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Viral infections elicit antiviral antibodies and have been associated with various chronic dis-
eases. Detection of these antibodies can facilitate diagnosis, treatment of infection, and un-
derstanding of the mechanisms of virus-associated diseases. In this work, we assayed antiviral
antibodies using a novel high-density nucleic acid programmable protein array (HD-NAPPA)
platform. Individual viral proteins were expressed in situ directly from plasmids encoding
proteins in an array of microscopic reaction chambers. Quality of protein display and serum re-
sponse was assured by comparing intra- and inter-array correlation within or between printing
batches with average correlation coefficients of 0.91 and 0.96, respectively. HD-NAPPA showed
higher signal-to-background ratio compared with standard NAPPA on planar glass slides and
ELISA. Antibody responses to 761 antigens from 25 different viruses were profiled among
patients with juvenile idiopathic arthritis and type 1 diabetes. Common and unique antibody
reactivity patterns were detected between patients and healthy controls. We believe HD-viral-
NAPPA will enable the study of host–pathogen interactions at unprecedented dimensions and
elucidate the role of pathogen infections in disease development.
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1 Introduction

Viral infections not only elicit acute symptoms but have been
implicated in a variety of chronic illnesses including autoim-
mune diseases and cancers [1, 2]. One direct consequence of
viral infections is the elicitation of antibodies against viral
proteins [3]. Detection of these antibodies can facilitate diag-
nosis and treatment of viral infections [3]. It can further help
elucidate the roles of viral infections and the role of specific
viral antigens in disease development [4].
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ELISA is a traditional method to study antiviral antibodies;
however, it is typically limited to only one or a few protein anti-
gens and often requires significant investment in optimizing
antigen production [5]. Even within the same virus, different
antigens display markedly different immunogenicity. Serore-
activity to these antigens may correlate with different clinical
parameters and have different clinical utility [6]. The oppor-
tunity to gather the information of antibody responses to an
entire viral proteome will enable the understanding of the
relationship between individual antiviral antibody responses
and clinical parameters and measurements. It is very com-
mon that more than one virus has been epidemiologically as-
sociated with certain diseases [7]. Comprehensive studies of
complete viral proteomes for multiple viruses are impractical
with the traditional one-antigen-at-a-time approach. An assay
platform that can examine responses to whole proteomes of
many viruses could generate a comprehensive overview of
responses to viral infections, providing biological log files of
past infections, and possibly unveil viral associations with
autoimmune diseases or cancers.

Protein arrays provide an ideal tool to profile antibodies
in blood against thousands of proteins on a microscopic for-
mat [8]. Traditional protein array technology is based on ex-
pressing, purifying, and printing thousands of different pro-
teins. This is scientifically challenging and labor intensive.
Nucleic acid programmable protein array (NAPPA) circum-
vented these inherent problems by printing plasmids with
cDNA, encoding each protein instead of the proteins them-
selves [9]. NAPPA has been successfully used in novel au-
toantibody biomarker discovery and protein functional stud-
ies [10–15].

Standard NAPPA involves just-in-time in situ protein ex-
pression from printed cDNAs using in vitro transcription and
translation (IVTT) coupled cell lysates [9, 16, 17]. Expressed
tagged proteins are captured on a planar glass surface by
coprinted antitag antibodies. When feature densities are in-
creased, mRNAs and proteins from one feature start to dif-
fuse to the neighboring features during protein expression
resulting in mixed protein display [18]. Diffusion prohibits
standard NAPPA from achieving densities higher than 2500
features per array. High-density NAPPA (HD-NAPPA) over-
came these challenges by expressing and capturing proteins
in arrays of isolated sealed “nanowells” to prevent diffusion
and crosstalk between spots [18]. The utility of HD-NAPPA
has been demonstrated in commercial antibody target detec-
tion and protein–protein interactions [18].

Connections between viral infections and juvenile idio-
pathic arthritis (JIA) and type 1 diabetes (T1D) were sup-
ported at the epidemiological, serological, and molecular
levels [7, 19]. Parvovirus B19 (PB19) and coxsackievirus
B4 (CVB) were isolated directly from the synovial tissue
of a patient with severe arthritis and the pancreas of a
child with diabetic ketoacidosis, respectively [20, 21]. PCR,
in situ hybridization, and immunohistochemistry were em-
ployed to detect viral genomes or proteins among JIA and
T1D patients [22, 23]. Other immunological methodologies,

including plaque, ELISA, and complement fixation assays,
were applied to measure antibodies specific to viral antigens
from various biological samples such as serum, plasma, and
synovial fluid [24–26]. All these immunoassays depended on
the detection of antiviral antibodies to the intact whole virus
or a limited number of viral proteins. This precluded us from
acquiring a complete picture of viral infections in JIA and
T1D [27, 28].

To characterize the advantages and demonstrate the util-
ity of HD-viral-NAPPA to document past viral infections, we
profiled antiviral antibodies to 761 viral antigens from 25 dif-
ferent viruses in the two most common juvenile autoimmune
diseases: JIA and T1D. HD-viral-NAPPA enabled studying an-
tiviral antibodies in JIA and T1D patients at unprecedented
breadth and depth. We first showed high reproducibility of
protein display and serum profiling on HD-viral-NAPPA.
We further proved HD-viral-NAPPA greatly improved sen-
sitivity in detecting antiviral antibodies compared to stan-
dard NAPPA and ELISA. Unique and common signatures
of antiviral antibodies were found. We have clearly demon-
strated that HD-viral-NAPPA is a flexible, sensitive, and high-
throughput platform enabling quantitative measurements
of antiviral antibody levels in infectious and autoimmune
diseases.

2 Materials and methods

2.1 Serum samples

T1D samples were collected at the University of Florida with
written informed consent and approval of IRB at the Univer-
sity of Florida. Peripheral blood samples were obtained from
T1D patients diagnosed within 3 months according to the
American Diabetes Association (ADA) criteria. Serum was
prepared and stored as aliquots at −80�C. T1D controls were
age/gender-matched family members of patients and tested
to be negative for the known T1D autoantibodies (GADA, IA-
2A, and ZnT8A). JIA samples were collected at Queen’s Uni-
versity of Belfast with the Office for Research Ethics Commit-
tees Northern Ireland (ORECNI) approval (ORECNI 408/03).
JIA patients and JIA patients with uveitis were matched with
disease subtypes and antinuclear antibodies status in addi-
tion to age/gender. Healthy controls were only age/gender-
matched to JIA patients or JIA patients with uveitis. Uveitis
is the inflammation of the uvea that is regarded as a severe
symptom in JIA patients [29]. The sample information is
characterized in Table 1.

2.2 HD-viral-NAPPA fabrication

2.2.1 DNA preparation

Viral genes were cloned into the T7-based mam-
malian expression vector pANT7_cGST [30–33]. All genes
were sequence verified and are publicly available at
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Table 1. Sample information: (A) T1D sample characteristics including age, gender, and known T1D AAb status; (B) JIA sample character-
istics including age, gender, number of joints affected, and ANA status (GADA, IA-2A, and ZnT8A)

A
Characteristics New-onset patients

(n = 20)
Healthy controls
(n = 20)

Age Mean ± SD 13.2 ± 4.96 13.3 ± 4.94
Median 13.5 13.5

Gender Male (%) (14) 70% (14) 70%
AAb status GADA positive (14) 70% 0

IA-2A positive (14) 70% 0
ZnT8A positive (11) 55% 0

B
Characteristics JIA

(n = 10)
JIA with uveitis
(n = 10)

Healthy controls
(n = 10)

Age Mean ± SD 5.83 ± 3.86 4.78 ± 3.43 6.17 ± 6.46
Median 3.86 3.51 2.71

Gender Male (%) (1) 10% (1) 10% (1) 10%
Disease subtype Oligo 7 7 NA

Ext. Oligo 1 1 NA
Poly 2 2 NA

ANA status Negative (5) 50% (5) 50% NA

AAb, autoantibody; ANA, antinuclear antibody.

https://dnasu.org/DNASU/ [31]. The detailed viral gene list
was shown in Supporting Information Table 1. Plasmid DNA
was extracted and quality assured as described [16, 17]. DNA
concentration was normalized to 100 ng/uL before printing.

2.2.2 Silicon nanowell (SiNW) substrate preparation

All SiNW substrates were fabricated at Arizona State Univer-
sity Center for Solid State Electronics Research (CSSER). The
detailed procedure for nanowell production was described in
[18]. Briefly, isotropic wet etching was used to produce cir-
cular nanowells with flat surface at the bottom. Nanowells
were 250 �m in diameter and 70 �m in depth. The etched
silicon wafers were diced to yield the SiNW substrates the
same size as a standard microscope slide. A silicon dioxide
layer was thermally grown on the surface and later coated
with a 3-aminopropyltriethoxysilane monolayer for NAPPA
chemistry.

2.2.3 Piezoelectric printing in nanowells

HD-viral-NAPPA was printed by au302 piezoelectric dispens-
ing system (Engineering Arts LLC, Tempe, AZ, USA) with
integrated alignment system. “On the fly” noncontact dis-
pensing with 16-pin dispensing head was used to dispense
DNA/printing mix at 175 mm/s speed. Each nanowell was
filled with 1200 pL of printing mix followed by 300 pL of
DNA. Each SiNW substrate was equally divided into four
subarrays. Each viral gene was printed in duplicate within
the subarrays. Printed arrays were stored desiccated in a ni-
trogen atmosphere at room temperature until use.

2.3 Protein expression

After printing, SiNW substrates were blocked using Su-
perBlock TB (Thermo Scientific, Waltham, MA, USA) for
30 min. The substrates were rinsed, dried, and placed in an
airtight chamber [18] with a flexible film above the substrates
(micro array device [34]). Air in the chamber was removed
by vacuum from a fluid gap between the substrate and the
flexible film. Human HeLa-cell lysate based IVTT system was
injected into the fluid gap by syringe, thus filling nanowells
with lysate. Excess reagent was swept away from the substrate
by flowing pressurized viscous liquid over the flexible film.
Individual nanowells were thus sealed into isolated reaction
chambers by the flexible film and pressurized viscous liquid.
The chamber was placed in an incubator (EchoTherm chill-
ing incubator, Torrey Pines Scientific, Carlsbad, CA, USA)
for protein expression at 30�C for 2 h and capture at 15�C
for 1 h. Displayed proteins were detected with a monoclonal
anti-GST antibody (Cell signaling, Danvers, MA, USA) and
Alexa Fluor 647 goat anti-mouse IgG (H+L; Life Technolo-
gies, Carlsbad, CA, USA). Substrates were washed, dried, and
scanned by Tecan PowerScanner (Tecan Group, Männedorf,
Switzerland).

2.4 Serum profiling on HD-viral-NAPPA

Following protein expression, substrates were blocked in
5% milk-PBST (0.2% Tween) for 1 h and later incubated
with serum samples in proplate 4-well tray set (Grace Bio-
Labs, Bend, OR, USA) at 4�C overnight. Next day, the
substrates were washed and detected by Alexa Fluro 647
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Table 2. Characteristics of viruses including names of virus species, abbreviations, virus family, genome type, the number of ORF clones,
and percentage of complete ORFeome

Virus species Abbreviation Family Genome ORF clones Percentage
of complete
ORFeome

Human cytomegalovirus HCMV/HHV-5 Herpesvirinae dsDNA 164 100
Esptein–Barr virus EBV/HHV-4 Herpesvirinae dsDNA 85 100
Coxsackievirus B CVB Picornaviridae ssRNA+ 12 100
Rubella virus RUBA Togaviridae ssRNA+ 6 100
Mumps virus MuV Paramyxoviridae ssRNA− 9 100
Human endogenous retrovirus K HERK Retroviridea ssRNA− 4 100
Rotaviruses RV Reoviridae dsRNA 12 100
Parvovirus B19 B19 Parvoviridae ssDNA 6 100
Hepatitis B virus HBV Herpesviridae dsDNA 10 100
Human Papillomavirus16 HPV16 Papillomaviridae dsDNA 10 100
Human Papillomavirus18 HPV18 Papillomaviridae dsDNA 9 100
Chikungunya virus CHIKV Togaviridae ssRNA+ 9 100
Semliki Forest virus SFV Togaviridae ssRNA+ 9 100
Sindbis virus SINV Togaviridae ssRNA+ 9 100
Influenza A virus (H1N1) n/a Orthomyxoviridae ssRNA− 10 100
Influenza A virus (H3N2) n/a Orthomyxoviridae ssRNA− 10 100
Varicella zoster virus VZV Herpeviridae dsDNA 91 93.10
Simian virus 40 SV40 Polyomaviridae dsDNA 6 85.71
Vaccinia virus VACV Poxviridae dsDNA 167 74.90
Yellow fever virus YF Flaviviridae ssRNA+ 11 71.42
Measles virus, vaccine strain MeV,vaccine Paramyxoviridae ssRNA− 5 62.50
Measles virus, WT strain MeV,WT Paramyxoviridae ssRNA− 5 62.50
Herpes simplex virus 1 HSV-1 Herpesviridae dsDNA 83 61.90
Adenovirus n/a Adenoviridae dsDNA 16 42.10
Tioman virus n/a Paramyxoviridae ssRNA− 3 37.50

conjugated goat anti-human IgG (Jackson ImmunoResearch,
West Grove, PA, USA). Finally, substrates were washed,
dried, and scanned as described.

2.5 RAPID ELISA

RAPID (rapid antigenic protein in situ display) ELISA was
performed to verify the seroreactivity to viral proteins [35].
Briefly, each well of 96-well ELISA plates (Corning life sci-
ence, Union City, CA, USA) was coated with 50 �L 10 �g/mL
anti-GST antibody (GE Healthcare Life Sciences, Pittsburgh,
PA, USA) in coating buffer (0.5 M sodium bicarbonate buffer,
pH 9.6) at 4�C overnight. Next day, coated plates were washed
with PBST and blocked with 5% milk-PBST (0.2% Tween) for
1.5 h. Meanwhile, 40 ng/�L plasmids encoding viral antigens
were expressed in the human HeLa-cell lysate based IVTT
system at 30�C for 1.5 h. Viral proteins were diluted 1:200
in milk-PBST and captured in the wells. Then plates were
washed with PBST, incubated with serum samples, diluted
at 1:1000, washed with PBST again, and incubated with per-
oxidase AffiniPure goat anti-human IgG. Finally, the plates
were detected by 1-Step Ultra TMB-ELISA Substrate (Thermo
Scientific) for 10 min and then 2 M sulfuric acid was used to
stop the reaction. OD450 was measured by Envision Multilabel
Reader (Perkin Elmer, Waltham, MA, USA).

2.6 Statistical analysis

Sample characteristics including age, gender, and known
autoantibody status were presented as proportion, median,
and mean with SDs. Signal intensities of protein display
and serum profiling were extracted by Array-Pro Analyzer
(MediaCybernetics, Rockville, MD, USA). Raw signal inten-
sities of protein display were log-transformed before compar-
ing their intraarray, intrabatch, and interbatch correlations.
To calculate the signal-to-background (S/B) ratios on the array
platform, the background signal was represented by the me-
dian of the raw signal intensities of all the antigens on an ar-
ray probed with a serum sample. For ELISA, the background
signal was represented by the median signal of all the anti-
gens for a serum sample probed on the same day. Wilcoxon
rank-sum test was used to test the difference of seroreactivity
among subgroups in the JIA sample set. Heatmaps were gen-
erated in MultiExperiment Viewer version 4.9 obtained from
http://www.tm4.org/. Bar graphs and plots were generated in
GraphPad Prism 6 (GraphPad software, La Jolla, CA, USA).

3 Results

3.1 Quality of protein display on HD-viral-NAPPA

We collected 761 viral genes from 25 viral strains to build the
HD-viral-NAPPA platform (Table 2). Among these, 16 viral
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Figure 1. Antibody profiling on HD-
viral-NAPPA. (A) Step 1: Production
of HD-viral-NAPPA by printing plas-
mid DNA and capture antibody into
SiNWs; Step 2: protein display on HD-
viral-NAPPA after isolated expression
and in situ capture in individual wells;
Step 3: antibody profiling to detect dis-
tinct seroreactivity against individual
antigens. (B) Images of an SiNW sub-
strate by scanning electron microscopy
(top), proteins displayed on HD-viral-
NAPPA as detected by anti-GST an-
tibody (middle), and seroprofiling on
HD-viral-NAPPA (bottom).

strains had 100% of viral genes available in our collection.
During printing, each array was divided into four subarrays
and each viral gene was printed in duplicate on each subarray.
To confirm the quality of protein display on HD-viral-NAPPA,
we compared protein display levels for all �1500 features on
two subarrays from the same printing batch and one subarray
from a separate printing batch. Representative array images
and scatter plots of signal intensities of protein display are
shown in Supporting Information Fig. 1. The average intra-
array, intra-batch, and inter-batch correlation coefficients of
protein display calculated by the log-transformed raw signal
intensity were 0.92, 0.91, and 0.91, respectively (Supporting
Information Fig. 2).

3.2 Quality of serum profiling on HD-viral-NAPPA

The work flow of serum profiling on HD-viral-NAPPA in-
cludes the production of HD-viral-NAPPA, protein display,
and antibody profiling to detect seroreactivity against indi-
vidual antigens (Fig. 1). To demonstrate the quality of serum
profiling, we applied the same pair of T1D patient and control
samples on two arrays from the same printing batch and one
array from a separate printing batch. Four subarrays of each
array (1522 features, 761 unique viral genes) were probed
twice with the patient sample and twice with the control
sample. The average correlation coefficients of intra-array,
intra-batch, and inter-batch for both samples were all above
0.95. The results were highly reproducible as shown by the
representative array images and the correlation coefficients
between subarrays in Supporting Information Fig. 3.

3.3 Higher sensitivity in detecting antibodies on

HD-NAPPA

We compared assay sensitivity of seroreactivity on HD-
NAPPA and standard NAPPA. The same set of 190 unique

genes was printed on both glass, using the standard NAPPA
method [9,17], and the SiNW surface, using the HD-NAPPA
method [18]. We applied a serum sample at threefold serial
dilutions from 1:300 to 1:24300 on both platforms. The S/B
ratio was used to assess seropositivity, which was the sig-
nal of any feature divided by the median signal on the same
array, because the majority of features on the array were con-
sidered nonresponses (see Section 2). We found an increase
in the S/B ratio as high as nine times for anti-EBNA1 re-
sponse from Epstein–Barr virus (EBV) at 1:900 dilution and
more than two times for anti-VP1 (CVB) response at 1:300
dilution when comparing HD-NAPPA with standard NAPPA
(Fig. 2A).

We then profiled seroreactivity to the BFRF3 antigen of
EBV among the JIA sample set on HD-viral-NAPPA and by
ELISA to compare their ability to measure positive seroreac-
tivity. Overall, seropositivity for all 30 samples agreed well on
both platforms (Fig. 3B) except for sample U13, which showed
S/B >2 on HD-viral-NAPPA but was not distinguishable from
background by ELISA (red arrows on Fig. 2B). Additional
tests are needed to further confirm the seropositivity. Sample
J10 had more than 12 times higher S/B ratios on HD-viral-
NAPPA than that of ELISA. The wide S/B ratio range made
HD-viral-NAPPA a more sensitive immunoassay platform in
distinguishing seropositive from seronegative samples than
standard NAPPA or ELISA (Fig. 2).

3.4 Antiviral antibodies of three common viruses in

JIA

We analyzed seroreactivity to 761 viral antigens from 25
viruses by HD-viral-NAPPA using JIA and T1D samples
(Table 2). The T1D samples included 20 new-onset pa-
tients and 20 healthy controls. The percentage of males
with T1D was 70%, which is slightly higher than the ex-
pected distribution, probably due to sampling error, but was
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Figure 2. Higher sensitivity in detecting antiviral antibodies on
HD-NAPPA. (A) S/B ratios of seroreactivity to EBNA1 (EBV) and
VP1 (CVB) at serial dilutions on HD-NAPPA and NAPPA; (B) S/B
ratios of seroreactivity to BFRF3 (EBV) among JIA sample set on
HD-NAPPA and ELISA.

appropriately matched with our controls. The JIA samples in-
cluded ten patients, ten patients with the symptom of uveitis,
and ten healthy controls. In the case of JIA, the percentage of
males in the cases was 10%, reflecting the well-documented
gender disparity of JIA, which primarily affects females [36].
The controls for JIA were appropriately gender-matched.
Among 25 viral strains, parvovirus B19, rubella virus (RUBA),
and EBV are the most reported viruses associated with JIA.
The heatmaps of seroreactivity to the three viruses for both
diseases were generated (Fig. 3A). The power of a proteomic
approach in discovering autoimmune disease associated viral
infections is the opportunity to test all possible viral antigens
to see which one gives the best response. This could not
be achieved by a more conventional one-antigen-at-a-time
approach. In the JIA sample set, seroreactivity to the cap-
sid protein (RUBA) was significantly higher in JIA patients
than healthy controls by Wilcoxon rank-sum test (p < 0.05,
Fig. 3B); whereas no difference of seroreactivity to other
proteins (E1, E2 and P150) from RUBA was observed. JIA

patients with uveitis had less seroreactivity to most EBV pro-
teins compared to the other subgroups. In the T1D sample
set, the prevalence of antibodies to EBV proteins was higher
in patients than controls (Fig. 3A).

3.5 Profiles of antiviral antibodies in JIA and T1D

samples

Profiles of antiviral antibodies were generated on HD-viral-
NAPPA and illustrated in the heatmaps (Fig. 4). Overall, most
samples (both cases and controls) were positive for CVB,
RUBA, mumps virus (MuV), rotavirus (RV), adenovirus, in-
fluenza A virus, and measles virus (MeV), while negative for
human endogenous retrovirus K (HERK) and varicella zoster
virus (VZV). The JIA samples have less seroreactivity to hu-
man cytomegalovirus (HCMV) proteins compared with T1D
samples, which may result from the age and geographic dif-
ference between these two sample collections. Interestingly,
antibody response to herpes simplex virus (HSV) was found to
be more prevalent in both JIA and T1D patients than healthy
controls.

4 Discussion

Host innate and adaptive immunity works cooperatively to
fight against viral infections [11]. Antibodies recognizing anti-
gen proteins are produced during this process. Detection and
quantification of these antibodies will aid serodiagnosis of
infections, design of preventive vaccines, discovery of inno-
vative therapeutics, and monitoring of antiviral treatments
[3]. Traditional methods focusing on one protein/one virus
at a time suffer greatly from the limitation of throughput.
Protein arrays, as one of the key innovations in the era of
functional proteomics, provide an ideal tool to profile anti-
body response to thousands of proteins on a microscopic
slide in a multiplexed manner [8]. NAPPA, as a robust in situ
cell-free protein array platform, prints full-length cDNAs on
the arrays instead of purified proteins [9].

HD-NAPPA achieved higher density and less diffusion by
expressing and capturing proteins in isolated sealed “nanow-
ells” [18]. It shares some common advantages with standard
NAPPA. First, antigens are expressed by a HeLa-cell lysate
based IVTT system, yielding high expression levels and func-
tional conformations of displayed proteins. Second, the ability
to reconfigure new arrays allows exploration of seroreactivity
to any antigens from new pathogens, new strains, or new
mutants in diseases as they emerge. This is especially impor-
tant for microbial studies because conventional protein arrays
for human and yeast, although expensive, are at least com-
mercially available; but, similar arrays are not available for
microorganisms. Third, both assays are highly reproducible
and the turnaround time for one assay for thousands of pro-
teins is as short as 1 day.
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Figure 3. Antiviral antibodies to the three common viruses (parvovirus B19, RUBA, and EBV) in JIA and T1D sample sets. (A) Heatmaps
of S/B ratios of seroreactivity to viral proteins from the three viruses on HD-viral-NAPPA in T1D and JIA sample sets; (B) jitter plots of
seroreactivity to representative viral antigens (RUBA-capsid, EBV-BFRF3, and parvovirus B19-protein X) on HD-viral-NAPPA in JIA sample
set.

In addition, HD-NAPPA introduces some unique advan-
tages. First, based on its high-density feature, as many as
24 000 proteins can be tested simultaneously compared to
only 2500 proteins by standard NAPPA on each array. Second,
the high-density nature reduces the sample amount needed
for assaying each protein, thus preserving precious resources.
Third, here we demonstrated that HD-NAPPA had higher
sensitivity and better S/B in detecting antibody responses
compared with standard NAPPA and ELISA. Fourth, HD-
NAPPA protocols use much less DNA per printing batch
when compared to standard NAPPA, which means that many
more samples can be tested based on a single round of DNA
preparation and reducing cost of array production. Fifth, HD-
NAPPA has negligible diffusion between neighboring spots
reducing false positives during serum screening.

Aside from the above advantages, there are some lim-
itations of NAPPA technology. Although it is easier and
more robust to prepare and print DNA than to express, pu-
rify, and print proteins, it is nevertheless beyond the means

for most general research labs to work with thousands of
genes/proteins at the genome/proteome level. Collabora-
tion or fee-for-service (such as http://nappaproteinarray.org/)
might make more sense in this setting. Fast and accurate
noncontact piezoelectric dispensing systems capable of tar-
geting nanowells are required for printing HD-NAPPA but
are inaccessible to most researchers. An affordable, user-
friendly noncontact printing instrument is currently in devel-
opment to allow widespread adoption of HD-NAPPA. Finally,
it should be noted that this platform is well suited for screen-
ing for possible interactions or responses at the proteome
level. But, all candidates that emerge from such screens must
be confirmed by orthogonal methods and, where relevant,
with in vivo assays.

In this study, HD-NAPPA showed superior S/B ratio to
standard NAPPA from a direct comparison of seroreactivity
to the same set of genes on these two platforms. On average,
we obtained more than a sevenfold increase in the S/B ra-
tio of anti-EBNA1 seroreactivity at various sample dilutions
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Figure 4. Profiles of antiviral antibodies to the other viruses in JIA and T1D patients. (A) JIA sample set, J represents JIA patients, U
represents JIA patients with uveitis, C represents healthy controls; (B) T1D sample set, P represents T1D patients, C represents healthy
controls. M stands for males, F stands for females.

(Fig. 2A). The S/B ratio of HD-NAPPA also compares favor-
ably to reported serum antibody studies using purified protein
arrays [37] or Luminex bead arrays [38]. Thus, this tool detects
serum antibodies at high sensitivity and can potentially im-
prove the accuracy of clinical studies.

To demonstrate the great utility of HD-NAPPA, we con-
structed HD-viral-NAPPA containing 761 protein antigens
from 25 viral strains. There are over 10 000 nanowells per
SiNW array in our current configuration [18]. ORFs for all
761 viral antigens were printed in the nanowells, in dupli-
cate, four times to produce four subarrays on one array. This
allowed for the profiling of the seroreactivity against all vi-
ral antigens of four serum samples on one array in parallel.
The quality of protein display was evaluated by array-to-array
reproducibility. We observed 0.64, 4.16, and 3.81% of fea-
tures with CVs higher than 20% using the log-transformed
raw signal intensities when comparing intra-slide, inter-slide,
and inter-batch correlations, respectively. Preliminary studies
suggest that this may be due to imperfect dispensing of the
same amount of DNA into the nanowells, resulting in incon-
sistent protein display on arrays from two different arrays. We
are currently modifying our piezoelectric printing protocol to
achieve higher dispensing reproducibility. Nonetheless, this

affected a very small fraction of the features on the array and
was mitigated somewhat by having duplicate spots for each
gene on the array.

We profiled antiviral antibodies in the two most common
juvenile autoimmune diseases, JIA and T1D, as a demonstra-
tion of HD-NAPPA in serological studies. It has long been
suspected that certain types of viral infections are involved in
the development of these two autoimmune diseases [7, 39].
T1D controls were collected in the United States as T1D pa-
tient samples, and JIA controls were collected in the United
Kingdom as JIA patient samples. In our antiviral antibody
profile, the prevalence of seroreactivity to herpes simplex
virus was higher in both JIA and T1D patients than healthy
controls while the seroreactivity to EBV was more prevalent
only in T1D patients. The percentage of males is lower than
females in JIA, it is the opposite in T1D. No obvious differ-
ences of antiviral antibody profiles were seen between the
genders. Although our sample size is too small to draw any
strong statistical conclusions, this may suggest a potential
role of these viral infections in JIA or T1D development. In-
terestingly, we found the antibody responses to EBV proteins
were higher in JIA patients and healthy controls than JIA
patients with uveitis. It has been reported that JIA patients

C© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



2144 X. Bian et al. Proteomics 2015, 15, 2136–2145

went into remission after EBV infection [40]. Therefore, the
potential protection of EBV infection against uveitis in JIA
patients warrants future investigation.

Our protein array platform detects multiplexed antibody
responses to viral antigens from the whole viral proteome.
Many viruses undergo latency after active/lytic infection and
may subsequently become reactivated after a latent stage [3].
Different viral antigens are preferentially expressed depend-
ing on these different states. Thus, both the antibody response
and its magnitude to specific viral antigens may provide clues
to the different stages of viral infection [41]. In cases where
the lifecycle of a virus is well understood, a viral proteome
array can be revealing. For example, EBV commonly enters
latency in adults and in that state continues to produce the
EBNA protein, which may explain the strong IgG response
observed to that protein in adults [41]. The prevalence of
strong anti-EBNA responses is much less common in chil-
dren (unpublished observation). For less-understood viruses,
the inclusion of the whole viral proteome allows the investi-
gation of every viral antigen that is linked to either active/lytic
or latent stages of viral infection. Furthermore, IgM is often
used to detect acute infection while IgG detects past infection.
Our array platform allows multiplexed detection of IgG and
IgM using secondary antibodies labeled with two different
fluorescent dyes. The inclusion of all viral antigens from the
complete viral proteome and the ability of multiplexed detec-
tion of IgM and IgG may enable the discrimination between
active/lytic or latent viral infection.

In summary, we have successfully demonstrated the utility
of HD-viral-NAPPA in profiling antiviral antibodies in dis-
eases. The small sample size used in this study may preclude
reaching strong statistical conclusions. However, we gener-
ated high-quality serological profiles in 70 subjects; observed
reactivity differences among them and confirmed results with
orthogonal ELISA data. We believe HD-NAPPA may be ap-
plied to large-scale antimicrobial antibody studies and help us
better understand the role of microbial infections in various
autoimmune diseases.
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