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1. ABSTRACT

Recent developments in proteomic technologies
have enabled the high-throughput, multiplex measurement
of large panels of antibodies in biological fluids of patients
with immune-driven diseases. Antigen microarrays are
increasingly being used to delineate the natural history of
autoantibody formation and epitope spread, and thus gain
insight into the pathogenesis of autoimmune diseases, as
well as into host immunity and its shortcomings.
Characterization of autoimmunity that precedes the onset of
clinically apparent disease has the potential to guide disease
prevention using either conventional immunosupression or
novel, antigen-specific tolerizing therapies. In addition,
autoantibody profiling has the potential to identify
molecular subtypes of a disease, which could allow for
prediction of disecase outcomes such as severity, tissue
damage, and response to therapy.
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2. INTRODUCTION

The humoral immune response to both foreign
and self antigens involves antibody targeting of a specific
but often broad set of epitopes, starting with the epitope
that elicited the initial immune response and spreading to
other epitopes on the same antigen (a process termed
intramolecular epitope spread) or to structurally similar or
physically associated epitopes on different antigens (a
process termed intermolecular epitope spread) (1-3).
Epitope spreading likely evolved as a mechanism that
combats pathogens’ attempts to evade the host immune
system by mutating (4): it increases the chance of immune
recognition of an antigen, augments opsonization, and
allows cross-linking of antibodies on the antigen’s surface,
all of which promote immune clearance of the antigen.
Although beneficial during the response to infection,
epitope spreading is thought to contribute to the
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Figure 1. Schematic representation of planar and bead-based microarrays. A. Planar antigen microarrays, B. Bead-based peptide
antigen array, C. Bead-based protein antigen array. In all cases, antigen is bound to the experimental surface, probed with
antibody-containing fluid sample, washed, incubated with secondary detection antibody, and visualized for quantitation of

primary antibody reactivity.

pathogenesis, and perhaps precipitate the onset of
symptoms, of autoimmune diseases, allowing an antigen
that is in itself innocuous to induce eventual autoimmune-
mediated destruction (5-7). Epitope spreading in
autoimmunity may arise owing to antibody targeting of self
antigens that are newly formed as a result of inflammation-
induced post-translational modification (8) or of self
antigens that are newly exposed as a result of immune-
mediated apoptosis (9).

Because the humoral response diversifies over
time, insight into the specificity and timing of epitope
spreading is critical to our understanding of an immune
response, as well as to the implementation of therapeutic
intervention in immune-driven disease. In addition, the fine
specificity of the humoral response is not identical in all
patients with a given disease, and thus autoantibody
profiling has potential as a tool for stratifying disease into
distinct subtypes, paving the way for determining disease
prognosis and targeting therapy.

3. ANTIGEN MICROARRAYS

Autoantibodies are a hallmark of many
autoimmune diseases, and the presence of specific
autoantibodies is included in many sets of classification
criteria, such as the ones for systemic lupus erythematosus
(SLE), mixed connective tissue disease, Sjogren's
syndrome, and RA (10, 11). Currently, routine
measurement of autoantibodies in the clinical laboratory
generally relies on enzyme-linked immunosorbent assays
(ELISA) or fluorescence immunoassays that are laborious,
require large quantities of biological fluids, and detect only
one antibody at a time. Recent advances in proteomic
technologies aim to overcome these limitations. Riding on
the success of DNA microarray technology, protein
microarrays have been developed that enable high-
throughput, simultaneous measurement of multiple proteins
in small volumes of biological fluid (12-14). Moreover,
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protein microarrays have the potential to provide more
accurate and comprehensive information about a disease
than do conventional immunoassays by identifying multi-
component signatures of disease, instead of simply
detecting the levels of only a very limited set of specified
antigens. Although protein microarrays can be used to
study diverse types of interactions, including protein-
protein interactions and protein-DNA interactions (15), this
review focuses on the use of a particular type of protein
microarray—the antigen microarray—to profile
autoantibody specificities, and thereby identify clinically
informative autoantibody signatures associated with
humoral immune responses, in particular in the setting of
autoimmunity.

In addition to their use in autoimmune diseases,
antigen microarrays have also been used to monitor the
antibody response to vaccination (16), infection (17), organ
transplantation (18), and allergens (19) and as a screen for
occult cancer (20). Moreover, although they most
commonly comprise protein antigens, antigen microarrays
have now been adapted to allow identification of antibodies
against lipid (21) or carbohydrate (22) antigens. Thus, there
are clearly many potential uses for, and permutations of,
antigen microarrays.

3.1. Planar microarrays

The most commonly used antigen microarrays are
the solid-phase, planar arrays. These are essentially
miniaturized, multiplexed immunoassays. Antigens are
immobilized in ordered arrays (commonly on nitrocellulose
membranes or derivatized glass microscope slides), probed
with antibody-containing solution (e.g. sera, plasma,
culture supernatants), and then incubated with a secondary
antibody conjugated either to an enzyme (e.g. horseradish
peroxidase) or directly to a fluorophore that allows
visualization and quantification of antigen-specific
antibodies following imaging of the array (Figure 1).
Evolving, though less common, technologies being
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developed for readout of antibody binding on planar
microarrays include surface plasmon resonance (23) and
electrochemiluminescence (24).

The first group to develop antigen microarrays
expressly for analyzing autoantibodies was that of
Hammerle and colleagues (25), who wused planar
microarrays to profile serum antibodies against serial
dilutions of 18 autoantigens known to be targeted in
various autoimmune diseases. In our initial antigen
microarray work (26), we adapted and expanded previously
developed microarray technologies (25, 27, 28) to enable
profiling of autoantibody responses against over 1000
features representing 196 proteins or peptides that have
been implicated in the autoimmune response in one or more
connective tissue diseases (26). We have since refined
these microarrays for disease-specific indications,
developing arrays containing putative antigens present in
the synovial lining of the joint for profiling of rheumatoid
arthritis (RA) (29), arrays containing myelin peptides for
profiling of multiple sclerosis (MS) (21), and arrays
containing nuclear antigens for profiling of systemic lupus
erythematosus (SLE) (30). Similar disease-specific antigen
microarrays have been developed for characterizing
autoantibody profiles in animal models of these diseases (3,
31, 32).

The success of early protein microarrays has
engendered considerable interest in adapting these or
similar technologies for use in the clinical laboratory. For
instance, Meso Scale Diagnostics (Gaithersburg, MD) has
developed a planar protein microarray that utilizes
electrochemiluminescence to detect antibody-antigen
binding events on ordered arrays contained within a
standard-sized 96- or 386-well plate (24). In the field of
autoimmunity, this technology has been adopted by
Crescendo Bioscience (South San Francisco, CA) for
development of multiplex biomarker assays for the
diagnosis and prognostication of RA (33). Likewise, Roche
Diagnostics (Penzburg, Germany) is developing a
multiplex, semi-automated, planar microarray. Although
aimed initially at profiling of autoantibodies in RA, similar
projects are focused on developing this technology for
autoantibody profiling of SLE and the anti-neutrophil
cytoplasmic antibody (ANCA)-associated vasculitides.
Two other platforms recently made commercially available
are Mikrogen’s recomLine (Neuried, Germany) (34) and
Phadia ImmunoCap (Uppsala, Sweden), which have been
marketed primarily as assays for the detection of infectious
and allergic conditions, respectively, but are now being
adapted for the characterization of autoimmunity.

Despite the advantages they have over traditional
immunoassays, antigen microarrays have their own share of
limitations. One of the most important limitations is
selection bias. Although the number of antigens that can be
analyzed per assay has increased from only 18 in the
carliest versions of protein microarrays (25) to well over
500 in our current versions, standard microarrays are not
best suited to the discovery of previously unknown
antigens: they allow analysis only of a priori selected
proteins. The recently developed high-density protein
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microarrays, however, are a step in the direction of
unbiased proteomics. The most widely used of the high-
density arrays are the ProtoArrays developed by Invitrogen;
these contain over 8000 recombinant human proteins and
have been used to identify previously unrecognized
autoantigens targeted in RA (35). Likewise, high-density
protein  microarrays  containing 37200  redundant
recombinant human proteins (German Resource Center for
Genome Research GmbH) have been used to identify
autoantigens targeted in alopecia areata (36) or dilated
cardiomyopathy (37). Putative autoantigens discovered by
high-density protein microarrays are subsequently validated
by standard antigen microarrays and by immunoblotting.
Nevertheless, current high-density microarrays still do not
contain the whole human proteome. Furthermore, because
they are usually expressed in insect or bacterial cells, the
recombinant proteins used in the high-density arrays may
lack some relevant post-translational modifications or may
be misfolded, both of which could affect their antigenicity.
Another approach to reducing the bias in selecting the
putative autoantigens contained in an antigen microarray is
to use mass spectrometry to identify proteins bound to
immune complexes isolated from diseased tissue or to
identify proteins with which autoimmune disease sera react
in immunoblots (38, 39).

As with selection of putative autoantigens,
selection of epitopes or of epitope orientation is fraught
with difficulty, either because the exact epitope of the
antigen is unknown or because the orientation in which it
can be recognized on planar microarrays is unknown. To
address this issue, several groups have attempted to
sterically restrict peptide orientation and/or improve
presentation of the epitope to the antibodies. One approach
to standardizing peptide orientation is the use of fmoc
chemistry to generate peptides with a biotin molecule at
one end; the biotin-containing peptides are then plated onto
an avidin-coated surface, thus ensuring that the non-bound
end is free to interact with the antibody. However, this
approach requires knowing which end of the peptide is
critical, a fact often determined only by trial and error.
Even when the “correct end” of the epitope is presented,
there is no guarantee that the critical residues will be freely
available for interaction with the epitope’s cognate
antibody. This issue can be partly overcome by the addition
of linker molecules (such as polyethylene glycol) to the
epitope-containing peptide, which makes the peptide
project out from the surface of the planar array or particle,
or by cyclization (the addition of flanking cysteines to the
sides of the critical residues), which may help create
epitopes represented by tertiary structures.

Finally, many planar microarrays are beset by lot-to-lot and
platform-to-platform variability, which relates in part to
differences in the microarray surface chemistry, spotting
technique, and readout used. Our initial microarrays relied
on capillary action, using spotting pins to dispense protein
solution onto the microarray, usually in quadruplicate (26).
However, this approach is limited by imprecision of liquid

metering, because the pins deliver a slightly, but
significantly, higher volume to the initial spot and slightly
less to each replicate spot. To address this



Antigen microarrays in autoimmunity

Table 1. Potential deployment of antigen microarrays in autoimmune disease

identification and
intervention
preclinical autoimmunity to clinical RA.

Potential Application Examples Reference
Currently used commercial CCP assay for RA composed of a pool of citrullinated peptides. 51
Improved diagnostic . . . i . .
accurac Potential for increased sensitivity with additional antigenic targets.
y . .
[Robinson Lab, Work in progress|
High numbers of anti-citrullinated protein antibodies are associated markers of increased RA | 29
severity including TNF, IL-6, and the presence of the HLA shared epitope.
Molecular  subtyping of . . . . . . . .
. . Identification of interferon high signature associated with anti-ribonuclear, but not
phenotypically similar o
o nucleosomal autoantibodies. 84
conditions
Panel of nine autoantibodies associated with increased interferon gene expression in those
with incomplete lupus syndromes potentially identifying those at risk for full blown disease. 85
Identification of increased fine epitope spread in those with undifferentiated arthritis who | 7
Pre-clinical disease | progress to clinical RA compared with those who remit

Expansion of epitope spreading may identify those at imminent risk for progression from

[Robinson Lab, Work in progress|

Guided antigen-specific
tolerizing therapy

In a murine model of MS, increased diversity of autoantibody responses in the early phase of
disease predicted a more severe clinical course and tolerizing vaccines encoding a greater | 3
number of array-determined targets proved superior in treating established disease.

issue, several groups are developing piezoelectric “ink-jet”
technology (40), imprint lithography (41), photolithography
techniques that allow protein deposition to be more
precisely controlled. A different approach to populating the
microarray is in situ synthesis, in which PCR products or
plasmid DNA serve as templates for the generation of
proteins directly on the array by cell-free transcription-
translation systems (42); this technique also avoids the
issue of protein instability associated with long-term
storage of protein microarrays. Newer modifications of
protein arrays microarrays include microfluidomic
platforms, which may improve the performance of
multiplex microarray profiling, though cost of materials for
such technology is still limiting (43).

3.2. Novel non-planar microarrays

For circumvention of some of the problems
encountered with planar microarrays, focus is increasingly
turning to fluid-phase antigen arrays. Three fluid-phase
antigen assays that are commercially available, Quanta Plex
(Inova Diagnostics, San Diego, CA), BioPlex 2200 (Bio-
Rad Laboratories, Hercules, CA), and recomBead
(Mikrogen), are based on bead-array technology initially
developed by Luminex. In this type of array, antigens are
immobilized on fluorescently addressable beads and then
probed with biological fluids in fluid phase; a differentially
fluorescent secondary antibody is then added and antibody
binding is quantified by flow cytometry. Both the Quanta
Plex and the BioPlex 2200 assays enable reliable
measurement of autoantibodies relevant to various
rheumatic diseases (44, 45), though the BioPlex 2200
system is a more fully automated and higher-throughput
system (45, 46). We are using Luminex technology to
develop a multiplexed bead array for profiling
autoantibodies in RA, based on a select panel of biomarkers
identified by our synovial planar microarrays (47).

Other emerging technologies include the recently
commercialized  non-planar  microarray ~ UltraPlex
(SmartBead Technologies Ltd), in which antigens are
attached to barcoded microparticles and which has been
used to profile 9 ANA specificities (48), and three-
dimensional (3D) gel microarrays, in which 3D surface
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chemistry results in fluid-phase reaction kinetics because
the attached antigen is held at a distance from the slide’s
surface (15, 49). 3D-gel microarrays are reportedly about
ten times as sensitive as planar microarrays and are
commercially available (GE HealthCare Co. and
PerkinElmer Inc); however, they are expensive and their
use and validation has so far been limited.

4. CLINICAL APPLICATION OF ANTIGEN
ARRAYS IN AUTOIMMUNITY

As discussed, autoimmune diseases are
characterized by the production of diverse repertoires of
autoantibodies. The ability to delineate patients’
autoantibody profiles could potentially yield benefit in 3
areas: (i) improved diagnosis; (ii) identification of
molecular subtypes of disease, which could aid in
differential prognosis of disease or treatment outcome; and
(iii) identification of autoantigens targeted in the lead up to
clinically apparent disease, which could provide insight
into the mechanisms underlying disease pathogenesis and
enable preventive intervention, including antigen-specific
tolerizing therapy (50) (Table 1).

4.1. Use of autoantibody profiles for improved diagnosis

Detection of autoantibodies has long been used in
the diagnosis of rheumatic and non-rheumatic autoimmune
conditions (11) and has received greater prominence in the
recently revised RA classification criteria (10). The
increased reliance on autoantibodies in the diagnosis of RA
is based largely on the observation that RA patients possess
autoantibodies  against citrullinated proteins  (51).
Citrullinated proteins are those that have undergone a post-
translational modification in which peptidyl-arginine is
converted to the non-standard amino acid peptidyl-
citrulline. The antibodies targeting these proteins are
termed anti-citrullinated protein antibodies (ACPA).
Taking advantage of antibody targeting of citrullinated
proteins in RA, a commercial diagnostic test has been
developed that is based on antibody reactivity to a
synthetic, citrullinated, filaggrin-derived cyclic peptide.
This assay is known as the anti-cyclic citrullinated peptide
(CCP) test and has a diagnostic sensitivity of approximately
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67% and a specificity of 95% (52). Because filaggrin is not
in fact present in the synovium, much effort has focused on
identifying the true citrullinated antigens that are targeted
in RA (35, 38, 53). For instance, isolation of immune
complexes from arthritic joints and subsequent mass-
spectrometric analysis of the IgG-bound proteins revealed
that several extracellular matrix components (38) and
citrullinated proteins such as fibrinogen (39) are targeted in
RA.

Importantly, the anti-CCP test misses over 25%
of RA cases that are identified clinically. Thus, the question
arises: do 25% of RA patients lack ACPA or do they
possess ACPA that do not react with the commercial CCP
peptides (a proprietary mixture of pooled citrullinated
peptides)? Can screening for antibody reactivity to
additional peptides or proteins increase the diagnostic
sensitivity of the CCP test without significantly reducing its
specificity? ~ Because  autoimmune  diseases  are
characterized by the production of not one but multiple
autoantibodies, simultaneous measurement of an array of
autoantibodies should yield a more comprehensive picture
of the disease and possibly greater diagnostic sensitivity.
Indeed, the number of autoantibodies detected has been
shown to be important in predicting the development of
diabetes (54-56) and RA (7). Multiplex antigen microarrays
have been shown to have similar or improved sensitivity
and specificity compared to conventional single assays in
the detection of autoantibodies in serum from patients with
autoimmune disease (25, 26) or of allergen-specific IgE
(57). Our preliminary data, obtained using a bead-based
antigen microarray, suggest that nearly one third of anti-
CCP-negative patients have autoantibodies against 2 or
more citrullinated peptides, and that screening using
additional citrullinated peptides adds significant diagnostic
sensitivity to the current CCP assay with minimal loss of
specificity (Robinson Lab, unpublished work).

4.2. Use of autoantibody profiles for disease
stratification and prognosis

Any given autoimmune disease is heterogeneous,
varying from patient to patient in rate of progression,
severity, and underlying molecular dysregulation.
Conventional single immunoassays do not adequately
predict the course of the disease or the response to therapy,
since detection of one or two autoantibodies cannot
differentiate between the multiple, distinct subtypes of
disease. Simultaneous profiling of multiple autoantibodies
is increasingly being used to identify ‘autoantibody
signatures’ of disease subtypes, and stratification of
diseases on the basis of such signatures is hoped to enable
more accurate diagnosis, as well as differential prognosis.

Over the last five years, antigen microarrays have
begun to be used in identifying autoantibody profiles that
reflect distinct subtypes of several autoimmune diseases. In
RA, different autoantibody profiles have been shown to be
associated with different HLA classes (29), and specific
autoantibody profiles to be associated with increases in
levels of certain inflammatory cytokines (47). In multiple
sclerosis (MS), antigen microarray profiling identified
autoantibody signatures that distinguished relapse-remitting
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MS and primary progressive MS from each other and from
other neurologic or autoimmune-driven disease (58).
Moreover, different autoantibody profiles were associated
with different brain pathology. Autoantibody profiling has
also been used to stratify disease into subsets associated
with different disease manifestations of SLE (59, 60),
predict the disease course in so-called incomplete lupus (60),
and define a subpopulation of patients with dilated
cardiomyopathy of autoimmune etiology (37).

One potential prognostic application of disease
stratification is the prediction of disease severity. The presence
of anti-CCP antibodies, as detected by the commercial CCP
test, has been shown to be associated with a higher risk of
erosive joint destruction and to predict a disease course of
greater severity (61). Screening of sera derived from a cohort
of patients with early RA by using an antigen microarray
containing 225 putative peptide or protein antigens revealed
that a specific ACPA profile was associated with features
predictive of more severe RA (29, 47, 62), and work is
ongoing to develop autoantibody profiles as biomarkers that
can predict disease severity and joint damage even better than
the current anti-CCP assay alone. In addition, information
about autoantibody isotype may be useful in predicting disease
severity. Antigen microarrays can be used to analyze the
relative amounts of antibody isotypes present (26, 63). The
isotype dictates the effector function of the antibody and yields
clues as to the polarization of the T-helper cell that may have
activated the autoreactive B cell (64). Besides providing
insight into disease pathogenesis, isotype profiling holds
promise for prediction of disease severity: a recent study
showed that ACPA isotypes served as predictors of RA
severity, with the presence of more isotypes being associated
with a higher risk of radiographic damage (65).

Another prognostic application is the prediction of a
patient’s response to a particular therapeutic agent. Antigen
microarray profiling of patients with RA identified a panel of
markers that could predict patients’ response to the anti-TNF
therapeutic etanercept (66). Notably, no single marker was able
to distinguish responders from non-responders—it was only a
panel of markers that provided such predictive value. Antigen
microarrays have similarly been used for the identification of
autoantibodies that predict renal transplant rejection (18, 67),
and work is ongoing, in our lab and that of others, to identify
autoantibody profiles that predict response to other biologic
and non-biologic therapies in RA and related rheumatic
conditions. Antigen microarrays could also be used to detect
the generation of antibodies against drugs used to treat disease.
For instance, high levels of antibodies against the anti-TNF
therapeutic infliximab develop in some RA patients, resulting
in reduced clinical efficacy and the need for dose escalation of
infliximab (68). Given that the clinical efficacy of infliximab is
often not determined until several months into therapy, the
detection of antibodies against infliximab early in the course of
therapy could potentially be used as an indicator of the
need for dose escalation or an alternative therapeutic agent.

A use of autoantibody signatures that is only just
starting to be explored is in expediting the approval of
investigational drugs. Disease stratification based on
autoantibody profiles could conceivably be useful in
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reducing cohort size in, and duration of, clinical trials by
allowing pre-selection of patients who are likely to respond
to the investigational drug, as well as by serving as
pharmacodynamic, surrogate markers of therapeutic
efficacy (69) that can substitute for endpoints that often
take longer to manifest.

4.3. Use of pre-clinical autoantibody profiles for disease
prevention

Individuals who develop RA often first seek
medical attention when they develop clinical symptoms
that do not yet meet the classification criteria for RA (70),
at which time they are given a diagnosis of undifferentiated
arthritis. Several studies have demonstrated the benefits of
treating RA aggressively and early (71-74), even during the
phase of undifferentiated arthritis (75). Moreover, RA
patients develop anti-CCP antibodies many years before the
onset of clinical RA (76-78), indicating the existence of a
protracted period of autoimmunity that precedes the onset
of arthritic symptoms. The positive predictive value of anti-
CCP antibodies in predicting the onset of RA is estimated
to be 5-16% in the general population (77, 78), though it is
likely to be higher in at-risk populations. A substantial
proportion of RA patients never develop anti-CCP
antibodies, such that different tests are needed for
predicting the development of RA in these individuals.
Even in individuals who do possess anti-CCP antibodies, it
is currently not possible to predict when they might develop
RA—an important factor given that anti-CCP antibodies
can be detected up to 10 years before the onset of arthritic
symptoms and that treatments for RA are costly and can
have serious adverse side effects. Thus, more accurate and
all-encompassing predictors of the imminent onset of RA
are needed to allow for potential intervention at the earliest
possible time point.

Preclinical autoimmunity is characterized by the
progressive accumulation of a series of autoantibodies in
RA (7, 79-81) and in SLE (5), presumably reflecting
epitope spread. Investigating the specificities of the
autoantibodies produced, as well as the order in which the
different autoantibodies are produced, during this
preclinical phase should provide insight into the
pathogenesis of autoimmune disease and could potentially
allow for the implementation of early therapeutic
intervention or even disease prevention. In one study
examining a relatively small number of antigens, patients
with undifferentiated arthritis who went on to develop RA
were shown to have a greater number of ACPA than
patients with undifferentiated arthritis who did not progress
to RA (7). In this study, autoantibody reactivity was
screened by single ELISA assays and was therefore limited
to analysis of only five citrullinated antigens. Seeking to
obtain a more comprehensive and detailed picture of the
autoimmunity preceding the onset of RA, we have begun
delineating the fine specificity of the ACPA immune
response in sequential serum samples obtained before the
onset of symptoms. Using bead-based antigen microarrays,
we found that the preclinical phase of RA is characterized
by a progressive accumulation of multiple autoantibodies
targeting a variety of citrullinated epitopes, which correlate
closely with a rise in anti-CCP titer and, at the later stages,
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preclinical inflammation, as defined by increases in serum
cytokine levels (Robinson, unpublished work). This finding is
consistent with results from autoantibody profiling of murine
models of RA and MS, which demonstrated a similar pattern
of gradual epitope spread occurring up to the time of clinical
discase onset (31). Additionally, our preliminary
characterization of the ACPA immune response within the
time period just before the onset of RA revealed a profile of
autoantibodies highly predictive of the onset of clinical RA
within two years, thus potentially identifying a window for
very early intervention with a goal of preventing the onset of
clinical disease. These findings are similar to those in other
diseases, such as findings showing that preclinical detection of
autoantibodies can predict onset of type I diabetes in first-
degree relatives of patients with the disease (54-56) and onset
of clinically definite MS in patients with an otherwise
clinically isolated syndrome (82). Finally, identification of the
first autoantigen targeted by the immune response, or of a
critical antigen that characterizes the transition to an active
inflammatory process and clinical disease, could uncover a
target for antigen-specific tolerizing therapy similar to that
being developed for MS (50, 69, 83).

5. CONCLUSIONS

The use of antigen microarrays has opened many
doors into facilitating characterization of the multiple
reactivities associated with autoimmunity and other
immunologic events, including infection, vaccination,
transplantation, allergy, and malignancy. Limitations, such
as high levels of inter-assay variability and lack of
consistency and standards between experimental platforms,
are being addressed by academic and industry-driven
innovations, efforts that should provide the catalyst for the
transition of multiplex autoantibody profiling from the
academic benchtop to the clinical laboratory and patient
care.
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