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antibody profiling against denatured proteins
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Purpose: We aim to develop a protein microarray platform capable of presenting both natural
and denatured forms of proteins for antibody biomarker discovery. We will further optimize
plasma screening protocols to improve detection.

Experimental design: We developed a new covalent capture protein microarray chemistry using
HaloTag fusion proteins and ligand. To enhance protein yield, we used HeLa cell lysate asan in
vitro transcription translation (IVTT) system. Escherichia coli lysates were added to the plasma
blocking buffer to reduce nonspecific background. These protein microarrays were probed with
plasma samples and autoantibody responses were quantified and compared with or without
denaturing buffer treatment.

Results: We demonstrated that protein microarrays using the covalent attachment chemistry
endured denaturing conditions. Blocking with E. coli lysates greatly reduced the background
signals and expression with IVTT based on HelLa cell lysates significantly improved the anti-
body signals on protein microarrays probed with plasma samples. Plasma samples probed on
denatured protein arrays produced autoantibody profiles distinct from those probed on natively
displayed proteins.

Conclusions and clinical relevance: This versatile protein microarray platform allows the display
of both natural and denatured proteins, offers a new dimension to search for disease-specific
antibodies, broadens the repertoire of potential-biomarkers, and will potentially yield clinical
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diagnostics with greater performance.
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Antibodies are the products of the human adaptive im-
mune response, which usually targets antigens from foreign
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pathogens in order to neutralize or destroy them. Disease-
specific antibodies have great clinical utilities. The diagnosis
and clinical evaluation of numerous infectious and autoim-
mune diseases rely on profiling serum antibodies against spe-
cific antigens. One special class of disease-specific antibodies
is called autoantibody (AAb) because it targets self-proteins.
In autoimmune diseases, AAbs play critical roles during dis-
ease pathogenesis. The discovery of AAbs in cancers against
tumor-associated antigens has generated great interest be-
cause of their potential use as early detection biomarkers [1].
The detailed mechanisms of how certain proteins become
tumor-associated antigens and trigger the immune response
are still unclear, but the development of AAbs may relate

Acid Programmable Protein Array; TPD52, tumor protein D52;
CCNA1, cyclin A1
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to tumor antigen overexpression, mutation, or altered post-
translational modification, etc. As AAbs are the responses of
our body to the aberrant nature of cancer, they may serve as
indicators of tumor initiation, treatment response, or disease
prognosis [1]. Circulating AAbs are easy to access, very sta-
ble, and highly specific, making them particularly useful as
potential serum cancer biomarkers.

The human immune system generates antibodies against
both conformational and linear epitopes. Conformational epi-
topes are recognized by antibodies when the epitope domain
is properly folded and may include amino acids from distant
parts of the linear polypeptide brought together by secondary
and tertiary folding. In contrast, linear epitopes comprise a
single linear peptide, usually seven amino acids long [2]. Lin-
ear epitopes may sometimes be buried inside a folded protein,
preventing them from detection by antibodies. AAbs have
been linked to both conformational and linear epitopes [3,4].

Protein microarrays displaying full-length human pro-
teins enable screening humoral immune responses against
thousands of antigens in parallel to search for disease-
specific AAb biomarkers [5, 6], including cancer [7-9], and
autoimmune diseases [10]. Conventional protein microarrays
present proteins produced in and purified from bacteria, in-
sect cells, or yeast, which are then displayed on glass slides
through various attachment chemistries including amine
reactive chemistry, antitag antibodies, and hydrophobic in-
teractions (nitrocellulose-coated slides) [11-15]. Low signals
and high backgrounds have plagued detection sensitivity and
specificity on protein microarrays probed with serum. This is
particularly true in the case of AAbs where the responses to
self-proteins are often weaker than those to foreign invaders.
The backgrounds may be associated with the methods for
protein production and/or the printing conditions:

Signals of AAb responses are usually related to the amount
of immobilized proteins and the mechanism of epitope pre-
sentation. In this study, we aim to improve the detection of
AADs on microarrays by reducing background and improving
specific signals. Protein microarrays generally display folded
or semifolded proteins:that could obscure some linear epi-
topes buried within:the proteins. These protein microarrays
may fail to identify AADs that recognize such epitopes. There
is a need to develop a platform that displays antigens in both
native and denatured states.

To this end;we developed a versatile protein microarray
platform capable of presenting proteins for antibody and AAb
screening in both native and denatured states, as needed, that
is based on our Nucleic Acid Programmable Protein Array
(NAPPA) platform. NAPPA in its standard format expresses
epitope-tagged proteins just in time from printed comple-
mentary DNA and captures them to the surface with an an-
titag antibody. Proteins on NAPPA are expected to be properly
folded by virtue of the chaperone proteins used during ex-
pression and have been demonstrated to display appropriate
protein—protein interactions and enzymatic activities [13, 14].
Thus, standard NAPPA is a useful platform for displaying
conformational epitopes; however, it was not clear if it could
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Figure 1.-HaloTag protein arrays can withstand harsh denatur-
ing conditions. (A) Picogreen staining of printed DNA (left) and
anti-HaloTag antibody detection of HaloTagged protein display
(right). The color scale for all protein array images is shown on
right. (B) Detection of p53 using an anti-p53 antibody on pro-
tein arrays where proteins were immobilized by GST/ anti-GST or
HaloTag/HaloTag ligand with or without denaturation.

withstand denaturation. Indeed, after treatment of a stan-
dard NAPPA array with 125 mM Tris-Cl, 2% SDS, 100 mM
B-mercaptoethanol at 37°C for 30 min with mild agitation, we
were unable to detect the protein using a protein specific an-
tibody that recognizes a linear epitope, presumably because
the protein was released from the slide surface (Fig. 1B).

To solve this problem, we switched the immobiliza-
tion chemistry from affinity capture to the covalent link-
age between HaloTag and its ligand. HaloTag is a modified
haloalkane dehalogenase developed to covalently bind to halo-
genated alkanes [15]. We hypothesized that protein microar-
rays with covalentimmobilization chemistry would withstand
harsh denaturation treatment without losing proteins from
the slide surface.

To test this hypothesis, we designed and constructed
pJFT7-nHalo vector that bears a Gateway™ death cassette
next to an N-terminal fusion HaloTag protein (Supporting
Information Fig. S1). This vector has a T7 promoter and
an encephalomyocarditis virus internal ribosome entry site
sequence upstream of the gene of interest. We then trans-
ferred 69 genes from our DNASU repository (Supporting
Information Table S1) from donor vector (pDONR221) to
pJFT7-nHalo through Gateway™ LR reactions. DNA was
miniprepped using a customized protocol as described pre-
viously [14].

www.clinical.proteomics-journal.com
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To manufactureprotein microarrays, for each gene, the
printing mix of BSA, HaloTag ligand, BS3, and DNA plas-
mid was prepared at concentrations of 3.7 mg/mL, 0.5 mM,
5 mM, and approximately 1000 ng/nL, respectively, at a final
volume of 30 wL<DNA samples were incubated overnight at
4°C before arrayed onto aminosilane-coated slides by Genetix
QArray2 with 350-pm solid pins. Each protein was fused to
the n-terminal HaloTag. Just in time, in vitro expressed pro-
teins were immobilized in situ to co-spotted HaloTag ligand
that was linked to the slide surface using the amine chem-
istry. Picogreen staining of printed DNA and anti-HaloTag
antibody detection of expressed proteins were carried out sub-
sequently for quality control (Fig. 1A).

In order to determine whether the protein microarrays dis-
playing protein captured via covalent linkage would survive
harsh washing conditions, we treated the slides with dena-
turing conditions and detected p53 using DO-1 monoclonal

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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y sponses against several human proteins
1200 1800 when using Hela IVTT expressed NAPPA
arrays were detected (shown in red dots).

anti-p53 antibody, which recognizes a normally exposed lin-
ear epitope QETFSDLWKL on p53 [16]. As a control, we did
the exact same treatment on standard NAPPA that uses anti-
GST antibody as the capture reagent. Similar p53 levels were
detected in both denatured and nondenatured HaloTag-based
protein microarrays, whereas p53 signal disappeared after de-
naturation on GST-tag NAPPA (Fig. 1B).

During serum screening experiments, approximately 10%
of samples show generalized background signals on all fea-
tures with intensities that correlate with the serum sample
(data not shown). Such background signals are particularly
evident on features with DNA, and less on features with print-
ing buffer only, and they do not correlate with the amount of
displayed protein. To address this issue, we tested the possi-
bility of using Escherichia coli lysates as a blocking reagent for
plasma, because it has been reported to reduce background
signal [17] (Fig. 2A). We selected a plasma sample known

www.clinical.proteomics-journal.com
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to have high background and probed two identical NAPPA
slides displaying around 2000 full-length human proteins as
well as a domain of the Epstein—Barr virus auclear antigen
(EBNA) as a positive control. (In our experience, about 90%
of individuals have sero-reactivity to .EBNA [18].), The pro-
teins on the slides were produced by inwvitro transcription
and translation (IVTT) using rabbit reticulocyte lysate as a
source of ribosomes. One of them was probed with plasma
pre-blocked with E. coli lysate, the other'one without blocking
served as control. In the right panel of Fig. 2A, the EBNA sig-
nal is shown in red. Although the “true signal” represented
by the EBNA response was unchanged, the background sig-
nal on the other proteins was significantly reduced when
blocked with E. coli lysate. We speculated that trace amounts
of bacterial proteins carried over through the DNA miniprep
might contributeto this background in individuals who had
immune responses to these E. coli proteins.

A common system used for the coupled transcription
and translation of proteins has been rabbit reticulocyte-based
IVIT mix (Promega), which has the advantage of using
mammalian ribosomes and chaperones for protein produc-
tion. This system is highly efficient, and has succeeded at
producing thousands of different proteins, leading to the
identification of disease-specific antibodies in cancers and
infectious disease [8,19,20]. A new mammalian cell free ex-
pression system derived from cultured human Hela cells
(HeLa IVTT; Thermo Scientific) was made available recently.
We found that E. coli lysate blocking also worked with HeLa

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

against denatured proteins. (A) AAb re-
sponse profile/against proteins on de-
natured NAPPA was different from that
on.nondenatured NAPPA. Red squares,
AAD response decreased after denatura-
tion. Green dots, AAb response increased
after denaturation. (B) An example of dif-
ferent AAb response between the native
protein array and the denatured protein ar-
ray. NAPPA requires transcription of cDNA
by T7 polymerase into mRNA before trans-
lation. T7 polymerase was not added to
arrays labeled with “not expressed” to as-
sess nonspecific background signals.

not expressed

cell lysates (Supporting Information Fig. S2). We also com-
pared its performance with rabbit IVTT for plasma autoanti-
body detection after blocking plasma with E. coli lysate. We
probed the same plasma sample onto two identical protein
microarrays expressed with either rabbit IVTT or HeLa IVTT.
Arrays expressed with HeLa IVTT gave much higher EBNA
response (Fig. 2B). The S/N ratio (EBNA signal intensity:
median signal intensity of all spots on one slide) was calcu-
lated for each system and compared. As indicated in Fig. 2B,
we achieved a seven-fold increase of S/N ratio in the HeLa
IVTT. Furthermore, some AAbs showed reactivity only on the
HeLa IVTT expressed slide. Signal intensities for proteins in-
traflagellar transport 81 (IFT81) homolog , megakaryoblastic
leukemia (translocation) 1 (MKL1), mitochondrial ribosomal
protein L28 (MRPL28), SRY (sex determining region Y)-box
17 (SOX17; red dots) were greater than the background in
the HeLa IVTT expressed slide, but they were hidden in the
background on the rabbit IVTT expressed slide (Fig. 2C).
We then applied the optimized AADb screening protocol
to evaluate the effect of denaturation on AAD detection. AAb
profiles for the same plasma sample on denatured and non-
denatured HaloTag NAPPA arrays were compared. For each
condition, an additional “mock-expressed” slide, which used
HeLa IVTT lacking T7 polymerase (thus incapable of express-
ing proteins), was used as a negative control to accurately
measure background signals unrelated to protein expression.
AAD responses were calculated by subtracting spot intensities
on slides without protein expression from those on slides

www.clinical.proteomics-journal.com
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Clinical Relevance

In addition to their protective roles, circulating anti-
bodies serve as diagnostic and prognostic markers
for many diseases. One class, autoantibodies (AAb),
shows particular promise for the detection of can-
cer. Antibodies target both conformational and lin-
ear epitopes, the latter sometimes requiring denat-
uration for detection. Protein microarrays provide a
high-throughput multiplexed platform to character-
ize antibody responses in diseases. However, con-

with expression. Spots with calculated signals less than 0
were set to 0. We detected AAb response changes against sev-
eral proteins when comparing denatured and nondenatured
slides. The AAD response against tumor protein D52 (TPD52;
red dots) was lower in the denatured slide (Fig. 3A; sug-
gesting a conformational epitope), whereas AADb responses
against MYC and cyclin A1 (CCNAI,; green dots) were higher
(suggesting linear epitopes). Images of antibody responses
to CCNA1 on both denatured and nondenatured HaloTag
protein microarrays are shown in Fig. 3B as an example
(AAD response to TPD52 and MYC are shown in Supporting
Information Fig. S3). It is obvious that AAD responses to
CCNA1 were much stronger when the protein was. dena-
tured. Denaturation of proteins may expose hidden linear
epitopes as well as unfold conformational epitopes that only
exist in the nondenatured form. TPD52 mayose its epitope
after denaturation, whereas MYC and CCNAT may gain their
epitopes through denaturation. The adaptation of HaloTag to
protein microarrays not only maintains its utility for studying
of proteins where conformational presentation is needed,
but also, more importantly, enables applications where de-
natured proteins are preferred. Combining the information
from both natural and denatured protein microarrays may
increase both the diagnostic sensitivity and the number of
potential biomarkers, as more responses can be discovered.

In conclusion, we have developed a protein microarray
platform where proteins are covalently linked to the matrix.
We demonstrated that protein microarrays using the HaloTag
and its ligand immobilization chemistry could survive dena-
turing buffer condition and produce distinct AAb response
profiles from the nondenatured protein microarrays when
probed with plasma samples. We recognize that more work
needs to be done to analyze the differences of AAb profiles
systematically between denatured and native protein microar-
rays using a larger sample size and determine its utility in
identifying AAb biomarkers with better clinical performance.
We believe that this method can easily extend beyond AAbs
detection in cancers to autoimmune and infectious diseases.
Moreover, covalent attachment of proteins on the matrix for
denaturation can also be adapted to other types of protein
microarrays.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ventional protein microarrays are designed to dis-
play folded proteins and cannot withstand denatur-
ing treatments. To this end, we developed a protein
microarray platform that is capable of displaying pro-
teins in both native and denatured states depending
on defined experimental protocols. This allows the
discovery of antibody biomarkers with potentially
greater clinical performance that recognize different
epitopes.
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Annotations section.
+ Click at the point in the proof where the comment
should be inserted.
» Type the comment into the yellow box that
appears.
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5. Attach File Tool - for inserting large amounts of
text or replacement figures.

&

How to use it
=+ Click on the Attach File icon in the Annotations
section,
« Click on the proof to where you'd like the attached
file to be linked.
+» Select the file to be attachad from your computar
or network.

» Select the colour and type of icon that will appear
in the proof. Click OK.

Inserts an icon linking to the attached file in the
appropriate pace in the text.

END

6. Add stamp Tool - for approving a proof if no
corrections are required.

& = Inserts a selected stamp onto an appropriate
place in the proof.

How to use it

= Click on the Add stamp icon in the Annotations
section,

+ Select the stamp you want to use. (The Approved
stamp is usually available directly in the menu that
appears),

+  Click on the proof where you'd like the stamp to
appear. (Where a proof is to be approved as it is,
this would normally be on the first page).
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+ Click on the proof at the relevant point and
draw the selected shape with the cursor,

« Toadd a comment to the drawn shape,
mowe the cursor over the shape until an
arrowhead appears,

+ Double click on the shape and type any
text in the red box that appears.
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* Drawing Markups
7. Drawing Markups Tools — for drawing shapes, lines and freeform
0 annotations on proofs and commenting on these marks.
B—-=200 ' -
Allows shapes, lines and freeform annotations to be drawn on proofs and for
O O @h / f? comment o be made on these marks..
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New |mcorporatics:
How to use it
+ Click on one of the shapes in the Drawing
Markups section.
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options:
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Please correct your galley proofs and
return them within 48h of receipt.

Note: The editors reserve the right to publish
your article without your corrections if the
proofs do not arrive in time.

Important

Please note that, due to the size constraints
of emailed attachments, the attached proofs
are low resolution; however, please be
assured that high resolution versions will be
used for printing.

Check the enclosed galley proofs very
carefully, paying particular attention to the
formulae, figures, numerical values, and
tabulated data. An author query (AQ) in the
border indicates unclear or missing
information that requires your attention. For
the complete query, please consult the
attached list. Note that the author is liable for
damages arising from incorrect statements,
including misprints.

Your corrections should be provided as a list
(e.g. in Word format), including the page
number, column, section number and line at
which the correction occurs. In addition, we
ask that you provide a scanned pdf of the
proof with corrections, if possible, to reduce
the risk of errors.

Please return your corrections by email to the
following address:

E-Mail: wiley.weinheim@aptaracorp.com

Please limit corrections to printing errors;
costs incurred for any further changes or
additions will be charged to the author,
unless such changes have been accepted
by the editor.

Reprints may be ordered by filling out the
accompanying form and should be returned
to the Editorial Office.
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