biotinylated proteins. If the
labeling was correctly done, multiple bands should be detected
for protein extracts and an only band for purified proteins.

. Samples with any fluorophore (Cy3/Cy5 or, alternatively,

Alexa Fluor 555 /Alexa Fluor 647 pairs) should be kept away
from light by using aluminum foil during any step of the
experimental procedure involving them (labeling, screening,
etc.).

. Obtain a spectrum of the labeled protein from 750 to 220 nm

using a NanoDrop system to determine the dye/protein ratio.
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Absorbance at 280 nm will permit to obtain the protein con-
centration and absorbance at 555 and 635 nm for dye concen-
tration. Usual optimal ratios range from 2-3 to 6-8 for Cy5
and Cy3, respectively. Additionally, the protein separated after
SDS-PAGE can be recorded onto a LICOR Odyssey CLx
equipment to confirm the labeling of the protein.

Avoid dryness of nitrocellulose slides after any incubation or
during washes to avoid unspecific signal or an increase in the
background signal of the microarrays.

For hybridization with unpurified protein samples, 250pg of
protein from cell or tissue lysate is reccommended. For purified
protein samples, test different amounts of protein between 0.1
and 10pg. Those spots appearing in all or multiple concentra-
tions of protein are more prone to be actual interacting part-
ners. Therefore, if possible, the titration of the optimal protein
concentration is recommended to get the best results in the
microarrays.

Optimal sample concentrations for hybridization depend on
the nature of the sample. Conditioned media from cell culture
usually does not require any dilution. When using serum sam-
ples, a 1:300 dilution of serum is the standard dilution in most
experiments. However, it is recommended to test the optimal
serum dilution to be used in the protein microarrays between
1:50 and 1:600 prior to incubation with a large set of samples.
Plasma instead of serum could also be used.

Although it is recommended to incubate each array with one
labeled sample, if each array will be incubated with two differ-
ently labeled samples it is recommended to hybridize protein
microarrays with a primary antibody against the tag protein
fused to the human proteins printed onto the microarrays
(positive control primary antibody), followed by incubation
with the appropriate secondary antibody, as printing quality
control. Furthermore, it is also reccommended to probe a pro-
tein microarray with only the secondary labeled antibodies to
identify potential unspecific reactive proteins recognized by the
secondary antibodies (negative control).

If protein microarrays are incubated with labeled protein sam-
ples or serum samples at step 3 (Subheading 3.3), they could
be incubated with the positive control primary antibody in step
8, as described in Note 13. On the contrary, if microarrays are
incubated with unlabeled protein samples, steps 11-13 should
be repeated twice, firstly for hybridization with the primary
antibody against the protein of interest and its corresponding
secondary antibody, and secondly for hybridization only with
the secondary antibody.
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15.

16.

17.

18.

If protein samples or primary antibodies are fluorescently
labeled, steps 11-13 (Subheading 3.3) are not required and
the protocol should be further continued at step 14 (Fig. 1a).
If protein samples or primary antibodies are unlabeled, protein
microarrays should be incubated with either Cy5 or Alexa
Fluor 647 secondary antibody (Fig. 1b). When protein samples
or primary antibodies are biotinylated, protein microarrays
should be subsequently incubated with Cy5- or Alexa Fluor
647-conjugated streptavidin in probe bufter (1:1000, 30 min
at4 °C and 50 rpm), and washed with probe buffer (steps 5-7)
prior to step 14. Be careful when choosing primary antibodies
and protein labels and tags if using fusion proteins (i.e., most
proteins printed in the arrays are fused to GST).

Salt traces present at the end of the procedure produce high
background during laser excitation and recording of the
images.

Put the microarray with the barcode at the bottom of the
falcon tube; otherwise during the centrifugations the barcode
glue can potentially affect the signal and significantly increase
the background on the microarray.

Prior to microarray scanning, protein microarrays might be
further dried by applying filtered air and to remove at the
same time any particle from the surface of the slides. It is also
recommended to scan the nitrocellulose slides the day after
hybridization to allow the slides to completely dry and to
avoid the presence of any traces of moisture that can interfere
during scanning.
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Detection of Posttranslational Modification Autoantibodies
Using Peptide Microarray

Meng Li, Hongye Wang, Jiayu Dai, Meng Xu, Jianhua Liu, Jing Ren,
Xiaosong Qin, Xianjiang Kang, and Xiaobo Yu

Abstract

Autoantibodies are humoral antibodies against self-proteins and play vital roles in maintaining the homeo-
stasis. Autoantibodies can also target posttranslational modifications (PTMs) of proteins and the identifica-
tion of new PTM autoantibodies is important to identify biomarkers for the early diagnosis of cancer and
autoimmune diseases. In this chapter, we describe a method to detect PTM autoantibodies using citrulli-
nated peptide microarray as an example. This method can be used to screen serum autoantibodies for
different human diseases.

Key words Posttranslational modification, Citrullination, Autoantibody, Peptide microarray,
Biomarker

1 Introduction

Autoantibodies are antibodies that bind to the body’s self-proteins,
and their production is affected by factors such as genetic predispo-
sition, environment, and chemical substances [1-3]. The accumu-
lated evidences have indicated the utility of autoantibodies as
biomarkers in clinical diagnosis [1, 3, 4]. In addition, autoantibo-
dies can also target posttranslational modification (PTM) processes,
including phosphorylation, citrullination, and acetylation [1, 5-
7]. The study of PTM autoantibodies is helpful in the understand-
ing of autoimmunity, diagnosis, and treatment of human diseases
[5, 8].

Protein microarray technology is a high-throughput technol-
ogy for proteomics research, which can analyze the interactions of
serum antibodies and simultaneously display proteins on

Meng Li, Hongye Wang, Xianjiang Kang and Xiaobo Yu contributed equally with all other contributors.

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_7,
© Springer Science+Business Media, LLC, part of Springer Nature 2021

99


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1562-1_7&domain=pdf
https://doi.org/10.1007/978-1-0716-1562-1_7#DOI

100 Meng Li et al.

microarray [9, 10]. However, the identification of PTM autoanti-
bodies is difficult because of the hard manipulation of PTM number
and location on proteins. As an alternative solution, the PTM can
be attached to peptide during synthesis. For an example, the anti-
cyclic citrullinated peptide (anti-CCP) test has been widely used in
the clinical diagnosis of rheumatoid arthritis (RA) [11-13]. Com-
pared to proteins, the location and number of PTMs on peptides
are more controllable and the synthesis of PTM peptides is much
easier, cost effective, and reproducible.

Taking citrullination as an example, here we describe a method
to detect PTM autoantibodies, in which the citrullinated peptides
and correspondent unmodified peptides are synthesized and
printed in duplicate on the slide. Using the citrullinated peptide
microarray, we demonstrate the detection of PTM autoantibodies
in the serum of patients with different diseases (Figs. 1 and 2).

Serum autoantibody detection

Peptide microarray

/T T
<

‘Serum

Printin
9 —
4 - | B 3
15 amino acids/each

Fluorescence
secondary antibody

24x22=528 spots <l

508 peptide probes i

127 peptides T777777777

127 peptides with citrullination

Peptide ‘. Amino acid with citrullination
Serum autoantibody Fluorescence secondary antibody

Fig. 1 Schematic illustration of citrullinated peptide microarray fabrication and serum autoantibody detection
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Fig. 2 Representative images of serum autoantibody detection using citrullinated peptide microarray. (a—c) are
the serum from the healthy control (HC), minimal change nephropathy (MCN), and focal segmental glomer-
ulosclerosis (FSGS), respectively. Pep peptide, Cit citrullinated peptide

2 Materials

1. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPOy,, 2 mM KH,POy, pH 7 4.

2. Wash buffer (PBST): 0.05% (v/v) Tween 20 in PBS.
3. Blocking buffer: 5% (w/v) skim milk in PBST.

4. Secondary antibody: Cy3-Affinipure Donkey anti-human IgG
(H + L) (Jackson ImmunoResearch Inc., West Grove,
PA, USA).

5. Acrodisc® 32 mm Syringe Filters with 0.45 pum Supor®
Membrane.

6. MS Rocking Shaker.

7. GenePix® 4300A microarray scanner (Molecular Devices, Sun-
nyvale, CA, USA).



102 Meng Li et al.

3 Methods
3.1 Detection
of Serum Autoantibody

Using Peptide
Microarray

3.2 Data Analysis

3.3 Results

1. The slide should be equilibrated to room temperature before
use (see Note 1).

2. Place the slide in a designated chamber (see Note 2).

3. Add 400 pL blocking buffer to array chamber at room temper-
ature for 1 h, gently rocking (se¢ Notes 3-6).

4. The serum samples are thawed at 4 °C and centrifuged at
14,000 x g for 10 min. Add 4 pL serum to 400 pL blocking
buffer at a ratio of 1:100 (se¢e Notes 7 and 8).

5. Remove the blocking buffer, add 400 pL diluted serum into
the array chamber, and then incubate at room temperature for
2.5 h, gently rocking.

6. Wash the slide three times with 400 pL PBST, 10 min per wash.

7. Dilute secondary antibody (working concentration of 4 pg/
mL) in 400 pL blocking buffer. Add 400 pL of diluted second-
ary antibody into the array chamber, and incubate for 1 h at
room temperature, gently rocking (see Note 9).

8. Wash the slide three times with 400 pLL PBST, 10 min per wash.
9. Wash the slide twice with 400 pL dH,O, 2 min per wash.

10. Remove the remaining liquid, drain the array chamber with
vacuum pump or pipette, and dry the slide.

11. All arrays are scanned using a GenePix 4300A microarray
scanner, under the wavelength of 532 nm. The median of
fluorescent signal intensity is extracted using GenePix Pro7
software (sec Note 10).

The average of fluorescent signal is calculated from duplicate spots.
10% of microarray signals is served as the background, and all
microarray data is normalized using the fluorescence signal inten-
sity divided by the background [14].

According to our previous research and literature reports, we
designed a citrullinated peptide microarray with 254 peptides
related to citrullinated autoantibodies, including 127 peptides
with citrullination and 127 their correspondent unmodified pep-
tides, in which each peptide has 15 amino acids [15, 16]. All pep-
tides were printed on a chemically modified glass slide in duplicate
(Fig. 1).

Using citrullinated peptide microarray, we detected the auto-
antibodies in serum from the patients with lymphoma, minimal
change nephropathy (MCN), and focal segmental glomerulo-
sclerosis (FSGS) and healthy control (HC). The representative
images are shown in Fig. 2. No significant difference was observed
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Fig. 3 Reproducibility of serum autoantibody detection using citrullinated peptide microarray. MF/ median of
fluorescence intensity

on the peptides with and without citrullination for healthy control.
However, the fluorescence signals of citrullinated peptides were
significantly higher than the peptides without citrullination. The
7 correlations of array to array and slide to slide were 0.9757 and
0.9695, respectively, demonstrating the high reproducibility of the
citrullinated peptide microarray in the detection of serum autoan-
tibodies (Fig. 3).

Taking lymphoma as an example, the profile of citrullinated
autoantibodies is shown in Fig. 4. It can be observed that the
autoantibodies were produced to the three unmodified peptides
(sequence: P9: ELELRPTGEIEQYSV, P41: GSGGSYGRGSRGG
SG, P101: IPEIPPKRGELKTEL) using the criteria in which the
normalized signal was higher than 3 (Fig. 4a). Furthermore, the
autoantibodies of four different citrullinated peptides were pro-
duced (sequence: P27: ASTSTTI[Cit][SHSSSRR, P35: LVLKLKE
[Cit]PSPGPAA, P82: GSGRSSS[Cit]GPYESGS, P99: LLLSIKM
[Cit]LEKEIET) (Fig. 4b). In order to know the specificity of
autoantibodies to the citrullination, we further calculated the
ratio of citrullinated peptides to the correspondent unmodified
peptides. Using the ratio of 2 as the cutoff, four peptides were
selected (Fig. 4c). However, the translational utility of these citrul-
linated autoantibodies needs to be validated in different clinical
cohorts in the future.
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Fig. 4 The profile of citrullinated autoantibodies in a lymphoma patient. (a—c) are the normalized signals from
the peptides without and with citrullination and the ratio of peptides with citrullination/without citrullination,
respectively

4 Notes

1. The citrullinated peptide microarrays are usually stored at
—20 °C; if the experiments are completed within 1 week, it
can be stored at —4 °C.

2. Please be careful to avoid scraping spots on the array.

3. Before use, the PBST buffer should be filtered with 0.45 pm
filter.

4. The blocking buftfer should be centrifuged at 9800 x g4 for
5 min, and then collect the supernatant to new tubes.

5. Each time the liquid is removed or added, it should be operated
slowly in a fixed position.

6. The incubation on a shaker is helpful for the interactions of
autoantibodies to their correspondent peptides on microarray.
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7. Serum samples stored at —20 °C should be thawed slowly at
—4 °C followed by centrifugation for 10 min at 14,000 x g4 to
remove precipitation.

8. The optimal serum dilution should be determined prior to the
screening.

9. The secondary antibody is labeled with the fluorescein and the
reaction should be performed in the dark.

10. The scanning wavelength should be determined by the fluores-
cein on secondary antibody.
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Epitope Mapping of Allergenic Lipid Transfer Proteins

Clara San Bartolome, Carmen Oeo-Santos, Pablo San Segundo-Acosta,
Rosa Munoz-Cano, Javier Martinez-Botas, Joan Bartra, and
Mariona Pascal

Abstract

Food allergy is becoming a great problem in industrialized countries. Thus, there is the need for a robust
understanding of all aspects characterizing IgE response to allergens. The epitope mapping of B-cell
epitopes has the potential to become a fundamental tool for food allergy diagnosis and prognosis and to
lead to a better understanding of the pathogenesis. Using this approach, we have worked on epitope
mapping of the most important plant food allergens identified in the Mediterranean area. The final aim of
this study is to define the immune response regarding B epitopes and its clinical relevance in LTP allergy.
This chapter describes the protocol to produce microarrays using a library of overlapping peptides
corresponding to the primary sequences of allergenic lipid transfer proteins.

Key words IgE-epitope mapping, Plant food allergy, Lipid transfer protein, Peptide microarray

1 Introduction

Food allergy has been increasing in prevalence in recent decades
documenting up to 10% affected in Westernized regions. Thus, it
has become an important health problem especially in industria-
lized countries [1]. Plant food allergy is the main cause of food
allergy in adult population and the fourth cause in pediatric popu-
lation at this moment [2]. In particular, in the Mediterranean
countries and less frequently in the northern regions, lipid transfer
proteins (LTPs) have emerged as a relevant family of plant panaller-
gens and its sensitization is principally responsible for plant food
allergy and food-induced anaphylaxis in adults [3]. The LTP family
is widely distributed throughout the plant kingdom; therefore,
LTP syndrome is defined by a complex pattern of multiple sensiti-
zations to plant foods (i.e., fruits: specially Rosaceae and Prunoidene

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_8,
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family, vegetables, nuts, and cereals), and pollens containing L'TPs
[3-7] and even latex and Cannabis sativa have also been involved
[8,9].

The current diagnosis of food allergies is based on a detailed
clinical history and both in vivo (skin prick test) and in vitro mea-
surements of allergen extract- or component-specific serum IgE
(sIgE) levels are performed looking for sensitization. In this
sense, molecular or component resolved diagnostics has largely
improved the accuracy of allergy diagnosis as well as the optimiza-
tion of the treatment strategy in patients. Nevertheless, oral food
challenge is still the gold standard for culprit identification and
clinical relevance identification [10]. Otherwise, some studies
involving milk [11, 12], peanut [13, 14], egg [15], and fish [16]
allergens have suggested that clinical sensitivity may correlate better
with epitope-specific recognition. In this regard, epitope mapping
of B-cell epitopes may become a fundamental tool to understand
the pathogenesis and tolerance induction of food allergy, and con-
tribute to the development of diagnostic tools and design of thera-
peutic approaches [17]. However, the characterization of specific
epitopes of panallergens, such as plant food allergens belonging to
the LTD family, remains inconclusive.

In the last years, new strategies have been tested to characterize
regions with IgE-binding capacity. Most of them use mainly peach
LTP, Pru p 3, as a suitable model to undertake the identification of
IgE epitopes of allergenic LTPs of plant foods given that it has
traditionally been considered the primary sensitizer in LTP allergy
[18]. The identification of three sequential epitopes of Pru p 3 is
highlighted analyzing synthetic decapeptides deduced from its
amino acid sequence [19]. Likewise, two relevant conformational
epitopes of Pru p 3 have been identified using a random peptide
phage display library [20]. These mentioned epitopes have also
been found preserved in other Rosaceae fruit and the identified
N-terminal epitope seems to be less conserved and likely represents
a Rosacene-specific epitope, with lower homology to LTP from
other families [21]. Later, a study about Api g 2 (celery LTP), an
important plant food allergen source [22] associated with sensiti-
zation to Artemisia vulgaris and Betula verrucosa pollen in Central
Europe [23], showed that the highest sequence identities of Pru
p 3 to Api g 2 and Art v 3 are found in the C-terminal region which
could constitute a general LTP cross-reactive epitope [24]. Addi-
tionally, several bioinformatic tools have been released for predic-
tion allergenicity of new molecules based on their homology with
known allergen, and guidelines to assess potential allergenicity of
proteins. Regarding this, a study about in silico prediction of the
allergenicity of a few LTP concludes the high IgE recognition in
relation with the sequence homology to Pru p 3 [25]. Remarkably,
another study highlights the inhomogeneity of LTP IgE
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Fig. 1 Scheme of the approach to display the peptides fused to HaloTag in the surface of the microarrays using
Hela cell lysate protein expression system

recognition due to the observed sequence micro-heterogeneity and
points out that a complete or partial epitope sharing can be found
only when we compare closely related LTPs [26].

Besides these few studies about B-cell epitope mapping of LTP
mentioned, epitope mapping of the most important plant food
allergens identified in the Mediterranean basin from taxonomically
unrelated allergenic sources, and its clinical relevance, in patients
with LTP syndrome is still not available. For this reason, we pro-
pose and optimize a methodology for the performance of peptide
microarray technology.

Peptide microarrays allow large-scale, simultaneous, and paral-
lel analysis of hundreds to thousands of proteins, using small
volumes of serum from the patients and allowing their analysis in
a reasonable time. We used a nucleic acid programmable protein
array (NAPPA) constructed by deposition of plasmid cDNA encod-
ing the proteins of interest (fused to an affinity tag) onto a solid
support. Proteins were expressed using the HeLa cell lysate system
for in vitro transcription and translation reactions [27, 28] (Fig. 1).

In this chapter we describe the major steps for the epitope
mapping of LTP using the amino acid sequence of the allergenic
protein that has been divided into peptides with a length of
24 amino acids and an overlap of 12 amino acids. The subsequent
steps consist of (a) cDNA sample preparation with buffer handling;
(b) spotting process, which includes the transfer of peptides onto
the solid slide; (¢) incubation of the microarrays with human serum;
and (d) data acquisition.

2 Materials

2.1 Microarray
Printing

1. sclFLEXARRAYER 83 with a PDC 70 Type 2 (Scienion AG).

2. HaloLink™ Slides, coated with chloroalkanes (Promega) (see
Note 1).


https://www.scienion.com/products/sciflexarrayers/s3/
https://www.scienion.com/products/sciflexarrayers/s3/
https://www.scienion.com/products/sciflexarrayers/s3/
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2.2 Microarray
Hybridization

3.

A library of overlapping peptides (24 amino acids overlapping
12 amino acids) corresponding to the primary sequences of the
food allergen of interest was designed using SnapGene software
(GSL Biotech). The subsequent obtaining of cDNA from the
peptides was performed by polymerase chain reaction (PCR),
the gateway cloning system (Thermo Fischer Scientific), and its
purification. Each peptide includes the sequence of Halo pro-
tein in the carboxy-terminus to anchor the allergen to the
surface of the array by a covalent bond.

The custom-made peptides are resuspended in Milli-Q
water; the concentration is determined by absorbance using a
spectrophotometer and stored at —20 °C until use.

4. RNase-free water.

Ethanol 100%.

6. Ethanol 70%: For 1 L: 700 mL ethanol 100% containing

10.

11.

12.
13.

10.

300 mL RNase-free water.
Glycogen (Thermo Fisher Scientific, Mol. Biology Grade).
Sodium acetate 3 M, pH 5.2.

0.3125 mg/mL Suberic acid bis(3-sulfo- N-hydroxysuccini-
mide ester) sodium salt (BS®) (Sigma).

0.9 mg/mL Bovine serum albumin (BSA) containing 0.4%
Tween-20 (Thermo Fischer Scientific).

Stop solution: Tris-HClI 1 M, pH 8.8 (Thermo Fischer
Scientific).

V-bottom 384-well plates (Greiner Bio-One).
sciCLEANS wash solution (Scienion AG).

. Multiwell cassette.

SuperBlock™  Blocking Buffer in PBS (Thermo Fischer
Scientific).

Rocking shaker.

. LifterSlip Microarray Coverslips (Erie Scientific Company).
. Phosphate-buftered solution (PBS) pH 7.4: 137 mM NaCl,

2.7 mM KCI, 8 mM Na,PO,, and 1.5 mM KH,PO,.
Milli-Q water.

. Centrifuge.
. 1-Step™ Human Coupled IVT Kit-DNA (Thermo Fischer

Scientific).
Incubator.

Washing solution (0.1% PBST): For 1 L: 999 mL PBS contain-
ing 1 mL Tween-20.



2.3 Data Acquisition

11.

12.

13.
14.
15.

16.
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18.
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Washing solution II (0.2% PBST): For 1 L: 998 mL PBS
containing 2 mL Tween-20.

Blocking solution (5% skimmed milk): For 1 L: 50 g skimmed
milk powder and 1 L 0.2% PBST.

BSA 3%: 3 g BSA and 100 mL 0.2% PBST.
Mouse anti-human IgE Fc-BIOT antibody (SouthernBiotech).

Alexa Fluor 555 monoclonal goat anti-mouse IgG (H + L)
(Invitrogen).

Cy3-conjugated streptavidin (RayBiotech).
PicoGreen (Promega).
Anti-HaloTag Monoclonal Antibody (Promega).

GenePix® 4100A Microarray Scanner (Axon Laboratories)

and Analysis with two lasers (532 and 635 nm).
2. GenePix Pro 7.1 Microarray Acquisition and Analysis Software.
3. Microsoft Excel (Microsoft Corporation) and TIGR MultiEx-
periment Viewer (MeV v4.8) software.
3 Methods
3.1 Ethanol 1. Bring the sample to precipitate up to 100pL of RNase-free

Precipitation of DNA

N QN gk

O ©o

12.
13.
14.

15.

water.

. Add 1/10 volumes of 3 M sodium acetate pH 5.2.

. Add glycogen up to a final concentration of 1pg/pL.

. Add 2.5 volumes of ethanol 100%.

. Shake and incubate at —80 °C at least for 30 min.

. Centrifuge at 13,200 rpm (16,000 x 4) for 15 min.

. Remove the ethanol 100% carefully and wash with 500pL of

ethanol 70%.

. Incubate at —80 °C at least for 30 min.

. Centrifuge at 13,200 rpm for 15 min (repeat steps 7-9 twice).
10.
11.

Remove the ethanol 70%.

Air-dry the pellet in the laminar flow cabinet for 5-10 min until
no alcohol is seen or detected.

Resuspend in 45puL of RNase-free water.
Quantification of DNA and agarose gel 0.7% expression.

A final concentration of 1pg/pL is required for printing (see
Note 2); therefore we have to dilute or concentrate the DNA.

Prepare aliquots of 20pL of DNA.



112 Clara San Bartolomé et al.

3.2 Peptide
Microarray Printing

3.3 Microarray
Hybridization

3.3.1 Detection of DNA
Printed on NAPPA Slides

3.3.2 Express Protein
on DNA-Printed NAPPA
Slides

1.

To prepare the printing plate, dilute each aliquot of 20pL of
DNA with 10pL of BSA containing 0.4% Tween-20, then add
10pL of BS?, and incubate for 4 min. Stop the reaction with
3pL of Tris-HCI 1 M pH 8.8 (see Note 3). Transfer 43uL /well
to V-bottomed 384-well plates. pANT7-cHalo empty vector
and printing buffer are also printed as negative controls. The
final concentration of each cDNA is 0.5pg/pL.

. For printing, a sci FLEXARRAYER S3 is used with PDC

70 Type 2. Each feature (¢cDNA and negative control) was
printed in duplicate. The humidity for printing is adjusted to
60%. To minimize the cost of the slides and to increase the
number of samples that can be processed simultaneously,
14 microarrays are printed on each slide (see Note 4). After
the printing procedure is complete, the microarrays are left
overnight in the deck of the printer, and the printer is kept
closed, to allow the slow equilibration of the humidity with the
ambient conditions and the spots to dry slowly. The slides
produced are labeled with barcode tags, stored in a box, and
sealed in a plastic bag with a desiccant bag (silica gel packet).

As a quality control approach, DNA deposited at each printed spot
is quantified by staining with PicoGreen.

1.

Obtain two slides from the printing run, and place in the
incubation dish with 4 mL per slide of SuperBlock Blocking
Butffer on a rocking shaker for 30-60 min.

. Prepare PicoGreen stock solution according to the manufac-

turer’s procedure. Then dilute this stock 1:100 in SuperBlock
Blocking Buffer.

. Remove slides from the incubation dish.

. For a single slide apply 300pL of PicoGreen solution and gently

cover with a lifter slip. Let it sit for 5 min protected from light
at room temperature.

. Remove the coverslip.

. Wash with PBS (1x) 3 times, 5 min each in agitation. Rinse

quickly with Milli-Q water.

. To dry, place the slides into Falcon tube without lids and

centrifuge at 1000 rpm for 10 min.

. Scan the slide (see Note 5).

. Obtain slides from the printing run, and place in the incubation

dish with 4 mL per slide of SuperBlock Blocking Buffer on a
rocking shaker for 30-60 min.

. Gently rinse the slides with Milli-Q water 2 min and dry

putting the slides into Falcon tube without lids and centrifuge
at 1000 rpm for 10 min.



3.3.3 Serum, PicoGreen,
and Anti-HaloTag Antibody
Incubation

3.3.4 IgE and lgG
Detection

10.
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. Apply a HybriWell gasket to the printed surface, carefully

aligned. Ensure that the gasket is well adhered.

. Preheat the incubator to be used for IVT at 30 °C.
. Prepare IVT mixture as follows (each slide will require 150pL):

75puL of HelLa lysate.

15pL of Accessory proteins.
30pL of Reaction mix.

30pL of Nuclease-free water.

. Add carefully 175pL of IVT mix to the inlet of one end of the

gasket, ensuring uniform coverage and avoiding generation of
bubbles. When done, apply inlet seals to both openings of the
gasket.

. Place the slides inside the incubator. Incubate for 1.5 hat 30 °C

for protein expression, followed by 20 min at room tempera-
ture for the query protein to bind to the immobilized protein.

. Remove the slides from the incubator, peel away the Hybri-

Well, and rinse once with PBS (1x).

. Immerse each slide in PBS containing 5% skim milk and 0.2%

Tween-20 and wash two times, 5 min each, in an incubation
dish. Use about 4 mL per slide /wash.

Block using 5% skim milk on a rocking shaker at room temper-
ature for an additional 30—45 min.

. Dilute thawed serum (1:2 in PBS containing 5% skim milk and

0.2% Tween-20; thus 60puL of serum and 60uL of skim milk are
needed).

. Quality control: Prepare the PicoGreen doing a 1:1000 dilu-

tion in BSA 3% and anti-HaloTag antibody doing a 1:1000
dilution in BSA 3% (see Note 6).

. Gently rinse the slides with PBS (1x).
. Insert the multiwell cassette on the slide.

. Apply 120pL of serum, PicoGreen, and anti-HaloTag antibody

in each well according to the designed template. Incubate
overnight at 4 °C on a rocking shaker.

. Pour and remove the multiwell cassette.
. Wash the slides once with PBS (1x), 5-10 min in agitation.
. Wash with PBS containing 0.1% Tween-20 three times, 5 min

each in agitation.

. Prepare the anti-human IgE antibody, and do a 1:100 dilution

in 5% skim milk (prepare 600pL for each slide or 120pL
per well).
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5.

6.

10.

11.

Apply the anti-human IgE antibody on serums, and incubate
for 1 h at room temperature.

Wash with PBS containing 0.1% Tween-20 three times, 5 min
in agitation.

. Apply according to template in the well with:

PicoGreen: 120pul. of BSA 3%.

Anti-HaloTag antibody: 120pL of secondary antibody IgG, do
a 1:100 dilution in BSA 3%.

Serum: 120pL of Cy3-conjugated streptavidin, do a 1:500
dilution in BSA 3%.

. Incubate for 30—45 min at room temperature (in agitation if

the multiwell cassette is on).

. Wash with PBS containing 0.1% Tween-20 three times, 5 min

in agitation.
Wash once with PBS (1 x) and once with Milli-Q water, 5 min
in agitation.

Place the slides into Falcon tube without lids and centrifuge at
1000 rpm for 10 min.

Before scanning, make sure that the slides are completely dry.

. The slides are scanned with GenePix® 4100A Microarray with

532 and 635 nm solid-state lasers and compatible with all used
surfaces. The 635 nm laser is used for the detection of Cy5,
Alexa Fluor 647, or spectrally similar dye signal (red channel),
while the 532 nm laser should be used for the Cy3, Alexa Fluor
555, or spectrally similar dye signal (green channel). The scan-
ner produces 16-bit TIFF image files.

. These images are quantified using GenePix Pro 7.1 microarray

acquisition software that permits the intra-array normalization
using the background signal around each spot. The data
obtained by the software for each spot in the microarray is,
then, inter-array normalized and processed using the desired
statistical tests using specific bioinformatics tools, such as Mul-
tiExperiment Viewer, which permit performing normalization
and processing of the microarray data.

3.4 Scanning 1.
and Data Analysis 2
3
4 Notes
1

. Good performance is also achieved using HaloBind-Slides

(7BioScience GmbH, Neuenburg am Rhein, Germany). The
slides coated with chloroalkanes facilitate the binding
of cDNA.
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. The preparation of the print mix required a DNA concentra-

tion of 1pg/pl, to ensure deposition of an adequate amount
for robust protein expression and display. To achieve this, it is
necessary to precipitate at least 45pg of DNA.

. The mix of BSA and BS® generates a structure around the

DNA, trapping it, which prevents its diffusion in the array
and promotes the printing spots with similar size. This reaction
is favored by temperature and it is important to stop it just in
time to avoid excessive viscosity that makes the printing step
difficult.

. An important step in the printing procedure is to maintain the

sciCLEANS wash solution always full.

. DNA spotted should result in the staining and imaging of

uniformly well-rounded features, which exhibit a reasonably
narrow range of signal intensities upon imaging and
quantitation.

. Immobilization of ¢cDNA is confirmed by incubation with

PicoGreen, while protein expression is detected by incubation
with the antibody anti-HaloTag. We performed this step in one
slide to confirm the adequate quality of the microarray to carry

out the experiments with the sera of interest.
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Epitope Mapping of Food Allergens Using Noncontact
Piezoelectric Microarray Printer

Javier Martinez-Botas, Carlos Fernandez-Lozano,
Alberto Rodriguez-Alonso, Laura Sanchez-Ruano, and Belén de la Hoz

Abstract

Peptide microarrays have been used to study protein-protein interaction, enzyme-substrate profiling,
epitope mapping, vaccine development, and immuno-profiling. Unlike proteins, peptides are cheap to
produce, and can be produced in a high-throughput manner, in a reliable and consistent procedure that
reduces batch-to-batch variability. All this provides the peptide microarrays a great potential in the
development of new diagnostic tools. Noncontact printing, such as piezoelectric systems, results in a
considerable advance in protein and peptide microarray production. In particular, they improve drop
deposition, sample distribution, quality control, and flexibility in substrate deposition and eliminate
cross-contamination and carryover. These features contribute to creating reproducible assays and generat-
ing more reliable data. Here we describe the methods and materials for epitope mapping of food allergens
using peptide microarrays produced with a noncontact piezoelectric microarray printer.

Key words Epitope mapping, Food allergy, Peptide microarray, Piezoelectric microarray printer

1 Introduction

The diagnosis of allergy has experienced a significant advance with
the appearance of purified and recombinant native allergens, as well
as with the development of component-resolved diagnostics
(CRD) and protein microarrays. The traditional diagnostic tools
that used natural allergen extracts containing a mixture of allergenic
and nonallergenic molecules have been replaced by new techniques
using individual allergen molecules or components using purified
native or recombinant allergens. The main advantage of CRD is the
capability to identify various allergenic sources from patients who
are poly-sensitized. Thus, it allows the generation of each patient’s
IgE sensitization profile against numerous sensitizing agents
[1]. ImmunoCAP ISAC® was the first multiplex in vitro diagnostic
tool for the allergy based on microarray technology and used
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allergen components exclusively. At present, it contains a panel of
112 allergens (ISAC 112%). Numerous studies have focused on
characterizing allergic patients’ IgE profile and its correlation with
current diagnostic techniques such as the prick test and Immuno-
CAP [2—4]. In particular, the development of this technology has
enabled large-scale epidemiological studies of the aeroallergen sen-
sitization profile [5]. It has also been shown to be useful for
accurate  prescription of allergen-specific immunotherapy
[6]. Although its primary application has been in aeroallergens,
studies have also been performed to evaluate their diagnostic ability
in food allergens such as milk, eggs, celery, peanuts, hazelnuts, or
walnuts [7-9]. Therefore, testing for multiple specific IgE reactiv-
ities can clarify the nature and cause of allergic reactions and
improve allergic patients’ treatment, especially of the poly-
sensitized ones. However, although this technique has generally
achieved acceptable specificity and reproducibility values, some
studies have indicated high variability detecting specific allergens,
which has led to recommending their use along with quantitative
tests such as specific IgE determination [9]. It has also been advised
not to use it in cases where the results may significantly impact the
prescribed therapy [10].

The foundations of protein microarray technology began in
1961 when Feinberg [11] published for the first time the proof of
concept of the microspot technique, and 2 years later, using this
same technique, the detection of autoimmune antibodies [12]. In
1983, Chang carried out the first work containing a microarray of
immobilized antibodies on a solid glass surface used to detect
human surface leukocyte antigens (HLA) [13]. Later, Ekins intro-
duced in 1989 the concept of “multi-analyte immunoassay sys-
tems” and established the conceptual and methodological basis of
protein microarrays [14].

In the past, epitope mapping was mainly performed using
SPOTS membrane-based immunoassay, which requires the in situ
synthesis of peptide arrays directly on a membrane support and
incubation with the patient’s sera [15-19]. But it was a time-
consuming, labor-intensive, and expensive method that required a
large volume of sera, and could only test a limited number of
peptides [20, 21].

As aresult of the rapid expansion of microarray technology and
improved peptide synthesis processes, immunoassays based on the
application of microarray peptide technology for epitope mapping
began to be developed [22]. The main areas in which they have
been developed are cancer [23], autoimmune diseases [24 ], bacte-
rial [25, 26] and viral infections [27], and allergy [20].

The key advantage of the microarray-based immunoassay is the
possibility to assay thousands of peptides simultaneously with a
minimum amount of sample, which reduces the biological cost of
the assays, increases the possibility of replicates, and therefore
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strengthens the statistical analysis. Also, its capacity to analyze
several immunoglobulins at the same time has particular relevance
in studying the immune response, and particularly allergy.

In 2004, Shreffler et al. first applied this technology to deter-
mine the epitopes of binding to IgE of peanut allergens [28] and
confirmed that the identified antigenic regions correlated with the
areas obtained by SPOT membrane assays. Since then, several
studies have used peptide microarrays for epitope mapping of
food allergens such as anisakis, cow’s milk, fish, hen’s egg, lentil,
peanut, shrimp, soybean, and walnut. To date, several studies have
established that peptide microarray B-cell epitope mapping could
improve food allergy diagnosis and prognosis [29]. In particular,
sensitization to specific epitopes of milk, peanut, and shrimp has
been proposed as biomarkers to determine clinical reactivity, persis-
tence, severity of allergic reactions, and response to oral immuno-
therapy (OIT) [29].

We have been working for 15 years with a split-pin contact
printer, first dedicated to DNA microarray production and later on
to producing protein microarrays. More recently, in the last 2 years,
we have been working with a noncontact piezoelectric system. This
implies a significant improvement in the design and quality of
protein microarrays. Contact printers are historically widely used
for DNA microarrays. Although they have also been used for
protein microarrays, the inherently complex nature of the proteins
makes this deposition technology not the most suitable for these
applications [30]. Reliable production of protein microarrays
depends on many parameters, many of which cannot be achieved
with contact printers: full control of drop deposition and missing
spots, minimization of carryover and cross-contamination, and
unaffected surface after the printing process. Noncontact printers
are usually more flexible in terms of the substrates that can be used,
as they can use both standard slides and more complex substrates
such as membranes, plates, or electronic devices [31]. On the other
hand, the main disadvantage of noncontact printers, such as piezo-
electric systems, compared to contact printing is that they are very
limited in the range of viscosity they can work with. On the other
hand, optimizing the droplet dispensing parameters such as voltage
or frequency can be adjusted individually to compensate for differ-
ences in fluid properties.

2 Materials

2.1 Microarray
Printing

1. scilFLEXARRAYER S3 with PDC 70 Type 2 (Scienion).

2. Dendron-modified slides, functionalized with N-hydroxyl suc-
cinimidyl (NSB27 NHS), were obtained from NanoSurface
Biosciences POSTECH (see Note 1).
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2.2 Microarray
Hybridization

. sciCHIP epoxy slides (Scienion) (se¢ Note 1).

. 96-Well microtiter plates for protein microarrays sci PLEX

PLATE Type 2 (Scienion).

. Hybond ECL Nitrocellulose Membrane (GE Healthcare

Bio-Sciences Corp.).

. Substrate plates V-bottomed 384-well plates (781280; Greiner

Bio-One).

. Alibrary of overlapping peptides corresponding to the primary

sequences of the food allergens of interest are synthesized
commercially, with a purity >70%, and analyzed with high-
performance liquid chromatography and mass spectrometry
(GenScript) (see Note 2). The custom-made peptides are usu-
ally supplied as lyophilized powder, resuspended in phosphate-
buffered saline at a stock concentration of 20 mg/mL, and
stored at —80 °C until use.

. Protein printing buffer (PPB; Arraylt) (see Note 3).

9. sciSPOT Protein D1 and D11 (Scienion) (see Note 3).

10.

11.

12.

13.
14.
15.

16.
17.

18.

19.

N UL W

Biotin-SP (long spacer) AffiniPure Goat Anti-Rat IgG (H + L)
was spotted as reference control (112-065-062, Jackson
Immunoresearch).

Purified Mouse Anti-Human IgE (555894, BD Pharmingen).

Purified Mouse Anti-Human IgG4 (555881, BD
Pharmingen).

Human IgE Myeloma (401152, Calbiochem).
Human IgG4 Myeloma (400126, Calbiochem).

Human Angiotensin II DRVYIHPF octa peptide (A9525,
Sigma-Aldrich).

Poly-pr-alanine (P9003, Sigma-Aldrich).

Human serum albumin (HAS) solution 200 g/L (703586,
CSL Behring).

Purified proteins from bovine milk: casein (C4032), a-casein
(C6780), B-casein (C6905), k-casein (C0406), a-lactoalbumin
(L6010), p-lactoglobulin (L3908) from Sigma-Aldrich.

Aluminum seal tape (232699; Nalge Nunc International).

. microBOX™ incubation chamber for glass slides (Quantifoil

Instruments) with a slide holder for four glass slides.

. MixMate orbital shaker (Eppendort AG).

. Multi-Array Slide System (Sigma Aldrich).

. Protein Microarray Activation Buffer (Arraylt).
. SciBlock Protein DIM 2 x (Scienion).

. Protein Microarray Wash Buffer (Arraylt).



2.3 Data Acquisition
and Analysis

13.

14.

15.
16.

1.
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. Protein Microarray Wash Buffer 5x (Arraylt).
. Protein Microarray Rinse Buffer (Arraylt).

. Arraylt Microarray Air Jet (Arraylt).

10.
11.
12.

Protein Microarray Reaction Buffer (Arraylt).

SciBind Protein D1 2x (Arraylt).

Biotin Mouse Anti-Human IgE Clone G7-26 (555858, BD
Pharmingen).

Mouse Anti-Human IgG4 Fc-Alexa Fluor® 647 Clone
HP6025 (9200-31, SouthernBiotech).

Cy3-Streptavidin - 1  mg (PA43001, GE Healthcare
Bio-Sciences).
HRP-Streptavidin (Item G) (EL-HRP, RayBiotech).

Substrate for colorimetric staining of microarrays sciColor T2
(CD-5600-50).

ScanArray® Express microarray scanner (PerkinElmer) with
two lasers (543 and 633 nm) and the associated software.

. Microsoft Excel (Microsoft Corp.) and TIGR MultiExperi-

ment Viewer (MeV v3.1) (http: //www.tm4.org/) software.

3 Methods

3.1 Peptide
Microarray Printing

. To prepare the printing plate, stock solutions of peptides

(20 mg/mL) are diluted 1:10 with PBS and transferred
(10pL/well) to V-bottomed 384-well plates, according to the
printing protocol. As positive reference control, an anti-rat IgG
biotinylated antibody (0.1pg/pL) is printed at the beginning
and at the end of the microarray in an asymmetric manner to
avoid flipping or rotating the image in the acquisition process.
Anti-human IgE (1, 0.5, and 0.25pg/pl), human IgE (0.2,
0.04, and 0.008pg/pL), and human IgG4 (0.2, 0.04, and
0.008pg,/pL) are also printed as positive controls. PBS, angio-
tensin II octa peptide (1pg/pL), poly-pr-alanine (1pg/pL),
and HSA (1, 0.2, and 0.04pg/pL) are printed as negative
controls. Once the plate is complete, 10pL of Protein Printing
Buffer (Arraylt) (see Note 3) is added to each well. The final
concentration of each peptide is 1 mg/mL. The printing plates
are sealed with aluminum seal tape and stored at —80 °C.

. For printing, a sciFLEXARRAYER S3 piezoelectric spotter is

used with PDC 70 Type 2 (Fig. 1). Before starting to work, it is
required to adjust the nozzle position offset and set the para-
meters of voltage, pulse, and frequency to optimize the drops
(shape, speed, distance, volume, volume reproducibility—vol-
ume standard deviation—and alignment) (Fig. 2). To avoid
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Fig. 1 (a) sciFLEXARRAYER S3 piezoelectric spotter components, (b) printing deck components

evaporation, the humidity for printing is adjusted to 60%, and
the source plate’s temperature is adjusted to 15 °C. These
conditions correspond approximately to the dew point at
which evaporation and condensation are minimal. Then, the
substrates (slices, membranes, or plates) are placed on the
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Fig. 2 (a) sci FLEXARRAYER S3 software controls main window, (b) drop optimization window, and (c)
microarray design windows. (1) Probe source, (2) printing protocol, (3) target substrates, (4) humidity,
(5) temperature, (6) source plate temperature, (7) dew-point temperature, (8) drop volume control window,
(9) PDC control window, (10) head camera drop quality image, (11) microarray design window, (12) target
setup printing routine, and (13) field layout
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Hybridization

3.2.1

Blocking

target holder and the vacuum pump is activated to secure the
substrates to the print tray. The robot is programmed to take
2uL of each sample and deposit drops of approximately 370 pL.
and 200pm in diameter. Before and after each impression, the
system performs automatic quality control of the drops and
PDC washings both inside and outside the capillary, taking
advantage of the piezoelectric system’s ultrasonic vibration
(see Note 4). To minimize the slides’ cost and increase the
number of samples that can be processed simultaneously, we
print several microarrays on each slide (for instance, for a
microarray of 10 x 10 spots, we print 16 microarrays per
slide). We print also on 96-well microtiter plates and mem-
branes (se¢ Note 5). In 96-well microtiter plates an array of
12 x 12 spots in each well can be printed safely. Each feature
(peptide, protein, or control) is usually printed in triplicate.
After the printing procedure is complete, the microarrays are
left overnight in the deck of the printer, and the printer is kept
closed, to allow the slow equilibration of the humidity with the
ambient conditions and the spots to dry slowly. The slides
produced are labeled with barcode tags, stored in a box, and
sealed in a plastic bag with a desiccant bag (silica gel packet).

. The slides are inserted into the 2 x 8 multi-well incubation

chamber making sure that the printing surface is facing up, and
each microarray is aligned to the silicone gasket.

. To establish constant humidity in the microBOX™ incubation

chamber, gauze moistened with deionized water is placed in a
basin within the chamber.

. Up to three slides are loaded into the slide holder and placed in

the incubation chamber microBOX™ (up to six slides can be
processed simultaneously in two holders) (Fig. 3).

. 100pL of Protein Microarray Activation Buffer is added onto

each microarray to block nonspecific binding. Plates and mem-
branes are blocked with 200pL of sciBlock Protein D1 M.

. The microBOX™ is placed on a MixMate orbital shaker

(Eppendorf AG) for gentle agitation (300 rpm).

. The microarrays are incubated for 1 h at room temperature.

. The blocking solution is removed by aspiration and the samples

are washed twice with 100pL of Protein Microarray Wash
Buftfer. For plates or membranes the blocking solution is
removed by aspiration and the protocol is continued with
step 1 of serum incubation.

. The microarrays are rinsed with 100pL of Protein Microarray

Rinse Buffer. The rinse solution is removed by aspiration and
microarrays are dried under a particle-free air stream produced
with the Arraylt Microarray Air Jet.
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3.2.3 IgE and lgG4
Detection
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Fig. 3 Microarray hybridization: (1) multi-well incubation chamber, (2) micro-
BOX™ incubation chamber, (3) orbital shaker, (4) multi-well incubation holder,
(5) vacuum system for aspiration

1.

The patient’s serum (50pL), diluted 1:1 with Protein Micro-
array Reaction Bufter, is placed onto each microarray and then
into the microBOX™. For plates and membranes, the patient’s
serum is diluted with sciBind Protein D1.

. The microarrays are incubated overnight on an orbital shaker at

4 °C with gentle agitation.

. The microarrays are washed twice (3 min each) with 100 mL of

Protein Microarray Wash Buffer at room temperature on an
orbital shaker with gentle agitation. For plates and membranes,
200pL of Scienion Protein Microarray Wash Buffer is used.

. The microarrays are incubated for 2 h at room temperature

with a mixture of antibodies diluted in Protein Microarray
Reaction Buffer: anti-human IgE antibody covalently tagged
with biotin and diluted 1:100 and anti-human IgG4 antibody
covalently tagged with Alexa® 647 and diluted 1:1000. For
plates and membranes, only anti-human IgE antibody cova-
lently tagged with biotin diluted 1:100 with sciBind Protein
D1 is used.

. The microarrays are washed twice (3 min each) with 100 mL of

Protein Microarray Wash Buffer at room temperature on an
orbital shaker with gentle agitation. For plates and membranes,
200pL of Scienion Protein Microarray Wash Buffer is used.
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3.3 Data Acquisition
and Analysis

3.3.1  Microarray
Scanning

3.3.2 Data Analysis
and Visualization

3. The microarrays are incubated for 30 min at room temperature
with 100 mL of Cy3-streptavidin diluted 1:500 with Protein
Microarray Reaction Buffer. For plates and membranes incu-
bation is done for 30 min at room temperature with 100 mL of
HRP-streptavidin diluted 1:300 with sciBIND Protein D1.

4. The microarrays are washed twice (3 min each) with 100 mL of
Protein Microarray Wash Buffer at room temperature on an
orbital shaker with gentle agitation. Plates and membranes are
washed twice (3 min each) with 200pL of Scienion Protein
Microarray Wash Buffer. After these washes, 100pL of the
sciColor T2 (Scienion) substrate is added per well or mem-
brane and left to incubate at room temperature without agita-
tion until the color is visualized. sciColor T2 solution is
removed by aspiration and washed twice with PBS and a picture
is taken.

1. Before scanning, the slides are washed quickly with deionized
water and dried under a particle-free airstream produced with
the Arraylt Microarray Air Jet (Arraylt). The slides are scanned
with ScanArray Express (PerkinElmer). The Cy-3 signal is
scanned with a green laser (543 nm) and the Alexa® 647 signal
with a red laser (633 nm). The scanner produces green Cy-3
and red Alexa® 647 16-bit TIFF image files.

2. Gridding, spot finding, and quantitation: The Cy-3 and Alexa®
647 Tiff images are loaded into the ScanArray Express soft-
ware. The grid information from the .gal file generated by the
sci FLEXARRAYER S3 software is loaded, and the positive
reference control spots at the beginning and end of the micro-
array (anti-rat IgQG) are used for grid alignment. The adaptive
circle algorithm is used for spot finding and quantitation.
Before the quantitative data are saved, visual inspection of the
spots is required to confirm that all the spots are correctly
detected and have the appropriate shape and size. After visual
inspection, any unreliable spots are flagged and removed from
further analysis. The quantitation results are saved in the
comma-separated value (CSV) file format.

The microarray analysis is performed according to the method of
Lin et al. [20, 32]. This method is based on the calculation of a Z-
score, which is a measure of the standardized fluorescence intensity
tor IgE and IgG4 recognition. The Z-score is calculated for each
peptide spot (%) according to the formula Z = [§; — Syc]/MAD
(Snc), where S for each peptide spot (&) or negative control (Sxc)
is the median fluorescent signal of the spot divided by the local
background and log2 transformed. MAD(Sxc) is the median abso-
lute deviation of all the readouts for negative control spots (PBS,
human angiotensin II, poly-pr-alanine, and HSA). The total Z-
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value for each peptide is the median of the Z-scores for the replicate
spots within the same microarray. Finally, to accommodate over-
lapping peptides, the weighted average of Z-values is calculated
accordingtotheformulaZ=(0.25x Z_1)+(0.5 x Zy) +(0.25 X Z, ).
An individual peptide sample is considered positive if the standar-
dized fluorescence intensity (represented as the weighted average
Z-score) exceeds 3. A Microsoft Excel Visual Basic Application
script created by our laboratory was used to calculate the Z-score
for each dataset and combine the different datasets.

Data visualization and clustering are performed with the TIGR
MultiExperiment Viewer (MeV v4.1) software (http://www.tm4.
org/). MeV is an open-source software tool used to analyze and
visualize processed data from microarray experiments. Although
MeV has been developed for gene expression microarrays, many
of its features are useful in epitope-mapping peptide microarray
analyses. To visualize the IgE and IgG4 Z-score, the data are usually
log2 transformed. Log2 (ratio) measures allow data representation,
stabilize the variance, compress the range of the data, and increase
the normal distribution of the data, which allow the data to be
analyzed statistically. The MeV software includes different methods
of clustering. A hierarchical clustering analysis can be used to
identify differential recognition patterns between allergic patients.
It can also be used in several statistical analyses, such as the z-test or
one-way ANOVA, to identify peptides that are differentially recog-
nized in groups of patients. More complex analyses can be per-
formed using the R programming language, including linear and
nonlinear modeling, time-series analysis, classification, clustering,
data mining, and machine learning analysis (http: //www.r-project.

org).

4 Notes

1. We have tested a dendron-modified slide functionalized with
N-hydroxyl succinimidyl (NSB27 NHS; NanoSurface Bios-
ciences POSTECH) and several slides coated with epoxide
groups. In our experience, NSB27 NHS and sciCHIP epoxy
slides give the best results (Fig. 4). NSB27 NHS slides are
coated uniformly with a cone-shaped organic compound,
called NanoCone, functionalized with N-hydroxyl succinimi-
dyl (NHS). NHS ester surface forms avid covalent bonds with
primary amine groups. This coating allows controlled regular
spacing between the proteins or peptides, minimizes the steric
hindrance, and enhances the binding kinetics [33].

2. Several peptide lengths have been reported in the literature and
the signal intensity generally increases for both IgE and IgG4 as
the peptide length increases [34]. In our experience, the best
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NSB27 NHS slides sciCHIP Epoxy slides

Replicatel Replicate2 Replicatel Replicate2

Fig. 4 Performance test for different microarray slides. Different dilutions of serum from a milk-allergic patient
were incubated with two different types of slides and labeled with anti-human IgE secondary antibody

Serum diluted 1/2

Serum diluted 1/4

Serum diluted 1/8

performance is achieved with 20-amino-acid peptides [35]. To
design a library of overlapping peptides, it is important to
exclude the sequences corresponding to the signal peptide
because it is not present in the mature protein and is therefore
not antigenic.

3. We have tested several printing buffers: sciSPOT Protein D1
and D11 from Scienion and protein printing bufter (PPB) from
Arraylt. As shown in Fig. 5a, D1 and D11 buffers gave very
homogeneous spots with small diameter variations between
proteins, with a diameter ranging from 167.91 to 182.08pm
for D1 buffer and 188.33 to 205.83um for D11 buffer. In
contrast, PPB had more considerable diameter variations,
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D11 PPB

Diameter (um)
Diameter (um)

& FE

Fig. 5 Optimization of printing buffer (sciSPOT Protein D1 and D11) from Scienion and protein printing buffer
(PPB) from Arraylt. (a) Average diameter of printing spot. (b) IgE fluorescence measures as signal-to-noise
ratio (SNR). Six arrays and four spot replicates (n = 24) hybridized with the same serum of a milk-allergic
patient on NSB27 NHS slides

ranging from 123.33 to 198.61pm. On the other hand, we
analyze the fluorescence signal corresponding to the binding of
IgE calculated as the signal-to-noise ratio (SNR). As shown in
Fig. 5b, bufters D1 and D11 show a high fluorescence signal in
the negative controls (HSA and PBS), in some cases even
higher than that observed for milk proteins. This suggests
that some components of these buffers interfere with the
patients’ serum giving a nonspecific signal. On the contrary,
PPB did not present nonspecific signal in any of the negative
controls (Fig. 5b). These results suggested that, although the
morphology of the spots obtained with PPB was not the best,
this buffer was suitable for printing microarrays to analyze
cow’s milk-allergic patients.

4. In our experience, the main advantage of piezoelectric noncon-
tact printers, compared to contact printing, is the improvement
of the washing system. Piezoelectric noncontact printers use
ultrasonic vibration of the piezoelectric capillary, which elim-
inates carryover and cross-contamination. This point is espe-
cially crucial due to the complex nature of proteins, for
example, in comparison to nucleic acids. This has a high impact
on the design of microarrays; when we used a contact printer,
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a b
1234 5678 |9 101112 1 2 3 4 5 6 12 3 4 5 6
1 a-Rat Angiot Il Poly-DL-ala 1| a-Rat (0,1 pg/pl) | a-Rat (0,05 pg/pl) 1| a-Rat (0,1 pg/pl) | o-Rat (0,05 pg/pl)
2|  a-Casein B-Cas k-Cas 2 |a-Rat (0,025 pg/ul) |a-Rat (0,0125 pg/ul) 2|a-Rat (0,025 pg/ul)|a-Rat (0,0125 pg/ul)
3| o-lactoalb B-lactoglo HAS 3| Angiotensin Il Poly-DL-alanine 3| Angiotensin Il Poly-DL-alanine
4 HAS HAS PBS 4 a-Casein B-Casein 4 a-Casein B-Casein
5 PBS PBS 5 k-Casein a-lactoalbumin 5 k-Casein a-lactoalbumin
6| B-lactoglobulin HAS 6| PB-lactoglobulin HAS
7 PBS 7 PBS

Fig. 6 Spotting scheme and microarray images obtained on (a) NSB27 NHS slides, (b) sciPLEXPLATE Type
2, and (c¢) Hybond ECL Nitrocellulose. Slides were developed using an anti-human IgE secondary antibody
[biotin] and Cy3-streptavidin. Plates and membranes were visualized using an anti-human IgE secondary
antibody [biotin] and HRP-streptavidin using colorimetric staining sciColor T2

we were forced to include at least three spots of PBS for each
probe, which increased three times the microarrays’ size
[36]. Since we use a piezoelectric noncontact printer, we have
substantially reduced the microarrays’ size and, therefore, the
number of arrays that we print on each slide.

5. We have tested printing on slides, 96-well microtiter plates, and
membranes. The pattern of recognition obtained on the differ-
ent substrates was similar, both in protein (Fig. 6) and in
peptide microarrays (Fig. 7).
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a b
12 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10
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Fig. 7 Spotting scheme and microarray images obtained on (a) NSB27 NHS slides and (b) sciPLEXPLATE Type
2. Slides were developed using an anti-human IgE secondary antibody [biotin] and Cy3-streptavidin. Plates
were developed using an anti-human IgE secondary antibody [biotin] and HRP-streptavidin using colorimetric

staining sciColor T2
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Protein Arrays for the Identification of Seroreactive Protein
Markers for Infectious Diseases
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Abstract

The protein array is a powerful platform to study humoral responses to infectious agents using small sample
volumes [<3 pL]. Its success can be largely attributed to the development of new strategies for high-
throughput cloning and expression, and improved manufacturing techniques for the construction of arrays.
Here, we describe a method to hybridize protein arrays with malaria patients’ sera in order to identify
seroreactive antigens, some of which may have a high potential of conferring protection from severe forms
of malaria.

Key words Protein arrays, Seroreactive antigens, Plasmodium vivax, Plasmodium falciparum, Malaria
exposure, Protective immunity

1 Introduction

Antibodies are key players in the body’s adaptive response to infec-
tious agents. They destroy or neutralize pathogens by binding
specifically to molecules called antigens. The response is highly
regulated and includes a strong set of defenses. A unique feature
is the generation of a long-lasting memory that prevents or reduces
the chances of secondary infection from previously encountered
pathogens. Immunological memory is, therefore, a crucial part of
the body’s adaptive defense system. Vaccines trigger the develop-
ment of memory cells in the body by mimicking antigens. Subse-
quently, antibodies are produced and we develop immunity even
without being previously infected by the disease-causing pathogen
[1]. Insights into what kind of antigens can trigger a protective and
effective immune response are central to developing and evaluating
vaccines. Equally critical is an understanding of how the pathogen
interacts with the host immune system. Protein arrays provide a
convenient platform to characterize humoral immune responses to

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
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infectious pathogens [2-5]. They can be used to identify, quantify,
and compare antibody responses to thousands of antigens, across
hundreds of different clinical samples, simultaneously [6, 7]. This
high-throughput technology is regularly employed in clinical and
translational research to identify vaccine candidates [8, 9], to mea-
sure disease prevalence and exposure [10, 11], and to identify
serodiagnostic markers of infection [12-15].

The success of protein arrays over other proteomics technolo-
gies stems from the development of high-throughput cloning
methods and improved array manufacturing capabilities [6]. For
example, advances in cell-free expression systems have made it
possible to efficiently synthesize thousands of proteins in a short
time, including large proteins and those that are difficult to purify
[16]. This approach is cost eftective because it does not involve a
protein purification step. It uses PCR-generated DNA fragments or
plasmid ¢cDNAs to express proteins in an in vitro system that
includes the entire machinery for transcription and translation
[6, 16, 17]. Reactions containing unpurified proteins are then
printed directly onto nitrocellulose slides to construct protein
arrays [17]. Arrays for more than 30 infectious microorganisms
have been developed by the Protein Microarray Laboratory at UC
Irvine [18]. Using arrays designed for malaria studies [ Pf/Pv500],
we analyzed antibody responses to parasite antigens (Plasmodium
vivax and Plasmodium falciparum) in a low-malaria-transmission
setting [19]. Our findings point to specific leads for possible pro-
tective immunity against severe malaria. Here, we describe a
method to determine infectious disease seroreactive antigens from
protein arrays, using Pf/Pv500 arrays (Antigen Discovery, Inc.,
Irvine, CA) as an example.

Each array contains eight pads, allowing eight different clinical
samples to be probed and analyzed simultaneously. Each pad is
printed with 515 P. yivax protein spots, 500 P. falciparum protein
spots, and several control spots. Proteins are expressed as polypep-
tide fragments and printed on a nitrocellulose membrane as cell-
free in vitro transcription and translation (IVIT) reactions. Larger
proteins are printed as overlapping peptides or exon fragments. The
expressed proteins have an N-terminal poly-histidine tag and a
C-terminal HA tag. The quality of each array batch is determined
using appropriate antibodies to test the efficiency of protein
expression.

For the assay, the arrays are rehydrated with blocking buffer to
prevent nonspecific binding on the active surface. Meanwhile,
diluted sera from malaria-positive patients and controls are incu-
bated with E. coli lysate to block anti-E. cols antibodies, which
are usually present in large concentrations in human sera. Arrays
are probed with diluted sera overnight and visualized using an
affinity-purified anti-human IgG secondary antibody labeled with
biotin. To detect the antibody, arrays are probed with a streptavidin
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conjugate. They are then washed, dried, and scanned at a wave-
length of 635 nm. The output files are exported as grayscale .tiff
images and quantified using a microarray software as a unit-less
relative median intensity, also called the median signal intensity
(MSI). Prior to data analysis, the data is normalized using IVITT
control spots to reduce background signals. Heat maps are gener-
ated and seroreactive antigens are defined.

In order to identify markers of protection from severe diseases,
two groups of patients were studied: severe and non-severe malaria
patient cohorts. All severe patients were hospitalized and showed at
least one severe symptom for malaria, while non-severe patients
were recruited from the outpatient department. We compared the
antibody binding across both groups to identity the most differen-
tially reactive antigens. A similar procedure can be used to identify
clinically relevant antigens for other infectious diseases and for
broader applications, using sera from different patient cohorts
and controls [20]. Profiling before transmission season and corre-
lating outcomes at the end of transmission season are also ways to
identify protective antigens.

2 Materials

2.1 Reagents

Prepare all solutions using double-distilled water (ddH,O) and
analytical grade reagents. Store the reagents at their respective
temperatures mentioned in Subheading 2.1. Human sera are
potential sources of aerosol-transmitted and blood-borne patho-
gens. Handle all human serum samples according to locally
approved institutional biosafety protocols. Diligently follow all
waste disposal regulations when disposing waste materials.

Buffer (IBS): To prepare 1x TBS working solution, add 20 mL of
1 M Tris—-HCI (20 mM), pH 7.5, and 30 mL of 5 M NaCl
(150 mM) to a glass beaker containing 800 mL. ddH,O. Mix
and make up the volume to 1 L with ddH,O. Sterilize by
filtering and store at room temperature (RT). Alternatively,
you can prepare a 10x TBS stock solution. Dissolve 24 g Tris
and 87.6 g NaCl in 800 mL ddH,O. Mix and adjust pH to 7.5
with HCI (see Note 1). Make up the volume to 1 L with
ddH,O water. Sterilize by filtering and store at 4 °C till
further use.

Buffer (TBST): To prepare 1 x TBST working solution, add 20 mL
of 1 M Tris-HCI (20 mM), pH 7.5 to a glass beaker containing
800 mL ddH, O (filter if you see precipitates). Add 30 mL 5 M
NaCl (150 mM) and 500 pIL Tween 20 (0.05%). Mix and make
up the volume to 1 L with ddH,O.
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2.2 Equipment

E. coli lysate: E. coli lysates for microarray experiments are commer-
cially available as lyophilized powders (se¢e Note 2). Upon
arrival, store at RT till required. When you take out a vial,
reconstitute as per manufacturer’s instructions and store the

leftover at —20 °C.

Array blocking buffer (BB): Blocking solutions are commercially
available. Recipes vary by protocol (see Note 3).

Primary sera: Always store sera at —80 °C in small aliquots of 10 pL.
(see Note 4). Do not use a frost-free freezer. To prepare sera for
the microarray experiment, first prepare 10% E. cols lysate in
blocking buffer (EBB) (e.g., 9 mL BB + 1 mL E. coli lysate).
Aliquot the required volume of diluted EBB into Eppendorf
tubes. Then in a class II biosafety cabinet, add sera into the
EBB tubes to obtain a final dilution of 1:100 just before start-
ing the experiment (see Note 5). Incubate for 30 min at RTona
slow platform rocker (4-6 rpm).

Secondary antibody (2° Ab): Use a biotin-conjugated anti-human
IgG secondary Ab (e.g., biotin-conjugated affinity-purified
goat a-human IgG Fc fragment). Upon delivery, label the
tube with the date of arrival and store the lyophilized Ab at
4 °C. Reconstitute as per manufacturer’s instructions, but
reconstitute with 50% glycerol, then aliquot, and store at
—20 °C (see Note 6). Aliquot in small volumes (25 pL). Discard
all aliquots if not used within 1 year. For the experiment, dilute
2° Ab in BB (1:200), vortex, and leave on the platform rocker
to mix for a couple of minutes at RT.

Tertiary antibody (3° Ab): Use a streptavidin Cy5 fluorophore.
Upon delivery, label the tube with date of arrival and store
lyophilized Ab at 4 °C. Reconstitute as per manufacturer’s
instructions, but reconstitute with 50% glycerol, then aliquot,
and store at —20 °C. For the experiment, dilute the streptavidin
conjugate in BB (1:100), vortex, and leave on platform rocker
to mix for a couple of minutes at RT.

Blocking: Pf-Pv500 arrays.

Lightproof box, desiccator cabinet.

Array chamber, frame slide plates, and clips.
Standard 96-well PCR plate.

Pipettes, micropipettes, autopipettes.
Sterile disposable micropipette tips.
Fine-nosed tweezers.

Magnetic stirrer.

Vortex.
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Ultracentrifuge.

Class II biosafety cabinet.
Orbital shaker.

4 °C Refrigerator.

—20 °C Freezer.

Aluminum foil.

Paper towels.

Vacuum system (optional).

Microarray scanner.

2.3 Software Software for array scanning and quantification.
Excel, SAM module.
R Studio, Perl, Python (optional).

3 Methods

3.1 Blocking

3.2 Probing

Carry out this step on day 1 (late afternoon):

1.

Using an alcohol-resistant pen/diamond pen, label each array
carefully on the non-active side (label array type, sera number,
sera type, and array number) (see Note 7).

. Position a chamber over the array and carefully place it into a

frame slide plate (Fig. 1).

. Rehydrate each pad with 1x array blocking buffer (BB) (see

Note 8) and leave at RT for 30 min on a slow platform rocker
(4-6 rpm).

. Briefly vortex the sera (3 s), and then centrifuge the cryovials

(in case there are particulates) in 15 mL falcon tubes for 1 min
at 4000 rpm (1252 X g for a rotar radius of 7cm) or microfuge
for 30 s at 14,000 rpm (15,339 X g for a rotar radius of 7cm)
(Fig. 2). This step is optional (sec Note 9).

2. Label sterile Eppendorf tubes with sera #.

A

. Make up fresh 10% E. coli lysate in blocking buffer (EBB).
. Aliquot the required volume of diluted EBB into Eppendorf

tubes.

. In a class II biosafety cabinet add the required volume of sera

into the EBB mix (sera dilution: 1:100).

. Immediately freeze aliquoted sera back into —80 °C. Place the

diluted sera (1° Ab) onto the platform rocker at 50 rpm to
block for anti-E. coli antibodies at RT for 30 min.
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Fig. 1 Protein arrays and setup for experiment. (a) Active surface (barcode side) of a protein array having eight
printed pads (gray boxes). Each pad contains a total of 500 P. falciparum and 515 P. vivax proteins (expressed
as polypeptide fragments) printed as cell-free in vitro transcription-translation (IVTT) reactions (4 blocks). The
pad also contains control spots; 24 IgG spots in 6 different concentrations (6 spots in each block), 24 anti-
human IgG spots in 6 different concentrations, 32 TTBS (buffer) spots, 24 “no-DNA control” reaction spots
lacking a DNA template in the plasmid vector, and 7 blank and 6 empty spots. Printed along with the control
spots are 12 purified parasite proteins at two concentrations. White surface represents the glass surface of the
protein array. (b) Chamber which is carefully positioned over the array before starting the experiment. (c)
Clamps to fix the chamber over the array. (d) Frame slide plate to hold the arrays during the experiment. It can

hold up to 3 arrays
D
I IVTT spot % \ p A :

> —= —> =5
Sample hybridization Biotin-conjugated Streptavidin conjugate
anti-human (IgG)
1 2°Ab

A

1 D000000D

Fig. 2 Schematic representation of the microarray experiment design and workflow for the identification of
seroreactive protein markers for infectious diseases

7. In a class II biosafety cabinet, aspirate BB from chambers with
fine tips.

8. In a class II biosafety cabinet, add the required volume of
diluted sera (e.g., 8-pad = 200 pL).

9. Place a foiled lid on the chamber plate (to prevent evaporation)
and a moist towel on the bottom.

10. Incubate overnight at 4 °C on a slow platform rocker
(4-6 rpm).



3.3 Assay

3.4 Washing
and Drying

3.5 Scanning
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Carry out this step on day 2 in the morning;:

1.

In a class II biosafety cabinet, aspirate sera (1° Ab) and wash the
pads thrice (3x) with 100 pL. TBST. After adding TBST, place
on a fast rocker at 50 rpm for 5 min, aspirate, and repeat.
Remember to change tips for each pad.

. Dilute biotin-conjugated 2° Ab in BB (1:200), vortex the

tubes, and leave them on a platform rocker at 50 rpm to mix
for a few minutes at RT.

. Aspirate TBST after three washes and add the required volume

of diluted 2° Ab to the pads. Incubate for 1 h at 50 rpm ona RT
platform rocker.

. Aspirate 2° Ab and wash the pads thrice (3x) with 100

uL TBST.

. During the washes, dilute 3° Ab—streptavidin conjugate in BB

(1:100). Cover the 15 mL conical tube with aluminum foil to
prevent exposure to light. Vortex and place the tube on a
platform rocker.

. After the third wash, aspirate TBST and add the required

volume of 3° Ab. Place on a platform rocker at 50 rpm for
45 min at RT. Cover with a foiled lid (se¢ Note 10).

. Aspirate 3° Ab and wash the pads thrice (3x) with 100

uL TBST.

. Then wash twice with 100 pLL TBS. Place on a fast rocker at

50 rpm for 5 min, aspirate, and repeat.

. Remove array from the frame and tap the edge lightly on a

paper towel to remove excess fluid. Do not touch the active
surface. For the washing step, carefully slide the array length-
wise into a 50 mL tube or slot the array into a slide box
containing ddH,O for a few seconds (se¢ Note 11).

. To remove excess fluid, spin the slide box or the 50 mL tubes

containing the array in a centrifuge for 5 min at
2000 rpm (~300 x g for a rotar radius of 7cm) (see Note 12).

. Store the slides in a lightproof box in a desiccator until

scanning.

. Wash the plates and chambers in hot water with a few mL of

TBST. Cover and soak for a little while, then tip out, and
air-dry on tissue.

. To scan the array (Fig. 3), insert it carefully into the array

holder space in the microarray scanner, with its active side
down (see Note 13).

. Click on the software icon and select the slide configuration.

Then go to laser settings and select the appropriate wavelength
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Fig. 3 (a) Flowchart describing the steps involved in a microarray experiment from scanning to data analysis.
(b) Two arrays scanned at different power settings. A higher power increases the number of saturated spots
(white) on the array. On lowering the power, a minimum number of spots are saturated while most of the
low-intensity interactions are also captured. (¢) Laser and hardware settings in the microarray software. (d)
Heat maps with signal intensities for all protein spots across patients

3.6 Data Analysis

(635 nm in this case). The wavelength depends on the conju-
gated fluorophore used for detection, in this case streptavidin-
Cy5 conjugate.

. Check preview scan images at different power settings and

select the optimum PMT.

. Scan the slide at optimum PMT value.

. Once scanning is complete, save the image in the .tiff format.

. Open the saved .tiff image to be quantified and upload the .

GAL file. It represents a file that contains the name and location
of all protein spots on the array.

. Lay the grid carefully over the image to quantify spot intensities

and specify the folder in which you want the analysis output file
to be saved. Adjust and align the grid manually over the array if
required. This step is important in order to obtain only true
positive signal intensities.

. Once all the features are aligned, save the settings. Data is

acquired as median signal intensities (MSI) for all spots on
the array.

4. Save the file in the .gpr format.
. Export the file in a format that is compatible with the software

of your choice for data analysis. Normalize the data using
control spots on the array. For sample-specific median
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normalization, subtract the sample-specific median of the
[VTT control spots from the raw intensity of all IVTT protein
spots for that sample.

. Generate a heap map using normalized signal intensities. The

human IgG and anti-human IgG gradients are used as positive
controls. Compare the signal intensities across different
batches and rescan using different power settings, if necessary.

. Identify seroreactive antigens. Antigens are considered seror-

eactive if the average spot intensity for a group of individuals is
greater than a cutoft defined as the average plus two standard
deviations of the reactivity to all 24 IVIT control spots.

. For statistical data analysis, normalize the original data by

dividing the raw IVTT signal intensities for each spot (after
setting a floor of 100) by the sample-specific median of the
IVTT control spots (fold-over control, FOC). Then log trans-
form (log base 2) the values to make it easier to analyze
(Log2 FOC).

. Then analyze the raw data to compare the antibody binding

acCross antigens and across serum SpCCianS.

Identify differentially reactive proteins between any two groups
using R, SAM (significance analysis of microarrays) or any other
software of your choice. Various software and programming
tools like R, Perl, and Python can be used for processing the
data generated from microarray experiment.

Data can be graphically represented using R studio, GraphPad
Prism (Prism v6.0, GraphPad Software Inc., La Jolla, CA) or
any other software.

4 Notes

. To avoid the need to adjust the pH of the buffer manually,

commercial stock solutions may be purchased. Nevertheless, it
is good to check the pH of TBS before starting the assay.
Filtering, if you see any precipitates, can greatly reduce the
chances of background signals.

Serum samples are incubated with diluted E. coli lysates to mask
the effect of anti-E. coli antibodies that are present in high
titers. They are available as lyophilized powders (10 mg total
protein/tube), which have to be reconstituted carefully in
1 mL of blocking buffer. Follow the manufacturer’s instruc-
tions and mix well by pipetting slowly. Freeze leftovers at
—20 °C.

The choice of a blocking buffer depends on the type of array
being used. For instance, some buffers are specially formulated
to suit nitrocellulose membrane surfaces. Stock solutions may
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10.

11.

12.

be purchased from many commercial vendors depending on
the array. While rehydrating arrays with blocking bufter, dis-
pense the solution from the corners to prevent damage to the
printed spots. Ensure that the solution covers the entire surface
of each array. After aspiration, immediately proceed to the next
step to avoid drying of the array surface.

. Always wear gloves and laboratory coats while handling serum

samples. If you have cuts or abrasions on your palms or hands,
cover them with adhesive dressing. Handle the serum samples
in a class II biosafety cabinet according to institutional bio-
safety guidelines.

. Serum dilution is determined based on the antibody concen-

tration in the sample (e.g., IgQ). Perform a test experiment
before moving on to a larger hybridization assay, to determine
serum and antibody dilutions for your assay and to test the
antibody performance.

. With glycerol, tubes can be stored at —20 °C for a longer time

and can be taken in and out of the freezer without the worry of
freeze /thaw damage.

. Wear gloves at all times during the assay. Ensure that you do

not touch the active surface of the array (the surface with the
bar code label) with hands or pipette tips. Keep the active
surface up at all times. Never let the array dry out during the
assay and do not let condensate form on the surface. Itis best to
store the arrays in a desiccator cabinet before use.

. The math is for an 8-pad array. Calculate the volume of BB to

be dispensed according to your array design (2-pad and
3-pad = 500 pL, 16-pad = 100 pL, 8-pad = 200 pL).

. Thaw on ice before starting the assay. Mix slowly by inverting

the tube several times and centrifuge to remove any floating
debris. Wash your hands thoroughly after probing the arrays.

To prevent damage to the fluorescent label of the secondary
Ab, protect the arrays from light during the incubation step. If
the lights in the room cannot be switched off, cover the trays
with aluminum foil or use a lightproof box. Remember that
after this stage all other steps have to be performed in the dark.

Carefully remove the wash bufter from a corner by aspiration
without scratching the active surface of the array. Do not let the
arrays sit for long periods in wash buffer. Proceed to the drying
stage immediately. Submerge the array in water at RT with the
active surface facing up, with gentle shaking for 5 min.

This step is performed to remove excess water that would
otherwise dry on the array surface leaving areas of high back-
ground. The slide boxes should be lined with filter paper or
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Kimwipes to absorb excess moisture. Do not increase the
centrifugation speed as higher speed may cause the arrays to
break.

13. After the washes are completed, scan the microarrays immedi-
ately (highly preferred) or store the array, but it should not
touch any other surfaces, including other arrays. The arrays
may be placed at 4 °C after scanning (for storage). Scanner
should be properly calibrated prior to scanning. Make sure that
all scanner settings remain the same while scanning the arrays.
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Glass Slide-Printed Protein Arrays as a Platform to Discover
Serodiagnostic Antigens Against Bacterial Infections

Alfonso Olaya-Abril and Manuel J. Rodriguez-Ortega

Abstract

Infectious diseases represent a major cause of morbidity and mortality worldwide. Early detection of
infections is capital for managing life-threatening cases. So far, traditional diagnostic methods such as
microbiological cultures are slow and, sometimes, inaccurate. In the molecular era, high-throughput
techniques are essential for providing tools that are able to diagnose in a fast and reliable way, as well as
they can be used for monitoring the humoral response of groups of people in a program of epidemiological
surveillance when an outbreak occurs, or when a vaccine is being evaluated. Antigen-based protein
microarrays are an ideal means for these purposes, as they can carry up to thousands of protein antigens
from pathogenic sources and be probed with sera from different human groups (acute or chronic infected
people, convalescent, controls). For the diagnosis of bacterial infections, the best antigens are in principle
the surface proteins, as they have the highest chances to raise an effective immune response. Here we
describe a general protocol for fabricating a glass slide-based protein microarray using recombinant
bacterial surface antigens, according to our own expertise in the study of pneumococcal disease. The
probing with human sera aims to evaluate differences between diseased and healthy people, in order to
discover discriminating antigens that can be used, after appropriate validation, in further easy-to-use
formats such as immunostrips.

Key words Protein array, Diagnostics, Infectious diseases, Humoral response, Antibodies, Serological
assay

1 Introduction

Traditional methods for the diagnosis of infectious diseases have
relied on microbiological cultures, when the suspected etiological
agent is a bacterial or fungal pathogen, or the clinical examination
of well-known symptoms for viral infections. Obviously, in the
molecular era, these methods are not sufficient for many diseases
because of their inaccuracy and slowness, in the case of microbio-
logical diagnostics [1]. The promptness in having early detection of
infections is often critical to make decisions about the treatment to

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_11,
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be applied to a patient, and even for saving lives. Thus, molecular
diagnostics have represented an important advance in medicine for
treating infectious diseases.

Within this group of molecular techniques, protein microarrays
are excellent platforms for screening interactions of biomolecules
[2]. Thus, they allow to test simultaneously tens to thousands of
antigen-antibody interactions in a single assay, increasing the
amount and speed of biological information that can be obtained,
in contrast to other single antigen-based serological assays, such as
Western blots, immunoprecipitation, or ELISA. This includes the
study of protein-protein or protein-ligand interactions, discovery of
disease biomarkers, analysis of posttranslational modifications, or
identification of drug targets [3]. Particularly, in the field of infec-
tious diseases protein microarrays are used extensively as high-
throughput tools for diagnostics, as well as a means to discover/
validate vaccine candidate antigens, and in programs of epidemio-
logical surveillance [4, 5]. Different protein formats are available
according to the surface to which the antigens are immobilized.
Those employing solid surfaces as metal or glass slides are still the
most widely used, because those based on multiplex bead-based
assays like the Luminex™ technology require costly platforms and
are limited up to 500 antigens. Nevertheless, these latter platforms
allow a very effective differentiation of patient and control groups
at a quantitative level [6].

Typically, protein arrays for infectious diseases are printed with
highly purified proteins from the pathogen(s) whose infection
(s) are intended to detect, and they are probed with sera from
patients as the source of antibodies, either IgM (to measure acute
humoral response to infection) or IgG (to detect adaptive, second-
ary humoral response). The best candidate antigens being used in
protein microarrays, either for diagnostic purposes, for vaccine
discovery/evaluation, or for epidemiological surveillance, are sur-
face proteins. These proteins, which include also those secreted to
the extracellular milieu, have the highest chances to raise an effec-
tive host immune response because of their high exposure [7, 8],
which makes them ideal targets for drug or vaccine development
[9, 10]. After probing with a cohort of sera (which normally
include at least two groups, i.c., that of the patients and a control
with people not suffering the infection to be tested), secondary
antibodies coupled to a fluorescent dye are added and a signal is
recorded. Then, a complex statistical process is performed to nor-
malize the data and to compare the groups under study, which is
conducted to identity proteins that discriminate the groups. The
proteins identified as discriminating antigens are normally validated
with any immunohistochemical technique using another indepen-
dent sera cohort. Once the discriminating antigens have been
defined, these can be scaled out for use in a more suitable, user-
friendly format like an immunostrip.
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Fig. 1 Schematic workflow of bacterial protein microarray printing, hybridization
with human sera, and further data acquisition, processing, and analysis

In this chapter, we describe the technical aspects to make a glass
slide-based protein microarray of a collection of recombinant bac-
terial proteins, based on our own experience with pneumococcal
proteins being used either as a platform to discover serological
diagnostic markers of infection [5] or as an epidemiological surveil-
lance tool (Fig. 1). Although of great importance, we do not
annotate extensively other considerations because they have been
already described in a highly comprehensive way, including the
production of recombinant proteins [11], as well as the study
design and the statistical treatment of the data [12, 13].
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2 Materials

All buffers are prepared, using molecular biology-grade water, in
different batches. It is recommended to prepare the solutions in
excess (at least 20% more than the calculated amount to be used).
Before the start of the procedure, buffers must be cooled at 4 °C.
Depending on the slide and the number of proteins to be assayed, a
different number of complete arrays may be printed. In the same
way, the blocking, washing, and printing solutions will have to be
adjusted to the number of slides to be used, being advisable to
follow the manufacturer’s instructions. Here we show how to
prepare the materials according to the use of the Nexterion Slide
H 3-D glass slides, as described in our previous work [5].

1. Recombinant proteins for printing in glass slide arrays: Proteins
can be produced with a terminal tag to improve the printing
procedure. For example, a double-fusion fragment containing
an N-terminal GST fusion and a C-terminal 6 x His-tag could
be produced (see Note 1). Once expressed, proteins should be
purified using the appropriate procedure (as by using a Ni**-
agarose affinity chromatography for His-tags) and dialyzed
against a specific buffer (such as phosphate-buffered saline,
PBS) (see Note 2). Negative controls should be used (i.e.,
proteins not related to the variable or pathogen under study).
Each protein should be printed on the glass slides, at least, per
triplicate (although it is recommended to do it at least in
quintuplicate), at 6 ng/spot (see Note 3). Printed slides are
placed in a slide humidity chamber overnight at 75% relative
humidity and stored at —20 °C until use.

2. Printing buffer: Using a graduated cylinder, prepare 1 L of a
150 mM phosphate and 0.01% sarkosyl buffer, using 3 M
NaOH to adjust the pH to 8.5. Recombinant proteins are
prepared in this buffer at a certain concentration (i.c.,
250 pg/mL) (see Note 4).

3. Blocking buffer: For Nexterion Slide H 3-D glass slides,
25 mM ethanolamine in 200 mM sodium borate buffer,
adjusted at pH 8.5, is recommended for blocking. Prepare
1 L using a graduated cylinder.

4. PBS-T: Prepare, using a graduated cylinder, 1 L of phosphate-
buffered saline 1x (0.8 g/L NaCl, 0.2 g/L KCI, 1.44 g/L
Na,HPOy, and 0.24 g/L. KH,POy,) and 0.1% Tween-20 solu-
tion adjusted to pH 7.4 (see Note 5). Sterilize it by filtering or
autoclaving. This is the washing buffer.

5. Sera samples: Human serum has to be obtained according to
the principles expressed in the Declaration of Helsinki and
according to previously designed experimental criteria. Sera
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are stored at —80 °C in 25 pL aliquots and prepared on ice with
washing solution (PBS-T) at the required dilution 2 h before
probing (see Note 6).

6. Secondary antibodies and detection reagents: Cy3-coupled
anti-human IgG and Cy5-coupled anti-human IgM should be
purchased commercially (see Note 7).

3 Methods

Manipulation of human sera samples must be carried out by trained
personnel in safety conditions, both methodologically and in terms
of using protective equipment. This includes wearing appropriate
lab material such as lab coat, goggles, gloves, and a face mask, if
necessary. Studies involving human samples have to be performed
according to the rules for Good Clinical Practice, as described by
the Committee for Proprietary Medical Products (CPMP) of the
European Union and the International Committee on Harmonisa-
tion (ICH) in “Note for Guidance on Good Clinical Practice,
document CPMP/ICH/135/95,” effective since January 17th
1997, Clinical Trial Directive 2001 /20/EC, the World Medical
Declaration of Helsinki and its amendments effective since 1964
and in accordance with the Medical Research Involving Human
Subjects Act (WMO). Once the procedure has started, drying of
the slide should be avoided at some points, so the change from one
step to the next one must be done quickly. In order to control the
batch effect, the same array should be processed for all the days of
the experiment.

1. Print the affinity-purified recombinant proteins on glass slides
in quintuplicate (6 ng/spot) with split pins (4 x 4 pin tool)
using a robotic array spotter (Genomic Solutions, BioRobotics
MicroGrid II 610, Huntingdon, UK) (see Note 8). Distribute
the proteins into 384-well plates at 2 wells per sample and
30 pL per well. Each component is prepared at 250 pg/mL
in printing buffer onto Nexterion Slide H 3-D glass slides. As
negative controls, we used 12 commercially available irrelevant
(i.e., nonrelated to pneumococcus) proteins from different
biological sources. The pins are dwelled into the sample wells
and blotted 15 times before printing. The humidity level in the
arraying chamber is maintained at 55-60% during printing.
Each of the components is printed five times in a grid of
140 pm diameter spots with 175 pm pitch. Place the printed
slides in a slide humidity chamber overnight at 75% relative
humidity and stored at —20 °C until use.
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2.

10.

11.

The previously printed arrays are taken from the store at
—20 °C and thawed at 4 °C, allowing their equilibration for
up to 30 min (see Note 9).

. In order to block nonspecific interactions and to reduce the

background, add 75 pL of blocking solution on the sides or
corners of each well and shake gently (<100 rpm) on a circular
shaker for 1 h to ensure that the entire surface of the array is
blocked. After that time, discard the blocking solution.

. Wash the samples by adding 75 pL of PBS-T to each well and

incubate with shaking as in the previous step during 1 min (see
Note 10). After that, remove the washing buffer and repeat the
process twice with washing solution and one more with dis-
tilled H,O. Then, the slides must be dried by centrifugation
(350 x g for 15 min) and assembled on 16-well slide holders
(Nexterion Slide H MPX 16).

. Once serum samples are thawed on ice, dilute them appropri-

ately in PBS-T in a total volume of 45 pL per well (see Note
11). As another negative control, arrays without serum, but
incubated with PBS-T, should be included. Then, incubate the
different samples (two hybridizations per serum are recom-
mended) for 1 h protected from light at room temperature
(see Note 12).

. Add 100 pL of PBS-T, incubate for 2 min with shaking, and

remove by decantation of the washing buffer. Repeat the wash
three more times (se¢ Note 13).

. Add 45 pL of anti-human IgG-Cy3 or anti-human IgM-Cy5

conveniently diluted, cover tightly with a seal strip, and incu-
bate for 1 h at room temperature protected from light (see
Note 14).

. Remove slides from holders, wash twice for 10 min in PBS-T

and then once in PBS for 10 min, and finally centrifuge at
350 x g for 15 min to dry the array surface (see Note 15).

. Scan the slides within 24 h of probing by using a properly

calibrated scanner to acquire the raw values of mean fluores-
cence intensity (MFI) for each array spot (see Note 16).

Process the acquired raw data. Initial data processing includes
not only the local background subtraction but also a correction
of the intensity obtained (i.e., by using the corrected median)
(see Note 17).

Finally, analyze the data. Statistical analysis of the collected and
processed data may be carried out using standard techniques
for normalization, comparison, clustering, or diagnosis
depending on the purpose of the study (sez Note 18).
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4 Notes

1. The protocol here described is based on our experience on

printing recombinant pneumococcal proteins for probing
with human sera. As a general advice for producing recombi-
nant proteins from bacterial sources, it is more suitable to use a
prokaryotic expression system such as Escherichia cols.
Although production of recombinant proteins in a prokaryotic
heterologous system does not allow to get the original post-
translational modifications, there are other advantages over the
use of eukaryotic expression systems: prokaryotic systems are
cheaper, easier, and faster than the eukaryotic ones. In our case,
we used the pSpark®™ I vector (Canvax Biotech, Cérdoba,
Spain), and expressed the cloned genes in E. coli BL21, as
described [5, 14], according to manufacturers’ instructions.
One major drawback of these expression systems is the forma-
tion of inclusion bodies in which recombinant proteins need
further steps for their purification. However, if the purpose of
the study is to use surface bacterial antigens in serodiagnostics,
we propose here some general tips to avoid this problem and to
easily recover the recombinant proteins in their soluble form
from the E. coli cytoplasm. These tips consist of removing from
the cloning fragments all the regions coding for exporting
signals (e.g., signal peptide I for secreted and cell wall-anchored
proteins; signal peptide II for lipoproteins), as well as the
transmembrane helix for membrane proteins with one single
transmembrane domain (TMD). For multi-transmembrane
proteins, it is recommended to select sufficiently large domains
between two adjacent TMD that are exposed to the outer side
of the cell. This can be either predicted using subcellular locali-
zation algorithms (e.g., TMHMM, PsortB) or experimentally
aided: a useful strategy is the “shaving” approach followed by
LC-MS/MS analysis to identify the most exposed and abun-
dant surface proteins [15, 16]. Also, this information can be
supported by the prediction of antigenicity of the produced
recombinant polypeptides, by using algorithms such as
VaxiJen.

. At this point it is necessary to check whether the change of the

buftfer produces the precipitation of the protein or not. If this is
the case, the buffer to be used must be optimized. Once the
protein concentration is quantified, the purification efficiency
for each protein should also be tested, e.g., by densitometry
analysis of SDS-PAGE gel bands. Finally, protein concentration
must be adjusted at the same value for all proteins in order to
use the same for glass slide printing in 384-well plates.
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3.

10.

11.

12.

Itis recommended to print each protein in quintuplicate and in
two different slides. Subsequently, it is usual to eliminate the
outlier values, so having ten data for each protein will guaran-
tee getting enough values to carry out a robust statistical
analysis. For this, two hybridizations per serum should be
carried out.

. The protein concentration to be used is one of the parameters

to be optimized, and it will depend on several factors. These
must be empirically determined, such as the affinity of the
serum antibodies for the protein, the titer of antibodies against
that protein, or the type of antibodies to be tested (e.g.,
IgM, IgG).

. To reduce variability, it is reccommended to use a stock solution

from which to make the working solution. Then, a 10x PBS
and a 10% Tween-20 stock solution could be made to ensure
the use of the same stock throughout the experiment.

. The volume of the aliquots of sera should be that which allows

the use of such sera with the minimum waste of biological
material; therefore, it depends on the experimental design.
Avoid multiple freezing/thawing of samples to prevent the
loss of sera viability.

. IgM (either as primary or as secondary antibodies) requires a

lower dilution than IgG (i.e., 1/1000 for IgG vs. 1,/200 for
IgM). On the other hand, Cy dyes are sensitive to photodam-
age, so they should be prepared, stored, and used in the dark.

. In our case, we used the robotic array spotter BioRobotics

MicroGrid II 610 (Genomic Solutions, Huntingdon, UK).

. Arrays should be kept sealed to prevent exposure to air or

moisture until they reach the temperature at which they are
defrosted. On the other hand, avoid touching the areas of the
array with printed proteins, and transport them on ice.

This step is carried out in order to remove any remaining
blocking solution.

In this step it is necessary to be especially careful with cross
contamination, so it is necessary to change the pipette tip
between each serum sample.

Serum is usually a very valuable resource, so it should be used
as diluted as possible, despite ensuring that the signal obtained
is within the optimal detection range of the device used. In
optimizing this process, beyond the dilution of the serum, the
density of the printed protein and the dilutions of the second-
ary detection antibodies must be considered. Usually, serum is
diluted in a range comprising from 1:100 to 1:500, but previ-
ous tests are required to choose the most appropriate dilution
taking the precaution that the dilution to be established will
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not be optimal for all the sera, but it will be for the majority.
Ideally, each array should be repeated with at least three differ-
ent serum dilutions to check the linearity of the signal and
choose one of the results that yield reliable values within the
detection range, but this would increase the cost and time
required for the whole analysis.

If this is done so carefully that the walls of the well are not
touched, the same pipette tip can be used throughout this step.
However, if the operator is not sure or confident enough,
changing the pipette tip is recommended.

Because dyes are used to be photosensitive, this step must be
done quickly. One way to do this faster is to be careful in not
touching the walls of the wells to avoid cross contamination,
which will allow the same pipette tip to be used throughout
this step. If not, please read Note 13.

It is important to wash well any secondary detection antibody
residues not bound to serum antibodies to decrease back-
ground noise from the assay. The indicated washes are usually
enough, but if not, the number of washes can be increased,
ensuring that the sample is protected from light.

Spot size should be defined for the whole experiment and
non-saturated pixels should be obtained. In our pneumococcal
protein array, we used a GenePix 4000B microarray scanner
(Molecular Devices Corporation, Union City, CA) at photo-
multiplier voltage settings so that no saturated pixels were
obtained. Image analysis was carried out with GenePix Pro
4.1 analysis software (Molecular Devices Corporation). Spots
were defined as circular features with maximum diameter of
140 pm.

Based on our own protein microarray, local background sub-
traction from ten surrounding spots is performed and cor-
rected median fluorescence intensity is used for initial data
processing. Then, the mean background signal of negative
controls is subtracted from each raw spot value after sera hybri-
dization. Negative controls represent hybridizations of nega-
tive control proteins and buffer spots with sera and secondary
antibodies. After background subtraction, negative or zero
values are assigned a net value of 0. Then, outlier values for
each spot are removed. The two hybridizations for each serum
are averaged to get the signal mean intensity (SMI) values, and
the mean and standard deviation (SD) are obtained from the
five printed spots per protein in each group (patient, control,
etc.). Finally, data normalization by background was carried
out using Microsoft Excel as described [17]. Absolute SMI
values <500 must be discarded for further statistical analysis,
to avoid measures close to the detection limit.
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18. Normalization usually involves Z-score calculation. For com-

parison of two or more groups, the Mann-Whitney U-test and
the Student’s z-test are those most widely used to determine
which antigens discriminate the studied groups. In our previ-
ous study, we applied the Benjamini-Hochberg
(BH) correction to control the false discovery rate. Protein
targets are considered as immunogenic candidates if antibody
levels are significantly different between pneumococcal
infected and control groups at a certain level (e.g., with at
least a 1.5-fold difference in their SMI values, BH-adjusted
p values <0.05). Hierarchical clustering is normally used to
group sera samples and antigens into subsets, such that those
within each cluster (subset) are more closely related to one
another than samples assigned to other clusters. To use single
antigens or combinations of them for diagnostic purposes,
receiver operating characteristic (ROC) curve analysis is usually
performed, which includes the calculation of sensitivity, speci-
ficity, and area under the curve (AUC).
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Affinity Proteomics Assays for Cardiovascular
and Atherosclerotic Disease Biomarkers

Maria Jesus Iglesias, Jochen M. Schwenk, and Jacob Odeberg

Abstract

Systematic exploration of the dynamic human plasma proteome enables the discovery of novel protein
biomarkers. Using state-of-the-art technologies holds the promise to facilitate a better diagnosis and risk
prediction of diseases. Cardiovascular disease (CVD) pathophysiology is characterized for unbalancing of
processes such as vascular inflammation, endothelial dysfunction, or lipid profiles among others. Such
processes have a direct impact on the dynamic and complex composition of blood and hence the plasma
proteome. Therefore, the study of the plasma proteome comprises an excellent exploratory source of
biomarker research particularly for CVD. We describe the protocol for performing the discovery of protein
biomarker candidates using the suspension bead array technology. The process does not require depletion
steps to remove abundant proteins and consumes only a few microliters of sample from the body fluid of
interest. The approach is scalable to measure many analytes as well as large numbers of samples. Moreover,
we describe a bead-assisted antibody-labeling process that helps to develop quantitative assays for validation
purposes and facilitate the translation of the identified candidates into clinical studies.

Key words Affinity proteomics, Plasma proteome, Multiplexity, High-throughput, Antibody, Novel
biomarkers

1 Introduction

Cardiovascular disease (CVD) remains one of the major causes of
mortality and morbidity worldwide. CVD includes atherosclerotic
diseases (e.g., myocardial infarction, stroke) and non-atheroscle-
rotic diseases (e.g., venous thromboembolism, valvular disease)
[1]. Despite all considerable progress over decades in the diagnosis,
treatment, and prognosis of the disease, there is still a great interest
in defining novel biomarkers for risk prediction and yet for diagno-
sis and prognosis of CVD.

Blood is a valuable body fluid for monitoring the physical
conditions of an individual and analysis of blood markers can assist
the physician in assessing the patient’s status and enable persona-
lized management [2]. In relation to cardiovascular
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pathophysiology, blood has a direct contact with key disease loca-
tions such as the endothelium cell surface, and is the vehicle for,
among others, complement system, coagulation factors, and
immune cells which all play a role in CVD. Additionally, blood is
the body fluid where cells and tissues actively or passively secrete
proteins [2—4 ] and/or release them by ectodomain cell membrane
shedding [5]. Blood samples are routinely separated into serum or
plasma for standard analytical clinical applications. Serum is
prepared from blood drawn without any anticoagulant and is
depleted of blood cells and coagulation factors. Plasma is prepared
from blood drawn with the presence of an anticoagulant (e.g.,
heparin, K2-EDTA, or NA-citrate) and depleted of blood cells
while the remaining protein composition is basically unchanged
[2, 6]. Therefore, plasma is the more relevant sample specimen
for exploratory biomarker research particularly for CVD physiopa-
thology where the hemostatic system plays an important part.

Affinity proteomics based on using antibodies as capture
reagents has been successfully employed for the identification of
novel biomarkers in body fluids in several conditions and diseases
[7-10], including cardiovascular disease (CVD) [11, 12]. Suspen-
sion bead array (SBA) is one of the affinity-based proteomic tech-
nologies applied for large-scale sample profiling. This technology,
based on color-coded magnetic microspheres coupled with anti-
bodies (Fig. 1), allows for a high degree of multiplexity of target
analytes and large sample throughput [13, 14]. Moreover, the
method requires small volumes of the body fluid of interest and a
minimal sample processing compared to other proteomic techni-
ques, such as mass spectrometry (MS). No depletion of high-
abundance proteins (i.e., albumin) is necessary.

The suspension bead array can be built based on two strategies.
In an agnostic, or unbiased, discovery-driven strategy, the choice of
affinity reagents to be included is based on predicted and/or ver-
ified specificity and functionality for detection of protein targets in
plasma and without considering prior knowledge of protein func-
tion and possible involvement in the particular disease or condition
studies. This strategy will necessarily involve a very large number of
candidates, as exemplified in a study of patients with advanced
atherosclerosis where plasma samples were initially screened with
more than 10,000 antibodies from the Human Protein Atlas proj-
ect [12]. Alternatively, in a target-driven strategy, an educated
selection of candidates is made based on prior knowledge and
hypotheses of roles in the disease or condition under study. This
strategy allows for more defined yet comprehensive plasma protein
profiling, exemplified in a case/control study including patients
with venous thromboembolism (VTE), where plasma samples
were screened with 768 antibodies directed against a list of candi-
dates compiled from literature, previous proteomic and genetic
studies, data of tissue-specific expression genes, and known or
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Fig. 1 Suspension bead array technology. Representation of the single-binder assay workflow for one ID bead.
Frist, antibodies are covalently coupled onto the color-coded magnetic bead. In parallel, all plasma proteins
are conjugated with biotin. Next, the biotin-labeled target protein is recognized by the antibody-bead complex.
Finally, streptavidin-conjugated phycoerythrin specifically binds to the biotin. The beads are analyzed by a
dual-laser system to identify (a) the internal color code of each bead (= antibody used) and (b) the
fluorescence from the phycoerythrin as representation of the relative amount of protein captured by the
antibody. (Created with BioRender.com)

hypothesized involvement in pathways of relevance for VTE
[11]. Both strategies were employed to successtully identity bio-
marker candidates that could be validated in replication studies
[11, 12]. However, the SBA technology platform has some limita-
tions since antibodies have intrinsic characteristics in their affinity
properties depending on the context they are used in. Hence, in a
complex matrix such as plasma, antibodies may display a specificity
different from that in other applications [15]. The categories for
target binding are described in Table 1. Therefore, it can become
necessary to confirm and/or identify the target specificity of anti-
bodies not tested in the given sample and chosen technology. This
will assist to deconvolute binding effects or factors influencing the
binding, such as protein complex bound to the antibody target.
Several approaches can be taken for validating antibody specificity
[14, 16], and in our previous studies we have employed dual-
binding assays that include using two different antibodies, acting
as capture and detection for the intended target for validating our
results [17] (see Chapter 5).
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Table 1
Antibody selectivity classification in complex sample matrices

Category Description

ON-target The antibody binds to the intended protein target

CO-target The antibody binds to the intended target and also enriches other proteins
OFF-target The antibody does not enrich the intended target but binds to other proteins
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Fig. 2 Antibody biotinylation for the development of dual-binder sandwich assays. Sequential representation of
the antibody biotinylation process from the starting step of antibody coupling to protein A beads, and
subsequently addition of the biotin to the immobilized antibodies and the final elution of the biotinylated
antibodies from the beads. (Adapted from Dezfouli M et al. [18]) [Image created with BioRender.com]

Eventually, there are no conjugated antibodies available that
can be applied as detection antibodies, which was the case in one of
our studies [12]. As an alternative, commercial kits for in-solution
conjugating primary antibodies can be employed; however most of
these require an initial large amount of antibody (e.g., >10pg).
This can be solved by the application of the bead-assisted antibody
labeling protocol described by Dezfouli et al. [18] (Fig. 2). The
protocol allows the biotin conjugation of antibody reagents with
low concentration of antibody, thereby enabling such reagents to
be used as detection antibodies in dual-binding assays in the valida-
tion of results from the proteomic profiling.

In all, the protocol described in this chapter is divided into two
sections. The first part of the protocol description is based on the
profiling of CVD plasma samples as presented in our previous
studies [ 11, 12] and adapted from Dobrin et al. [13]. As previously
mentioned, the method is scalable in both dimensions, i.e., number
of proteins and number of samples to be analyzed. To simplify the
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protocol description, the following protocol part will describe the
steps for a 96-well plate format as the minimum unit for both
samples and antibody-bead suspension array. The protocol is sub-
divided into three main sections covering (a) plasma sample label-
ing with biotin, (b) covalent coupling of selected antibodies on
magnetic microspheres in order to create the suspension bead array,
and (c) affinity proteomics using the single-binder assay, by the
combination of labeled samples and suspension bead array. The
second part of the protocol section describes the antibody biotiny-
lation process assisted by magnetic beads.

2 Materials

2.1 General Material
and Equipment

2.2 Sample Labeling
Reagents

. PCR plates, 96-well non-skirted.
. Flat-bottom clear polystyrene 96-well plate (alternatively

384-well plates).

. Plate sealer [e.g., PlateLoc Thermal Microplate Sealer] (see

Note 1).

. Bench vortex.

. Bench centrifuge with plate holders.

6. Bench plate shaker (e.g., PHMP-4 Thermoshaker) (see

10.
11.
12.
13.

1.

Note 2).

. Standard manual or digital pipettes and disposable tips

(1000pL, 100pL, 10pL).

. Standard polystyrene tubes (1.5 mL, 5 mL, 15 mL, 50 mL).
. Liquid-handling robots (e.g., CyBio Selma; Freedom EVO®

150 platform).

Plate washer (e.g., EL406 Washer Dispenser).
Water bath.

Biosafety cabinet.

FlexMap3D (see Note 3).

Plasma samples (or other body fluid of interest).

Sample dilution buffer: Phosphate-buffered saline, pH 7.4 (1 x
PBS), storage at room temperature (RT).

. Labeling reagent: Lyophilized sulfo- N-hydroxysuccinimide

polyethylene oxide biotin (EZ-Link™ NHS-PEG4-Biotin)
dissolved in sterile dimethyl sulfoxide (DMSO). Biotin is
stored at —20 °C in the lyophilized form and stabilized at RT
for 10 min prior to addition of DMSO to a final concentration
of 10 mg/mL (see Note 4).

Labeling stop solution: 0.5 M Tris—HCI pH 8.0, prepared with
Milli-Q-H,O and stored at 4 °C.
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2.3 Antibody-Bead
Coupling Reagents

2.4 Labeling
and Coupling
Efficiency Testing
Reagents

2.5 Single-Binder
Assay Reagents

1.

Selected antibodies: Preferably antibodies are formulated in
BSA carrier-free and/or in amine-free buffers in order to
avoid coupling competition (se¢ Note 5).

. MagPlex® microspheres: Magnetic carboxylated polystyrene

microparticles containing internal dyes that generate specific
and unique region identities (IDs). Stored at 4 °C and pro-
tected from light (se¢ Note 6).

. Activation buffer 1 (AB1): 0.1 M Monobasic sodium phos-

phate (NaH,PO,), pH 6.0-6.2, prepared in Milli-Q water,
filtrated, and stored at 4 °C (sec Note 7).

. Activation buffer 2 (AB2): 50 mg/mL Sulfo-NHS ( N-hydro-

xysulfosuccinimide) (NHS) and 50 mg/mL EDC (1-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide hydrochloride)
(EDC) freshly prepared in activation buffer 1 prior to usage.

. Antibody dilution buffer: 50 mM 2-( N-morpholino)-ethane-

sulfonic acid hydrate, pH 5.0 (MES), dissolved in Milli-Q
water, filtrated, and stored at 4 °C (se¢ Note 7).

. Phosphate-buffered saline with 0.05% Tween® 20, pH 7.4

(PBS-T), stored at RT.

. Bead-blocking reagent for ELISA (1 x BRE), stored at 4 °C (see

Notes 8 and 9).

. Assay buffer: 0.5% (w/v) Polyvinyl alcohol (PVA), 0.8% (w/V)

polyvinylpyrrolidone (PVP) prepared in PBS, and 0.1% (v/v)
casein, filtrated and stored at 4 °C (se¢ Notes 7, 8, and 10).

. PBS-T.
. Labeling detection buffer: Streptavidin, R-phycoerythrin

freshly diluted in PBS-T.

. Coupling detection buffer: Anti-species (e.g., anti-rabbit, anti-

mouse) antibody labeled with R-phycoerythrin diluted 1:2000
in PBS-T (see Note 11).

. Biotinylated plasma samples (prepared as described in Sub-

heading 3.1).

. Suspension bead array (prepared as described in Subheading

3.2).

. Assay butfer: 0.5% (w/v) Polyvinyl alcohol, 0.8% (w/v) poly-

vinylpyrrolidone prepared in PBS-T, and 0.1% (v/v) casein,
filtrated and stored at 4 °C (see Notes 7, 8, and 10).

4. Washing buffer: PBS-T.

. Cross-linking bufter: Paraformaldehyde 0.4% (v/v) dissolved

in PBS, stored at 4 °C.

. Detection buffer: Streptavidin-conjugated R-phycoerythrin

(SAPE), diluted in PBS-T.
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1. Antibody: Preferably use antibodies formulated in a storage
solution free of albumin and/or in buffers not containing
amines.

2. Beads: Magnetic protein A or G. The selection of the beads will
be guided by the commercial provider depending on the anti-
body species to be labeled.

3. Plates or tubes: The labeling process can be performed in
96-well flat-bottom surface plates or microcentrifuge 1.5 mL
tubes.

4. Magnets: A magnetic separator suitable to the selected labeling
support. A 96-well plate or standard microcentrifuge tube
magnetic separator [e.g., DynaMag™-2 magnet].

5. Phosphate-buffered saline with 0.05% Tween® 20, pH 7.4
(PBS-T).

6. Labeling solution: Biotin (EZ-Link™ NHS-PEG4-Biotin)
diluted in DMSO.

7. Elution buffer: Acetic acid 0.2 M, pH 3.2.
8. Neutralizing solution: Tris—HCI 0.5 M, pH 8.0.

3 Methods

3.1 Sample Labeling
Protocol

Description: This protocol section describes an in-solution bioti-
nylation process where biotin molecules are added to the primary
amine residues and N-terminus present in all the plasma proteins.
The protocol has the advantage of minimal processing of the
biological sample with no requirement for depletion of the
unbound biotin groups once the reaction has been quenched.

1. Thaw raw plasma samples on ice, vortex, and centrifuge at 4 °C
(2000 x g for 5 min). Keep them on ice until transferred into
PCR plates.

2. Distribute the plasma accordingly to the experimental layout in
non-skirted PCR plates (volume per well: 50-100pL). This
step can be done manually by standard pipetting or by liquid-
handling robots (e.g., Freedom EVO™ or CyBio Selma). Each
96 well-plate layout shall contain a minimum of one blank well
and three wells used for replication analysis. Therefore, there is
up room for a maximum of 92 plasma samples randomly
distributed in one 96-well plate (sec Note 12).

3. Sample plates are sealed and centrifuged at 2000 x g for 5 min
at 4 °C.

4. Inanew PCR plate, dispense 22pl. of PBS per well and transfer
3pL of each plasma sample to the individual wells. Seal the
sample plate, vortex, and spin down for 1 min at 1000 x g.
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3.2 Antibody-Bead
Goupling Protocol

5. The labeling solution is prepared directly before its use by
dissolving NHS-PEO4-Biotin in DMSO to 10 mg/mL and
subsequently diluted to 3.5 mg/mLin a 15 mL tube with PBS.
Add 5pL of the working labeling solution to each sample (see
Note 13).

As described for plasma, working solution and buffers can be
dispensed by standard pipette or by Liqguid-handling vobot using
96-well head holders. Liquid-handling robots ave prefevved, hav-
ing the advantage of liquid dispensing at one time point, pre-
venting artifacts/evvors from delayed periods of manual dispense.

6. Immediately after this, seal, vortex, and centrifuge the plate for
1 min at 1000 x g.

7. The labeling incubation step is carried out for 2 h at 4 °C, with
one short break after 1-h incubation, where the sample plate is
quickly vortexed, spun down, and placed again at 4 °C.

8. Quench the labeling process by adding 12.5pL of Tris—sHCI
(0.5 M, pH 8.0) to each well, followed by sealing, a quick
vortex, and centrifugation for 1 min at 1000 x 4.

9. Incubate the plate for 20 min at RT on a plate shaker and
directly afterwards store the labeled samples at —20 °C until
usage.

Description: The protocol describes the steps for the generation of
the suspension bead array, where antibodies are bound covalently
onto magnetic microspheres. The suspension bead array offers
large flexibility in composition due to the independent immobiliza-
tion of antibodies on beads before pooled to generate the multiplex
array. Within the composition of the SBA we include two negative
controls. One corresponds to normal IgG couple to a specific bead
identity. The IgG species will be defined by the origin species of the
assay antibodies (e.g., rabbit, mouse, goat). The aim is to identify
nonspecific binding of plasma human proteins to an antibody of
nonhuman origin. A second negative control corresponds to
non-coupled beads that undergo coupling process. The readout
from this well will reflect the background level of the binding on the
assay. Moreover, two positive control antibody reagents are
included in the array composition, anti-human IgG and anti-
human albumin. Both antibodies report high signal intensities as
confirmation of the transfer of labeled plasma into the assay plate,
the single binding assay.

All steps described in the protocol can be performed manually;
however when generating larger antibody-bead arrays, it is highly
recommended to facilitate the process by the use of automated or
semiautomated liquid-handling robots (e.g., Freedom EVO® 150).

1. Dilute the antibodies in MES buffer by taking 1.76pg of each
selected antibody into individual wells of a PCR plate to a final
volume of 100pL.
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. Seal the antibody dilution plate, vortex, centrifuge for 1 min at

1000 x g, and store at 4 °C (see Note 14).

. Sequentially, aliquot each independent MagPlex bead region

(40pL containing approximately 5 x 10° beads) into individual
wells of a half-area 96-well plate, following either a column or a
row distribution manner (se¢ Note 15).

. Seal the plate with beads and centrifugate for 1 min at

1000 x 4.

. After removing the plate seal, place the plate on the magnet for

30 s to allow bead precipitation.

. Wash the bead plate in the plate washer with the following

protocol (see Note 16):
(a) Aspirate the bead storage buffer with the plate on the
plate magnet.

(b) Dispense 80uL of ABI buffer into the wells while on
magnet.

(c) After 30 s, aspirate AB1 bufter.

. Move the plate off the magnet and add 50pL of AB1 for bead

resuspension.

. Prepare fresh activation buffer (AB2) by dissolving EDC and

NHS in AB1 buffer (for detailed description see Note 17). Add
50uL of AB2 bufter to each well, seal the plate, cover with an
opaque lid, and vortex to bring the beads into a suspension.

Incubate the plate onto a bench plate shaker, at 650 rpm for
20 min at RT.

Immediately afterwards, centrifuge the plate for 1 min at
1000 x g and wash the beads with two cycles of MES butffer
as follows:

(a) Place the plate on the plate magnet for 30 s.

(b) Aspirate the AB2 buffer while on the magnet.

(c) Dispense 100pL of MES into each well while on the
magnet.

(d) After 30 s on the magnet, aspirate the MES bufter.
(e) Repeat steps 10c and 10d twice.

Take the plate off the magnet and add 100pL of each diluted
antibody to the corresponding activated bead (ID). Resuspend
the beads by pipetting up and down.

Seal the plate, cover with an opaque lid, vortex, and incubate
on a shaker (650 rpm) at RT for 2 h.

Centrifuge the plate for 1 min at 1000 x g.

Remove unbound antibody by washing the beads with three
cycles of PBS-T washes as follows:
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3.3 Labeling
and Coupling
Efficiency Assessment

3.3.1 Antibody Coupling
Efficiency

3.3.2 Sample Labeling
Efficiency

15.

l6.

17.

(a) DPlace the plate on the magnet for 30 s.

(b) Aspirate the antibody MES buffer while on the magnet.
(c) Dispense 100pL of PBS-T while on the magnet (x3).
(d) After 30 s on the magnet, aspirate the PBS-T buffer (x3).

Add 50pL of the blocking reagent to the beads. Seal the plate,
vortex, and incubate for 20 min on a shaker at RT.

C

Centrifugate the plate for 1 min at 1000 x 4 and store the
beads at 4 °C and light protected until usage (se¢ Note 18).

For the composition of the bead stock solution, an equal
volume of the different beads is mixed together in a 5 mL
tube and diluted with blocking buffer until a desired bead
count is obtained. Our recommendation for an experiment is
between 50 and 75 beads of each bead ID region per pL. of
bead stock.

Description: It is recommended to assess labeling and coupling
efficiencies prior to the continuation with the experimental work.
Coupling efficiency is defined by the binding of a secondary anti-
body that will recognize the capture antibodies immobilized onto
beads. Labeling efficiency is assayed by the positive control beads
included on the SBA (antibody-beads targeting human IgG and
human albumin).

1.

Distribute 5pL. of SBA stock into 4 wells of a flat-bottom
96-well plate.

. Dispense 50pL of secondary antibody (1:2000) diluted in

PBS-T in three of the wells and 50pL. PBS-T only into the
last one.

. Incubate for 30 min at RT at constant shaking.
. Wash three times with PBS-T while on a magnet.
. Add 80pL PBS-T and run the samples in the Luminex instru-

ment. A readout signal of 8000-15,000 median of fluorescence
intensity (MFI) is obtained for efficient couplings.

. Distribute 5pL of SBA stock into 4 wells of a flat-bottom

96-well plate (see Note 19).

. In separate 1.5 mL tubes, prepare a 1:50 dilution in assay buffer

of the selected labeled samples.

. Add 45pL of diluted samples to the bead stock and incubate for

1 h with constant shaking at RT.

4. On a magnet, wash the beads three times with PBS-T.

. Add 50pL of SAPE (1:750) diluted with PBS-T and incubate

for 30 min, at RT and with continuous shaking.
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6. Repeat step 4.

7. Add 80pL PBS-T and run the samples in the Luminex instru-
ment. Indicative readout values for adequate labeling efficiency
are as follows: anti-human albumin: 13,000-17,000 median of

fluorescence intensity (MFI) and anti-human IgG:
18,000-23,000 MFI (see Note 20).

Description: The protocol presented below describes the steps for
analyzing the plasma samples with the selected antibodies in the
single-binder assay. This assay relies on the ability of the antibodies
(immobilized onto the beads) to capture the intended protein
within a complex context of a large number of proteins and
dynamic protein concentration range. In brief, the labeled samples
are mixed with the suspension bead array to allow the specific
antibody bindings to occur, followed by removal of non-stable
binding and unbound proteins with buffer exchange washes.
Only proteins stably bound to the antibodies will be detected
after the addition of the signal amplifier (SAPE). The resultant
MFI represents the relative amount of a given protein in the ana-
lyzed samples.

1. Thaw the labeled plasma samples on ice.

2. Dispense 50pL of assay buffer supplemented with 10% (v/v) of
rabbit IgG into a PCR plate (see Note 21).

3. Transfer 1pL of labeled sample into the assay plate, preferably
using a liquid handler (e.g., Cytbio SELMA) (see Note 22).

4. Seal the plate, vortex, and centrifuge for 1 min at 1000 x 4.

5. Diluted samples are heat treated for 30 min at 56 °C in order to
enable epitope retrieval (see Note 23).

6. Prepare a 96-well half-area flat-bottom plate with 5pL of the
beads in each well. For larger number of samples, a 384-well
plate format can be used. Protect from light with an opaque
cover lid until the transfer of the heat-treated samples is done.

7. Let the samples stabilize for 10 min at RT. Thereafter, vortex
and centrifuge the plate for 1 min at 1000 x g.

8. Transfer 45pL of the heat-treated diluted samples into the bead
plate. Seal the plate, cover with a lid, and vortex thoroughly to
resuspend the beads. Incubate the mix overnight in a plate
shaker (650 rpm) at RT while light protected.

9. Centrifugate the plate for 1 min at 1000 x g and wash away
unbound proteins with three cycles of PBS-T wash. Volume per
wash will differ if using 96-well plates (100puL) or 384-well
plate (60puL).

(a) Unseal and place the plate on the magnet for 30 s.
(b) Aspirate the buffer while on magnet.
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3.5 Bead-Assisted
Antibody Labeling
(Detection Antibody
Labeling)

10.

11.

12.

13.
14.

15.

(c) Dispense PBS-T on magnet (x 3).
(d) After 30 s on the magnet, aspirate the PBS-T buffer (x3).

Add to each well 50pL of the cross-linking reagent 0.4% (v/v)
PFA dissolved in PBS. Seal the plate and incubate for 10 min
while gently shaking at RT and protected from light. PFA will
help to stabilize the antibody-protein complex.

Immediate thereafter, wash the bead plate as described in
step 9.

Dispense 50pL of freshly prepared solution of SAPE (strepta-
vidin-R-phycoerythrin conjugated) diluted to 1:750 in PBS-T.

Seal, vortex, and incubate the plate for 30 min.

Thereafter, wash the plate three times with PBS-T as described
in step 9.

Finally, while oft the magnet, resuspend the beads in PBS-T
prior to obtaining the plate readout in the selected Luminex
instrument. The specific volume of PBS-T will be determined
by the user preferences within the instrument recommenda-
tion, which varies from 80 to 100pL in a 96-well plate, or 50 to
60pL if using a 384-well plate format.

The readout resulting from the run will report a fluorescence

signal per each of the bead ID. The signal, expressed as median of
fluorescence intensity (MFI), represents the relative amount of each
specific protein bound to the corresponding antibody.

Description: The protocol describes the steps for biotin labeling of
antibodies with the assistance of magnetic bead that helps to per-
form the purification steps without a reduction of the starting
amount of the antibody of interest.

1.

Gently resuspend the bead stock and pipette 5pL of beads into
a half-bottom 96-well plate (Dynabeads Protein A or G,
30 mg/mL) and add 25pL PBS-T to resuspend the beads.

. Place the plate in the magnet separator and let the beads stand

for 1 min.

. Wash the beads two times with 100pL PBS-T. In the final step

remove all the supernatant.

. While off magnet, add the antibody to the bead pellet, previ-

ously diluted in PBS-T (1pg antibody + 30puL PBS-T) (see Note
24), and resuspend the beads by pipetting up and down.

. Seal the plate, vortex, and incubate for 30 min at RT. Keep

beads in suspension with gentle shaking (650 rpm) on a bench
plate shaker.

. Bring the biotin vial to RT for 10 min. Resuspend the biotin in

DMSO to a final concentration of 0.5 mg/mL.

. Spin down the plate and remove the sealer cover.
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. Place the plate on the magnet standing for 1 min, gently

aspirate the supernatant, and keep it in a microcentrifuge tube
for testing the efficiency of antibody coupling to the Dyna-
beads. Add 100pL of PBS-T to the beads.

Determine the concentration of antibody in the supernatant on
the Nanodrop instrument and calculate the efficiency by the
following formula:

Inital ab concentration — supernant ab concentration < 100
Initial ab concentration

Repeat the bead wash two times with 100pL, PBS-T, discarding
the supernatant.

Add 2.2pL of the labeling reagent (0.5 mg/mL biotin) into
the well on the opposite side of the well to the beads. Immedi-
ately add 60pL of PBS-T off magnet and pipette up and down
in order to homogenize the biotin solution and beads.

Seal and vortex the plate and incubate for 30 min at RT. Keep
beads in suspension with constant and gentle shaking
(650 rpm) (alternatively, the incubation can be done for 2 h
at 4 °C while shaking).

Spin down the plate, remove the sealed cover, and gently wash
the beads three times with 100pL PBS-T. Remove any remin-
ing wash buffer before adding the elution buffer.

Add 12pL elution buffer (acetic acid 0.2 M, pH 3.2).
Incubate for 2 min with gentle vortex (alternatively by gently
pipetting up and down).

Place the plate on a magnet and collect the eluted labeled
antibody by pipetting, avoiding any disruption or carryover
of the Dbead pellet. Transfer the elute into a
microcentrifuge tube.

Add 5pL of the neutralization solution (Tris-HCI 0.5 M,
pH 8.0) to the antibody-labeled eluate.

Add 3pL PBS-T to the labeled antibody. The final concentra-
tion for the labeled antibody is about ~0.45pg,/pL.

Store the labeled antibody at 4 °C until usage.

We have observed different degrees of biotinylation using same

conditions, indicating variability due to the intrinsic properties of
each antibody. For this reason, we strongly recommend to assess
the labeling efficiency prior to the experimental application of each
antibody. The following steps are tailored to using the Luminex
technology.

1.

2.

Dispense 50pL of the labeled antibody (diluted 1:50) into a
well of a half-bottom plate.

Add 5pL of beads coupled with anti-species IgG (see Note 25).
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3.

Incubate for 30 min at RT with constant and gentle shaking.

4. Wash the beads on a magnet with three cycles of 100pL PBS-T.

. Incubate the beads with R-phycoerythrin-labeled streptavidin

(1:750) for 30 min.

. Repeat the wash cycles with 100pL PBS-T.
. Add 80pL PBS-T and run in the Luminex instrument (see

Note 26).

4 Notes

10.

. The selection of a thermal sealer is preferable in order to avoid

contamination of samples and/or buffers with the glue com-
ponent present on plastic adhesive films.

. A plate shaker having an opaque cover is recommended for all

incubations due to light-sensitive properties of the Luminex
beads. Alternatively a cover lid can be used to light protect the
plate.

. FlexMap3D instruments cover up to 500 ID bead identities.

For suspension bead arrays containing low number of bead
IDs, the process can be carried out in other available MAP
instrument models (Lx200 (up to #» = 100 compatible IDs)
or MAGPIX (IDs up to » = 50)).

. Biotin should be prepared fresh prior to usage and not be kept

as frozen stock.

. To increase the efficiency of the coupling process, antibodies

containing carrier proteins (e.g., BSA) or dissolved in Tris or
glycine buffer (amine buffers) should be avoided. These ele-
ments will interfere in the coupling process diminishing the
amount of antibody coupled to beads.

. MagPlex® beads are internally labelled with an organic solution

containing two fluorescent dyes. Large exposure to light might
cause photobleaching of the internal dyes. It is recommended
to protect the beads from light during all incubations.

. AB1, MES, and assay buffer can be stored as 1 x frozen stocks

(=20 °C) for up to 3 months.

. Supplement the buffer with 0.1% (v/v) of a preserving biocide

(e.g., ProClin) for a longer storage at 4 °C.

. Stock aliquots of BRE buffer (10x) are recommended to be

prepared and stored at —20 °C for up to 3 months.

PVA and PVP are difficult components to dissolve in room-
temperature solution; for facilitating the process, autoclave the
solution at 121 °C for 20 min. When the solution is back at RT]
add the casein to the buffer.
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Alternative secondary antibody-labeled dyes can be applied
(e.g., Alexa Fluor® 555, 546, 532); however the usage of
RPE antibodies in our Luminex setup offers a better perfor-
mance in signal intensities.

Replication samples can be prepared by mixing few microliters
of plasma samples from the cohort/sample set to be analyzed.
Alternatively, one selected sample for which a large volume is
available can also be used for replication purpose.

NHS-ester moiety ligated to the biotin has a quick hydrolyza-
tion rate; therefore the labeling solution should be used
directly after reconstitution and the process shall not be
delayed.

Diluted antibodies can be stored at 4 °C for a maximum period
of 24 h.

Antibody and bead ID plate layout should be coordinated for a
correct identification of the unique antibody-bead complex.
This is especially relevant while generating large antibody-
bead arrays.

Manual washes are optional by using a magnetic plate holder
(e.g., LifeSep magnetic separator unit). Buffer removal is
achieved by plate inversion while both plate and magnetic
adaptor are held tightly together.

Allow EDC and NHS reagents to equilibrate at RT for at least
30 min. Dissolve EDC and NHS independently to 50 mg,/mL
in AB1 buffer. Quickly mix 1:1 parts EDC and NHS into 1.5
times (EDC + NHS) ABI1 buffer (e.g., 1 mL EDC + 1 mL
NHS + 3 mL AB1) and apply to the beads. EDC and NHS are
very susceptible to hydrolysis after being reconstituted; there-
fore for an efficiency coupling the process should not be inter-
rupted at this point.

Blocking reagent can be renovated after overnight incubation
in order to obtain lower background assay levels.

The number of samples selected for this step depends on the
user. A minimum of 4 repeated sample wells per each 96-well
plate is recommended.

Indicative values are based on our experimental data. Anti-
human IgG levels are usually high and close to saturation
detection limit.

Normal rabbit IgG added to the assay buffer helps to reduce
unspecific protein binding from human plasma protein to the
coupled antibodies, originated from immunized rabbit. When
the affinity reagents used in the SBA have a different origin, the
assay buffer should be supplemented with IgG from the species
of interest.
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22.

23.

24.

25.

26.

The sample final dilution from original raw to experimental
plasma is 1:500. This dilution covers a dynamic range from
albumin to cytokines (e.g., IL6). In order to study abundant
proteins larger dilution should be applied and optimized.

Human protein atlas antibodies have been generated by rabbit
immunization of protein linear fragment (recombinant human
Protein Epitope Signature Tags, PrEST); therefore a heat treat-
ment step has been introduced in the protocol in order to
facilitate the unfolding of protein and therefore the antibody
recognition. However, this step can be omitted while using
antibodies targeting conformational epitopes.

The antibody amount per reaction can be scaled up to 3pg in
100puL. In case of larger amount needed, multiple wells for the
same antibodies will be prepared.

Beads coupled with anti-rabbit IgG (or any other species) are
prepared as described in Subheading 3.2 (antibody-bead cou-
pling protocol).

Indicative signal for antibody biotinylation varies from 5000 to
8000 MFI.
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Nucleic Acid Programmable Protein Arrays (NAPPA)
for the Discovery of Autoantibodies in Osteoarthritis

Lucia Lourido, Maria Gamacho-Encina, Francisco J. Blanco,
and Cristina Ruiz-Romero

Abstract

Since a decade, the nucleic acid protein programmable array (NAPPA) technology has provided researchers
with a high-throughput proteomic technique for deciphering immune signatures and screening for bio-
markers, among other applications. In osteoarthritis (OA), the activation of proinflammatory pathways of
innate immunity due to cellular stress response and cartilage degradation is now considered to be one of the
pathophysiological drivers of the disease, perpetuating the catabolic process and the inflammation of the
joint. Therefore, the identification of immunosignatures in OA would allow to detect autoantibodies
(AAbs) as a new source of disease-specific biomarkers. Herein, we describe a proteomic strategy combining
NAPPA and in situ protein expression coupled with enzyme-linked immunoassays (ELISA) to search for
novel serum AAbs in OA.

Key words NAPPA, Biomarker discovery, Autoantibodies, Serum, Osteoarthritis

1 Introduction

The nucleic acid protein programmable array (NAPPA) technology
offers a high-throughput miniaturized small-volume detection
platform in which more than 16,000 proteins are in situ displayed
on a single microscope slide [1]. NAPPA is based on immobilizing
expression vectors encoding the desired proteins, which are fused
with a common epitope tag in the C-termini. This tag facilitates the
in situ and just-in-time protein capture by an anti-tag antibody that
is printed simultanecously with the expression vector. To date, this
technology has proved successful in identifying autoantibodies
(AAbs) as novel candidate biomarkers in several diseases, using
different body fluids and avoiding sample pre-fractionation [2-7].

Since the presence of immune cells in the synovial membrane
was considered to be a common finding in osteoarthritis
(OA) patients, there is an increasing belief that fragments released
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1- High-throughput screening on NAPPA
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Fig. 1 Overview of the workflow for the discovery of serum autoantibodies in osteoarthritis by NAPPA and
subsequent validation by ELISA

from cartilage breakdown could act as antigens and activate the
humoral response, which usually involves the production of AAbs.
These AAbs may be detected at asymptomatic stages of OA [8] and
therefore be used to identify susceptible individuals and facilitate
the disease diagnosis and management. With this aim, we describe a
proteomic strategy that involves NAPPA combined with in situ
protein expression coupled with enzyme-linked immunoassays
(ELISA) as an approach to screen and validate serum AAbs in OA
(Fig. 1) [8, 9]. In the ELISA procedure, the individual proteins
coupled with the coated plates are synthesized using the same in
situ expression system applied on the NAPPA screening.

2 Materials

2.1 Sample 1. Assay bufter: 5% (w/v) Fat-free milk powder prepared in 0.02%
Preparation (v/v) Tween 20 in 1 x PBS pH 7.4 (PBST).

22 Serum 1. NAPPA arrays (se¢ Note 1).

Autoantibody Profiling 2. SuperBlock (1x): SuperBlock™ (TBS) Blocking Buffer
on NAPPA (Thermo Fisher Scientific).

3. Milli-Q water.
4. Pipette tip box (see Note 2).
5. Plate shaker.
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2.3 Serum
Autoantibody Profiling
on ELISA
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. Nuclease-free tips.

. Nuclease-free sterile tubes.

. HybriWell gasket (Grace Bio-Labs, HBW2160).

. Expression system: 1-Step Human Coupled IVT kit (Thermo

Fisher Scientific) (see Note 3).
Bioassay dish with dividers (Genetix).
Programmable incubator (see Note 4).

Wash buffer: 0.02% (v/v) Tween 20 in 1x PBS pH 7.4
(PBST).

Blocking bufter (1x): 5% (w/v) Fat-free milk powder prepared
in PBST.

Corning Hybridization Chamber (Sigma).
Rotator.

Conjugated detection antibody: Direct labeled Alexa Fluor
647 goat anti-human IgG (Thermo Fisher Scientific).

Deionized water.

Filtered compressed air (se¢ Note 5).

. Clear flat-bottom 96-well plates.
. Nuclease-free sterile tubes.
. Nuclease-free tips.

. Coating  antibody:  Polyclonal  anti-GST  antibody

(GE Healthcare).

. Coating buffer: 0.05 M Sodium carbonate, 0.05 M sodium

bicarbonate, pH 9.6, 0.2 pm filtered.

. cDNA expression plasmids (see Note 6).
. Expression system: 1-Step Human Coupled IVT kit (Thermo

Fisher Scientific).

. Blocking and assay bufter (1x): 5% (w/v) Fat-free milk powder

prepared in 0.02% (v/v) Tween 20 in 1 x PBS pH 7.4 (PBST).

. Wash buffer: 1x PBS pH 7 4.
10.

Conjugated detection antibody: Horseradish peroxidase
(HRP)-linked anti-human IgG (Jackson ImmunoResearch
Laboratories).

Substrate for horseradish peroxidase (HRP): 3,3',5,5-
'-Tetramethylbenzidine (TMB Pierce™).

Stop solution: 2 M Sulfuric acid.

Plate shaker.
Thermoblock.
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2.4 Data Analysis

1. Tecan Powerscanner™ (Tecan Group LTD) to scan NAPPA
arrays.

2. Absorbance plate reader for ELISA readout.

3 Methods

3.1 Protein Display
and Serum
Autoantibody Profiling
on NAPPA

Herein, we describe a two-phase strategy for the massive screening
of novel AAbs on serum sample pools using NAPPA arrays and the
subsequent validation of the potential autoantibody candidates in
individual samples by ELISA. The number of sample pools to be
analyzed on NAPPA will correspond to each of the different sample
groups under study. The potential hits distinguishing among sam-
ple groups resulting from NAPPA screening will be then expressed
in situ and immobilized on 96-well plates in order to analyze
individual samples by the ELISA method. This strategy is opti-
mized to detect immunoglobulin (Ig) G in OA serum samples,
but other Ig classes could also be recognized by changing the
detection antibody and probably adapting some experimental con-
ditions such as serum sample dilutions to achieve a desired assay
performance [10-12].

1. Thaw serum samples on ice or overnight at 4 °C.
2. Vortex and quickly spin down the serum samples at 500 x 4.

3. Prepare sample pools in a tube by mixing equal volumes of the
corresponding sera (see Note 7).

4. Dilute each pool to 1:20 in assay buffer to a final volume of
2 mL and keep on ice until use (see Note 8).

5. Incubate the NAPPA arrays with 30 mL of SuperBlock in a
pipette tip box with divider for 1 h by gentle shaking
(~150 rpm) at RT (see Note 9).

6. Preheat the incubator at 30 °C.

7. Thaw all provided reagents from the 1-Step Human Coupled
IVT kit to prepare the human HeLa cell lysate-based IVT
expression system on ice before its use (see Note 10).

8. Prepare the IVT by gently mixing 48 puL of HeLa lysate, 16 pL.
of accessory proteins, 32 pL. of reaction mix, and 64 pL of
nuclease-free water in the order listed and saved on ice until
use (see Note 11).

9. After blocking, gently rinse the array for 2 min with Milli-Q
water and dry by filtered compressed air.

10. Using sterile forceps, peel oft the printed liner, and carefully
place the HybriWell chamber to the printed side of the array,
aligning the edges of the array with the edges of the HybriWell
chamber, so that the printed features are centered (see
Note 12).
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27.

Use a wooden stick to rub along the chamber to make sure that
it is well sealed everywhere.

Gently pipet and inject 150 pL of the IVT through one port on
the HybriWell while allowing air to escape through the other
port (see Note 13).

Remove all possible bubbles using a wooden stick to push out
the air from the ports.

To seal the ports, first wipe away excess reagent on the surface
of the chamber using a tissue. Use sterile forceps to remove a
seal tab from the liner strip. Place a seal tab over each filling
port. Press on both seals simultaneously, using finger pressure,
to assure a secure seal.

Place the array on a bioassay dish or pipette tip box with divider
and cover with Milli-Q water to preserve humidity.

Incubate at 30 °C for 1.5 h for protein expression followed by
30 min at 15 °C for protein capture in the programmable
incubator.

Remove the HybriWell cover by grasping the tab end along the
top edge of the HybriWell seal and peel it away from the array.

Rinse the array twice with wash buffer and once in blocking
buffer, for 5 min each in a plate shaker (~150 rpm).

Block the array with blocking buffer in a plate shaker
(~150 rpm) at RT for 30 min (se¢ Note 14).

Vortex and quickly spin down the sample.

Remove the excess of blocking buffer by gently tapping the
edge of the array onto a paper tower.

Place the array face up in a Corning hybridization chamber and
add the 2 mL of serum sample pool.

Once the array is placed in the Corning chamber, place the top
of the chamber directly over the gasket, and press and hold
firmly while clipping the gasket together with the black clips.

Incubate the sample overnight at 4 °C.

Prepare 2 mL of direct labeled Alexa Fluor 647 goat anti-
mouse IgG antibody diluted to 1:500 in blocking buffer and
keep on ice until use.

Place out the array on a pipette tip box with divider and wash
with blocking buffer, three times on a rocking shaker
(~150 rpm), 5 min each.

Place the slides in the Corning chamber and add the 2 mL
Alexa Fluor 647-labeled goat anti-mouse IgG antibody
prepared before. Close the chamber and incubate for 1 h at
RT on a rotator.
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28.

29.

30.

31.

3.2 Coating Plates 1.

for ELISA

3.3 Protein 1.

Expression for ELISA

Place out the array on a pipette tip box with divider and wash
three times with wash buffer, 5 min each in a plate shaker
(~150 rpm).

Rinse thoroughly with deionized water and dry with
compressed air.

Scan the array with the following scan settings: resolution
10, channel 2 /647 nm, gain 50%, and intensity 50%.

Calculate the cutoft level by median intensity absolute devia-
tion rule from all the spots through all the serum pools.

Prepare the coating solution by diluting anti-GST antibody in
0.05 M sodium carbonate/sodium bicarbonate buffer
(pH 9.6) to a final concentration of 4 pg/mL into a volume
enough for an extra 10% in terms of number of assay wells.

. Add 100 pL of coating solution to each well and incubate at

4 °C overnight without shaking and protected from light.

. Remove the excess of the antibody solution by turning the

plate over a paper tower (se¢ Note 15).

. Block wells’ surface with 200 pL of blocking buffer during

overnight incubation at 4 °C by gentle shaking (~150 rpm).

Thaw the components of the expression system and the plas-
mid cDNA encoding human full length fused to GST recom-
binant protein on ice immediately before use.

. Preheat the thermoblock to 30 °C.

. Prepare the reaction for the desired protein expression accord-

ing to the number of wells to be assayed including serum
samples and negative controls. Each well will require 12.5 pL
Hel.alysate, 2.5 pL accessory proteins, 5 plL reaction mix, 2 pL.
corresponding clone cDNA, and 3 pL nuclease-free water. All
these reagents should be gently mixed in a nuclease-free
1.5 mL vial at RT in the order listed and saved on ice until
use. A no-cDNA control reaction should be prepared to act as
negative control of the assay. Here, clone cDNA volume will be
replaced by nuclease-free water (see Note 16).

. Incubate all the reactions for 3 h at 30 °C in a thermoblock.

When the time is over put all the tubes on ice to stop the
reaction (see Note 17).

. Remove blocking buffer and wash each well 5x with 200 pL

wash buffer.

. Add 20 pL of the reaction by well and incubate at 4 °C over-

night on a plate shaker (~150 rpm). In each plate, at least two
wells should be incubated with 20 pL of the no-cDNA control
reaction (see Note 18).
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34 Serum
Autoantibody Profiling
on ELISA

1.

Dilute each individual serum sample to 1:20 in blocking buffer
to a final volume of 100 pL.

2. Wash each well 5x with 200 pL blocking buffer.

. Incubate the protein-coated wells with 100 pL of individual

sera diluted to 1:20 in blocking buffer and the no-cDNA
control wells with 100 pL blocking buffer at 4 °C overnight
on a plate shaker (~150 rpm).

. Dilute the horseradish peroxidase (HRP)-linked anti-human

IgG to 1:1000 in blocking bufter.

. Wash each well 3x with 200 pL blocking bufter.
. Incubate the corresponding wells with 100 pL of the diluted

anti-human IgG for 1 h at RT on a rocking shaker (~150 rpm).

. Wash 3x with 200 pL wash buffer.

. Incubate each well with 100 pL of substrate solution on a

rocking shaker (~150 rpm) preserving from light until the
reaction turns to blue color.

. Stop the reaction by adding 50 pL of stop solution.
10.
11.

Measure absorbance signals at 450 nm on a plate reader.

Identify sera with positive reactivity against the desired protein
by subtracting the absorbance level to the negative control
(blank) tested on the same run.

4 Notes

. Among the different sets of arrays (HC1 to HCO6) that are

available at the NAPPA core CPD (Centre for Personalized
Diagnostics) in the Biodesign Institute (Arizona State Univer-
sity, USA), we selected the one showing the greatest number of
encoding protein genes previously related to OA. Each array
contains 2352 total spots, including 2260 proteins (2125
unique) and 92 controls. The list of all protein-coding genes
printed on each array is provided by the NAPPA core facility.

. Pipette tip box or similar sized box with dividers that comfort-

ably hold up to four slides.

. The rabbit reticulocyte lysate expression system (Thermo

Fisher Scientific) could also be used to express the proteins in
their three-dimensional conformation and used according to
the manufacturer’s instructions. However, this in situ expres-
sion system shows lower efficiency for protein expression and
more than ten times lower protein levels than the Hela cell
line [13].

. In situ protein expression requires a first incubation step at

30 °C, followed by another step at 15 °C. Temperature preci-
sion during protein expression is critical; even a few degrees’
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10.

11

12.

13.

14.

15.

16.

difference may reduce the yield. Therefore, it might be desired
to have a programmable chilling incubator (Torrey Pines).
However, two different incubators such as thermoblock could
be used: one at 30 °C and the other at 15 °C.

. If filtered compressed air is not available, a centrifuge with the

proper glass slide adapter or a slide spinner (such as Labnet
Slide Spinner Centrifuge) may also be used according to the
manufacturer’s instructions.

Purified DNA plasmids expressing the desired GST-tagged
proteins-of-interest are stored at DNASU (www.dnasu.org)
and provided by the NAPPA core CPD (Centre for Persona-
lized Diagnostics) at the Biodesign Institute (Arizona State
University, USA). For the in situ protein expression step, plas-
mids should be at 0.5 pg/pL.

The number of serum samples used to prepare the sample pool
might differ depending on the research circumstances. We
mixed ten different sera from each study group.

Serum dilution should be determined by the optimal sensitivity
with minimum diffusion, through visual analysis to achieve a
desired performance.

. The printed site of the array should be faced up during all

incubation and hybridization steps. It is also crucial not to let
the arrays dry within the different steps and between them
unless indicated.

Thirty minutes should be enough for the reagents to thaw
completely.

. Prepare the IVT using nuclease-free tubes and tips. Each slide

requires 150 pL of IVT. However, we highly recommend
preparing an extra volume of 10 pL per slide.

HybriWell chambers are RNase free and working surfaces are
protected from RNase contamination by the removable liner.
Take care to avoid contamination of exposed working surfaces.

We recommend applying a light pressure on the surface of the
chamber during filling in order to dislodge air bubbles if they
occur.

All steps for microarray processing are susceptible to automa-
tion by using Tecan’s HS 400 Pro™ (14 slides per run) or HS
4800 Pro™ (1-12 or up to 48 slides per run) hybridization
stations.

All the washing steps described in the ELISA protocol are
carried out by turning the plate over a paper tower.

Each 1-Step Human Coupled IVT kits (Thermo Fisher Scien-
tific) contains sufficient reagents to perform 40 reactions.
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17. The reaction can be kept on ice for 90 min to 6 h or it might be
stored at —20 °C or more for long-term storage.

18. A shorter incubation for 2 h at RT is also effective at this step.
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Profiling Autoantibody Responses to Devise Novel
Diagnostic and Prognostic Markers Using High-Density
Protein Microarrays

Shabarni Gupta, Arghya Banerjee, Parvez Syed, and Sanjeeva Srivastava

Abstract

Protein microarrays are a diverse and high-throughput platform for screening biomolecular interactions,
autoantigens, and protein expression profiles across tissues, etc. Autoantibodies produced against aberrant
protein expression are often observed in malignancies which makes protein microarrays a powerful platform
to elucidate biomarkers of translational interest. Early diagnosis of malignancies is an enduring clinical
problem that has a direct impact on disease prognosis. Here, we provide an overview of a method employed
to screen autoantibodies using patient sera in brain tumors. In case of brain malignancies, early diagnosis is
particularly challenging and often requires highly invasive brain biopsies as a confirmatory test. This chapter
summarizes the various considerations for applying a serum-based autoantibody biomarker discovery
pipeline that could provide a minimally invasive initial diagnostic screen, potentiating classical diagnostic
approaches.

Key words Protein microarrays, Brain tumors, Autoantibody, Diagnosis, Prognosis, Biomarker
screening, Gliomas

1 Introduction

Effective early diagnosis of malignancies is one of the fundamental
challenges in clinical oncology settings [1, 2]. Traditionally, malig-
nancies are detected using histopathological examinations of biop-
sies, advanced imaging techniques or examining the expression of
protein biomarkers in malignant tissues using immunoblots,
enzyme-linked immunosorbent assay (ELISA), etc. While these
techniques are robust, their ability to positively detect a malignancy
is dependent on the tumor developing to a point, where it may not
typically fit the definition of “early” diagnosis. For example, a
tumor would be detected with efficacy on a primary screen like an

Shabarni Gupta and Arghya Banerjee are co-first authors.

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_14,
© Springer Science+Business Media, LLC, part of Springer Nature 2021

191


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1562-1_14&domain=pdf
https://doi.org/10.1007/978-1-0716-1562-1_14#DOI

192

Shabarni Gupta et al.

imaging technique only when it has grown to a size or density that
would stand as a cause for caution to move on to a second, more
invasive, validation technique like biopsies. Furthermore, a huge
prerequisite for individuals to opt for such primary screens is the
presentation of symptoms that contribute as compounding factors
of late diagnosis of cancers such as colorectal cancer, ovarian cancer,
and breast cancer. The lack of an initial, minimally invasive primary
screen for malignancies is a translational void that has caught the
attention of researchers all around the globe, over the last two
decades. The emergence of next-generation sequencing (NGS)
has helped overcome this void to a certain extent [3]. We observe
not only clinicians routinely performing blood tests to probe for
commonly mutated genes or circulating tumor DNA in patients,
but also individuals opting for commercial NGS services that help
flag mutations in genes associated with known tumors and other
lifestyle diseases, especially where there may be a relevant family
history weighing in. This is, however, plagued by the challenge of
tumor heterogeneity and demographic variations [4]. Autoanti-
body screening for diagnosis and prognosis of malignancies using
protein arrays fits well in this scenario to overcome several of these
challenges in an unbiased manner.

A healthy immune system can differentiate between self and
nonself entities. In an autoimmune disorder, the immune system
fails to detect self-proteins and therefore attacks itself by generating
antibodies against them, systemically deteriorating the subject’s
health [5, 6]. In malignancies, however, the underlying mutation
causing the tumor may result in the formation of aberrant self-
proteins [7]. The immune system can sense these aberrations and
flag them as “nonself,” thereby leading to the production of anti-
bodies against them. These aberrant self-proteins are termed as
tumor-associated antigens (TAA) and antibodies produced against
these self-antigens are termed autoantibodies [7]. As the immune
system is activated on such an early-onset trigger (production of an
aberrant tumor-causing self-protein), it serves as an ideal early
diagnosis marker. Furthermore, a minimally invasive diagnostic
blood test can be used to probe the production of such autoanti-
bodies which is immensely useful in case of cancers of the brain as
opposed to highly invasive biopsies, that may in some instances,
pose as a life risk based on the location of the tumor [8].

Protein microarrays are a powerful proteomic platform for
screening autoantibody production in individuals in a high-
throughput manner [9]. Analogous, in principle to DNA micro-
arrays, protein microarrays were developed to probe proteins and
capture alterations in the proteome. Based on their application,
protein microarrays can be designed to serve as functional arrays,
analytical arrays, and reverse-phase protein arrays (RPA) [10]. Func-
tional arrays consist of a microarray chip harboring a vast repertoire
of proteins or peptides. These are probed against an enormous
range of query molecules to identify protein-query molecule
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Fig. 1 Types of analytical microarrays: (a—f) represent antigen-antibody interaction, enzyme-substrate
interaction, protein-DNA interaction, protein-protein interaction, protein-small molecule interaction, and
protein-lipid interaction, respectively

interactions [11, 12]. Analytical microarrays, also termed capture
microarrays, have some form of capture antibody, protein, lectin,
and peptide printed on it (Fig. 1) [9, 13]. These are probed using a
complex biofluid or sample like the serum, plasma, and tissue lysate
to detect alterations in the sample proteome. Functional and ana-
lytical protein microarrays are also termed as forward-phase arrays.
RPAs form the other subtype of protein arrays. These arrays com-
prise of multiplexed cell or tissue lysates spotted on a chip and are
probed with a query antibody of interest to check target protein
expression across multiple samples. Tissue microarrays emulate the
principle of RPAs and comprise of microscopic tissue sections
immobilized on a microarray chip to achieve similar goals [14-
16]. For autoantibody detection, typically, an analytical microarray
with full-length proteins are printed. Biospecimens such as serum
and plasma from patients are used as sources of autoantibodies and
act as probes that bind to their corresponding autoantigen [8]. Over
the years, autoantibody screening has been performed using serum
samples of patients from a wide range of malignancies [9, 11,
14]. This chapter focuses explicitly on autoantibody screening
using serum samples of brain tumor patients.

The 2016 classification by WHO graded ~56 different subtypes
of central nervous system (CNS) tumors [17]. While before this
tumors were graded predominantly based on histopathology, the
release of the 2016 WHO classification marked the incorporation
of genetic biomarkers, such as IDH1 /2, TERT, 1p/19q deletion,
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and ATRX loss as diagnostic tools to brain malignancies like astro-
cytoma, oligodendroglia, glioblastoma, and oligodendroglioma.
Proteomic biomarkers complement the diagnostic and prognostic
potential of genetic biomarkers and autoantibody profiling is a
minimally invasive source of such markers. In the discussion of
brain tumors, the blood-brain barrier (BBB) forms a critical com-
ponent in understanding the biology of autoantibody generation
[18]. The BBB is made up of endothelial cells that have unique
properties that vascularize the brain. These tightly regulate the
movement of ions, molecules, cells between the blood, and extra-
cellular fluid circulating in the CNS. The semipermeable nature of
the BBB ensures that large proteins such as antibodies and cellular
components such as blood cells do not enter the brain. This regu-
lation is critical for the maintenance of homeostasis. The BBB is
intact at microtumor sites; however as the tumor enlarges in the
brain, the properties of BBB change [19-21]. In cases of aggressive
forms of brain tumors such as glioblastoma multiforme (GBM), the
BBB is observed to rupture, disrupting its semipermeable nature
and allowing access for the blood into the tumor site. This exposure
aggravates immunological responses to tumor-associated antigens
and can be instrumental in detecting abnormal proteins/protein
expression using a protein microarray. It is intuitive to therefore ques-
tion the efficacy of this technique on low-grade brain tumors where the
BBB may remain intact. It is essential to note, therefore, that there are
various other routes of priming the immune system. For instance, a
mutated protein could adopt a secretory form and gain entry into
blood plasma. This circulation would expose such proteins to the
immune system. Tumor/antigen shedding may be also observed
[7]. Therefore, an experimental design can incorporate grade-specific
samples (low and high) to identify subtle differences in these autoanti-
body profiles to determine not only early diagnostic markers, but also
prognostic markers, which have immense translational potential. In
the case of brain tumors, besides serum, cerebrospinal fluid (CSF) is
also a valuable source for autoantibody profiling [22]. Autoantibody
profiles from diseased individuals can be compared to profiles of
healthy individuals as controls. Aberrant autoantibody production
can be determined upon a comparison between the two cohorts and
a potential panel of biomarkers can be elucidated [23].

Protein arrays, right from their construction, assay execution,
and ultimately data analysis, are extremely technology intensive.
This aspect has been extensively reviewed by us previously
[23]. This chapter overviews the protocol to perform autoantibody
profiling from glioma serum samples (grades II, III, and IV) on
HuProt™ chips harboring ~17,000 proteins, representing the
human proteome, as published by Syed et al. [24]. This method
can be suitably modified to incorporate a broader study design and
can also be technically extrapolated to other protein microarray
platforms based on recommendations from relevant technology
providers [23].
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2 Materials

2.1 Reagents

2.2 Instruments
and Software

2.3 Materials

. All solutions are prepared in ddH,O, where applicable.
. Blocking buffer: SuperBlock™ (PBS) Blocking Buffer from

Thermo Fisher Scientific (catalog number: 37515) with 3%
bovine serum albumin (BSA).

. Sample dilution buffer: Tris-buffered saline with 0.1% Tween

20 (TBST) with 3% BSA.

. Primary antibody cocktail: 1:500 diluted rabbit anti-GST anti-

body (EMD Millipore, catalog number AB3282) along with
1:500 diluted serum sample in TBST with 2% BSA.

. Secondary antibody cocktail: Anti-human IgG conjugated with

Cy5 (Jackson ImmunoResearch, catalog number 109-175-
064) diluted 1:1000 in TBST with 2% BSA and anti-rabbit
antibody conjugated with Cy3 (Invitrogen, catalog number
A21429) diluted 1:5000 in TBST with 2% BSA.

. Wash buffer: TBST.

. This chapter describes the use of HuProt™ protein array chips.

However, protein microarrays can be printed in-house. A wide
range of surface chemistry options are available to users based
on the intended application. These have been substantially
reviewed by Gupta et al. [23].

. Sorvall Legend X1R centrifuge (Thermo Fisher Scientific, cat-

alog number 75004260).

. Rockymax Rocking Shaker (Tarsons, catalog number 4080).
. DWK Life Sciences Wheaton™ Glass 20-Slide Staining Dish

with Removable Rack (Fisher Scientific, catalog number
08-812).

. GenePix 4000B microarray scanner (Molecular Devices) and

compatible software.

. If'users opt for in-house printing of high-density protein arrays, a

suitable robotic arrayer would be required. A number of commer-
cial ready-to-use protein array chips are available. In this chapter,
we describe the use of HuProt™ protein array chips.

. HuProt™ v2.0: Human proteome microarrays are protein

microarrays with approximately 17,000 unique full-length pro-
teins printed in duplicates on glass slides that were purchased
from CDI Labs (Baltimore, MD, USA). Alternatively, protein
arrays can be printed in-house or obtained from other com-
mercial resources.

. Serum samples: Serum samples from healthy volunteers and

glioma patients were collected only after obtaining informed
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written consent from the donors. The study described here,
was approved by the institutional review board (ACTREC-
TMC IEC No. 15, Advanced Centre for Treatment, Research
and Education in Cancer and Tata Memorial Centre, Mumbai,
India) in accordance with approved guidelines and results were
published [24]. In brief these include serum samples from
low-grade (II) and high-grade (III and IV) glioma. Serum
samples were stored in aliquots at —80 °C until further use.

. General lab equipment: Pipettes, fine-needle tweezers, and

microscope slide coverslips.

3 Methods

3.1 Recombinant 1.

Protein Production
and Purification

3.2 Printing Protocol 1.

The HuProt™ chips incorporate approximately 17,000
GST-tagged proteins that are cloned and expressed in a Saccha-
romyces cevevisine expression system. The HuProt™ also com-
prises positive controls that include histones (H2A, H2B, H3,
and H4) and GST printed in various concentrations, along with
BSA, HelLa cell lysates, and p300-BHC which act as negative
controls.

. Detailed protocols describing the recombinant protein produc-

tion and purification can be found in the study published by
Heng Zhu and colleagues [26]. Briefly, Gateway recombinant
cloning system (Invitrogen, CA) was used to shuttle human
ORFs to yeast high-copy expression vector (pEGH-A).
The expression vector pEGH-A expressing glutathione S-trans-
ferase-polyhistidine (GST-His) fusion proteins are then used
for transformation into yeast for protein purification. A high-
throughput GST-His, fusion protein purification is described
by Zhu et al. [26]. A general workflow of Gateway recombina-
tional cloning is represented in Fig. 2.

As mentioned previously, this chapter describes the use of
commercial HuProt™ protein arrays that were developed by
Zhu and colleagues [26] for autoantibody screening of glioma
serum samples. For the construction of such a high-density
protein microarray with ~17,000 full-length proteins, printed
in duplicates, Zhu and colleagues used NanoPrint LM210
system (ArraylT, Sunnyvale, CA) (step 2, Subheading 3.3).

. Users can opt to use other commercially available protein chips

or optimize a printing protocol suited for downstream applica-
tion as reviewed by Gupta et al. [23]. A general schematic
representation of chip printing is shown in Fig. 3. Points of
caution during chip printing are further elaborated (seeNote 1).
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Fig. 2 Schematic representation of Gateway cloning

mEm

Fig. 3 Schematic representation of the steps involved in the microarray slide printing: (a) showcases the
Omnigrid Ascent 100, Digilab, Inc., as a representative arrayer, (b) shows the arrayer needle which maintains
precision during protein printing. (c) Represents optimization of a printing protocol on the slides such that
accurate printing with minimal background is obtained
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3.3 Assay Protocol 1.

10.

11.

While protein microarray chips are stored in ultracold tempera-
tures (—80 °C), autoantibody profiling using protein micro-
array chips is performed at room temperature (RT). User must
wear gloves while performing the assay and must always handle
the microarray slides using tweezers near the bar-coded area or
section of the slide where no proteins are printed to avoid
scratching the printed proteins or leaving fingerprints.

. The microarray chips are therefore placed in a plastic box and

thawed in ice for 10 min.

. 10 ml of blocking solution is then added to another plastic box

(2% BSA in 10 ml SuperBlock™).

. Tweezers are used to place the microarray slide carefully in the

blocking solution by keeping the active (printed) side faced
up. Care must be taken to have the slide evenly submerged in
the blocking solution for 2 h with gentle shaking at RT.

. The blocking solution is then gently removed using a pipette

and slides are carefully placed in a Wheaton glass chamber using
tweezers.

. In this chamber, the slides are washed three times with 1x

TBST for 4-5 min each time with a magnetic bead placed in
the chamber. This apparatus is placed on a magnetic stirrer such
that washing is facilitated; however care must be taken to
ensure that the bead does not touch the chips as it would lead
to damage to the chip (see Note 2).

. The slides are next rinsed with distilled water and centrifuged at

900 rpm for 2 min to remove TBST.

. After this, the slides are submerged in 10 ml of primary anti-

body cocktail containing diluted anti-GST antibody and serum
sample for 2 h with gentle shaking at RT. Serum samples in this
cocktail must be appropriately preprocessed to avoid aggre-
gates (see Note 3).

. After primary antibody incubation, the solution is aspirated

using a pipette and steps 6 and 7 are repeated.

10 ml of secondary antibody cocktail is next used to submerge
the microarray chips for 2 h with gentle shaking at RT in the
dark (see Note 4).

Secondary antibody solution is aspirated using a pipette and
steps 6 and 7 are repeated.

General schematic representation of the workflow is shown in

Fig. 4.

3.4 Data Collection 1.

A 40pm preview scan is used to select the scan area of the slide,
which is then scanned at a higher resolution for acquiring the
image that would be used for extracting data.
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Fig. 4 Schematic representation of protein microarray protocol: (a) represents commercially available protein
array chip and blocking; (b) represents incubation in the dark with agitation and washing the incubated slides
in Wheaton glass chambers; (c) illustrates incubation with primary antibody(1:500 serum); (d) showcases 2-h
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2.

3.5 Analysis 1.

<

Optimized scan parameters for the above protocol include a
pixel size of 10pm, 100% laser power, red (Cy5) channel
PMT = 525 nm, and green (Cy3) channel PMT at 450 nm.
These settings are subject to change based on any change in the
type of sample, reagents, materials, or instrument.

. The acquired image is then exported as a .tiff file. The .gal file is

then overlayed onto the image to identify the printed features
and their location using the GenePix Pro analysis software.

. The .gal file, once overlayed, appears as a grid that can be

correctly aligned to match the printed features. Once aligned,
the settings can be saved to a .gps file.

. Cumulative intensities for each feature are converted to

numeric pixel intensities that can be saved in a .gpr file.

. At this point, the processed slides can be stored in the dark in a

dehumidified, airtight box at —20 °C.

Numeric pixel intensities exported in the. gpr files are normal-
ized based on control spot intensities after subtracting back-
ground noise (see Note 4).

. Normalized signal intensities are further subjected to appropri-

ate statistical tests. Based on the aim of the experiment, the
statistically significant proteins can be further subjected to
recursive feature elimination model. As in the case of biomarker
discovery-based experiments like this, such data processing
strategies could yield a panel of classifier proteins that are
capable of distinguishing healthy and patient cohorts with
optimality. Differentiation between grades, viz. low-grade
(IT) against high-grade (III and IV) or intergrade analysis
between two subtypes of tumor populations, is also possible,
as it has been previously published [24].

. Power calculations, data processing and visualization strategies,

stringency criteria, etc. for such high-throughput translational
studies with considerable day-to-day variations are best per-
formed in consultation with a statistician. Commonly, the
open-source R platform is used to perform data analysis. It
also allows visualization of such complex high-throughput data.

Fig. 4 (continued) incubation at RT followed by washing and incubation with the secondary antibody(1:1000
anti-human IgG-Cy5/Cy3, incubated at RT for 2 h followed by washing and drying); (e) is an image of GenePix
microarray scanner; (f) represents scanning of the chip in red channel and green channel for different
fluorophores (Cy5/Cy3); (g) is a representative image of secondary data analysis using R programming
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4 Concluding Remarks

Protein microarrays are incredibly versatile, customizable high-
throughput platforms for screening protein-protein interactions
(PPIs) [23]. This has helped researchers mold this technology
into a powerful autoantibody screening tool for biofluids like
serum and CSF. Autoantibodies are known to be produced while
a “diseased” individual may be asymptomatic. Autoantibodies are
therefore present in high circulating levels even before a diseased
individual may think of subjecting themselves to any diagnostic
screen [7, 27]. Autoantibody screening platforms have been exten-
sively used to identify early biomarkers of translational importance
in a range of malignancies [28-30]. Perhaps, an application that
remains understated in this pipeline is its role in understanding
disease pathobiology. Autoantibody production in cancers could
be due to one or more of the following reasons: altered protein
structure due to underlying mutation /aberrant PTMs, clonal selec-
tion defects and inflammation, defects in protein expression level
and their cellular location, secreted tumor-associated antigen into
circulation, presentation on the cell surface, etc. [7]. Therefore,
common autoantibody targets in a well-constructed disease cohort
can shed light on basic biochemical alterations observed in disease
pathobiology stemming from the aforementioned causes. In addi-
tion to this, it also helps profile immune responses which can be
subsequently used to grade tumors on their severity and identify
prognostic targets. If refined, this methodology can be used to
personalize diagnosis and treatment [31, 32], although there are
several challenges to protein arrays being directly implemented in a
clinical setting. This includes training of technicians in a specialized
technique, cost constraints, low throughput of sample processing
(one sample per each high-density chip), and more importantly
data analysis. Due to these challenges, protein microarrays, to
date, have been used in cohort-based studies in research labora-
tories and their findings have often been deconstructed into a
simplified ELISA or immunoblot-based diagnostic tests in a clinical
setting [23, 24, 30]. Despite this, given their flexibility, protein
microarrays are perhaps the only high-throughput platform to
perform autoantibody screening, making them indispensable in
this area of translational research. With innovation in instrumenta-
tion, data analysis tools, and more importantly research protocols as
the one described in this chapter, one can hope to make these
technologies high throughput not only in PPI screening but also
in sample screening to realize its enormous potential in persona-
lized treatment.
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5 Notes

1.

Precession in chip printing: Accurate printing of the chip is an
important determinant governing accurate detection of targets
during a protein microarray experiment. It is observed that the
features printed on commercially available protein array chips
are sometimes misaligned or misprinted or lie “oft” the grid
layout. Errors can more occasionally arise from unoptimized
settings when chips are printed in-house. One can manually
align the .gal file to ensure that they obtain the true signal
intensities from a printed spot. In other cases, the user may
flag overlapping or merged spots. Merged spots are generally
observed when the protein is printed on the chip that has a high
fluid content (effective volume being printed). Large volumes
can result in coalescence of two or more protein spots. Similar
issues can also arise with increased humidity in the array print-
ing chamber. Another commonly observed error in the protein
arrays is that of “missing” spots. Missing spots result from
fundamental hardware issues in chip printing. They mainly
arise due to needles not making enough contact with the chip
surface or because of the consumption of the protein buffer
rendering the remaining volume for chip printing as subopti-
mal. Another error commonly observed in the protein array
chips is doughnut structures. Doughnut structures arise from
damaged pins, or because of un-optimized humidity condition
in the arrayer. This leads to a ringlike structure being printed
around the damaged pin or drying of spots which eventually
looks like a doughnut spot. Thus, while designing an experi-
ment, few chips from the batch should always be kept for
quality control and testing of the protein array chips. In an
experimental design, one should also monitor the functionality
of the printed protein. These protein array chips can be tested
for several number of proteins for printing quality. For
instance, the HuProt™ chip harboring GST-tagged proteins
can be probed using an anti-GST antibody tagged with a
suitable fluorophore. Such QC testing is always advisable
before the usage of actual biological samples to ensure that
the batch of protein chips that would be used for an experiment
does not harbor the commonly described errors arising from
poor chip printing. The protocol mentioned above describes
the steps for performing the above quality control test of the
chip. If, however, the user is using cell-free extract (CFE)-based
chip, they should perform the quality control testing for the
printed DNA, using PicoGreen staining. Based on the surface
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chemistry and nature of proteins printed on a chip, various QC
tests can be devised to capture any error arising from substan-
dard chip printing before performing the experiment. Once
QC results from a batch of chips are satisfactory, one can
proceed with their experiments, thus making optimal use of
clinically precious biofluid specimens being tested for autoanti-
body screening.

. Overcoming background issues: Nonspecific signals contribute
to background issues that can suppress protein spot intensity,
thereby skewing true numerical values. There are many reasons
due to which one observes high backgrounds in the chip. Few
of them can be broadly categorized into the following:
(a) Concentration: High concertation of protein while the
chip is printed can contribute to the background significantly.
(b) Excess of primary and secondary antibodies used: During the
experimental procedure if an excess of antibodies is used, this
can lead to saturation and nonspecific binding, which eventu-
ally results in an uneven background. If the overall image
profile of the protein array chip exhibits high background,
one can decrease the concentration of primary and secondary
antibody. It is for this reason that optimization of antibody
concentrations before batch processing of clinical samples is
instrumental before starting autoantibody profiling experi-
ments. (c¢) Blocking: 1t plays a crucial role in preventing non-
specific binding. (d) Time duration, temperaturve, and physical
condition durving the incubation: One should optimize the
optimum length, optimum temperature, and physical condi-
tions such as agitation and shaking for uniform distribution of
solvent. It is generally suggested that the blocking can usually
be done for 1 h at room temperature or 4 °C overnight.
(e) Improper washing: Volume of the washing bufter used,
duration of the wash, and number of times the chips are washed
significantly influence the observed background signals. Over-
washing of the chip can result in loss of the signal intensity of
the spots while suboptimal washing can result in high back-
ground signals. Therefore, these parameters are imperative to
be optimized before batch running the protocol. (f) Handling
of the chip: One should be careful while handling the chip. One
should avoid touching the active/printed area of the protein
array chip and care must be taken to ensure that buffers and
solvents are applied gently to the chip to avoid any sheer stress
arising from the fluid. Many proteins and fluorophores tagged
to the proteins are light sensitive. Therefore, one should carry
out experiments in the dark or with minimal light exposure.
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Scratches, smudges, or fingerprints can be observed on the chip
it handled with bare hands or gloves. One should use tweezers
and hold chip from the extremities to avoid it. (g) Washing and
drying the chip: One should wash and dry the chips before
spectral scanning; washing helps in removal of unwanted back-
ground contributed due to various buffers and drying helps us
in nullifying the background coming from washing buffer.
(h) PMT gain: One can also optimize the instrument parameter
such as PMT gain. The signal-to-noise ratio is neutralized by
allowing the control spots to reach the saturation. (i) Surface
chemistry: Surface chemistry of protein array chip also plays a
crucial role in background contribution. It is observed that the
nitrocellulose chip generally contributes to less background
than epoxy-coated chips.

Spotting aggregates present in the chip: Aggregates present on
the chip indicate a faulty buffer preparation, where proteins or
analytes have not dissolved in the buffer. It could also imply the
presence of particulate impurities on the chip before spotting.
Furthermore, it has been observed that clinical samples, such as
a serum, plasma, urine, and CSF, often contain particulate
impurities. Care must be taken to filter such biological samples
appropriately before using them for protein microarray
experiments.

Quality control testing of the antibodies used: Reverse-phase
protein array and other protein microarrays mainly depend on
antibodies for the detection of the target analyte. Commer-
cially manufactured protein arrays undergoes rigorous quality
control analysis; hence batch variation in chip printing will be
minimal in such cases. Batch-to-batch variability may include
factors such as missing protein spots or errors arising from if the
chip is not transported correctly or due to proper storage and
handling. Even if the same antibody is used in two different
chips; batch-to-batch differences in antibodies may lead to
varied efficacies. Hence they need to be kept consistent
throughout the experiment. Such batch-to-batch variations
must be accounted and normalized for using control spots
such as IgG and GST (Fig. 5) during data analysis. A schematic
representation of these issues (see Notes 1-4) is illustrated in
Fig. 6.
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Fig. 5 (a) Represents the grid layout of a HuProt™ v2 overlayed on a chip imaged at a wavelength of 532 nm,
secondary antibody labeled with Cy3, and QC profiles of green sulfo tag-labeled control spots loaded at
different concentrations (GST50n, GST100n, GST150n, GST200n); (b) represents the HuProt™ v2 chip
scanned at a wavelength of 635 nm and secondary antibody labeled with Cy5

GST200n

GST50n
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background issues arising from nonspecific signals contributing to the background, (f) showcases handling
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Abstract

The heterogeneity of diseases such as cancer makes it necessary to use high-throughput screening techni-
ques to obtain the maximum number of parameters and characteristics of tumors. These obtained biomar-
kers can be used for the prediction, prognosis, and treatment or search for new therapeutic targets. In this
sense, microarray technology allows exhaustive analysis in a short time and from a great variety of biological
samples, becoming a fundamental tool in biomedical research projects. Here, operational process of protein
microarrays based on the antibody-antigen interaction is described, emphasizing their application in
intracellular signaling pathways in tumoral pathologies. In addition, a final validation using nucleic acid
programmable protein array (NAPPA) technology in a simple ELISA assay was included to decipher
functional characterization of featured proteins from microarray screening.

Key words Biomarkers, Proteins, Intracellular signaling, Tumoral pathologies, Microarray
technology

1 Introduction

The word cancer includes a group of very heterogeneous diseases
characterized by cells with abnormal behavior, which divide very
quickly and have the ability to spread to other parts of the body.
These cells acquire genomic, chromosomal, and/or molecular
mutations that are reflected in the aberrant expression of proteins
[1-5]. Detecting high levels of these differential proteins or tumor-
specific antigens could be the key to controlling certain types of
cancers, as they may be susceptible to being therapeutic targets [6].

However, to identify and validate biomarkers related to onco-
pathologies, massive and simultaneous analysis techniques are nec-
essary capable of generating a large amount of information for the
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treatment and stratification of cancer patients. Another fundamen-
tal aspect in this area will be the integration of genomic, transcrip-
tomic, and proteomic information generated to determine possible
therapeutic targets from various complementary perspectives
[7, 8].

In recent years, one of the research challenges has been and
continues being the search for target biomarkers to determine
prediction, prognosis, early diagnosis, and treatment of tumoral
pathologies [9]. For this, techniques based on the simultaneous
and massive study of thousands of proteins are necessary. In this
complex search, where high content and high-throughput meth-
odologies are required, a key tool is protein microarrays, which are
capable of identifying potential biomarkers related to altered intra-
cellular signaling pathways, in a faster manner, with a minimum
requirement of sample and reagents and without being necessary to
have in-depth knowledge of the progression of the disease
[7, 10]. Microarray technology is suitable for biomarker discovery
and validation mostly of the human proximal body fluids (such as
plasma, serum, synovial fluid ...) with a wide dynamic range and
avoiding sample pre-fraction or selective enrichment. For these
reasons, among others, protein arrays are an extraordinary technol-
ogy for high-throughput screening in multiple biomedical research
projects [11].

Regarding protein microarrays, it is quite relevant to know the
principal features for biomarker discovery and deciphering altered
cell signaling pathways. In general, there are three types of protein
microarrays according to the nature of the capture agent [12]. They
can be classified into (1) analytical protein microarrays, in which
antibodies are printed on their surface to detect and quantify pro-
teins in complex biological samples [7, 12—-141]; (2) functional pro-
tein arrays, in which recombinant proteins are printed on their
surfaces in order to identify the interaction of proteins with other
molecules such as other proteins, DNA, and lipids [12]; and
(3) reverse-phase protein arrays, in which biological samples (i.e.,
human proximal fluids such as serum and CSF) or cell lysates are
printed on their surface to detect the proteins with specific anti-
bodies and then with another fluorescent antibody [12] (Fig. 1).

In this chapter, we describe detailed relevant aspects involved in
all the operational process in analytical protein microarrays (also
called antibody microarrays), based on the antibody-antigen inter-
action, because they are very useful to describe intracellular signal-
ing pathways in tumoral pathologies [7, 12, 14] (Fig. 2). The great
advantage of performing antibody microarray assays is based on the
inherent specificity and selectivity of antigen-antibody recognition;
multiple interactions can be simultaneously tested at the same time.
In this assay, certain analytes can be detected in highly heteroge-
neous mixtures with a wide dynamic range (protein in mg/mL to
protein in pg/mL). This type of array is usually used to identify
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Fig. 1 Different types of arrays according to their content. (Created with BioRender.com)

VA ala

Fig. 2 Nanometric scheme of an antibody microarray assay. Each number points to a part of the assay:
(1) Funcionalized microarray surface. (2) Printed antibody. (3) Capture protein. (4) Biotin. (5) Streptavidin.
(6) Fluorophore, for example, Cy3. (Created with BioRender.com)

biomarkers that predict a biological condition such as healthy or
pathological [12]. Therefore, this shows that antibody microarrays
are feasible to perform multiplex assays with high sensitivity to
characterize complex proteomes with limited sample availability.
Furthermore, several studies have shown that only a fraction of
the antibodies can work correctly and this may be due to the loss
of antibody functional activity by degradation or denaturation
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during storage or during the printing process, or due to an inap-
propriate orientation of the antibody onto the array surface
[10]. Then, this is a critical point which could improve protein
array performance; hence, human protein atlas initiative is working
on developing and validating antibodies for protein
microarrays [15].

In addition, protein microarrays are compatible to be com-
bined with targeted screening in order to decipher functional char-
acterization of the protein of interest, and to validate the obtained
results. For this goal, a NAPPA-ELISA (self-assembled protein
array) is the most suitable approach to confirm the functional
activity of the differential proteins identified by antibody microar-
ray experiments.

NAPPA is a label-based technology that introduces the simple
process of cloning the cDNAs of interest with a common epitope
tag to all of the proteins at their C- or N-terminus (to facilitate
protein purification and detection) into plasmids. This technology
allows to produce the targeted proteins in situ with a high purity
and in a short period of time. In this case, the in vitro translation/
transcription (IVIT) takes places in 96-well plates using the
NAPPA technology as the base for an ELISA assay [16-19].

Combining both technologies, intracellular signaling pathways
mediated by novel antitumoral compounds can be extensively
described and tested. Here, antibody-array and NAPPA-ELISA
methods are developed in detail as well as results from screening
and validation of new drugs are commented.

2 Materials

2.1 Cell Culture

2.2 Sample
Preparation for Protein
Microarrays

2.2.1 Cell Lysis
and Protein Extraction

MG-63 (ATCC CRL-1427).
75 cm? Flask.

RPMI.

FBS.

Penicillin.

ARl

Streptomycin.

—

1x PBS Na*/K".
2. Protease inhibitor cocktail (Sigma-Aldrich, P8340).

3. Lysis buffer (5 mM HEPES, 10 mM MgCl,, 140 mM NaCl,
0.1% v/v Tween 20 at pH 8.0, and 1% v/v protease inhibitor
cocktail). Prepare lysis buffer: Dilute 0.119 g of HEPES in
50 mL of Milli-Q water and add 0.20 mL of MgCl, (5 M),
2.8 mL of NaCl (5 M), 0.1 mL of 10% Tween 20, and 1 mL of
protease inhibitor cocktail. Finally, make up to a volume of
100 mL with Milli-Q water.
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4. 10% Octyl-B-p-glucopyranoside: To prepare 10% octyl-p-D-
glucopyranoside dilute 1 g of octyl-p-p-glucopyranoside in
10 mL of Milli-Q water.

5. Ultrasound sonicator.

2.2.2 IgG Depletion 1. Protein G agarose beads (PD Mini TRAP G-25, GE Health-
and Protein Quantification care, 28-9225-29 AB).
2. Lowry quantification kit (RC Reagents Package, BioRad,
#5000119).

2.2.3 Dye Labeling 0.1 M Sodium carbonate /sodium bicarbonate pH 9.3.
Cy3 Mono-Reactive CyDye (GE Healthcare, PA23001).
Cy5 Mono-Reactive CyDye (GE Healthcare, PA25001).

Gel filtration columns (Amicon® Ultra-0.5 centrifugal filter
3K, Millipore-Merck, UFC505096).

5. NanoDrop 1000 (Thermo Fisher Scientific).

L e

2.3 Preparation The microarray of antibody used was the same that was reported
of Antibody previously by Ignacio E. Le6n et al. [20, 21]. This microarray
Microarrays consists of 224 human monoclonal antibodies whose targets are

involved in intracellular signaling pathways.

2.3.1 Blocking 1. SuperBlock™ Blocking Buffer (Thermo Fisher Scientific, Cod:

the Microarray Surface 37535) is diluted in 1x PBS Na*/K". For one microarray we
need 6 mL of blocking bufter: 0.6 mL of SuperBlock™ Block-
ing Buffer and 5.4 mL of 1 x PBS Na*/K" (see Note 1).

2. Microarray washing chamber.
3. Orbital shaker.

2.3.2 Wash Microarray 1. Distilled water.

2.3.3 Microarray System 1. Incubation chamber (W x L7 mm X 16 mm, with Delrin®

Incubation snap clips, wells, 8) and clips for microarray systems (Grace
Bio-Labs ProPlate® microarray system, slide module, Sigma
Aldrich).

2.4 Incubation Each sample dye with Cy3 or Cy5 is of 1 mg/mL concentration.

of Dye-Conjugated Cell ~ For each subarray, we need 100pL and it can detect at least a

Lysates on Antibody protein concentration of lpg/pl. For one subarray we need a

Microarrays mix of sample dye Cy3/Cy5: 25uL of sample dye Cy3 (1 mg/

mL), 25pL of sample dye Cy5 (1 mg/mL), and 50pL of blocking
2.4.1  Preparation buffer.

of Sample Dilution
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2.4.2 Incubation
in Microarray

2.4.3 Wash and Drying
Microarray

2.5 Scan
of Microarrays
and Data Analysis

2.6 Self-Assembled
(NAPPA-ELISA) Protein
Arrays

2.6.1 cDNA Preparation

2.6.2 In Situ Protein
Expression

2.6.3 ELISA Test

. Transparent film.

. Rotatory mixer.

. 1x Phosphate-buffered saline Tween 20 (PBST): 0.05%

Tween 20 to PBS.

. Microarray scanner Imaging Reader Sensovation (Miltenyi

Imaging GmbH).

. GenePix Pro 4.0 software (Axon).

. LB Broth (Miller) medium.
. Ampicillin: Dissolve ampicillin powder at 100 mg/mL in deio-

nized water. Filter through 0.2 mM filter. Aliquot in 1 mL
portions.

. Kanamycin: Dissolve kanamycin powder at 50 mg,/mL in deio-

nized water. Filter through 0.2 mM filter. Aliquot in 1 mL
portions. Thawed aliquots should be recently diluted 1000-
fold into medium or agar.

. Human genes in pANT7_cGST which allows in situ expression

of GST-tagged proteins (Center for Personalized Diagnostics
Arizona, USA, and www.dnasu.org).

. Pure yield plasmid miniprep system (Promega).

. SuperBlock™ Blocking Buffer in PBS (Thermo Fisher Scien-

tific, Ref 37535).

. Corning™ 96-Well Solid Black Polystyrene Microplates

(Thermo Fisher Scientific).

. Phosphate-buffered saline (PBS) pH 7.4: 3.6 g Na,HPOy,

0.2 g KCl, 0.24 g KH,PO,, 8 g NaClin 1 L.

. Phosphate-buffered saline Tween 20 (PBST): 0.1% Tween

20 to PBS.

. Carbonate-buftered saline pH 9.6: 0.159 g Na,CO3, 0.293

NaHCO3zin 1 L.

. Milk powder.
. Mouse anti-GST antibody (Cell Signaling Technologies Inc.).
. TnT® Coupled Reticulocyte Lysate System (Promega, Ref.

14610).

. 3,3,5,5"-Tetramethylbenzidine (TMB) Liquid Substrate Sys-

tem for ELISA (Sigma-Aldrich).

. HRP-linked antihuman antibody (Jackson ImmunoResearch

Laboratories).

. HRP-linked anti-mouse antibody (Jackson ImmunoResearch

Laboratories).
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3 Methods

3.1 Cell Culture
3.1.1  Cell Culture
Conditions
3.2 Preparation
of Samples

3.2.1 Extraction
of Protein

Cell culture

Blocking Surface and

wash microarray

The following protocol describes the procedures for incubation of
protein solution by direct dye in microarrays of antibodies (Fig. 3)
and self-assembled (NAPPA-ELISA) protein arrays. This protocol
pays attention for easy implementation of the method in other
laboratories.

MG-63 cells are grown in a 75 cm? flask for 24 h in RPMI with 10%
FBS and 100 U/mL penicillin and 100pg/mL streptomycin at
37 °Cin a 5% CO, atmosphere.

1. Cells are harvested and washed 3x with 1x PBS Na*/K".

2. Cells are resuspended in 3 volumes of lysis buffer (5 mM
HEPES, 10 mM MgCl,, 140 mM NaCl, 0.1% (v/v) Tween
20) at pH 8.0, and 1% (v/v) protease inhibitor cocktail (see
Note 2).

3. Lysed cells are centrifuged for 15 min at 15,000 x gat 4 °C.

4. Supernatant is collected in a new tube and 10% (w/v)
octyl-p-p-glucopyranoside is added.

5. Solution is sonicated three times with 3-s bursts.
6. Samples are incubated on ice for 30 min.

7. Tube is centrifuged as in step 4 to obtain the cytoplasmic
fraction.

1gG depletion and dye

Protocol extraction proteins of study with Cy3 and Cy5

]
& —I=T=1z1=1=] — |- ™\

W

CYTOPLASMIL e "
Btetel sTIRG, ] Quantification

Samples with dye Cy3 and Cy5

Sample

: _ Scan of microarrays Analysis
incubation
mq : enePiy’
M =) | ey d — gonfnswmenl;&
.-__;;,.-’5‘”" [T
N——

Fig. 3 Preparation and incubation of samples in an antibody microarray using the direct dye method. (Created

with BioRender.com)
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3.2.2 IgG Depletion,
Quantification

3.2.3 Dye Labeling

3.3 Antibody
Microarray Blocking

3.3.1 Blocking
the Microarray Surface

3.3.2 Wash Microarray

3.3.3 Microarray System
Incubation

. IgG depletion is made by using protein G agarose beads.

. Purified proteins are quantified by Lowry following the manu-

facturer’s instruction (sec Note 3).

. After sample quantification we prepare two aliquots of 1 mL

with a final concentration of protein of 1 mg/mL for each
sample of study. Sample is diluted in 0.1 M sodium carbon-
ate/sodium bicarbonate pH 9.3.

. One aliquot of sample is transferred to a vial of Cy3 Mono-

Reactive CyDye.

. Same procedure of step 2 is made for a vial of Cy5 Mono-

Reactive CyDye.

4. Gently vortex the vials.

Ol W N

P

. Incubate for 30 min with gentle vortex each for 10 s at room

temperature and in darkness.

. Eliminate unconjugated dye by gel filtration columns following

the manufacturer’s instruction.

. Eluted proteins are quantified at 280 nm by NanoDrop.

. 6 mL of blocking buffer is added to each microarray washing

chamber (see Note 4).

. The microarray is immersed in the blocking buffer and incu-

bated in agitation for 1 h at room temperature with orbital
shaker (see Note 5).

. Remove the blocking buffer and add distilled water (see Note

6).

. Manually shake the wash chamber microarray.
. Remove the distilled water and add new.
. Repeat steps 2 and 3 twice.

. Remove the distilled water and keep the microarrays in clean

distilled water until they are incubated.

. Remove the microarray from the washing chamber and dry

very carefully and without touching the surface on absorbent
paper (gently tapping on the edge) (see Note 7).

. Place the incubation chamber on the surface of the microarray.

. Put the clips for microarray systems.



3.4 Incubation

of Dye-Labeled Protein
Lysates in Antibody
Microarrays

3.4.1 Microarray
Incubation

3.4.2 Washing
and Drying Microarray

3.5 Microarray
Scanning and Data
Analysis
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. Prepare 100pL of each mix of sample dye Cy3/Cy5 (1pg/pL).
. Add 100pL of a mix of sample dye Cy3/Cy5 (1pg/pL) in each

subarray (see Note 8).

. Wrap the microarray system incubation with transparent film

and put in rotatory mixer.

. Incubate overnight at 4 °C in rotatory mixer (see Note 9).

1. Remove the microarray system incubation and sample.

[\

N UL W

. Add 1x PBS Na*/K"*-0.05% Tween 20 and put the microarray

in washing chamber.

. Strongly shake in an orbital shaker for 5 min.

. Remove the 1x PBS Na*/K"-0.05% Tween 20 and add new.

. Repeat steps 3 and 4 four more times.

. We took the microarrays out of the 1x PBS Na*/K*-0.05%

Tween 20.

. Put each microarray in a falcon of 50 ml with a hole in the

bottom and centrifuge at room temperature for 3 min at
1000 x g.

. Microarrays are scanned with Scanner GenePix 4000B (Axon)

using Cy3- and Cy5-like settings.

. The images are analyzed with GenePix Pro 4.0 software

(Axon). The GenePix Array List file (.gal) generated after
printing of array is used as a reference to locate and identify
each spot on the microarray surface.

. Background correction for each spot is locally made by apply-

ing standardized settings of GenePix software.

. Mean values of negative control set of spots in each fluores-

cence channel (Cy3/Cy5) are subtracted from individual spot
values.

. Each normalized slide is made according to Ignacio E. Le6n

etal. [20,21] and based on Diez P. et al.’s study [22]. For this,
after obtaining the raw intensity data, a reference protein
(housekeeping) with a highly expressed fluorescence intensity
value is selected.

. After reference protein selection, fluorescence intensity value

for each protein is divided for fluorescence intensity value for a
housekeeping protein selected.

. In this case, z-score estimated was a value >2 and for replicated

proteins the mean of fluorescence values obtained was used to
obtain a single value for this protein.
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3.6 Self-Assembled
(NAPPA-ELISA)
Microtiter Protein
Arrays

3.6.1 cDNA Preparation

3.6.2 In Situ Protein
Expression

96-Well Plate Activation
for NAPPA-ELISA

In Situ Protein Expression

(VTT) [24, 25]

Incubation
with Dye-Labeled
Protein Lysates

A GST fused to the protein genes was expressed in vitro using a
reticulocyte lysate, as described here:

[©) NS A ST SOV 8

i

. Escherichin coli was grown for 24 h at 37 °C in 100 mL of LB

medium supplemented with ampicillin for cGST clones accord-
ing to the previous reports [23].

. Plasmid DNA was purified using the PureYield Plasmid Mini-

prep System according to the manufacturer’s instructions.

. Prepare a solution of anti-GST antibody in carbonate buffer at

4pg/mL.

. Add 100pL of the antibody solution to each well.

. Cover the 96-well plate and incubate overnight at 4 °C.

. Prepare a blocker bufter: PBST and milk powder 5%.

. Turn over the plate to discard the antibody supernatant.

. Add 200pL of the blocker buffer to each well and incubate

overnight at 4 °C.

. Turn over the plate to discard the blocker solution.
. Wash three times the blocked plates with 200uL PBS, remov-

ing the solutions by turning over the plate.

. Take an appropriated cDNA volume and the TnT® Coupled

Reticulocyte Lysate System kit (see Notes 10 and 11). Perform
the procedure according to the manufacturer’s instructions to
obtain the dye-labeled proteins (see Notes 12 and 13).

4. Add the total volume of IVIT-expressed protein to each well.

. Incubate overnight with agitation at 4 °C.

. Wash well plate with blocking buffer (200pL /well) and remove

the supernatant by turning over the plate, trying to eliminate
the buffer as much as possible. Repeat this step five times.

. Prepare the samples with the blocking buffer and add 100pM

(final concentration) to each well.

. For cellular lysate samples, prepare a 1:300 dilution (v/v).
. Mouse anti-GST monoclonal antibody at 1:1000 dilution

(v/v) to detect the protein expressed in IVIT system.

. Negative control: IVIT without cDNA and mouse anti-GST

antibody at 1:1000 dilution (v/v).

. Incubate for 2 h at room temperature (RT) with agitation.

. Wash the plates three times with 200pL blocker buffer, remov-

ing the solutions by turning over the plate.
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1. Prepare the secondary antibody solutions:

(a) Samples of cellular lysate: HRP-anti-human antibody in
blocker solution (dilution 1:1000 (v/V)).

(b) Positive and negative controls: HRP-linked anti-mouse
antibody in blocker solution (dilution 1:1000 (v/v)).

2. Incubate for 1 h at RT with agitation.

3. Wash the plates three times with 200pL PBS, removing the
solutions by turning over the plate.

4. Add 100pL TMB solution to each well and protect from light.
. Incubate for 30 min at RT with agitation.
. Read the results at 450 nm.

AN

4 Results

These described antibody microarrays allow to decipher differential
altered cell signaling pathways in a particular tumoral cell line at
different conditions, which could provide relevant functional infor-
mation and discovery target molecules. Here, it is reviewed, as an
example of small molecule, as a therapeutical drug, to identify
differential expressed pathways as potential protein candidates for
drug-targeted therapy (Fig. 4). In particular, a drug (oxovanadium-
IV complex with the flavonoid chrysin (VO(CQ;) in MG-63
(human osteosarcoma cell lines))) was simultaneously evaluated in
several conditions (i.e., drug concentration, incubation times) and
220 targeted proteins covering mostly relevant intracellular cell
signaling pathways [20, 21].

At first glance, several differential expressed proteins were
observed (see Table 1), where canonical cell signaling pathways
were significantly differentially expressed. Results obtained after
studying global differential relative protein expression profiles on
the alteration in the intracellular cell signaling pathways due to the
drug in different concentrations were (1) apoptosis, (2) cell cycle,
(3) cell stress, and (4) signaling transduction.

For conditions 2.5, 25, and 100pM of VO(CQ,) for 6 h, the
complex induced the increase of relative levels of antiapoptotic
proteins (Bcl-x) and pro-apoptotic proteins (Bcl-10, CASP6,
CASP7, CASP10, and CASP11). Moreover, Ignacio Leén et al.
[21] obtained with 2.5pM of VO(CQ), for 6 h a Cy5/Cy3 ratio of
Bcl-x higher than 10 for 10pM of VO(CQ), for 6 h. This effect of
the complex concentration could be explained by the upregulation
level of active CASP3 for a condition of 10pM of VO(CQ), for 6 h
and its cross-regulation with Bcl-x.

Moreover, these authors describe for all different conditions of
concentration of drug (except 25pM of VO(CQ), for 3 h) that VO
(CQ), seems to induce the upregulation of several proteins
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Fig. 4 Study of cell signalling pathway and type regulated of protein in a tumoral cell line (MG-63) under
different time and concentration of oxovanadium IV complex with the flavonoid chrysin (VO(CQ,)) conditions.
(Created with BioRender.com)

Table 1
Conditions of study

Condition Incubation time (h) Upregulated proteins Downregulated proteins
Control 3 - -

Control 6 - -

2.5uM of VO(CQ>) 6 49 11

10pM of VO(CQ») 6 20 0

25uM of VO(CQ,) 3 22 2

25uM of VO(CQ,) 6 27 8

100pM of VO(CQ») 6 82 9
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involved in the cell cycle regulation, such as c-Myc, E2F1, cyclin
D3, p21Wat-1, SMAD4, Ap-1/cjun, ATF2, HADC4, and PCAF,
among others, suggesting the key role of these transcription factors
in cell cycle progress and apoptosis. Also, samples had an enrich-
ment in FAK (Tyr®””) suggesting the importance of this site of
phosphorylation in the response of tumor against chemotherapeu-
tic drug actions.

Only samples treated with 100 mM of VO(CQ), presented low
levels of Cdc6 and cyclin D1, while cyclin A and D3, Cdc25 and
CDK4, and 6 and 7 were upregulated confirming an increment in
cell cycle activity in direct relation with the function of the concen-
tration of VO(CQ),.

AP2 family (alpha, beta, and gamma) was upregulated in con-
ditions of 2.5 and 10pM of VO(CQ,) for 6 h. These suggest that
this family of transcription factors could be involved in the antican-
cer activity of VO(CQ),.

In both cases, functional characterization was using the bioin-
formatics software DAVID 6.7 for these examples and other pro-
tein studies in the articles [20, 21].

On the other hand, the down- and upregulated proteins iden-
tified in each group of treatment (drug’s different concentrations)
were used for identification of potential novel targets by determi-
nation of differential expression profiles.

One example of the molecular targets detected in both reports
is the PKC family (PKCb, PKCg) and FAK as proteins common to
all treatments; this suggests that they play an important role asso-
ciated with anticancer effects of VO(CQ),, in addition to confirm-
ing the complexity of the interaction network of different kinases
involved in the antitumor activity of VO(CQ),. Once the relative
protein expression was determined and the correlation with the
altered cell signaling pathways was identified, then AKT and FAK
kinases were functionally validated by a NAPPA-ELISA (Fig. 4). In
this case, an in situ cell-free protein expression and in vitro
transcription-translation (IVIT) of recombinant kinases AKT1
and FAK tagged with GST in COOH terminus were carried out
[20, 21].

As quality controls of the assay, the expression of the complete
protein was corroborated thanks to the signal associated to the
a-GST antibody. In the same way, the results showed the compati-
bility of vanadium compounds with the IVIT system.

With this strategy, the pattern of tyrosine phosphorylation sites
induced by studied compounds was studied by determining the
phospho-tyrosine /GST signal ratio. In both cases, vanadium com-
plexes decrease the level of tyrosine phosphorylation of AKT1 and
FAK in the majority of conditions tested. These results also corre-
late with the data obtained in the antibody array study, where it was
found that one of the vanadium complexes inhibited selectively the
autophosphorylation activity (Tyr397) of FAK kinase [20].
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To finalize the functional validation of the method, the expres-
sion level of FAK kinase was evaluated. In this case, the treatment
with 50 and 100 mM generated a significant decrease of translation
of the protein (40% and 95%, respectively).

As conclusions to both studies, thanks to array technology and
cell-free IVI'T system, vanadium complexes were tested and their
intracellular signaling was extensively described at the same time
that their potential pharmacological targets were functionally
validated.

5 Notes

1. Blocking buffer must be well mixed; for this, you should give it
a gentle vortex.

2. Depending on the needs of the study, we will use different
protein extraction protocols. In this chapter, we use a cytoplas-
mic sub-fractionation protocol.

3. Detergents, surfactants, and other reagents present in the lysis
buffer may interfere with the quantification. For this reason,
according to protocol extraction and needs of the study, other
quantification methods can be used such as Bradford or
NanoDrop.

4. The microarray must be completely covered by the blocking
buffer.

5. We must be careful when introducing the microarray. Surface
should never be touched because we could spoil spot printing.
Pay special attention to which side the spots are printed.

6. Tilt the washing chamber of microarrays to remove solution.
Do not add on top of the microarray the different solutions
necessary for washing process, always in areas of washing cham-
ber that are not occupied by the microarray.

7. Lift the microarray out of the washing chamber very carefully
with a pair of tweezers. Never touch the printed area of
the slide with the tweezers or any other object or hand. Hold
the microarray by the side edges and place it vertically. Once the
microarray has been secured, gently tap on several sheets of
absorbent paper to remove any excess solution.

8. Be very careful not to generate bubbles in the hatchery when
the sample is added. If they have occurred, move the chamber
from left to right and up and down carefully and always keep it
on a surface.

9. Ensure that the sample is distributed evenly throughout the
chamber. Modify, if necessary, the inclination of the rotatory
mixer.
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10. cDNAs corresponding to the recombinant proteins to be
expressed must be found in the vectors required by the selected
in situ expression system.

11. Take a sufficient volume of cDNA to obtain the minimum
amount necessary to perform the expression (0.5ug but ideally
lpg). Normally, the amount of cDNA is established in the
specific guidelines/protocol for each kit.

12. If the volume to be taken of cDNA exceeds the recommended
volume to carry out the expression, according to the manufac-
turer’s instructions, the samples will be concentrated by eva-
porating the elution buffer in the thermoblock at a
temperature of 37 °C or better, precipitating the DNA with
isopropanol and sodium acetate, and resuspending in the
required volume with DEPC water.

13. Expression kits are typically stored at —80 °C and must be
thawed gradually on ice.
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Combination of Antibody Arrays to Functionally
Characterize Dark Proteins in Human Olfactory
Neuroepithelial Cells

Mercedes Lachen-Montes, Karina Ausin, Paz Cartas-Cejudo,
Joaquin Fernandez-Irigoyen, and Enrique Santamaria

Abstract

The completion and annotation of the human proteome require the availability of information related to
protein function. Currently, more than 1800 human genes constitute the “dark proteome,” which include
missing proteins, uncharacterized human genes validated at protein level, smORFs, proteins from IncRNAs,
or any uncharacterized transcripts. During the last years, different experimental workflows based on multi-
omics analyses, bioinformatics, and in vitro and in vivo studies have been promoted by the Human
Proteome Project Consortium to enhance the annotation of dark proteins. In this chapter, we describe a
method that utilizes recombinant proteins and antibody arrays to establish a straightforward methodology
in order to rapidly characterize potential functional features of dark proteins associated to intracellular
signaling dynamics and extracellular immune response in human cell cultures. Further validating the
method, this workflow was applied to probe changes in the activation patterns of kinases and transcription
factors as well as in cytokine production modulated by the dark Clorf128 (PITHD1) protein in human
olfactory neuroepithelial cells.

Key words PITHDI, Olfactory cells, Antibody arrays, Human Proteome Project

1 Introduction

After the previous success of the Human Genome Project (HGP)
providing an accurate fingerprint of the genes encoding the human
genome [ 1], the Human Proteome Project (HPP) was designed to
map the entire human proteome in order to understand human
biology at cellular level [2]. The initial goal of the HPP was to
identify at least one representative protein encoded by each of the
approximately 20,000 human genes defined in the HGP in a sys-
tematic effort using currently available and emerging techniques.
For that, efforts of international teams have been dedicated aiming
to characterize proteins taking into account tissue localization,

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_16,
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major isoforms, posttranslational modifications (PTMs), and use of
quantitative mass spectrometry and antibody reagents as main
standardized approaches. On the other hand, another commitment
of the HPP working group was to publicly share all data through
coordinated proteomic databases such as UniProtKB /Swiss-Prot
[3], PRIDE [4], DPeptideAtlas [5], and ProteomeXchange
[6]. Another of these resources is neXtProt [7], an online knowl-
edge platform on human proteins gathering information regarding
function, subcellular location, interactions, expression, and even
role in diseases. Annually, neXtProt incorporates new information
from a big variety of sources (UniprotKB, Bgee [8], PeptideAtlas
[9], Ensembl [10], COSMIC [11], among others) with particular
emphasis on expression, proteomic, and variant data. According to
the last neXtProt release, the predicted number of human proteins
is now 20,350 (release 2020-01-17) [12]. These can be divided
into five classes depending on their type of evidence. The proteins
from PE1 level have credible evidence of protein expression and
identification by mass spectrometry, immunohistochemistry, amino
acid sequencing, and 3D structure. The proteins from PE2 level
recognize transcript expression evidence, without evidence of pro-
tein expression. Those from PE3 level represent the lack of protein
or transcript evidence but with presence of a homologous protein
in related species. Finally, the proteins from PE4 level hypothesize
from gene models and in silico predictions and proteins from PE5
are hypothetical gene products, pseudogenes, or proteins from
other dubious information. Among this distribution, proteins
belonging to PE2 to PE4 are considered missing proteins, since
they lack sufficient experimental evidence for their existence sup-
ported by mass spectrometry. Most of them have known or pre-
dicted function by homology with protein family members.
However, it is worth to mention that among neXtProt database,
1937 proteins, accounting for approximately 10% of the total num-
ber of human proteins, have no annotated specific function and are
considered “dark proteins.” Interestingly, 1254 belong to the PE1
group, meaning that although experimental information regarding
these proteins has been annotated, there is no information
concerning their biological function. In this sense, a new pilot
project called next-CP50 Pilot Project was launched by HPP in
the 2017 Annual Meeting of HUPO in Dublin in order to charac-
terize the function of 50 uncharacterized proteins (uPE1) within
3 years.

As part of the Spanish HPP initiative, our group has been
focused on the evaluation of this uncharacterized proteome within
the human olfactory system. Specifically, we have focused our
attention on the uncharacterized protein PITH (C-terminal pro-
teasome-interacting domain of thioredoxin-like) domain contain-
ing protein 1 (PITHDI1; Clorfl28). Although some functional
features have been described for this protein mainly related to
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megakaryopoiesis and ovarian carcinoma [13-16], actual function
for the PITHDI protein is still unknown. Previous reports of our
group have revealed altered protein levels for PITHD]1 at the level
of the olfactory bulb in both Alzheimer’s disease and Parkinson’s
disease [17, 18]. So, aiming to increase the knowledge of PITHD1
function and its potential implication in the neurodegenerative
process occurring within the olfactory system, we have built an
exhaustive workflow combining neuropathological diagnosis,
co-regulation maps, physical and functional interaction data, and
intracellular and extracellular proteomics combining mass spec-
trometry and antibody arrays.

The array technology is a term that refers to the miniaturization
of thousands of assays on one small plate. Concerning protein
arrays, the most representative model of analytical protein arrays is
the antibody arrays. Providing a high sensitivity, the sandwich assay
format is now widely used. This format uses two different antibo-
dies to detect the targeted proteins [19]. Thus, the capture anti-
bodies are placed on the solid phase where they immobilize the
targeted proteins or analytes. Then, the other antibodies, called the
reporter or detection antibodies, generate a signal for the detection
system. Thus, using two antibodies significantly increases the spec-
ificity and sensitivity of this “sandwich” format [19]. In this sense,
the great versatility of this technology has led to the development of
commercially available protein arrays in many different formats.
Thus, it provides commercial access to researchers who are not
familiar with this technology allowing them to study phosphoryla-
tion events, autophagy, apoptosis, or stress biomarkers and impor-
tantly cytokines and growth factors. In addition, other advantages
of this technology are its speed and the small amount of sample
required. Hence, the results can be obtained as soon as 8—9 h and as
much as 4 days and for instance cytokine arrays can be performed
using 50-1000 pg of protein. Last but not least, this procedure can
be developed using different sample types, from fluids such as
serum or cell culture medium, to cell or tissue protein extracts,
depending on the aim of the experiment. On the other hand, it is
important to take into account that there are many protein array
formats, with different number of targets to study, different solid
supports (membrane or glass slides), and different types of results
(quantitative or semiquantitative).

This chapter focuses on the utility of antibody arrays to estab-
lish a straightforward methodology in order to rapidly characterize
potential functional features of PITHDI1 associated to signaling
dynamics and immune response in human olfactory neuroepithelial
cells. This workflow can be adapted by the biology/disease-HPP
research teams as a guidance to decipher functional features of dark
proteins (Fig. 1).
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Fig. 1 Technical workflow based on antibody arrays used to characterize functional features of PITHD1 protein

in olfactory epithelial cells

2 Materials

2.1 Reagents

2.1.1  Cell Culture

2.1.2 Cytokine and
Phosphokinase Arrays
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. DMEM high glucose, pyruvate (Gibco).

. Fetal bovine serum (Gibco).

. Antibiotic-antimitotic (Gibco).

. Trypsin-EDTA (0.25%), Phenol Red (Gibco).

. Phosphate-buffered saline 1x: 6.7 mM PO, without calcium

and magnesium.

. Flasks, plates, pipettes, etc.
. rPITHD1:

PITHDI1
(MyBioSource).

recombinant protein  (E. cok)

. Lysis buffer: 7 M Urea, 2 M thiourea, 50 mM DTT.

. Cytokine or phosphokinase antibody array membranes (Abcam

and R&D Systems).

2. 8-Well plastic tray.

A

. Plastic sheets.

. 1x Blocking bufter (provided by the kit).
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. 20x Wash bufter I (provided by the kit).

. 20x Wash bufter II (provided by the kit).
. 2000x Biotin-conjugated anti-cytokines.

. 1000x HRP-conjugated streptavidin.

. Detection buffer C.

10.
. Tweezers.
12.
13.

Detection buffer D.

Small plastic boxes/containers/centrifuge tubes (50 ml).

Tissue paper/blotting paper/chromatography paper.

. Centrifuge 5427 R (Eppendortf).

. Orbital shaker/oscillating rocker /roller.

. Chemidoc MP Imaging System (BioRad).
. ImageLab Software (BioRad).

. Perseus software [20].

3 Methods

3.1 Harvest,
Isolation, Culture, and
Maintenance of Human
Olfactory
Neuroepithelial Gells

10.

11.

. Sterilize forceps for 2 min at 200 °C (or autoclave them).

. Prepare the necessary Eppendorf tubes to collect the samples

inside a cabin with 500 pl of complete medium. Put them
on ice.

. Also prepare an autoclaved pipette tip.
. Keep complete medium at 37 °C.

. Nasal biopsies are then obtained using a giraffe forceps and

immediately transferred to culture medium for transport to the
laboratory.

. Clean the Eppendorf tubes with ethanol before putting them

in the cabin.

. Hold the brush with tweezers or a forceps and pass it through

the cut tip on the Eppendorf tube so that the sample stays on
the Eppendorf tube and not on the brush.

. With a P1000 pipette, add 250 pl of medium inside the tip to

lower what may be left of the sample.

. With a P200 pipette, pipet up and down with the cut tip of the

Eppendorf tube to clean it and make the whole sample stay in
the middle.

Disintegrate with P1000 pipette (avoid bubbles). Disaggregate
with P200 and P10 pipettes.

Cultivate in P24 wells. Cell growth should be monitored by
microscope during the next days.



232 Mercedes Lachén-Montes et al.

12.

13.
3.2 Treatment with 1.
Recombinant PITHD1 2
3
4
3.3 Protein 1.
Extraction 2
3
4
5
6
7
8
3.4 Sample 1.
Incubation on
Cytokine/ 2
Phosphokinase

Antibody Membranes 3
(See Note 7)

Change medium after a week. Carefully aspirate the old
medium from the side of the well and add 500 pl of new
complete medium.

Incubate for 3 weeks or until confluence and perform first
passage (see Note 1).

Culture cells in P10 plates (see Note 2).

. The next day, remove medium in order to remove nonattached

cells.

. In new medium, add the rPITHDI recombinant protein

(1 pg/ml) (see Note 3).

. Cultivate cells for 24 h.

Remove medium and do not discard it (see Note 4).

. Wash cells with PBS (see Note 5).
. Trypsinize cells for 3-5 min at 37 °C and gently collect

detached cells into a centrifuge tube.

. Centrifuge cells during 5 min at 500 x g to remove trypsin

solution and discard supernatant.

. Resuspend pellet with lysis buffer containing 7 M urea, 2 M

thiourea, and 50 mM DTT.

. Incubate samples on ice for 30 min, vortex, and spin every

10 min (see Note 6).

. Centrifuge samples for 1 h at 20,000 x gat 15 °C.

. Quantify proteins using a protein quantification protocol such

as Bradford and Lowry.

Grasp membranes by the edges using tweezers and place each
membrane into the 8-well tray printed side up (see Note 8).

. Block membranes incubating with 2 ml 1 x blocking buffer in a

shaker at room temperature for 30 min.

. Prepare samples. Dilute them if it is necessary with blocking

bufter (see Note 9).

4. Aspirate 1x blocking buffer from each well (see Note 10).

. Pipette 1 ml of sample into each well and incubate for 1.5-2 h

at room temperature (RT) or overnight (o/n) at 4 °C using a
shaker or oscillating rocker (see Note 11).

. Aspirate samples from each well.

. After o/n incubation: wash membranes in separate containers

with 20-30 ml of 1x wash buffer I (se¢e Note 12) per mem-
brane for 30—45 min at RT on a shaker. Then wash membranes
for 5 min at RT on a shaker for a total of three washes.



3.5 Cytokines and
Phosphokinase
Detection (See

Note 15)

10.

11.
12.

13.

14.
15.
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. Alternatively, after 1.5-2-h incubation, pipette 2 ml of 1 x wash

buffer I into each well and incubate for 5 min at RT on a shaker.
Repeat this step twice for a total of three washes.

. Wash membranes using 1 x wash buffer II. Pipette 2 ml of 1 x

wash buffer IT into each well and incubate for 5 min at RT on a
shaker. Repeat this step for a total of two washes.

Pipette 1 ml of 1 x biotin-conjugated anti-cytokines into each
well and incubate for 1.5-2 h at RT or o/n at 4 °C using a
shaker (see Note 13).

Aspirate the 1x Dbiotin-conjugated anti-cytokines from
each well.

Wash membranes as indicated in steps 7-9.

Pipette 2 ml of 1 x HRP-conjugated streptavidin into each well
and incubate on a shaker for 2 h at RT or o/n at 4 °C on a
shaker (see Note 14).

Aspirate the 1 x HRP-conjugated streptavidin from each well.

Wash membranes as indicated in steps 7-9.

. Transfer each membrane printed side up into a sheet/chroma-

tography/blotting paper (absorbent paper) on a flat surface.
Remove any excess of washing buffer.

. Transfer each membrane printed side up onto one of the plastic

sheets provided with the kit on a flat surface.

. Prepare equal volumes of detection buffer C and detection

bufter D (see Note 16).

. Pipette 500 pl of the detection mixture onto each membrane

and incubate for 2 min at RT (sec Note 17).

. Caretully place another plastic sheet on top of your membrane

starting from one end and gently rolling the sheet across the
surface to the opposite end to prevent bubble from forming.

. Using forceps transfer the sandwiched membrane to the imag-

ing system (se¢ Note 18).

. Let the exposure begin with the following parameters (see

Note 19):
Using ImageLab software (BioRad):

New protocol.

High resolution.

Select the size of the image (sec Note 20).
Membrane exposure: automatic (see Note 21).

(
(e) Save the image.

. After exposure, remove the upper plastic sheet and place the

membrane in the corresponding well of the tray. Clean both
plastic sheets with water and dry them. Repeat the process from
step 4 for all of the membranes (se¢ Note 22).
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3.6 Cytokines and
Phosphokinase
Quantification
(ImageLab Software)

3.7 Statistical
Analysis of the
Differential Proteins

3.8 Data Statistics
(Perseus Software)

9.

It is possible to store membranes. Sandwich them between the
plastic sheets provided with the kit. It is possible to store six
membranes in each sandwich. Afterwards, tape the sheets

together or wrap in plastic wrap to secure them and store
them at <—20 °C (see Note 23).

. Use the “Volume tools” option to measure the density of each

protein spot (see Note 24).

Click on “Analysis table” to get the quantitative density values
of each spot.

. Export table as Excel table format.

. Name each spot with the corresponding protein.

Use the Adjust volume data.

Data normalization (Excel):
(a) Calculate the average of the positive values of each
membrane: Posn.

(b) Calculate the correction factor for each membrane based
on the reference membrane (see Note 25):
e Posn/Posret = Correction factorn (CFn).

(c) Correct values of each membrane based on its correction
factor: Prot.Spotn/FCn.

(d) Save the normalized protein matrix as txt (see Note 26).

. Import the txt matrix to Perseus and place data in its

corresponding category:
(a) Protein spot values in the “Main category”.

(b) Label (protein names) in the “Categorical category”.
Transform the standardized values to Log2.

Using the “Categorical annotation row” option, group your
samples as desired, e.g., control and treated.

. Check how your samples are distributed visualizing on graphs

such as histograms, dendrograms, or boxplot.

. Perform a #test: two-sample test.

. If desired, filter rows applying a desired cutoff for fold change

(FC) and p value. For example:

(a) For —log p value, x > 1.3 to filter proteins with a p value
less than 0.05 (see Note 27). Select Add categorical
column.

(b) For FC, x > 0.38 and x < —0.38 to filter proteins with a
differential expression of 30%. Select Add categorical
column.
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. Select the differential protein based on p value and/or FC (see

Note 28).

. Visualize the data using the scatterplot (volcano plot):

(a) X-axis: FC.
(b) 7Y-axis: —log p value.

. You can select the differential protein according to the previ-

ously established criteria ( p value and FC) selecting those with
the “Keep_Keep” label. Once selected, you can export them in
a matrix clicking on the tab “points” and choosing “Export
selection (reduced matrix).”

(Optional): You can add annotations related to the proteins
using defined information packages that Perseus software
offers (see Note 29).

To save any matrix, click on “Generic matrix export.”

Save the session (see Note 30).

4 Notes

. Perform as many cell passages as desired although it is highly

recommended to perform the experiment during short cell
passages.

2. Cells should be about 50% confluent.

. The optimum concentration of your analyte should be

addressed before performing this experiment. Moreover, treat
at least other three wells with the protein buffer as a control.

. Changes in the proteostasis of your media may be happening

after your treatment, so further analysis of this sample may be
of interest. Store at —20 °C.

. Add the PBS carefully; cells may get detached.

. You might need to sonicate your samples due to a high pres-

ence of DNA.

. Kit reagents including membranes should be stored at

<—-20 °C till use. Kit must be used within the first 6 months
after delivery.

. The printed side of each membrane is denoted by a dash mark

(-) in the upper left corner. It is recommended to use a perma-
nent marker to write on the lid and on the side of the tray the
name of the sample that will be placed in each of the wells. At
the end of the assay, you can clean them with ethanol. Use
tweezers every time you handle the membranes.

. If samples have a consistent protein concentration among them

(<20%), you can dilute the samples using equal volumes of 1 x
blocking buffer for each sample. In the case that samples
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10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.
23.

present wider protein concentration variation among them,
dilute each sample with 1x blocking buffer to equal the
concentrations.

To avoid damaging the membrane, tilt the tray to pick up the
different reagents with the help of a pipette tip, from a corner.

Avoid spreading the reagents you use in this assay directly on
the membrane, in order to avoid damaging it.

Both wash buffers I and II have to be 20-fold diluted with
distilled or deionized water. These 1x washing buffers can be
stored at 4 °C for up to 3 months.

This antibody cocktail is concentrated (2000 ) as small liquid
bead, so by using one vial you can test two membranes. Briefly
centrifuge each vial prior to reconstruction as the concentrate
can adhere to the inside walls and cap during transit. Reconsti-
tute by pipetting 1 ml of 1 x blocking buffer into the vial, and
mix the cocktail by softly pipetting up and down. Then pipette
500 pl of blocking buffer and 500 pl of 1x antibody cocktail,
into each well (=1 ml).

The HRP-conjugated streptavidin has to be 1000-fold diluted
with 1x blocking buffer.

Array kits will retain full activity although you store them for up
to 24 h at room temperature.

500 pl of detection buffer is needed for each membrane.

The exposure should start within 5 min after adding the detec-
tion mixture, and should last as much as 20 min. Otherwise
chemiluminescent signals will fade over time. For this reason, it
is strongly recommended to do this step, and the following
ones, in each membrane separately.

Do not allow membranes to dry out during detection and
avoid sliding the plastic sheet along the membranes’ printed
surface.

Expose the membranes one by one making sure that all the
cytokine spots will be visible.

The size of the imaging area must always be the same, so all the
images have the same size and can be easily compared.

Typical exposure times take between few seconds and 2 min,
but, if the imaging system allows it, expose the membranes in
auto-expose mode. This ensures the detection of most of the
cytokine spots, because it detects little abundant proteins with-
out saturating those with the most abundant expression.

If the image has low quality, repeat the ECL incubation.

Once thawed, membranes and 1x blocking buffer can be
stored at <—20 °C while all other components can be stored
at 4 °C for no more than 3 months.
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24. Use the same area (circle) on all the membranes you want to
compare (use copy and paste). If the size of the spots is too
different, select three different sizes (small, medium, and large)
that fit better the size of your spots.

25. The reference membrane can be any of them, although it is
recommended to use one of the controls.

26. The Excel matrix should contain the header: Label each cyto-
kine /GF name and the sample names.

27. The pvalue is represented in —Log o, so —Log p value x > 1.3
means p value <0.05 The FC chosen here is just an example,
and you should use the one that best fits your experiment data
or criteria. Take into account that the FC is represented in
Log2. In case of a 30% FC, x > 0.38 means a FC >1.3 and
x < —0.38 means a FC <0.7.

28. If you choose both criteria to select the differential proteins,
you should follow the option Rearrange—Combine categorical
columns.

29. Go to Annotation columns and choose Add annotation. First
you must have downloaded the database with the information
you want to have, and save it in the annotations folder where
the program is. Select the annotations that you want to add.

30. Save the Perseus session and carefully annotate in which pro-
gram version you have worked. Perseus session should always
be opened in the same program version as the one in which
they were created.
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Protein Microarrays for Ocular Diseases

Guillermo Solis-Fernandez, Ana Montero-Calle, Miren Alonso-Navarro,
Miguel Angel Fernandez-Torres, Victoria Eugenia Lledo,
Maria Garranzo-Asensio, Rodrigo Barderas, and Ana Guzman-Aranguez

Abstract

The eye is a multifaceted organ organized in several compartments with particular properties that reflect
their diverse functions. The prevalence of ocular diseases is increasing, mainly because of its relationship
with aging and of generalized lifestyle changes. However, the pathogenic molecular mechanisms of many
common eye pathologies remain poorly understood. Considering the unquestionable importance of
proteins in cellular processes and disease progression, proteomic techniques, such as protein microarrays,
represent a valuable approach to analyze pathophysiological protein changes in the ocular environment.
This technology enables to perform multiplex high-throughput protein expression profiling with minimal
sample volume requirements broadening our knowledge of ocular proteome network in eye diseases.

In this review, we present a brief summary of the main types of protein microarrays (antibody microarrays,
reverse-phase protein microarrays, and protein microarrays) and their application for protein change
detection in chronic ocular diseases such as dry eye, age-related macular degeneration, diabetic retinopathy,
and glaucoma. The validation of these specific protein changes in eye pathologies may lead to the identifi-
cation of new biomarkers, depiction of ocular disease pathways, and assistance in the diagnosis, prognosis,
and development of new therapeutic options for eye pathologies.

Key words Protein microarrays, Ocular pathology, Dry eye, Glaucoma, Age-related macular degen-
eration, Diabetic retinopathy

1 Introduction

Ocular diseases are a major topic for public health. Comprehensive
approaches are required to expand eye research in order to under-
stand molecular pathway determinants in eye pathologies’ progress
and improve ocular diagnosis and treatment. Most of these ocular
diseases are age-related conditions and their incidence has rapidly
risen consistently with the world’s population aging [1, 2].

The small sample volumes available and the sensitivity of tradi-
tional immunoassays (enzyme-linked immunosorbent assay or
Western blot) have hampered ocular proteomic profiling analyses.

Rodrigo Barderas, Joshua LaBaer and Sanjeeva Srivastava (eds.), Protein Microarrays for Disease Analysis:
Methods and Protocols, Methods in Molecular Biology, vol. 2344, https://doi.org/10.1007/978-1-0716-1562-1_17,
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Protein microarrays support the simultaneous detection of large
number of proteins with minimal small volume requirements, ofter-
ing an interesting combination of sensitivity and cost-effective
multiplexing ability. Consequently, protein microarrays are an
affordable technical strategy that has emerged as a promising plat-
form for ocular research. Moreover, this high-throughput proteo-
mic approach can be particularly useful to gain insight into ocular
disorders since eye pathologies are commonly multifactorial and
complex diseases. Additionally, data analysis and verification are less
time consuming than in mass spectrometry-based proteomic stud-
ies since the identities of detected proteins in microarray assays are
known. The selection of a microarray panel for analyzing protein/
antibody expression in ocular specimens depends on the scientist’s
proposed application. In order to find new prognostic biomarkers
or novel pathological molecular pathways the panel should include
a rationally large diversity of targets. In contrast, to evaluate more
specific events such as inflammation or angiogenic processes in
ocular diseases, chemokines, cytokines, and their receptors or
angiogenic factors should be included.

Ocular fluids (tears, aqueous and vitreous humors) and eye
tissues [3-5] are the main subjects of protein studies of the eye.
Both represent valuable sources of molecular signatures for diag-
nostic and prognostic purposes of eye diseases. Tears reveal the
status of cornea, conjunctiva, lacrimal, and meibomian glands on
ocular surface diseases. They are also used for anterior chambers’
ocular pathology analysis since tear protein changes have been
observed between control subjects and eye disease patients. Aque-
ous humor provides information about underlying tissues such as
trabecular meshwork, iris, ciliary body, and cornea endothelium.
Vitreous sample studies focused on proteins involved in retina
pathophysiology. This ocular fluid is frequently obtained at the
time of surgery. However, since most of the proteins secreted into
the vitreous diffuse into aqueous humor, protein levels in aqueous
humor can be related with its corresponding concentration in the
vitreous [6]. This finding can be of particular interest as aqueous
humor can be extracted by corneal puncture in the outpatient
clinic, thus allowing for an easier biological sample collection for
the study of retinal eye disease. In this sense, tears are the most
easily accessible ocular fluid that could be collected by simple and
barely invasive collection procedures. For protein array analysis the
most common tear fluid retrieval method is by microcapillary tube
[7]. Alternatively, Schirmer strips (with or without anesthesia) [8]
and polyurethane minisponges [9] followed by protein elution
steps are also used to collect tears.

On the other hand, in proteomic eye research, some studies
have analyzed blood proteome alterations in ocular pathologies
associated with humoral immune response evaluation.



Protein Microarrays in Eye Pathologies 241

This review is focused on the description of the most relevant
proteomic findings achieved in the field of ocular disease using
protein microarrays. Firstly, a classification about protein arrays is
provided, and then the main types of protein microarrays used in
ocular studies are described. Particularly, a summary of the target
proteins and potential biomarkers identified by protein microarrays
in ocular chronic pathological processes such as dry eye, glaucoma,
age-related macular degeneration, or diabetic retinopathy is
provided. As discussed, these protein array data can provide insight
about eye disease molecular mechanisms, identify new biomarkers
for detection or classification of ocular disorders, and open the door
to define alternative therapeutic options.

2 Main Types and Characteristics of Protein Arrays Used for Ocular Disease
Research

According to their format, microarrays can be classified as bead-
based arrays or planar (glass or membrane arrays) (Fig. 1). In the
bead-based arrays the molecules are covalently attached to micro-
spheres with a diameter usually ranging from 0.1 to 6pm
[10]. Microspheres with different ligands are labeled with different
fluorochromes alone or in combination. The detection of these
bead-based protein microarrays with different color codes is then
performed by flow cytometry that makes a fast and highly sensitive
quantitative-qualitative evaluation of a high number of proteins
possible. This bead-based microarray approach has been expanded
in the last years, since commercial microspheres (i.e., Luminex™)
have become readily available allowing for the immobilization and
exploration in the same test of up to 384 different proteins.

On a planar array, the proteins of interest (mainly recombinant
or natural proteins, or antibodies) are printed on the surface of a
glass slide, which can be made of nitrocellulose or coated with
functional chemical groups (amino-, epoxy- ...). Indirect or direct
labeling sample can be used in planar protein microarrays. In the
case of indirect labeling, samples are incubated with the microarrays
and with an HRP-labeled antibody that develops the signal or with
a biotinylated antibody that needs a successive incubation with
labeled streptavidin for signal uncovering. The use of two antibo-
dies, the capture and the detection antibody, confers specificity and
reduces background, improving the detection method. However,
its development is not easy for high-density microarrays and direct
labeling sample is the method of choice for these microarrays. In
the direct labeling method, all proteins in a sample are labeled with
biotin or fluorescent dyes such as cyanines and Alexa dyes and then
applied to the planar array. The captured proteins are then detected
using laser scanning or fluorescence-labeled streptavidin.
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Fig. 1 Protein microarrays used in ocular research. Different types of multiplexed assay systems such as
planar arrays or bead-based arrays are shown. For planar protein microarrays, indirect or direct labeling can
be performed. For indirect labeling, samples are incubated with the microarrays and incubated with a
biotinylated antibody that needs a subsequent incubation with labeled streptavidin for signal detection.
Alternatively, samples are incubated with the planar microarrays and incubated with an HRP-labeled antibody
that develops the signal. For the bead-based protein microarrays, samples are incubated with color-coded
beads and a detection antibody labeled with biotin. An incubation step with labeled streptavidin is required for
signal acquisition and quantification. (Figure created with biorender.com)

On the other hand, protein microarrays can also be categorized
based on the molecule printed or covalently attached to their
surface. This classification is the one that will be considered in this
review to describe protein arrays in ocular disease research. In this
sense, we can distinguish antibody microarrays, reverse-phase pro-
tein microarrays, and protein microarrays. The applications for
which each method is more suited will be extensively discussed
below. Briefly, antibody microarrays are the most adequate tech-
nique to identify altered protein levels in eye-related cells, tissue
lysates, or biological fluids. Conversely, reverse-phase protein
microarrays are selected for validation in large numbers of samples
of altered proteins. Finally, protein microarray approaches (using
printed natural or recombinant protein microarrays) are currently
employed for humoral immune response characterization.
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3 Antibody Microarrays

3.1 Antibody
Microarray
Approaches in Ocular
Surface Diseases:
Dry Eye

Antibody arrays are mostly used for the determination of protein
profiles differentially expressed in cell or tissue lysates, or body
fluids under pathological conditions [11-16]. The parallel analysis
of multiple proteins in small sample volumes is applied to identify
alterations in the amount of hundreds to thousands of proteins for
the discovery of key protein associated with ocular disease pro-
cesses. The elucidation of key proteins associated with pathologies
reveals new disease biomarkers and provides potential targets for
future drug discovery and therapeutic intervention.

The common principle of this approach is based on the highly
specific recognition between an antibody, printed on a solid sup-
port, and its target antigen present in the biological samples. The
interaction between the antibody and its specific antigen is then
visualized by common indirect or direct labeling detection
methods.

Commercial antibody microarrays containing more than 1000
antibodies against human proteins (RayBiotech) have been devel-
oped [17, 18] that make the discovery of altered proteins in a single
experiment possible at an affordable price [18-20]. Additionally,
there are antibody microarrays containing fragments of antibodies
(scFvs, Fabs ...) [21, 22]. However, these antibody fragments
usually have between 10 and 100 times less affinity than complete
antibodies, and, moreover, require the development of a specific
“framework” for its correct immobilization on the surface of the
slides [22, 23]. These concerns have hindered their development in
recent years compared to complete antibody-based microarrays.
Consequently, an important challenge for antibody microarray
platform development is the availability of validated antibodies
that are indispensable for successful antibody array application. To
address this point, high-throughput approaches like phage display
may contribute to solve this issue.

Dry eye is an ocular surface multifactorial disorder characterized by
an unstable and hyperosmolar tear film. Increased tear osmolarity is
produced by tear-deficient production (aqueous-deficient dry eye),
excessive evaporation with normal lacrimal function (evaporative
dry eye), or a combination of both events [24, 25]. Discomfort,
tear film instability, irritation, vision disturbance, ocular surface
damage, and neurosensory disturbances are common clinical symp-
toms, but there does not exist a direct relation between these
symptoms and clinical signs [26, 27]. This inconsistent relation
between symptoms and signs precludes precise dry eye diagnosis
and monitoring and draws out new pharmacological therapies by
the lack of objective tests to evaluate outcomes in clinical trials. In
this context, protein microarrays can be a useful tool for unbiased
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Fig. 2 Protein changes detected by antibody microarrays in tears, aqueous, and vitreous humor from dry eye,
age-related macular degeneration (AMD), diabetic retinopathy (DR), and glaucoma patients as compared to
normal subject samples

dry eye biomarker identification with diagnostic purposes, or for
treatment efficacy monitoring. Although the pathogenesis of dry
eye is not fully clarified, it is known that hyperosmolar stress
damages the ocular surface both directly and indirectly by trigger-
ing a pathologic inflammatory condition [24, 28, 29]. Taking into
account that inflammation is an integral event in dry eye, the vast
majority of antibody microarray studies have been focused on the
elucidation of inflammatory mediator (cytokines, chemokines . ..)
profile in tears of dry-eye patients (Fig. 2). Multiplex bead arrays
were mostly used for this purpose, among which the Luminex
method was the most frequently employed. Membrane antibody
planar microarrays have also been used, although more occasion-
ally. When both methods are compared [30], Luminex assay seems
to exhibit a higher sensitivity to inflammatory markers related to
dry eye than membrane antibody planar microarrays, whereas more
significant changes between the study groups were detected using
membrane antibody planar microarrays.
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Using membrane antibody planar microarrays, increased proin-
flammatory levels of tear cytokines were measured in dry-eye
patients with aqueous deficiency or with both lipid (associated
with higher tear evaporation) and aqueous deficiencies, as com-
pared to healthy subjects [31]. Differences in tear cytokine profiles
between dry-eye and control subjects have also been analyzed by
multiple bead analysis and correlations with ocular surface para-
meters have been investigated. Higher concentrations of proinflam-
matory cytokines interleukin (IL)-1p, IL-6, IL-8, IL.-17 A, 1L-1
receptor antagonist (IL-1Ra), and tumor necrosis factor-alpha
(TNF-a) have been detected in several reports and a good correla-
tion between the levels of these molecules and clinical severity
parameters of dry eye (symptom severity, Schirmer test, tear
breakup time, and corneal fluorescein staining) has been found
[32-36]. Likewise, in tears of evaporative dry-eye patients the levels
of inflammatory molecules epidermal growth factor (EGF), frac-
talkine /CX3CL1, interferon-gamma (IFN-y)-inducible protein-
10 (IP-10)/CXCL10, and vascular endothelial growth factor
(VEGF) were significantly elevated as compared to control subjects
and correlated with pain and clinical parameters such as cornea and
conjunctiva staining and tear stability /production [37].

Interestingly, quantified tear inflammatory mediators do not
show significant inter-day variation [32, 38] and the intra-subject
reproducibility is good [38]. These results emphasize the reliability
of the use of these molecules as dry-eye biomarkers.

Dry eye is particularly severe in Sjogren’s syndrome, a chronic
autoimmune disease characterized by lymphocytic infiltration and
destruction of exocrine (lacrimal and salivary) glands. Exposure of
Sjogren’s syndrome patients to low-humidity conditions, to recre-
ate daily indoor adverse environment, produced a significant
increase in tear levels of some inflammatory molecules (IL-1RA,
1L-6, IL-8, and matrix metalloproteinase (MMP)-9) as determined
by multiplex immunobead assay, indicating an exacerbation of
inflammatory state for these patients. Bead-based antibody micro-
array systems have also been used to analyze altered cytokine pro-
files in blood samples of Sjogren’s patients [39, 40]. Plasma
cytokine profiles allowed to distinguish between Sjogren’s patients
and healthy subjects and correlated with altered clinical parameters
such as hypergammaglobulinemia [39], elevated erythrocyte sedi-
mentation rate, or extra-glandular manifestation [40], indicating its
relevance in Sjogren’s syndrome diagnosis and management.

Furthermore, diverse subtypes of dry eye have been demon-
strated to have different altered cytokine profiles. In a study using
planar antibody microarrays aqueous-deficient dry-eye patients had
the highest level of total tear cytokine, followed by lipid-deficient
dry eye and patients with both aqueous and lipid deficiencies
[41]. Statistically significant differences have also been observed
for IL-2, IL-4, IL-8, IL-17, and TNF-o among Sjogren’s syndrome
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dry eye and non-Sjogren’s syndrome tears [42, 43]. Additionally,
tear concentrations of IL-8 and TNF-a for both dry-eye subpopu-
lations (Sjogren’s syndrome and non-Sjégren’s syndrome aqueous
tear-deficiency subjects) were significantly different from those
detected in meibomian gland dysfunction patients, an alteration
leading to evaporative dry eye [43]. These findings could suggest
the existence of diverse underlying pathophysiologic mechanisms
and point to the relevance of panel cytokine determination for the
diagnosis of dry-eye subclasses.

Multiplex arrays have been used to evaluate new dry-eye treat-
ments identifying cytokine profile modulation in response to phar-
macological therapy in experimental animal models [44] and
clinical trials [45, 46]. In patients with meibomian gland dysfunc-
tion, oral therapy with antibiotic minocycline combined with artifi-
cial tears induced a significant reduction in tear cytokine levels
(IL-1, IL-6, IL-12p70, IL-17, and TNF-a) that was not found
after treatment with sole artificial tears [46]. Immunomodulatory
ability of tofacitinib was also evaluated in moderate-to-severe
dry-eye patients. Bead-based arrays showed a marked decrease in
tear levels of cytokines and other inflammatory mediators (IL-1p,
1L-12p70, IL-15, IL-17A, MMP-3, and MMP-9) after topical
ophthalmic application of this Janus kinase inhibitor [45].

Age-related macular degeneration (AMD) is the leading cause of
irreversible blindness in old people in the Western world [47]. This
progressive disease affects the central portion of the retina (mac-
ula). AMD is classified into non-neovascular (non-exudative or dry)
and neovascular AMD. The former results from atrophy of the
retinal pigment epithelial layer below the retina with the conse-
quent photoreceptor loss, while the latter is characterized by cho-
roidal neovascularization [48].

The etiology of this disease is still unknown and several factors
such as aging, diet, genetic, inflammation, or oxidative stress have
been related to AMD progression. VEGF inhibition is one of the
therapies currently used to treat exudative AMD due to the relevant
role of VEGF and its receptor VEGFR-1 in its pathogenesis
[49]. However, patient response to anti-VEGF therapy is hetero-
geneous. A significant visual improvement is only achieved in
one-third of patients treated and one-sixth of treated patients still
progress to blindness [50]. Consequently, VEGF is not the only
protein responsible for this disease and the research of alternative
targets is imperative.

With this aim, protein alterations in aqueous humor of patients
with wet AMD compared to control subjects have been analyzed by
antibody arrays in several papers (Fig. 2). Increased protein levels of
U-plasminogen activator and T-cell cytokine receptor (TCCR/
WSX-1) were found. Furthermore, in vitro treatment of human
umbilical vein endothelial cells with the extracellular domain of
TCCR/WSX-1 showed the angiogenic activity of this protein [51].
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Using biotin label-based human antibody array higher levels of
lipocalin-2, thrombospondin, tissue inhibitors of metalloprotei-
nases (TIMP-1 and TIMP-2), proliferation-induced ligand,
chordin-like 1, glucocorticoid-induced tumor necrosis factor
receptor family-related gene ligand, growth hormone receptor
3, and insulin-like growth factor-binding proteins (IGFBP-2,
IGFBP-6, and IGFBP-7) were also detected in exudative AMD
patients [52]. IGBPs are members of IGF family, which modulate
VEGF-induced proliferation, migration, and tube formation of
retinal endothelial and tumor angiogenesis [53, 54 ]. Their altered
content in aqueous humor from exudative AMD eyes suggests a
potential involvement in AMD pathogenesis.

Evidence for the role of inflammation in AMD progression has
been reported in histopathological studies. Consistent with the
contribution of inflammation in AMD pathogenesis, elevated levels
of serum proinflammatory cytokines (IL-1, IL-4, IL-5, IL-10,
1L-13, and IL-17) were determined by multiplex human cytokine
arrays in AMD patients as compared to control subjects [55]. In a
study by Nassar et al. [55] the evolution of the cytokine profile of
AMD patients under anti-VEGF therapy was evaluated. It was
concluded that patients with high serum IL-17 and TNF-a con-
centrations were more likely to recover with the anti-VEGF
treatment.

Increased protein expression of the chemokines CCL22 and
CCL3 [56] as well as CXCL10, CCL14, CXCL16, and CXCL7
[57] has also been demonstrated in AMD aqueous humor analyses,
while inconsistent results were found for growth-regulated onco-
gene (GRO) chemokine. A significant decrease in GRO chemokine
was measured using Quantibody Human Chemokine Array (Ray-
Biotech) [57], whereas higher levels were determined by Luminex
platform in AMD aqueous humor [56]. Interestingly, an increase in
CCL22 expression was associated with wet AMD pathological signs
such as intraretinal fluid or hyperreflective foci [57].

Plasma levels of the aforementioned cytokines were not signifi-
cantly altered between healthy and pathological conditions, indi-
cating that dysregulation of immune factors is rather local than
systemic. Confirming this notion, multiplex bead assays demon-
strated significant changes in monocyte chemotactic protein
(MCP)-1/CCL2 and vascular cell adhesion molecule (VCAM)
concentrations in aqueous humor from AMD patients compared
with controls whereas systemic differences were not found [58].

In AMD, chronic inflammation in the outer retina seems to
stimulate AMD pathogenesis progression before symptom onset.
Consequently, anti-inflammatory strategies to early AMD handling
have been explored. Vinpocetine (vinca alkaloid extracted from
periwinkle plant) treatment significantly reduced cytokine concen-
tration (IL-1, IL-6, IL-18, macrophage inflammatory protein-3a,
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and TNF-a) in vitreous humor from animal model of subclinical
stage of AMD [59], showing its potential as an anti-inflammatory
agent.

Another central pathological event in AMD, particularly in wet
AMD, is retinal neovascularization and the antiangiogenic proper-
ties of different compounds have been evaluated using antibody
microarrays. Using a multiplex bead-based assay, administration of
bisphosphonates (alendronate and etidronate) revealed an antian-
giogenic potential of these agents inhibiting the expression of
cotaxin and basic fibroblast growth factor in primary human retinal
pigment epithelium [60].

A herbal medicine, Cridium officinale, and its bioactive com-
pound butylidenephthalide downregulated the retinal levels of the
angiogenesis-related factors (amphiregulin, angiogenin, delta-like
ligand 4, and VEGF) and suppressed retinal neovascularization in
an oxygen-induced retinopathy mouse model [61]. In addition,
butylidenephthalide markedly reduced IL-1a concentration in trea-
ted mice. Antibody microarray analysis performed in the same
animal model showed that Guibi-tang (a herbal formula composed
of 12 ingredients) significantly decreased the expression of
pro-angiogenic molecules such as plasminogen activator
1 (PAI-1), insulin-like growth factor-binding protein 1 (IGFBP-
1), fibroblast growth factor 2 (FGF-2), and chemokine monocyte
chemoattractant protein (MCP)-1 [62]. The ability of these com-
pounds to reduce not only intraocular angiogenic factors but also
inflammatory markers such as IL-1a or MCP-1 is noteworthy, since
conventional treatment with ranibizumab only modifies intraocular
VEGEF levels whereas inflammatory cytokine factors and other
pro-angiogenic factors remained invariable [58]. Future therapies
or treatment combinations able to target angiogenic but also
inflammatory components in AMD may contribute to improving
visual outcomes in this disease.

Diabetic retinopathy (DR) is a common neurovascular complica-
tion of diabetes occurring in around 1/3 of patients diagnosed with
this pathology [63] and it is the leading cause of blindness in adult
working population [64]. DR is classified into nonproliferative DR
(NPDR) (divided into mild, moderate, and severe stages that may
include diabetic macular edema) and proliferative DR (PDR) char-
acterized by retinal neovascularization [65].

Chronic hyperglycemia triggers key mechanisms such as
increased oxidative stress and proinflammatory mediators and pro-
motion of angiogenesis through VEGF and IGF-1 activation
whose end result is neural and vascular retinal damage [66].

Vitreous fluid is considered as an indirect information source
on the retinal tissue due to its nearness to the retina. Consequently,
angiogenic growth factors, cytokines, and chemokine profile have
been investigated in the vitreous fluid from patients with diabetic
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retinopathy (Fig. 2). A significant increase in 1L-6, IL-8, IL-10,
IL-13, MCP-1, macrophage inflammatory protein (MIP)-1p,
platelet-derived growth factor (PDGF), and VEGF levels was
detected in DR vitreous samples as compared to control group
using an array system with beads conjugated with antibodies
[67]. Similarly, greater vitreous concentrations of 1L.-6, IL-8, and
VEGEF could be quantified in advanced proliferative DR patients
and oxygen tension in the mid-vitreous was directly correlated with
VEGEF concentration [68]. In addition to these identified cyto-
kines, elevated levels of ADAMI11 (disintegrin and metalloprotei-
nase domain-containing protein 11) were found by cytometric
bead analysis in office-based vitreous aspirates from proliferative
DR patients [69]. It has been speculated that this protein could
be involved in the neuropathic alterations associated with diabetic
retinopathy [69]. On the other hand, tyrosine phosphorylation
status of some of these vitreous angiogenic and inflammatory fac-
tors was reduced in DR samples as revealed by microarray analysis,
suggesting a potential alteration in protein function [70].

Vitreous protein profile associated with epiretinal fibrovascular
membrane formation, a severe complication of proliferative DR
inducing retinal traction and detachment, was studied using semi-
quantitative planar arrays containing 507 antibodies [71]. Higher
vitreous levels of angiopoietin-2 correlated with retinal fibrosis
degree while fibrovascular membrane appearance and elevated vit-
reous concentrations of neurotrophic factors (platelet-derived
growth factor and neuregulin 1) were associated with neurite
growth, which happens in fibrovascular membrane formation in
proliferative DR [71]. Cytometric bead array studies showed that
vitreous levels of the cytokines MCP-1 and IL-8 significantly cor-
related with the density of inflammatory cells (macrophages and T
lymphocytes) in fibrovascular membranes of proliferative DR
patients, suggesting an important role of these cytokines in prolif-
erative DR progress [72].

Frequently, pars plana vitrectomy in an operating room is the
technique used to extract vitreous sample. In an attempt to circum-
vent this invasive procedure, serum cytokine and growth factor
profile was compared with that present in vitreous samples from
proliferative DR patients [73]. The percent detectable and levels of
cytokines were significantly lower in serum; particularly IL.-4,
1L-10,I1.-17,11-21, and IL.-22 were only measured in the vitreous
humor, indicating that serum does not reliably reflect cytokine
levels detected in vitreous [73].

Alternatively, a less disturbing procedure has been developed
based on vitreous reflux collection at the end of routine intravitreal
anti-VEGF injection [74]. Using this technique, a significant upre-
gulation of IL-1RA, IL-6, IL-7, IL-8, granulocyte colony-
stimulating factor (GCSF), and IP-10 was found in diabetic macu-
lar edema (DME) patients and high-risk proliferative diabetic reti-
nopathy patients as compared with no-DR subjects. In addition,
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IL1IRA/IL-1b ratio was 13 times higher in the DME group as
compared with high-risk proliferative diabetic retinopathy patients
[74]. An interesting advantage of this procedure is the possibility of
repeated vitreous reflex collection from patients undergoing con-
tinuous intravitreal injection that could ease therapy monitoring. In
this sense, a significant decrease in osteopontin, 1L.-6, and VEGF
levels was detected on anti-VEGF-treated DME patients after the
third anti-VEGEF intravitreal injection [75].

Aqueous humor is also recurrently used as a surrogate fluid of
vitreous since its sampling is less complicated than vitreous extrac-
tion. Similar to vitreous humor, higher levels of inflammatory
markers have been identified in aqueous humor of both nonproli-
ferative and proliferative DR. By means of multiplex bead cytokine
analysis, transforming growth factor-p (TGF-p) and placental
growth factor (PLGF) were found to be higher in aqueous humor
of nonproliferative DR patients whereas fibroblast growth factor
1 (FGF-1) was lower as compared to controls and correlated with
total retinal blood flow [76]. Moreover, it has been demonstrated
that aqueous humor levels of PLGF are negatively correlated with
axial length in NPDR patients; this negative correlation may justify
why myopia eyes exhibit a lower DR prevalence [77]. Elevated
levels of the cytokines IFN-y, IL-10, IP-10, granulocyte-
macrophage colony-stimulating factor, soluble TNF-a receptor,
and RANTES (regulated and normal T cell expressed and secreted)
were also detected in mild DR patients as compared to control
[78]. As determined by Luminex measurement, IP-10 and
MCP-1 were significantly elevated in aqueous humor from severe
NPDR and PDR in comparison with less severe DR and control
subjects [79]. Consistent with this observation, IL-2, IL-5, and
VEGEF concentrations were significantly higher in PDR patients
than those in the NPDR patients [80]. Elevated levels of several
cytokines (IL-1p, IL-6, MCP-1, IP-10, IL-8, and VEGF) were
identified in the aqueous humor of diabetic patients with macular
edema and associated with retinal macular volume and thickness
[81]. Overall, these results indicate that intraocular inflammation is
positively correlated with DR progression and severity.

Although these data can provide valuable biochemical informa-
tion, we should be cautious since some differences can exist in
cytokine levels in aqueous humor and vitreous fluid. Takeuchi
et al. [73] reported that IL-17 was detected in the aqueous
humor from PDR patients and the level correlated with IL-17 in
vitreous fluid; however, the mean level and percent detectable were
significantly lower than those in the vitreous humor.

Laser retinal photocoagulation is a recurrent treatment for DR;
however, it only diminishes the risk of moderate visual loss by
approximately 50% with no significant vision recovery and it is
linked with ocular side effects. Furthermore, new approaches such
as intravitreal injections of the anti-VEGF have emerged to delay
the proliferative diabetic phase. Multiplex cytokine kit and Luminex
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technology showed that ranibizumab treatment significantly
decreased aqueous humor VEGF concentrations as well as
MCP-1, TNF-a, IL-16, IL-7, IL-8, IL-10, IL-12, and IL-17 levels
[82]. This finding is particularly interesting since the manifold
evidence points toward a role for chronic subclinical inflammation
in DR pathogenesis.

In contrast, therapy with the anti-VEGF agent bevacizumab
only induced a decrease in VEGF concentration, whereas the levels
of other inflammatory mediators remained unaffected (IL-6,
MCP-1) [83] or even increased (IL-8) [84] as determined by
multiplex arrays. These opposed results could be due to a more
potent effect of ranibizumab on intraocular cytokine levels or it
could be related with other factors such as the different DR severity
in patient cohort studied or the timing of analysis.

In order to reduce these cytokine levels, an alternative treat-
ment including the combination of the corticosteroid triamcino-
lone with bevacizumab was evaluated [85]. As revealed by Luminex
multiplex array assay the combined treatment reduced VEGE,
MCP-1, and PDGF-AA (platelet-derived growth factor AA) levels
whereas aqueous humor concentration of IL-8 was even higher
after combined therapy [85]. The high concentration of this cyto-
kine could be related to the insensitivity or reappearance of diabetic
macular edema after bevacizumab treatment [86].

Glaucoma consists of a group of eye diseases showing a broad
spectrum of clinical presentation and unknown etiologies that
lead to a permanent loss of visual function as a consequence of
optical nerve damage [87, 88]. Glaucoma pathology is currently
classified into two different categories, the angle-closure glaucoma
and the primary open-angle glaucoma (POAG), the most common
form. High intraocular pressure is considered as a critical risk factor
in glaucoma pathogenesis. Intraocular pressure (IOP) is generated
and maintained by the aqueous humor circulation system in the
anterior eye. Aqueous humor is secreted by the ciliary body and
exits the eye in the iridocorneal angle mainly through the trabecular
meshwork (TM) and Schlemm’s canal [89]. Imbalance between
aqueous humor secretion and outflow induces high IOP and phar-
macological glaucoma treatment is focused on lowering it. Surgical
procedures like trabeculectomy are assigned to those patients
whose pharmacological treatment is insufficient.

The pathological events that compose glaucomatous disease are
not vet fully understood. Likewise, glaucoma diagnosis demands
new approaches since IOP is subjected to fluctuations in a patient
along the day due to circadian rhythm influence and reliable mea-
surement can be masked by increased corneal thickness. Moreover,
glaucoma can be normotensive. Collectively, these observations
point to the demand of new diagnostic biomarkers and pathologic
molecular pathway determination.
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Antibody microarrays are useful tools to confront this purpose.
Significant variations of 31 proteins were found in samples from
aqueous humor of primary open-angle glaucoma patients labeled
with cyanine and hybridized with antibody microarrays (Fig. 2).
These protein alterations were related with pathogenic mechanisms
including mitochondrial damage (increases in ATPase Na*/K*
transporting beta-3 polypeptide and cytochrome C proteins), apo-
ptosis, and neurodegeneration (elevations in caspases, BCL2-
associated X protein, Fas (TNFRSF0) associated via death domain,
optineurin, and ankyrin 2) [90]. Oxidative stress also contributes to
glaucoma progression by damaging TM and retinal ganglion cells.
Modifications in oxidative biomarker levels were detected in this
work as well as in a later study [91]. Thus, reduced levels of
antioxidant enzymes like superoxide dismutase and glutathione -
transferase were measured whereas the amounts of pro-oxidant
enzymes (nitric oxide synthase 2 and glutamine synthase) were
significantly increased in primary open-angle patients in compari-
son to control subjects [91].

Changes in proteins involved in the maintenance of tissue
integrity (catenin alpha, cadherins 3 and 5, calnexin) were also
identified in glaucomatous aqueous humor which would indicate
tissue degeneration process in TM [90]. Supporting this notion,
higher levels of proteins involved in muscle function (myogenin,
myotrophin, myoblast determination protein 1) have been
detected by antibody-spotted glass microarrays in primary open-
angle glaucomatous aqueous humor [92]. The contractile compo-
nent of muscle tissue is vital to appropriate TM aqueous humor
drainage function and the presence of high levels of these proteins
in aqueous humor could reflect TM damage. Additionally, aqueous
humor protein alterations also revealed a substantial endothelial
damage that probably concerns the endothelial barrier of TM [92].

Other experimental evidence that reinforces TM damage
hypothesis is the upregulation of tissue remodeling proteins
(MMP2, VEGF, transforming growth factor beta 1) observed in
human glaucomatous TM by antibody microarray [93].

Neuroinflammation is an event described in chronic neurogen-
erative disorders like glaucoma. Looking for the inflammatory
characteristics of glaucoma, the concentration of 40 cytokines was
evaluated using multiplex quantitative antibody arrays in aqueous
humor from glaucoma secondary to Sturge-Weber syndrome
patients [94]. The levels of interleukins IL-5, IL-7, IL-12, inter-
leukin-6 receptor, MIP-1d, TNF-a, and B lymphocyte chemoat-
tractant were increased in glaucoma secondary samples compared
to control samples. Elevations in IL-7 and TNF-a were positively
correlated with IOP parameter [94]. On the contrary, in aqueous
humor of primary open-angle glaucoma patients, only IL-8 con-
centration was significantly upregulated as determined by bead-
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based multiplex cytokine arrays [95]. This finding suggests that
changes in aqueous humor inflammatory cytokines can depend on
the glaucoma types.

The proinflammatory environment not only circumscribes to
aqueous humor fluid, but also affects two target tissues in glau-
coma: TM and retina [93, 96]. In glaucomatous TM specimens,
cytokines IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, and TNF-a
and chemokines (vascular cell adhesion molecule 1, macrophage
inflammatory protein MIP 1 §/a) were remarkably elevated
[93]. Higher levels of proinflammatory cytokines (IL-1p, IL-6,
IL-8, and TNF-a) were also found in glaucomatous retina com-
pared to non-glaucoma controls [96].

Some members of the cytokine family play a key role in fibrotic
processes [97]. Since scarring and fibrosis are detrimental side
effects of trabeculectomy surgery, aqueous humor cytokine profile
was compared between patients with positive or negative outcome
after trabeculectomy by means of commercial cytokine antibody
arrays [98]. A strong upregulation of pro-fibrotic cytokines (VEGEF,
MCP-1, TGEF-p, IL-1, IL-6, and TNF-a) and downregulation of
1L-22 (with anti-fibrotic properties) were observed in the samples
from failed trabeculectomy as compared to successtul surgery [98].

4 Reverse-Phase Protein Arrays

4.1 Reverse-Phase
Protein Microarray
Technology

in Age-Related
Macular Degeneration

In reverse-phase protein arrays (RPPA), cell or tissue lysates or body
fluid samples are spotted on the surface of the plane microarrays,
and probed with a primary antibody. Three to four times higher
concentration of specific antibody than in western blot followed by
an appropriate secondary antibody is required for the detection of
picograms to femtograms of proteins onto RPPA arrays. Detection
is accomplished by fluorescence, colorimetric method, or chemilu-
minescence. RPPA allows the analysis of multiple samples in the
array with a single detection antibody. However, on the contrary to
antibody arrays, RPPA arrays only evaluate one protein per slide.
The main drawback of these arrays is their optimization to avoid
intra-array and inter-array cross-reactivity. This RPPA arrays,
although time consuming, are an interesting methodology to
experimentally clarify pathological intracellular protein pathways
in a high-throughput format. Nevertheless, analysis and detection
of low-abundance proteins in complex samples can be
challenging [99].

The vitreous humor baths the retina making it a noteworthy fluid
to examine potential indicators of the AMD pathology. Several
papers have shown the efficacy and safety of small vitreous extrac-
tions in an in-office setting to perform reverse-phase protein micro-
arrays able to analyze angiogenic and other proteins
[100, 101]. Using these reverse-phase protein microarrays,
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expression of eight proteins (MMP-9, IL-8, IL-12, Abelson murine
leukemia viral oncogene homolog 1, heme oxygenase-1, Musashi,
platelet-derived growth factor receptor beta, and Bcl-2-associated
death promoter) was found to be higher in vitreous from AMD
patients with subretinal fluid as compared to AMD patients without
subretinal fluid [101]. MMP-9 protein was the most significantly
altered between both groups, and a positive correlation between
vitreous MMP-9 content and subretinal fluid level was determined
[101] that suggests its applicability as subretinal fluid predictive
marker development in AMD patients.

Activated (phosphorylated) forms of VEGFR and PDGFR
(platelet-derived growth factor receptor) were identified in 11 vitre-
ous samples taken prior to intravitreal bevacizumab injection and
immobilized on a nitrocellulose-coated slide [100]. Vitreous wet
AMD patients evinced higher concentration of VEGFR Y1175
than vitreous fluid from control eyes without neovascular altera-
tions. Moreover, the vitreous levels of phosphorylated forms were
related with the response to bevacizumab administration [100]. A
significant variance in VEGFR Y1175, VEGFR Y996, and
PDGFRp Y751 levels, but not in PDGFRB Y716 or ¢-KIT Y703
concentration, was observed in successful responders to treatment
compared with nonresponders and controls [100]. These results
put forward that alternative signaling pathways can be involved in
neovascularization and exudation processes in nonresponder
patients. Reverse-phase protein microarrays also allowed the detec-
tion of low-concentration post-translationally modified proteins in
exosomes shed by retinal pigment epithelial cells [102]. In a similar
way to the results obtained in vitreous samples, phosphoproteins
such as PDGFR (Y751 and Y7169), VEGEFR (Y951), and C-KIT
(Y703) were found in exosomes, supporting the concept that exo-
somes can mediate phosphoprotein secretion by retinal cells into
the vitreous [102]. Furthermore, oxidative stress exposure modi-
fied the content of several phosphorylated signaling proteins linked
to apoptosis/survival and cell metabolism pathways [102].

5 Protein Microarrays

Protein or antigen microarrays printed with either natural or
recombinant proteins have been extensively used for humoral
response characterization [103—-112]. There are commercially avail-
able high-density protein microarrays covering ~87% of the human
proteome (HuProt) [109, 110, 112-115]. Apart from full-length
protein microarrays, microarrays of protein fragments that contain
nearly the entire proteome considering one protein fragment for
each gene have also been designed [116]. This technical approach
has been developed in recent years by the Human Protein Atlas
platform (www.proteinatlas.org) that has produced antibodies and
fragments of proteins—PrESTs—for almost every human protein
[117, 118].
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Microarray Technology
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Macular Degeneration
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Autoantibody production is associated with ocular pathologies
such as AMD and glaucoma. The role of autoantibodies in eye
diseases remains elusive and it is unclear whether they have a
causative contribution in the disease or they are only a secondary
consequence.

In AMD, it has been suggested that autoimmunity could con-
tribute to drusen development and disease progression
[119, 120]. Elevated levels of retinal antibodies to 28-49 kDa
retinal proteins have been detected in 94% of patients with early-
stage AMD compared to only 9% of normal subjects [121]. A
protein microarray analysis of serum samples from AMD patients
and control subjects revealed significantly higher immunoglobulin
(Ig)G/IgM ratios for anti-phosphatidylserine (PS), anti-Fab D1.3,
and anti-JO-1 in dry AMD sera compared to the control sera. The
ratios for anti-Ro-52 and anti-PS were also significantly elevated in
the wet AMD group as compared to dry AMD patients [ 122]. This
last ratio for anti-PS showed the best correlation with AMD stage.
Moreover, incubation of endothelial cells with IgGs from wet AMD
patients increased endothelial cell tube formation [122], suggest-
ing an angiogenic potential of IgG antibodies from wet AMD
patients contributing to AMD pathogenesis.

Detection of autoantibody deposition in glaucomatous retina
and modification of autoantigen profile found in aqueous humor
and serum of glaucomatous patients have evidenced a role for
autoimmunity in glaucoma [96, 123, 124].

Protein microarrays were performed to establish intraindividual
comparison of aqueous humor and serum autoantibody reactivities.
Importantly, the antibody pattern was not considerably different
between both biological fluids. This strong positive correlation
between aqueous humor and sera antibody profile facilitates auto-
antibody biomarker identification and glaucoma diagnosis due to
the feasibility of blood sampling contrary to aqueous humor sam-
pling. Moreover, significant elevated autoantibody reactivities (e.g.,
against heat-shock 70 and 27 kDa proteins, myelin basic protein,
and a-1l-antitrypsin) were identified in primary open-angle glau-
coma patients as comparison to control subjects as well as decreased
immunoreactivities (e.g., against glial fibrillary acidic protein and
B-r-crystallin) [123]. Gramlich et al. [125] have proposed that
downregulation of some autoantibodies in glaucoma patients
could lead to a loss of immune protection and predispose for
glaucoma development. Supporting a potential role of autoantibo-
dies in glaucoma progression, elevated levels of two autoantibodies
(anti-SPRY domain-containing SOCS box protein 3 and anti-
adaptor protein 1 complex subunit mu-1) were determined in the
serum of primary open-angle glaucoma patients with optic disk
hemorrhage (a sign considered as an indicator of underway deteri-
oration of glaucoma disease correlated with a worsened visual
function [126]), as compared to glaucoma patients without optic
disk hemorrhage [127].
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Using high-density colony protein microarrays expressing
His-tagged recombinant human proteins derived from a human
fetal brain cDNA library, higher levels of seven serum antibodies
to transmembrane and coiled domain-containing protein,
stathmin-like 4, transmembrane protein 9 domain family
member B, fibroblast growth factor receptor 3, cleft lip and palate
transmembrane protein 1, EH-domain-containing protein 1, and
eukaryotic translation elongation factor 2 were noticed in pseu-
doexfoliative glaucoma, the most common form of secondary
open-angle glaucoma [124]. Increased serum autoantibodies pre-
viously detected in primary open-angle glaucoma were not found in
pseudoexfoliative glaucoma that could be a consequence of diver-
gent etiologic factors involved in glaucoma evolution.

Antigen microarray approaches have also been accomplished to
analyze whether serum autoantibody profile changes are related
with retinal ganglion cell damage and clinical glaucoma signs such
as increased IOP. Higher levels of three serum autoantibodies
(ab-immunoreactivities to heat-shock 27 kDa protein, tubulin-
tyrosine ligase-like protein 12, and neuron-specific enolase) were
assessed after sudden IOP rise in acute angle-closure glaucoma
patients without previous signs of former glaucoma [128]. Simi-
larly, significant increased serum autoantibody reactivities (against
glutathione- S-transferase, spectrin, and transferrin) were observed
after intermittent IOP elevations and were negatively associated to
axonal survival in experimental glaucomatous animals [129].

Independently of the potential pathogenic role of autoantibo-
dies or if they are merely secondary products in AMD and glau-
coma, identification of antibody patterns could anticipate disease
detection, before clinical signs’ appearance. In this context, protein
microarrays represent a valuable tool to detect autoantibodies for
early diagnosis and prognosis of these neurodegenerative ocular
diseases. Autoantibody repertoire associated with these pathologies
could also have other potential benefits in the management of these
diseases such as eftective enrollment of patients to clinical trials and
estimation of responses to treatments.

6 Advantages and Drawbacks of Protein Microarray Applications to Ocular Diseases

Protein arrays offer several advantages compared to other proteo-
mics methods. This high-throughput technology enables the
simultaneous analysis of several hundreds to dozens of thousands
of proteins in a single and small sample and allows the identification
of many proteins, including low-abundance proteins. This ability is
important for ocular researchers working with unique samples of
scarce volume like eye fluids. Likewise, the generation of these
multiple data diminishes the possible freeze-thaw changes of sam-
ples. This technology is less time consuming and not highly trained
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staff is required as compared to mass spectrometry approaches.
Regarding their cost, protein microarrays are less expensive than
mass spectrometry since minimal equipment is necessary, or in
comparison to the amount of tested proteins by other methods
such as ELISA.

Despite the abovementioned advantages of protein microar-
rays, they have several limitations. An essential issue concerning
the dataset obtained from protein microarray analyses is the lack
of validated datasets in many studies. A further validation and
functional analysis of protein microarray data by other techniques
including dot blot, western blot, or ELISA is mandatory to draw
significant conclusions. High-quality validated bioanalytical data
avoid false-positive protein identifications and contribute to ensure
in subsequent studies their translation into clinical diagnostics and
therapeutics.

Disparities in sensitivities of commercial kits from different
companies and absence of standardized procedures can lead to
inter-study disparity and low reproducibility. Advances in the auto-
mation of array processing and signal detection could contribute to
mitigating reproducibility troubles. Standardization of bioinfor-
matics analysis methods as well as data submission and storage are
also needed to compare proficiently data from different
laboratories.

Additionally, although the technique is reasonably cost eftec-
tive as compared to other methods (mass spectrometry, ELISA
testing the same amount of proteins), a higher affordability is
required for a realistic clinical translational application.

Finally, ocular sample availability can partially limit the applica-
tion of protein microarrays in some specific ocular studies. Tears,
aqueous, and vitreous fluids are surrogate fluids for ocular struc-
tures and posttranslational protein modifications can be observed
in secreted proteins present in these fluids but their detection for
intracellular proteins is hampered since some ocular target tissues
such as retina are non-collectable in living subjects. Moreover, the
invasive nature of aqueous and vitreous humor extraction could
preclude longitudinal studies’ execution in patients.

7 Conclusions

We here summarized the use of different types of protein micro-
arrays for the identification of proteins altered in several chronic eye
pathologies. One of the most promising applications of protein
microarrays in ocular diseases is diagnostic biomarker discovery.
These biomarkers could simplify early diagnosis of eye pathologies
and even help to support disease-related pathways of drug develop-
ment process. The identification of proteins associated with eye
disease progression provides potential therapeutic targets and
represents other key applications of protein arrays in eye.
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Consequently, protein microarrays should open the door to the
identification of new diagnostic biomarkers as well as new options
of management and treatment for eye disorders in clinical practice.
Nevertheless, to reach the translation of the advances from the
bench to clinical ophthalmology, validation on larger patients’
cohorts is essential. A closer cooperation between basic and clinical
researchers is critical to succeed in clinical translation. Translating
proteomic eye research attainments to the clinical ophthalmology
would result in ocular disease detection improvement and persona-
lized therapeutic modality development.
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Abstract

This chapter aims to provide statistical methods for analyzing protein microarray data. It uses a publicly
available protein array dataset and emphasizes practical applications in statistics using R, a statistical
software. A wide range of statistical methods will be demonstrated, including descriptive statistics, hypoth-
esis testing, false discovery rate, receiver operating characteristic curve, correlation, visualization, and power
analysis. The R code used to perform the statistical analyses will be provided.

Key words Biostatistics, Correlation, False discovery rate, Mann-Whitney U test, Nonparametric test,
Sample size calculation, Significance level, #-Test, p-Value, g-Value

1 Introduction

Statistics is a field that deals with the collection, summarization,
analysis, and interpretation of data [1]. It has been widely applied to
a variety of academic disciplines and research areas. In basic science
or translational research, various statistical methods and techniques
are frequently used to analyze and interpret data. For example, first,
scientists develop a hypothesis that addresses their research ques-
tions. Then, they conduct laboratory experiments to examine the
samples that they collected. Finally, they analyze their data to test
their hypothesis. During this research process, statistics plays a
crucial role particularly for the early stage of study design and the
later stage of data analysis. In research journals or scientific articles,
biological or clinical findings are reported along with statistical
analysis results and include several statistical terminologies such as
significance level or p-value. Hence, it is useful to understand the
basic concepts of statistics and learn their applications.
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There are a wide range of statistical techniques and tools avail-
able. Traditional statistical methods focused on simple research
questions. In the late 1990s and 2000s, DNA microarray technol-
ogies emerged as key tools for genomic expression analysis. It
enabled us to quantify hundreds of thousands of genes together,
generating a high-dimensional microarray dataset where the num-
ber of genes is far larger than the sample size. Since then, several
statistical methods have been developed to tailor to microarray data
analysis. Most of these methods are directly applicable in analyzing
protein microarray datasets because DNA and protein microarray
experiments generate datasets with similar structures.

In this chapter, we explain basic statistical concepts and dem-
onstrate how to use R to analyze nucleic acid programmable pro-
tein array (NAPPA) datasets. NAPPA is a core technology at the
Biodesign Institute at Arizona State University and has successfully
discovered protein biomarkers for several diseases [2]. We will
provide R code to analyze the sample NAPPA dataset. The code
will include topics such as descriptive statistics, graphics, z-tests,
Wilcoxon rank-sum tests, adjusted p-values, evaluation of biomar-
kers, and correlation. Note that while we use the NAPPA dataset as
an example, the methods we introduce are general and can be
applied to other protein microarray datasets.

2 Materials

1. NAPPA datasets: The dataset we will analyze is named nappa.
csv and is provided in the supplementary materials. The data
includes a total of 90 samples, with 45 basal-like breast cancer
(BLBC) samples and 45 healthy control samples, and
100 selected proteins. In the nappa.csv file, each column repre-
sents a sample and each row represents a protein. The first and
second rows are sample ID and BLBC status (y = 1 for BLBC
or ¥y = 0 control). The 3rd to 102nd rows are (normalized)
intensity values for the 100 selected proteins named P1, P2,
..., P100. The full dataset is publicly available and can be
downloaded from the Protein Microarray Database (http://
www.proteinmicroarray.cn/) [3].

2. R statistical software: We will use R version 4.0.2 which is an
open-source software and can be downloaded for free from the
R Project website (http: //www.r-project.org/) [4].

3. The R file named nappa.R includes all of the R codes in this
chapter and can be found in the supplementary materials.
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3 Methods

3.1 Exploratory Data
Analysis

3.2 Differential
Analysis of a Single
Protein

Since each protein in the BLBC study is measured on a continuous
scale, we can use the mean and standard deviation to summarize
their characteristics. Alternatively, the median and interquartile
range (IQR) can be used when outliers or extreme values exist,
where the IQR is Q3 minus Q1, and Q1, Q2 (or median), and Q3
are the 25th, 50th, and 75th percentile of the data. Mean and
median measure the central tendency of the data. Standard devia-
tion and IQR measure the variability of the data. For the protein
P1, for example, we see that the mean + standard deviation is
2.68 + 0.85 and 2.18 4+ 0.79 and the median + IQR is
2.77 £ 0.85 and 2.32 £ 0.97 for the BLBC and control groups.

A box plot is commonly used to visualize data by representing
the five-number summary: maximum, Q3, median, Q2, and mini-
mum. The maximum and minimum values are often replaced with
Q3 plus 1.5 times the IQR and Q1 minus 1.5 times the IQR, where
any value above or below the threshold value could be regarded as
potential outliers (Fig. 1).

Several other summary measures or figures would be applicable
to summarize the data. These types of analyses are called explor-
atory data analyses [5], which is generally the first step of data
analysis.

In the subsection above, we computed the summary statistics for
protein P1 for the BLBC and control groups. The next step would
be to decide whether we can claim that the response of Pl is
significantly different between the BLBC and control groups.
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Fig. 1 Box plot of normalized intensities for the protein P1
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Because we will draw a conclusion based on the sample, the deci-
sion should be affected by how we collect our samples. Statistical
hypothesis testing allows us to consider sampling variability and
make a decision using probability theory.

Statistical hypothesis testing includes multiple steps. First, we
develop the null and alternative hypotheses. In general, the null
hypothesis states no difference, no effect, or no relationship. The
alternative hypothesis states that the null hypothesis is not true.
Researchers usually want to reject the null hypothesis and conclude
the new finding stated in the alternative hypothesis. The null and
alternative hypotheses are often denoted as Hp and Hy, respectively.
For example, for the BLBC study, Hy, states that there is no differ-
ence in P1’s mean intensity between the BLBC and healthy groups,
and H; states that there is a difference between them. Second, we
set a type I error rate, denoted as a, which is the probability of
rejecting the Hy when it is actually true. The type I error rate is
commonly referred to as the significance level. Third, we collect our
samples and calculate the p-value, which is the probability of getting
an extreme result assuming that Hy is true. Lastly, we compare the
p-value to a. If the p-value is smaller than o, we reject Hy and
conclude that the mean difference of intensity is significantly differ-
ent between the two groups. Otherwise, we fail to reject Hy and
conclude that we have no sufficient evidence to support Hj.

Using statistical hypothesis testing, we can control the type 1
error when we make a decision. In most cases, a is set to 0.05,
which implies that 5 out of 100 null hypotheses are erroneously
rejected when they are true, given many repeated experiments. A
smaller or larger @ such as 0.01 or 0.1 can be used depending on the
research question. It is not recommended to compute the p-value
first and then find a to get significant results. The significance level
a should be determined before analyzing the data. It is important
to note that statistical significance does not imply clinical or scien-
tific significance.

For the BLBC study, we can use either a z-test or Wilcoxon
rank-sum test to compare the mean intensity between the BLBC
and control groups. Specifically, we use a z-test if the data follows a
normal distribution. Otherwise, we use the Wilcoxon rank-sum
test, also known as the Mann-Whitney U or Wilcoxon-Mann-Whit-
ney test. Note that the normal distribution is a bell-shaped curve,
symmetric about the mean, and frequently used in many statistical
methods. To check the normality assumption, one of the popular
approaches is to produce a histogram with a normal curve and
normal quantile-quantile (Q-0Q) plot. We can then visually check
the normality assumption if the histogram approximately follows
the normal curve (Fig. 2) and the Q-0 plot is approximately a
straight line (Fig. 3). Here, we only show these plots for the
BLBC group. The same type of plots can be produced for the
control group.



Statistical Analysis of Protein Microarray Data Using R 273

0.6

Density
04
|

0.2

Normalized intensity

Fig. 2 Histogram for the protein P1 in the BLBC group

To I [
w T
Q2
T
®© o
g o™
o
Qo
o o~ -
= ®
©
(0] o®

—

°
[

Theoretical Quantiles

Fig. 3 Normal quantile-quantile plot for the protein P1 in the BLBC group

We can also use the Shapiro-Wilk test to test the normality
assumption. We see that p-values are 0.95 and 0.98 for the BLBC
and control groups, which are greater than 0.05 and do not sup-
port non-normal distributions. We can thus use the #-test.

To apply the #-test, we first need to check whether the variance
between the two groups is equal or not. Unless there is a specific
reason, we perform Barrett’s test to check for equal or unequal
variance using the following R code. The p-value is 0.21, which is
greater than 0.05 and does not support an unequal variance. Thus,
we apply the z-test assuming equal variance. The p-value is 0.005,
which is smaller than 0.05. Therefore, we reject Hy and conclude
that P1’s mean difference of intensity is significantly different
between the two groups.
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3.3 Differential
Analysis of Multiple
Proteins

The output from the #test also shows 95% confidence interval
(CI). Specifically, P1’s mean difference of intensity between the two
groups is —0.50(=2.18-2.68) and its 95% CI is (—0.84, —0.15),
where —0.84 is called the lower confidence limit and —0.15 is called
the upper confidence limit. It implies that if we repeated the experi-
ment 100 times and computed 95% Cls for each experiment,
95 out of 100 CIs would cover the true mean difference and
5 would not.

Suppose that the data is not normally distributed or the sample
size is too small to check the normality assumption. In this case, the
Wilcoxon rank-sum test can be used to compare the two groups.
The p-value is 0.002, less than 0.05, so we reject the null
hypothesis.

In summary, check the normality assumption. If it holds, addi-
tionally verity the equal variance assumption and use the z-test
assuming equal or unequal variance. Otherwise, use the Wilcoxon
rank-sum test, which does not require any distributional assump-
tion and is often called a nonparametric or distribution-free test.

Since the NAPPA file contains 100 proteins, we apply statistical
hypothesis testing to each of the proteins. For example, 49 proteins
were identified as significant, with p-values less than 0.05, if we
applied the #test to each protein. A major problem with this
approach is the inflated type I error rate. In other words, since we
set the type I error rate at 0.05 for testing each protein, the
probability of observing at least one significant protein due to
chance, «called the family-wise error rate (FWER), is
1 — (1 —0.05)'°° = 0.99. This implies that with the 100 proteins
being tested, we have a 99% chance of identifying at least one
significant protein even if all of the proteins are not actually signifi-
cant. To control the inflated type 1 error rate, several statistical
methods have been proteins.

The Bonferroni correction [6] controls the FWER by setting
the significance cutoff at a/100. Suppose we identify two proteins
with p-values less than 0.05/100 = 0.0005. Using the Bonferroni
correction, we would control the FWER at
I — (1 — 0.0005)'° = 0.0488 which is approximately 0.05.
Equivalently, instead of comparing the p-value to the adjusted
type I error, we can adjust the p-value and compare the adjusted
p-value to the FWER of 0.05 directly. However, the Bonferroni
correction is known to be conservative, which could miss some
significant proteins.

A more popular approach is to control the false-positive rate
(FDR), which is the expected proportion of discoveries that are
false-positive proteins (incorrect rejections of the null hypothesis)
among all significant proteins (rejections of the null hypothesis).
The Benjamini and Hochberg correction [7] sorts p-values from
smallest to largest and sets the significance cutoft at a times %2/100
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for the /kth smallest p-value. For the BLBC study, we identified
35 significant proteins by controlling the FDR at 0.05.

Storey [8, 9] suggested controlling the positive FDR by omit-
ting the probability of rejecting the null hypothesis that is greater
than 0 in the FDR. This probability is usually close to 1, especially
for protein microarray studies. Thus, controlling the FDR or posi-
tive FDR would yield the same if not similar results in practice. The
positive FDR-adjusted p-value is called the g-value, which can be
computed using the g-value R package [10].

The BLBC study was designed to identify protein biomarkers for
screening or early diagnosis. Sensitivity and specificity are some of
the more popular measures to evaluate the performance of biomar-
kers. Specifically, we set an arbitrary threshold value and classify
samples whose intensities are greater than the threshold value as
marker positives. Otherwise, those whose intensities are less than or
equal to the threshold value are classified as marker negatives. Four
possible outcomes can occur: true positive (TP), true negative
(TN), false positive (FP), and false negative (FN). TP and TN are
correct decisions, where TP is the number of samples who are
marker positive and have BLBC, and TN is the number of samples
who are marker negative and do not have BLBC (control). FP and
FN are incorrect decisions, where FP is the number of samples who
are marker positive but do not have BLBC, and FN is the number of
samples who are marker negative but have BLBC. Sensitivity and
specificity are defined as the proportion of marker positives among
the BLBC samples and marker negatives among the control sam-
ples. Thus, it is of interest to discover biomarkers with high sensi-
tivity and high specificity.

To better explain these terminologies, we produced a dot plot
for the protein P1 with an arbitrary threshold value of 4 (Fig. 4).

The TP count is 15, FN is 30, FP is 5, and TN is 40. Thus,
sensitivity and specificity are computed as 15/45 = 0.33 and
40,/45 = 0.89, respectively. Clearly these values depend on which
threshold value we used. For example, if a higher threshold value
were chosen, we would observe more marker positives, which
increase sensitivity but decrease specificity. For a lower threshold
value, we would observe more marker negatives, which decrease
sensitivity but increase specificity. In other words, it is not possible
to find a threshold value to increase both sensitivity and specificity.
To avoid threshold selection problems, the receiver operating char-
acteristic (ROC) curve is used by plotting sensitivity versus one
minus specificity for all possible threshold values (Fig. 5).

We can evaluate the classification performance of P1 using the
ROC curve. A popular evaluation measure is the area under the
ROC curve (AUC). AUC values range from 0 to 1, where an AUC
value close to 1 indicates better performance, whereas an AUC
value close to 0.5 or below indicates a lower performance.
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Fig. 4 Dot plot with a threshold value of three, where the red points are true
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Fig. 5 Receiver operating characteristic curve, where the gray line is the
45°degree straight line, and the dashed line is a vertical line at the specificity
of 0.8

Theoretically, an ineffective biomarker has an ROC curve on the
45° straight line yielding an AUC value of 0.5. Two other measures
commonly used are also based on the ROC curve. One is partial
AUC which is the AUC in a specific specificity range. The other is
sensitivity at a fixed specificity. The range of specificity can be
determined clinically. In general, a higher specificity is preferred;
however, no data will be available if the specificity is set too high.
Suppose that we are interested in a sensitivity of 0.8. Using the
pROC R package [11], the AUC is 0.68 (95% CI: 0.57, 0.79), the
partial AUC between 1 and 0.8 specificity is 0.053 (95% CI: 0.025,
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0.093), and the sensitivity at a specificity of 0.8 is 0.44 (95% CI:
0.27,0.71) for P1. We can compare these evaluation measures to an
ineffective biomarker. Recall that an ineffective biomarker produces
a45° straight line on the ROC curve, yielding an AUC value of 0.5,
partial AUC of 0.2% = 0.004, and sensitivity at specificity = 0.8 of
0.2. We can compute these evaluation measures for the other
proteins as well, where the P38 protein has the maximum AUC
value of 0.73.

It is often of interest regarding how proteins are correlated with
each other. Pearson’s correlation coefficient measures a linear rela-
tionship between two proteins. A linear relationship indicates that
the two proteins will produce a straight line if we create a
two-dimensional scatterplot. Alternatively, spearman’s correlation
coefficient can be used to capture a nonlinear relationship. Corre-
lation coefficients range from —1 to 1. Correlation coefficients
close to 1, —1, and 0 imply that two proteins are more positively,
more negatively, and less correlated, respectively. The correlation
plot shows the correlation coefficients among the first ten proteins
P1, P2, ..., P10, which are all positively correlated (Fig. 6). We
interpret the correlation in a pairwise fashion. For example, corre-
lation coefficients between P1 and P2, P1 and P3, and P2 and P3
are 0.58, 0.78, and 0.61, respectively.

In statistical hypothetical testing (explained in Subheading 3.3),
because either Hg or H; is true, two errors can occur when we make
adecision. Type I error occurs when we reject Hp when it is actually
true. Type II error occurs when we do not reject Hy when it is
actually false. One minus type II error is called the statistical power.
Theoretically, it is not possible to decrease type I error and increase
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Fig. 6 Pairwise correlations between the first ten proteins
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statistical power together. Alternatively, a general strategy is to fix
type I error and collect sufficient data to achieve adequate statistical
power. With regard to multiple testing, we fix the FDR instead of
type I error.

A basic approach to statistical power analysis is to set an ade-
quate statistical power. We then conduct a small pilot study to
compute the effect size and calculate how many more samples are
needed to achieve adequate power. Literature or historical data can
also be used to compute the effect size. In other words, the effect
size is an input parameter to calculate the power analysis. Calculat-
ing the effect size is often unclear because it depends on the
experimental design, the aim of the study, and the statistical
hypothesis. When applying multiple #-tests with FDR correction
for NAPPA or similar protein arrays, Liu and Hwang [12] com-
puted power based on the (a) effect size, which is the mean differ-
ence between the two groups divided by the common standard
deviation of intensities; (b) proportion of nonsignificant proteins;
(c) FDR; and (d) sample size. Using the ssize.fdr R package [13],
we compute powers under various scenarios. When (c) is 0.2, 0.4,
0.7,and 0.9, at least 11, 16, 23, and 29 per group are required to
achieve at least more than 0.08 power at the FDR threshold of
0.05, given that the effect size is one (Fig. 7).

1.0

06 08

Power

00 02 04

10 20 30 40
Sample size (n)

Fig. 7 Plot of power versus sample size for the t-test, where n is a proportion of
nonsignificant proteins
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