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Protein microarrays are a high-throughput technology used increasingly in translational re-
search, seeking to apply basic science findings to enhance human health. In addition to assess-
ing protein levels, posttranslational modifications, and signaling pathways in patient samples,
protein microarrays have aided in the identification of potential protein biomarkers of disease
and infection. In this perspective, the different types of full-length protein microarrays that are
used in translational research are reviewed. Specific studies employing these microarrays are
presented to highlight their potential in finding solutions to real clinical problems. Finally, the
criteria that should be considered when developing next-generation protein microarrays are
provided.
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1 Introduction

Whereas the human genome has �20 000 protein-coding
genes, it is estimated that there are at least 70 000 differ-
ent proteoforms as the result of polymorphisms, PTMs,
and alternative splicing [1, 2]. Proteins do not act alone; in-
stead, they rely on complex interactions with other proteins
and molecules to propagate signals leading to specific cel-
lular responses. Given the breadth of protein species, high-
throughput methods are essential to gain a comprehensive
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understanding of the proteome. A popular, high-throughput
technology for studying the proteome is the protein microar-
ray. Simply defined, protein microarrays are microscopic
tools that display hundreds to thousands of different proteins
on a fixed substrate in a high-density array format, which can
then be queried and analyzed simultaneously [3–6]. Protein
microarrays can be distinguished from other protein display
methods, such as yeast and phage display, because the iden-
tity of the protein and its associated array address are known
in advance. Protein microarrays have helped tackle routine
challenges in other proteomics technologies, including low
protein abundance, complicated assay procedures, difficulty
in modulating assay environment, low sensitivity, and low-
throughput analysis of proteins [6–15].

In addition to basic research, protein microarrays have
become useful in translational research, which aims to
“translate” findings in fundamental research into clinical
practice and meaningful health outcomes. Translational
research often includes the use of clinical samples with the
intent to discover or validate potential biomarkers that will
aid in the diagnosis, prognosis, stratification, and treatment
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of patients. In order to achieve adequate statistical power dur-
ing biomarker discovery and validation, the analyses of tens
to hundreds of different clinical samples are often required
due to high biological variation among patients. The expense
associated with analyzing so many samples was, in part,
responsible for the modest adoption of protein microarrays
in translational research. For example, the production and
purification of thousands of different proteins is much more
complex than producing DNA oligonucleotides for a gene
microarray. In addition, protein microarrays must achieve
very tight tolerances and high reproducibility both within and
between batches in order to discern subtle differences across
clinical samples. New strategies and improved manufactur-
ing techniques have led to a rapid increase in the application
of protein microarrays in translational research [16–19].

Various types of protein microarrays have been used in
translational research, including protein fragment arrays [7]
and peptide arrays that display random amino acid sequences
[20, 21], known sequences, or sequences derived from pre-
dicted proteins [22]. A recent hybrid system used bacterio-
phage to display barcoded peptides from human viruses to
screen for antibodies that target these viral peptidomes and
indicate the history of infection [23]. Compared to standard
protein microarrays that employ purified full-length proteins,
protein fragment and peptide microarrays are easier to pro-
duce due to their smaller sizes and simpler structures. Protein
fragment arrays can also use antibody fragments lacking the
Fc domain to probe for specific antigens in patient samples
[6]. The flexibility of the peptide microarray allows the incor-
poration of non-natural amino acids and PTMs at specific
sites or the use of unnatural peptide sequences [24]. How-
ever, binding epitopes, especially conformational ones, may
be lost with protein fragment and peptide microarrays. Given
the diversity of protein microarrays and their applications,
we have limited our scope in this perspective to the use of
protein microarrays that display full-length proteins.

In this article, we first outline the different full-length pro-
tein microarrays that are available, as well as their advantages
and disadvantages (Table 1). We then present translational
research studies of cancer, autoimmune diseases, and in-
fectious diseases that have employed full-length protein mi-
croarrays. We discuss the role of protein microarrays in drug
discovery and in vitro diagnostics (IVDs) tests, and last, we
provide criteria that should be considered when designing
next-generation protein microarrays.

2 Protein microarray technology

Planar protein microarrays displaying full-length proteins
that have been applied in translational research can be clas-
sified into three main types based on how the proteins are
produced. These arrays have been referred to as purified,
natural, and cell-free expression protein microarrays (Fig. 1,
Table 1). The most popular microarray format is the “puri-
fied protein microarray” in which proteins are expressed in

heterologous systems, such as insect cells, Escherichia coli,
or yeast. The proteins are purified in a 96-well plate format
via a fusion tag, and subsequently printed on the slide. The
purified protein microarray was originally used to build the
yeast proteome microarray containing 5800 ORFs, and has
since been employed in various protein function and anti-
body biomarker discovery studies [12]. Currently, the most
comprehensive purified protein array is the HuProt

TM
human

proteome microarray v2.0 manufactured by Arrayit Corpora-
tion and CDI Laboratories. The array has 19 394 proteins with
15 275 different genes, covering �75% of the human genome
and representing different splicing isoforms. However, there
are some disadvantages to the purified protein microarray ap-
proach; these include: (i) the expense and time requirement
for the expression and purification of thousands of proteins,
(ii) the challenge of expressing and purifying large proteins
(>50 kDa) and membrane proteins, (iii) the short shelf life
[25], and (iv) the possibility of incorrect protein folding and
activity if the proteins are expressed in a different host milieu
(e.g. human proteins expressed in E. coli) or dried following
array production.

Unlike the purified protein array that employs heterolo-
gous systems to produce protein, “natural protein microar-
rays” (NPMs) are printed using human cell lysate, tissue
lysate, or bodily fluids (e.g. serum) containing naturally ex-
pressed proteins that likely have the same folding, activity,
and PTMs as those in vivo at the time of sample collection.
The proteins can be printed as a complete lysate, fractionated
using multidimensional liquid-based separation techniques,
or captured to the array surface with specific antibodies. The
translational applications differ depending on the fractiona-
tion state of the lysate and how the proteins are captured to
slide. NPMs with fractionated samples are often probed with
serum, and have been used to study the immune response
to various cancers and their altered antigens (i.e. phospho-
rylated and glycosylated proteins) [26]. The antibody target
must then be subsequently identified, which is often done
with mass spectrometry. Sample fractionation can also as-
sist in the analyses of specific protein classes, for example,
membrane or glycosylated proteins [26].

Unfractionated NPMs are also known as “reverse phase
protein arrays” (RPPA), “lysate arrays,” or “reverse phase
lysate arrays.” These lysate arrays are probed with antibod-
ies that recognize key signaling proteins or their modified
forms to help determine how specific signaling pathways are
(dys) regulated during disease and infection, and may indicate
potential therapeutic options. Moreover, numerous patients
and control samples can be analyzed simultaneously with RP-
PAs [5]. A primary advantage of RPPAs is that they are able to
discern the dynamic posttranslational events (e.g. PTMs) that
can greatly affect protein interactions within complex signal-
ing networks, information of which cannot be determined by
analyzing gene expression and protein levels alone.

Alternatively, “reverse-capture protein arrays” (RCPAs) are
coated with antibodies that will capture proteins expressed in
vivo (e.g. tumor antigens), which are then used to probe for
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Figure 1. Comparison of the main fabrication technologies used to build functional full-length protein microarrays. PPM: purified protein
microarray; RCPA: reverse capture protein array; UPM: unpurified protein microarray.

autoantibodies in serological samples. Unlike RPPAs that
analyze one protein across many patient samples, RCPAs
are generally used to study multiple proteins within one
sample [10,27]. Disadvantages of fractionated, unfractionated
(RPPAs), and captured (RCPAs) NPMs include: (i) their re-
liance on high-quality antibodies specific to the pathway(s)-
of-interest, which may not be available; (ii) low-abundance
target proteins may be difficult to detect; and (iii) proteins
may lose their activity during purification, printing, and
storage.

“Cell-free protein microarrays” were developed to avoid
challenges related to protein capture and purification for ar-
ray production, as described in this section. Therefore, cell-
free protein microarrays use PCR-generated DNA fragments
or plasmid cDNA to express proteins in a cell-free expression
system that transcribes and translates the genes-of-interest
[28]. Various expression systems are commercially available,
including lysate from E. coli, wheat germ, insect cells, rabbit

reticulocyte, and human cells. Cell-free protein microarrays
include the protein in situ array [29], DNA array to protein
array [30], nucleic acid programmable protein array (NAPPA)
[13,31,32], in situ puromycin-capture array [33], and the “un-
purified” protein array developed by Davies et al. [34]. Follow-
ing in vitro transcription and translation that typically require
2–5 h, the expressed proteins are captured in situ by a capture
antibody or molecule. The “unpurified” cell-free microarray
does not use any capturing agent; instead, the lysate con-
taining the expressed protein-of-interest is spotted directly
onto a nitrocellulose substrate, with the assumption that the
coprinted lysate will have a similar background from fea-
ture to feature. Unpurified cell-free protein microarrays have
been successfully applied in immune profiling and antibody
biomarker discovery for infectious diseases [9, 34–37]. In ad-
dition to the aforementioned applications, NAPPA has also
been used to study protein–protein interactions and PTMs
[13, 19, 38, 39].
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Figure 2. Proteomic biomarker discovery and validation pipeline.

There are many advantages of using the cell-free expres-
sion approach, including the ability to express proteins in
the appropriate expression milieu at the time of the exper-
iment. The cell lysate, which includes chaperone proteins,
also allows the proteins-of-interest to be expressed, folded,
and maintained in physiologically compatible buffers from
the time of translation through the experiment, thus signif-
icantly reducing the likelihood of unfolding, denaturing, or
drying. Cell-free expression arrays are cost-effective because
they do not require protein purification, and the printing
of DNA (i.e. DNA array to protein array, NAPPA) results
in a more stable array with a longer shelf life than protein-
based microarrays. These arrays can be easily made high
throughput, with thousands of different proteins displayed
on a standard-sized microscope slide (i.e. 75 × 25 × 1.2 mm3).
For example, NAPPA uses a routine density of �2300 pro-
teins per slide, which has been increased to 8000 with the use
of nanowells [40, 41]. Finally, immune responses in disease
may recognize both linear and conformation epitopes. Thus,
biomarker screening using proteins that are both folded and
denatured is likely to have the value of displaying both types
of epitopes. NAPPA is amenable to studying both folded and
denatured proteins, making it possible to identify autoanti-
body biomarkers to epitopes that would otherwise be buried
during healthy homeostasis [42–44].

There are also disadvantages to the cell-free approach. For
the unpurified protein microarrays: (i) protein functions may
not be easily assayed as each spot is a mixture of different
molecules; (ii) the lysate is allowed to dry on the nitrocellu-
lose surface after printing, which may affect protein folding
and activity; and (iii) serological antibodies will react to all of
the printed lysate spots when E. coli lysate is used [34]. For
the other types of cell-free microarrays, nonspecific binding
of components in the cell-free expression system to the array
matrix may occur; however, these nonspecific interactions are
largely removed during several washing steps, leaving behind
lysate components that are at a level much lower than that
of the protein-of-interest and are consistent across features.

A bigger theoretical concern is that lysate proteins, which
are also human, may interact specifically with some captured
proteins-of-interest and be displayed as protein complexes.
Therefore, all findings should be confirmed with subsequent
studies. It is also worth noting that some degree of known
PTM can occur to the protein-of-interest when expressed in
some cell lysates, most notably phosphorylation with the hu-
man cell-free expression system [45].

The above-described methods typically employ a micro-
scope slide as the substrate. However, bead-based arrays of-
fer an alternative approach, and have been frequently used
in biomarker validation and the development of IVD tests.
They are particularly useful when the number of proteins-
of-interest is modest and the number of clinical specimens
is high (Fig. 2) [14, 46]; however, more recent advances in
this approach are enabling the analyses of greater numbers
of proteins [47]. In bead-based microarrays, the address of
the target protein is embedded in the colors of their specifi-
cally bound beads. With Luminex xMAP R© technology, each
bead is barcoded using two fluorescent dyes that are mixed
in an appropriate ratio; up to 500 different color beads are
available. More colored beads (n = 1725) with a combina-
tion of four fluorescent dyes have also been developed for
higher throughput analyses [47]. As an example, antigens-
of-interest on different color-coated beads are incubated with
serological samples. Captured antibodies from the serological
samples are then bound by a fluorescently labeled secondary
antibody. Two readings will take place during analyses: (i)
the bead color will identify its associated antigen and (ii)
the fluorescence from the secondary antibody will indicate
the abundance of serological antibodies specifically bound to
the antigen. The merits of the bead-based assay include high
sensitivity, wide dynamic range, excellent reproducibility, and
ease of automation. Moreover, some bead-based assays have
been approved for clinical use, including the LIFECODES R©

LifeScreen Deluxe, an HLA antibody assay, (Immucor GTI
Diagnostics, Inc.) [48] and BioPlex R© 2200 HIV Ag-Ab (Bio-
Rad Laboratories) [49]. However, the production and binding
of individual proteins to uniquely colored beads can be costly,
especially for large numbers of proteins.

3 Applications of protein microarrays in
translational research

The proteomic biomarker discovery and validation pipeline is
often divided into three consecutive phases, including iden-
tifying candidate biomarkers (i.e. discovery), verifying the
biomarkers with (an) independent sample cohort(s), and fi-
nally validating the biomarkers for clinical applications (Fig.
2). The translational phase of this research refers to the first
two steps of biomarker discovery and verification, where it
is especially important to screen as many different candidate
proteins as possible to avoid missing good markers. Thus,
the planar protein microarray is an excellent tool for dis-
covery because of its ability to display tens of thousands of
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different proteins in an easily addressable configuration. In
later phases, where fewer candidate proteins need to be
tested, the bead-based protein microarrays and ELISA as-
says are ideal because they can analyze many patient samples
quickly.

3.1 Immune profiling and (auto)antibody biomarker

discovery

3.1.1 Cancer

Breast cancer is the second most common cause of cancer-
related mortality in women in the United States of America,
with earlier cancer diagnosis improving patient prognosis.
Currently, mammography is the standard screening method
for the early detection of breast cancer; however, even though
the test itself has higher sensitivity, the real-world sensitivity
of mammography has been reported to be as low as 30–48%,
which reflects variations in radiologist assessments, tumor
subtypes, patient age, patient compliance, and breast density
[50]. Therefore, the identification of circulating autoantibody
biomarkers has the potential to fill a clinical niche for a nonin-
vasive, inexpensive, and rapid approach for the early diagnosis
of breast cancer that could complement imaging studies.

Anderson et al. [51] identified autoantibody biomarkers
of breast cancer by screening the sera of early stage breast
cancer patients (stages I–III) using the NAPPA protein mi-
croarray. Their array contained 5000 unique human proteins
that included 1000 breast cancer proteins that were prese-
lected from bioinformatics and data mining, 300 G-coupled
protein receptors (GPCRs), 500 kinases, and 700 transcrip-
tion factors. Using three independent sample sets (155 total
cases and 130 total age-matched healthy controls), 28 poten-
tial autoantibody biomarkers were identified and verified with
a sensitivity of 12–42% and a specificity of 66–100% under
blinded conditions. These biomarkers could be used for the
early detection of breast cancer in the future.

Ladd et al. [26] analyzed the dynamic interactions be-
tween tumor antigens and circulating autoantibodies during
breast cancer development and progression. NPMs were pre-
pared using lysates from an mouse mammary tumor virus
(MMTV)-neu breast cancer mouse model and an MCF7 hu-
man breast cancer cell line. The MMTV-neu mouse model
protein array was probed with the sera of a breast cancer
mouse model, while the MCF7 human breast cancer cell
line protein array was probed with sera from human patients
recently diagnosed or soon-to-be diagnosed with breast can-
cer. Two glycolysis and splicesome autoantibody signatures
were identified with an AUC of 0.68 (95% confidence interval
[CI]: 0.59–0.78) and 0.73 (95% CI: 0.63–0.82), respectively.
Although these signatures need to be validated in a larger pa-
tient population to determine whether they should be used to
diagnose breast cancer in a clinical setting, the study provides
compelling evidence that tumor autoantibodies are generated
in the early development of breast cancer.

Basal-like breast cancer (BLBC) is an aggressive type
of breast cancer with relatively poor detection rates when
screened with mammography. Using individually age-
matched plasma samples from the Polish Breast Cancer
Study, Wang et al. [43] executed the largest unbiased discovery
of autoantibodies associated with BLBC using NAPPA pro-
tein microarrays with 10 000 antigens (45 paired patients and
controls). Seven hundred and forty-eight antigens identified
as potential targets of autoantibodies of disease in the discov-
ery phase were printed on an independent array and screened
using an independent sample set of 50 BLBC cases and 50
controls. Finally, 82 antigens were verified using ELISA (100
paired BLBC patients and controls). A panel of 13 verified
autoantibodies (CTAG1B, CTAG2, TP53, RNF216, PPHLN1,
PIP4K2C, ZBTB16, TAS2R8, WBP2NL, DOK2, PSRC1, MN1,
and TRIM21) discriminated the BLBC samples from controls
with 33% sensitivity and 98% specificity under blinded condi-
tions. These biomarkers have great potential to be used in the
early diagnoses of BLBC, thus improving patient prognosis.

Viral infection is closely associated with some types of
cancer, including human papillomavirus (HPV) and cervical
cancer. Therefore, the detection of antibodies to viral proteins
in a clinical setting will be very useful in properly diagnosing
and treating patients that have been infected with viruses that
cause cancer [52]. In 2005, Waterboer et al. [53] developed
a bead-based assay to measure serological antibodies to 27
HPV proteins by coupling glutathione S-transferase fusion
HPV proteins to glutathione-coated beads. Seven hundred
and fifty-six sera of paired cervical cancer cases and controls
were tested. The assay identified an association between cer-
vical cancer and antibodies to the viral protein E6 from two
HPV types, HPV52 and HPV58, with statistical significance
(p-value < 0.001) and a high correlation with ELISA (� =
0.846). Their multiplexed serology assay required minimal
sample volume (2 �L serum for <100 antigens) and showed
greater sensitivity than GST-captured ELISA. Moreover, the
assay had a sensitivity of >1:1 000 000 serum dilution, dy-
namic range of 1.5 orders of magnitude, a coefficient of vari-
ation of 5.4%, and an assay reproducibility of R2 = 0.97.
Although it was previously known that cervical cancer pa-
tients could develop antibodies to the E6 protein, this study
demonstrated the utility of the multiplexed bead-based serol-
ogy assay in biomarker verification.

Rhabdomyosarcoma is the most frequent soft tissue tumor
in children, and is often driven in part by dysregulation of
the prosurvival PI3K/AKT/mammalian Target of Rapamycin
(mTOR) pathway [3]. Since 30 to 40% of children diagnosed
with rhabdomyosarcoma will not respond to the standard
chemotherapy treatment, Petricoin et al. [54] applied RP-
PAs to map the phosphoproteomic network within the
PI3K/AKT/mTOR pathway with the objective of identifying
better treatment options for nonresponders. Lysed microdis-
sected tumor cells from 59 patients were printed directly onto
a planar surface and then probed with antibodies specific to
16 proteins and 17 phosphoproteins in the PI3K/AKT/mTOR
pathway. Higher levels of phosphorylated proteins that reflect
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PI3K/AKT/mTOR pathway activation were significantly
associated with poor overall and disease-free survival of
childhood rhabdomyosarcoma. Further, mTOR inhibitors
(i.e. rapamycin analogues) were able to profoundly reduce
tumor growth in mouse xenografts, which suggests that ad-
ministration of mTOR inhibitors to patients with high mTOR
pathway activation may result in a more favorable chemother-
apy response with improved cancer prognosis. The results
from the studies described in this section illustrate the value
of protein microarrays in finding circulating (auto)antibody
biomarkers for early cancer detection as well as mapping
protein signaling networks for improved cancer treatment,
thus underscoring their importance in translational research.

3.1.2 Autoimmune disease

Protein microarrays have been employed to better understand
autoimmune diseases, during which the immune system de-
stroys healthy cells and tissues of the individual [55,56]. Mul-
tiple sclerosis is the most common autoimmune disorder
affecting the CNS, causing symptoms that include fatigue,
dizziness, pain, spasticity, depression, cognitive impairment,
and bladder/bowel problems. As reported in 2008, 2–2.5 mil-
lion people worldwide have multiple sclerosis [57]. The devel-
opment of new biomarkers would be helpful in diagnosing
and predicting the onset of multiple sclerosis. To address this
need, Ayoglu et al. [7] screened the sera of 90 multiple scle-
rosis patients using a purified protein microarray containing
11 520 protein fragments (�7500 unique proteins) generated
by the Human Protein Atlas project. Among the 2000 reactive
autoantibodies that were initially identified, 384 priority tar-
gets were further verified in a large sample cohort (n = 376)
using a bead-based assay. Fifty one autoantibodies showed
differential responses to eight subtypes of multiple sclero-
sis. This work demonstrates the value of protein microarrays
in finding potential multiple sclerosis biomarkers and sup-
ports validating these biomarkers in a larger population. It
also highlights the complementing roles of planar and bead-
based protein arrays in the proteomic biomarker discovery
and validation pipeline (Fig. 2).

Autoantibodies to serological inflammatory factors (i.e.
cytokines, chemokines, and growth factors) may inhibit
immunity and be involved in inflammatory autoimmune
disease. Price et al. [58] prepared a purified protein microar-
ray containing 59 human cytokines and chemokines as well
as 101 antigens related to autoimmune diseases. The authors
then tested patients with systemic lupus erythematosus
(SLE; 30 patients and 15 controls). In addition to confirming
known autoantibodies, Price et al. [58] identified new SLE
autoantibodies targeting TGF-�1–�3, IL-2, IL-15, IL-23, TNF,
IFN-�2B, and IFN-�. Furthermore, they observed that the
autoantibody reactivity to B cell-activating factor may be
associated with SLE severity. Additional studies using an
independent sample cohort(s) are warranted to validate these
potential autoantibodies of SLE.

Type 1 diabetes (T1D) is a chronic autoimmune disease
that significantly affects glucose metabolism and is charac-
terized by the immune destruction of insulin-producing �

cells of the pancreatic islets, which is caused by complex
and incompletely understood interactions between an in-
dividual’s genetic background, environmental factors, and
immune system. In the United States alone, over 1 million
people are living with T1D, resulting in $14.9 billion of as-
sociated healthcare costs per year (CDC Diabetes Statistics
Report, 2014; Economic Cost of Diabetes in the United States
in 2012). Therefore, it is clear that biomarkers for the early
prediction and diagnosis of T1D are urgently needed. Miersch
et al. [59] performed a proteome-wide screen for T1D sero-
logical autoantibody biomarkers using NAPPA protein mi-
croarrays containing �6000 human proteins. Ten potential
autoantibody biomarkers identified in cohort 1 (50 cases and
20 controls) were validated in cohort 2 (75 cases and 74 con-
trols) and cohort 3 (46 cases and 46 controls). Among them,
the autoantibody to dual-specificity tyrosine phosphorylation-
regulated kinase 2 (DYRK2) was further validated using the
Luciferase Immuno Precipitation System assay with a sen-
sitivity of 36% and a specificity of 98%. The combination of
DYRK2A with the known T1D antigen, IA-2A, generated a
higher AUC of 0.90, compared to AUCs of 0.72 and 0.64 for
DYRK2A and IA-2A alone, respectively. As a recent follow-up
to better understand the environmental triggers of T1D, Bian
et al. [18, 41] fabricated a viral proteome microarray contain-
ing 761 viral proteins from 25 different viruses using NAPPA
technology and then analyzed the antibody responses of 42 pa-
tients with T1D and 42 age-gender matched patients without
T1D. This approach appeared to provide a reliable measure
of historical infection because the antiviral antibody response
to common viruses correlated well with known viral infection
rates from epidemiological studies. Interestingly, the viral in-
fection that was closely associated with T1D (OR 6.6; 95% CI:
2.0–25.7) was the Epstein–Barr virus, particularly in younger
patients. This study demonstrates the potential value of
immunoproteomics in better understanding the role of vi-
ral infections in chronic disease [18].

The above studies probed only a subset of the human pro-
teome; despite this, the results are compelling. More com-
prehensive human proteome collections will no doubt expand
the number of potential antibody biomarkers of autoimmune
diseases that could be used to diagnose, stratify, and treat pa-
tients.

3.1.3 Infectious disease

Compared to traditional analytical technologies (e.g. ELISA),
protein microarrays offer a comprehensive and systematic
approach to profile the humoral immune response to numer-
ous infectious pathogens with high sensitivity and specificity
[18, 41, 60–63]. In 2006, Zhu et al. [64] prepared a protein
microarray with 82 purified proteins from SARS coronavirus
(SARS-CoV) and five additional coronaviruses. They screened
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sera from �400 SARS and SARS-CoV patients, respiratory
illness patients, and healthcare professionals. Multiantibody
signatures were then verified in two independent cohorts
from Canada (181 SARS patients, 218 healthy; 76% sensitiv-
ity, 96% specificity) and China (35 SARS patients, 21 healthy;
100% sensitivity, 95% specificity). The results from the pro-
tein microarray and ELISA data exhibited good correlation
(85%) in predicting the SARS infection in 147 patients with a
fever during a SARS outbreak in China. These data demon-
strate that a viral-based protein microarray has the capacity to
find specific antibodies associated with viral infection.

Mycobacterium tuberculosis (Mtb) is a bacterial pathogen
that infects approximately one-third of the world’s popula-
tion, with �10% of infected individuals eventually developing
active tuberculosis. In addition to causing serious health com-
plications (e.g. organ and joint damage), active tuberculosis
can result in death. The percentage of active cases is signif-
icantly higher in developing countries, which have limited
access and resources to medication. Thus, the comprehen-
sive study of tuberculosis–host interactions will be invaluable
in understanding the mechanism of infection and develop-
ing rapid diagnostics tests for Mtb. Kunnath-Velayudhan et al.
[37] evaluated the humoral response to the entire tuberculosis
proteome across 500 patients with TB and non-TB diseases
using unpurified protein microarrays. The results revealed
that �10% of the Mtb proteome can be recognized by the
body’s immune system, in which a high proportion of pro-
duced antibodies target membrane-associated and extracel-
lular proteins of the bacteria. In addition, active TB patients
showed variable responses to 0.5% (13 proteins) of the Mtb
proteome, which correlated with bacillary burden. Twelve of
the proteins had been previously identified as antigens of B
cells and T cells.

Deng et al. [65] also evaluated the humoral antibody re-
sponse to the Mtb proteome; however, they analyzed the im-
mune response in 21 patients with active Mtb and 20 “recov-
ered” patients following antibiotic treatment using purified
protein microarrays. Fourteen antibodies to Mtb antigens that
discriminated active from recovered patients were identified
and subsequently verified in two independent cohorts (cohort
2: 64 active TB and 43 “recovered” TB; cohort 3: 104 active TB
and 87 “recovered” TB) with a p-value of 0.05.

Prados-Rosales et al. [66] assessed the vaccine potential of
the Mtb membrane vesicle (MV), which has been shown to
be secreted by Mtb in a mouse model. They applied sera ob-
tained from mice immunized with MV or challenged with
the Bacillus Calmette-Guérin vaccine to a cell-free expres-
sion Mtb proteome microarray (i.e. NAPPA). The Bacillus
Calmette-Guérin vaccine served as a negative control in this
experiment since it, too, has an MV. The results indicated that
a dozen humoral antibodies were specifically induced in the
mouse immunized with MV from Mtb, with target antigens
primarily from membrane and cell wall proteins. This study
generated evidence that Mtb MV could be used to develop a
vaccine against Mtb infection.

Despite large variations in study aims, sample origins,
study designs, and microarray platforms (purified vs. NAPPA
vs. unpurified), as well as the geographical locations of
sample acquisition, it is interesting to see that Rv0934c
(pstS1/38kD) and Rv3616c (espA) were shown as the top
hits in the Kunnath-Velayudhan and Prados-Rosales studies,
and Rv3881c (espB) was found in the Kunnath-Velayudhan
and Deng studies. Rv0934c, Rv3616c, and Rv3881c are all
functionally annotated as cell-wall and cell-processes proteins
(TubercuList database, http://tuberculist.epfl.ch/). Moreover,
Rv0934c is a diagnostics biomarker for TB with a previously
shown sensitivity of 64.21% and specificity of 80.74% in 594
Chinese patients (312 patients with active pulmonary tu-
berculosis and 282 control subjects) [67]. In view of these
studies, Rv0934c and Rv3616c might be investigated as tar-
gets for vaccine development, whereas Rv3881c may be
a good predictive marker for therapeutic treatment of TB
patients.

Plasmodium falciparum (Pf) is a protozoan parasite that is
transmitted by the female Anopheles mosquito and causes
the most fatal form of malaria in human with high compli-
cations and mortality. The immune system can protect the
host during repeated malaria infections and has the potential
to be exploited for therapeutic treatment of malaria patients.
Crompton et al. [69] prepared an unpurified protein microar-
ray containing 23% of the 5400 Pf proteins, and analyzed
the humoral antibody response of 220 individuals in Mali be-
fore and after the 6-month malaria season. Four hundred and
ninety-one immunogenic proteins were recognized by the im-
mune system, in which 26 were confirmed from a previous
study with Pf-exposed Kenyan adults using unpurified cell-
free expression protein microarrays [68]. The results further
revealed that the antibody response to Pf proteins was sig-
nificantly increased in children during the 6-month malaria
season, after which the level of some antibodies decreased;
the authors hypothesized that the decreased levels were likely
due to the antibody half-life [69].

To find biomarkers that indicate malaria infection, Helb
et al. [35] screened 186 Ugandan children for antibodies
targeting 856 Pf antigens with unpurified protein microar-
rays. The results revealed a three-antibody biomarker sig-
nature (hyp2, GEXP18, a putative exonuclease) that accu-
rately classifies individuals 30, 90, or 365 days postinfec-
tion with an AUC of 0.86–0.93. These data have not been
verified yet. However, the ability to estimate Pf exposure
is extremely useful in effectively controlling and eliminat-
ing malaria. Unfortunately, the biomarker candidates from
Crompton et al. [69] and Helb et al. [35] are not easily
comparable due to the different gene annotations that they
used. These studies demonstrate that high-density protein
microarrays can be applied in profiling the dynamic host
immune response in regards to viral infection, the cycle
of parasitic infection, identifying novel diagnostic antibody
biomarkers, and identifying potential vaccine targets for host
protection [16].
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3.2 Drug discovery

Fifty to 70% of prescribed drugs target membrane pro-
teins due to their crucial roles in molecular binding, signal
transportation, and ion regulation. Thus, a high-throughput
membrane protein array platform will significantly facilitate
the drug screening process. In 2002, Fang et al. [70] demon-
strated the feasibility of such arrays by printing three extracted
GPCR proteins (adrenergic receptor, neurotensin receptor,
and dopamine receptor) on �-aminopropylsilane modified
slides. The binding of fluorescein-conjugated antagonists
(CGP 12177, ICI 118551, neurotensin) to their correspond-
ing receptors (beta-adrenergic receptor, neurotensin recep-
tor) were then detected [71]. Further membrane protein array
development by Hong et al. [72, 73] illustrated the screen-
ing ability of these arrays by using a mixture of fluorescein-
labeled ligands with an array displaying ten GPCR receptor
proteins and sandwich-based competition assay. Although
the throughput of these arrays is still quite low, the feasibility
of the approach shows promise.

Until recently, the high-throughput capability of mem-
brane protein arrays has been limited by detergent-based
protein extraction from mammalian cells and subsequent
array fabrication. In 2013, Hu et al. [74] developed a novel
high-throughput strategy by exploiting the infection machin-
ery utilized by herpes viruses. Following molecular cloning
and transfection, mammalian cells were infected with her-
pes virus, and the membrane proteins-of-interest were dis-
played on large, secreted spherical herpesvirus virions. The
virions were then purified with a simple sucrose gradient
and printed onto a nitrocellulose membrane slide. The ac-
tivities of both a single-pass (CD4) and a multipass (GPR77)
transmembrane proteins on the Virion Display Array were
confirmed using antibody staining and ligand interaction
assays.

Protein microarrays can also be used to screen the effect of
small molecules on protein–protein interactions. For exam-
ple, the glycoprotein of gp120 plays a critical function in the
entry of the HIV virus into host cells by binding to the T-cell
CD4 receptor through a conserved binding pocket, in which
the phenylalanine residue 43 (Phe43) has been suggested to
play an important role. Alterations in gp120-CD4 receptor
binding were characterized with a gp120 purified protein ar-
ray queried with seven GFP-tagged CD4 analogs containing
Phe43 derivatives of different sizes and steric conformations.
The binding of each CD4 analog was assessed using a rabbit
anti-GFP antibody and an Alexa555-labeled antirabbit sec-
ondary antibody. Compared to wild-type Phe43, the gp120–
CD4 receptor interaction became stronger when Phe43 was
modified with hydrophobic groups. The data point toward a
new direction for the development of gp120 inhibitors and as-
say reagents in HIV treatment [75]. All of these results demon-
strate that protein microarrays have the capability to screen
antibodies, membrane proteins, and small compounds for
drug discovery in a high-throughput way.

3.3 Protein microarray for IVDs

The majority of IVD tests that implement protein arrays
are used to diagnose autoimmune and infectious diseases.
The most advanced IVD tests using bead-based arrays in-
clude the AtheNA Multi-LyteÂ R© Test System and the BioPlex
2200 R© multiplexed platform. The IVD tests for autoimmune
diseases include systemic rheumatoid diseases, vasculitis,
thyroid diseases, celiac disease, and Antiphospholipid Syn-
drome. The IVD tests for infectious diseases include Epstein–
Barr virus, herpes simplex virus, TORCH, and Treponemapal-
lidum.

Randox Laboratories has developed a fully automated
planar-based Evidence-Biochip Analyzer system that is capa-
ble of analyzing 1200 tests per hour [76]. A variety of kits for
cardiac, cerebral, cytokine, endocrine, metabolic syndrome,
and tumor markers are commercially available. Moreover, an
immunoassay array testing for 13 common drugs of abuse
has a CE Mark and FDA approval for use as an IVD device.

Despite the tremendous effort that has been spent on the
discovery of biomarkers for various cancers, only a few cancer
biomarkers have been FDA-approved for IVD tests. One of
these tests is the bead-based OVA1 test (ASPiRA LABSTM),
which combines five biomarkers (i.e. beta-2 microglobulin,
CA 125II, apolipoprotein A1, prealbumin, and transferrin) to
assess the likelihood that an ovarian mass is malignant prior
to surgery. The OVA1 test employs a score between 0 and 10
corresponding to the likelihood of malignancy [77]. With the
completion of the human genome project in 2003 and an av-
erage of 15 years for a newly discovered biomarker to become
part of an IVD test (Market Trends for Biomarker-Based IVT
Tests (2003–2014). Amplion Inc. [www.amplion.com] 2015),
it is anticipated that more biomarkers will be approved for
IVD tests within the next 10 years.

4 Perspectives

Protein microarrays have increased our understanding of pro-
tein function, protein signaling, and the immune response
during infection and disease. Future studies will employ
both well-established and novel platforms, which will address
current limitations of protein microarrays. For example,
protein microarrays have been used to study a handful of the
most common and well-studied PTMs (e.g. phosphorylation,
glycosylation, AMPylation). However, it is likely that future
platforms will be adapted to analyze additional modifications
should they be shown to affect protein activity, location,
degradation, stability, or homeostatic interactions. Protein
microarrays have also been unable to provide the kinetics
and affinities of protein–protein interactions in a high-
throughput manner. The comprehensive characterization of
transient and stable protein–protein interactions may help
identify critical decision proteins within complex interaction
networks, which could be used as therapeutic targets of
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disease. These next generation of protein microarrays should
take the following into consideration: (i) protein expression
and activity, (ii) cost and ease-of-use or flexibility, (iii) sensi-
tivity and dynamic range of the assay, and (iv) reproducibility.

Critical factors for full-length protein microarrays include
protein expression and activity. As described in “Protein
microarray technology,” the use of heterologous systems to
express human proteins may not result in full-length, func-
tional products. Mammalian-based expression systems offer
an excellent alternative. In a previous study, the human HeLa
cell lysate in vitro transcription translation system had a suc-
cessful expression rate of 87% using 31 full-length human
proteins of various sizes and function when compared to 73%
with E. coli [45]. These HeLa cell-produced proteins showed
functionality in protein–protein interactions and PTM (i.e.
AMPylation) assays, and were recognized by serological an-
tibodies [13, 38]. In addition to HeLa cell lysate, lysates from
human erythroleukemic cells (K562) and Chinese hamster
ovary cells have also been able to produce human proteins
[78].

The high cost of full-length protein microarrays has been a
major limitation in making the platform a standard laboratory
tool, especially for high-density proteome microarrays. Pro-
tein microarray affordability is particularly relevant in trans-
lational research due to the requirement for tens to hundreds
of different samples. The use of different cell-free methods
to produce protein microarrays offer some advantages, in-
cluding: (i) low cost of DNA production and quality control;
(ii) fresh protein production in a few hours; (iii) DNA arrays
are stable (>6 months) at room temperature; and (iv) custom
arrays of any protein can be made if the cDNAs are available.
Access to a wide variety of cDNAs is becoming easier and
cheaper with plasmid repositories generated from programs
such as the Protein Structure Initiative [79].

Other important aspects of protein microarrays for consid-
eration are sensitivity and dynamic range, which are relevant
in acquiring information about low-abundance biomarker
proteins in biological samples and accurately quantifying the
changes of these proteins in different conditions, respectively.
For example, Zhang et al. [17] developed a plasmonic gold
chip spotted with purified proteins to detect autoantibodies
during T1D using near-infrared fluorescence-enhanced de-
tection, which has two to three orders higher sensitivity than
glass slides (<0.1 U/mL). With the plasmonic array, autoan-
tibodies to three antigens (insulin, GAD65, and IA2) distin-
guished T1D from type 2 diabetes.

Finally, protein microarrays should be highly reproducible
and robust, particularly when used in translational research
and clinical assays. Reproducibility can be significantly im-
proved with the automation of array processing, sample incu-
bation, and signal readout. The screening of clinical samples
with high-density protein microarrays using an automated
station resulted in an intra- and interreproducibility of R =
0.99 [43].

Protein microarrays have increased our understanding of
proteome networks in regards to normal homeostasis, dis-

ease, and infection. Technological advancements, particularly
in the areas listed above, will further the contribution of pro-
tein microarrays in drug screening and biomarker discovery
for improved patient care.
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