Papers in Press. Published March 13, 2013 as d0i:10.1373/clinchem.2012.194423
The latest version is at http://hwmaint.clinchem.org/cgi/doi/10.1373/clinchem.2012.194423

Clinical Chemistry 59:7
000-000 (2013)

Reviews

Antigen Microarrays for the Study of
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BACKGROUND: The immune response involves the activa-
tion of heterogeneous populations of T cells and B cells
that show different degrees of affinity and specificity for
target antigens. Although several techniques have been
developed to study the molecular pathways that control
immunity, there is a need for high-throughput assays to
monitor the specificity of the immune response.

CONTENT: Antigen microarrays provide a new tool to
study the immune response. We reviewed the literature
on antigen microarrays and their advantages and limi-
tations, and we evaluated their use for the study of au-
toimmune diseases. Antigen arrays have been success-
fully used for several purposes in the investigation of
autoimmune disorders: for disease diagnosis, to mon-
itor disease progression and response to therapy, to
discover mechanisms of pathogenesis, and to tailor
antigen-specific therapies to the autoimmune response
of individual patients. In this review we discuss the use
of antigen microarrays for the study of 4 common au-
toimmune diseases and their animal models: type 1 di-
abetes, systemic lupus erythematosus, rheumatoid ar-
thritis, and multiple sclerosis.

CONCLUSIONS: Antigen microarrays constitute a new
tool for the investigation of the immune response in
autoimmune disorders and also in other conditions
such as tumors and allergies. Once current limitations
are overcome, antigen microarrays have the potential
to revolutionize the investigation and management of
autoimmune diseases.

© 2013 American Association for Clinical Chemistry

The immune response results from complex networks
of genes and proteins acting in a concerted manner.
Although several techniques have been developed to
analyze these gene and protein interactions, the analy-
sis of adaptive immunity presents an additional chal-

' Center for Neurologic Diseases, Brigham and Women's Hospital, Harvard Med-
ical School, Boston, MA

* Address correspondence to this author at: Center for Neurologic Diseases,
Harvard Medical School, 77 Avenue Louis Pasteur, HIM 714, Boston, MA
02115. Fax 617-525-5305; e-mail fquintana@rics.bwh.harvard.edu.

Received September 26, 2012; accepted February 19, 2013.

Previously published online at DOI: 10.1373/clinchem.2012.194423

lenge: its output is the activation of heterogeneous
populations of T cells and B cells with diverse affinity
and specificity for target antigens. In addition, the im-
mune responses associated with infections or autoim-
mune diseases target not one but several antigens.
Thus, there is a need for the development of high-
throughput assays to monitor immune reactivity.

Numerous strategies have been developed to study
T-cell and B-cell functions. Assays aimed at character-
izing T cells are limited by the low frequency of
antigen-specific T cells and usually require relatively
large numbers of cells. The measurement of antigen-
specific T-cell responses has been greatly improved
with the development of fluorescence-activated cell
sorting assays using tetramers of recombinant major
histocompatibility complex (MHC)* molecules loaded
with specific peptides (I, 2). These tetramers are not
easily synthesized and can be used only to detect T cells
that react with a specific peptide in a specific MHC
allele. Thus, although MHC-peptide tetramers are in-
valuable tools for the study of peptide-specific T cells,
their use is limited in the study of the T-cell response
directed against a large number of antigens in human
populations with diverse MHC alleles.

B cells produce large quantities of antibodies de-
tectable in serum, plasma, and other clinically relevant
fluids like synovial fluid (SF) and cerebrospinal fluid
(CSF) (3,4). Thus, circulating antibodies allow the
analysis of the specificity of the B-cell response, even in
the context of low frequencies of antigen-specific B
cells. Moreover, sustained antibody production re-
quires the support of T helper cells, and indeed B cells
and T cells have been found to share target specificities,
suggesting that the antibody response can be used as a
surrogate for the study of T-cell immunity (5, 6 ). Thus,
the analysis of antibody reactivity offers an opportunity
to overcome some of the limitations associated with the
study of the T-cell response in health and disease.
Moreover, the analysis of antibody repertoires can en-

2 Nonstandard abbreviations: MHC, major histocompatibility complex; SF, syno-
vial fluid; CSF, cerebrospinal fluid; HSP, heat shock proteins; T1D, type 1
diabetes; SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; MS,
multiple sclerosis; RRMS, relapsing—remitting course; SPMS, secondary progres-
sive MS; PPMS, primary progressive course MS; CNS, central nervous system;
HSP, heat shock protein.

Copyright (C) 2013 by The American Association for Clinical Chemistry


http://hwmaint.clinchem.org/cgi/doi/10.1373/clinchem.2012.194423

able us to capitalize on existing specimen collections
(serum, plasma, CSF, and SF) from well-characterized
patient cohorts to study clinical problems of interest.
The interaction of antibodies with their target an-
tigen does not require the participation of additional
molecules such as the MHC, facilitating the develop-
ment of assays for the measurement of antibody reac-
tivity. Examples of these techniques are ELISA, West-
ern blot, immunoprecipitation, flow-based assays,
fluorescent-based immunoassays, and RIA. However,
these techniques require relatively large sample vol-
umes and are not compatible with high-throughput
multiplex analysis. Early attempts at multiplex studies
of the antibody response were based on quantitative
Western blots with cell and tissue lysates as the source of
antigens (7, 8). However, the main limitation of these
Western blot—based assays is the unknown identity of the
targeted antigens once positive hits have been found.

Antigen Microarrays

The construction of a multiplex ELISA using a 96-well
microarray format was the first step toward the devel-
opment of high-throughput methods for the analysis
of antibody reactivity (9). The combination of these
miniaturized assays with techniques developed to spot
proteins onto chemically derivatized glass slides at ex-
tremely high spatial densities (10) led to the develop-
ment of antigen microarrays (11, 12 ). Those arrays ini-
tially included protein and peptide antigens, but later
on incorporated other antigens such as lipids (13, 14).

In addition to their ability to measure hundreds of
antigen—antibody interactions in parallel using a small
amount of sample, antigen microarrays are analytically
more sensitive than conventional ELISAs, producing a
signal that shows a linear correlation with the concen-
tration of antigen-specific antibodies over several or-
ders of magnitude (11, 14). Some limitations, how-
ever, are associated with the use of antigen microarrays
for the analysis of antibody responses. As in any other
solid-phase assay, the 3-dimensional structure of the
antigens can be affected by their adsorption or covalent
linkage to the slide surface, or by the drying of the mi-
croarrays. These changes in antigen structure can de-
struct conformational epitopes of clinical relevance
and can also expose epitopes that otherwise are not
accessible to antibodies. Nevertheless, antibodies
against conformational epitopes have been quantified
with antigen microarrays, suggesting that this tech-
nique can detect antibodies to linear and at least some
conformational epitopes.

An additional obvious limitation is that antigen mi-
croarrays can detect only antibodies reactive with the an-
tigens used in their construction, ruling out the detection
of antibodies against unexpected target antigens in
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screening experiments. However, 3 different approaches
have been used to overcome these limitations.

WHOLE PROTEOME EXPRESSION IN VITRO

Felgner and coworkers developed a PCR-based approach
that allows the expression of hundreds of open reading
frames in parallel using a cell-free system (15 ). This novel
approach was used to construct protein microarrays con-
taining pathogen proteomes, which were later used to an-
alyze the antibody response in serum samples from in-
fected mice and humans. These studies led to the
identification of immunodominant antigens of diagnos-
tic value (16, 17 ) and also identified antibodies associated
with protective immunity in response to vaccination (18).

SYNTHETIC PROTEOMES

Larman et al. recently described phage immunopre-
cipitation sequencing in which synthetic oligonucleo-
tides encoding 36 —amino-acid peptides that cover all
open reading frames in the human genome are pack-
aged in a phage for display on the phage surface (19).In
this technique phages expressing candidate autoanti-
gens are immunoprecipitated with antibodies in the pa-
tient sample and identified by high-throughput DNA se-
quencing (19). Although in its current form this
approach cannot be easily used in the clinic, it might iden-
tify disease-linked antigens that could then be used to pre-
pare antigen microarrays for clinical applications.

PEPTOIDS

Peptoid microarrays provide an alternative approach
to overcome the limitations imposed by antigen selection
during the construction of antigen microarrays for bio-
marker discovery. Reddy and coworkers used a microar-
ray of 4068 peptoids to generate a collection of molecular
shapes available for interaction with antibodies (20 ). Us-
ing this platform the authors identified antibody—peptoid
interactions of biomarker value. Although in this ap-
proach the identity of the antigen targeted in vivo by the
antibodies with biomarker value is unknown, this
method provides a broad epitope landscape to interrogate
the entirety of the antibody repertoire.

Finally, a more challenging limitation for the clin-
ical use of antigen microarrays is the existence of batch
effects that make difficult the comparison of results
obtained in different experiments and at different loca-
tions. Those batch effects have also been detected and
dealt with in cDNA microarray studies (21, 22), and
thus this limitation will likely be overcome.

Antigen Microarrays in the Study of Autoimmune
Diseases

c¢DNA microarrays (23 ) revolutionized the analysis of
the transcriptional response, saving materials and re-
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Fig. 1. Antigen microarrays for the study of autoimmune diseases.
Autoantigen collections (proteins, peptides or lipids) are spotted onto chemically-modified glass slides, and hybridized with
patient specimens (serum, plasma, CSF, SF). Antigen—antibody interactions are detected with fluorescent-labeled antibodies
(Ab). The bioinformatic analysis of the fluorescent signals results in the identification of autoantibody signatures useful for

disease diagnosis, staging and monitoring of the response to therapy.

tification of new targets for therapeutic intervention.
In the following sections we discuss how antigen mi-
croarrays have been used for the investigation of the
immune response in 4 common autoimmune diseases:
type 1 diabetes (T1D), systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA), and multiple sclero-
sis (MS) (Table 1).

ducing costs to enable the high-throughput character-
ization of hundreds of genes in parallel. Similarly, the
analysis of the antibody repertoire with antigen mi-
croarrays led to large-scale analyses of the immune re-
sponse in autoimmune diseases (24-27), allergies
(28, 29), response to tumors (30, 31), vaccinations
(32 ), and infections (33 ). These studies identified an-
tibody signatures of clinical value (Fig. 1) and also new
mechanisms of disease pathogenesis. In this review we
focus on the use of antigen microarrays for the study of
autoimmune diseases.

Autoimmune diseases are characterized by the
dysregulated activity of the immune system against

TYPE 1 DIABETES
T1D results from the selective destruction of insulin-
producing S cells in the pancreas by autoreactive T cells
(35). Although T1D is considered a T-cell-mediated
disease, antibodies reactive with the pancreatic islets

self-antigens, resulting in chronic inflammation, tissue
damage, and disability (34 ). The study of the immune
response has important implications for the diagnosis,
prognosis, treatment, and monitoring of autoimmune
disease patients. In addition, it can also lead to the iden-

can be detected in patients with T1D, but the patho-
genic role of these antibodies is still unknown. Regard-
less of their role in disease pathogenesis, islet-reactive
antibodies precede the onset of hyperglycemia and are
considered useful biomarkers for T1D (36, 37). Of
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Table 1. Antigen microarrays in the study of autoimmune diseases.
Disease Findings References
TID a. Islet-reactive antibodies precede the onset of hyperglycemia. a. Lehuen et al. (35); Bingly (36)
b. Increasing the number of antigens tested improves the prediction of future b. Lehuen et al. (35); Bingly (36)
disease development.
c. Specific antibody signatures differentiate T1D patients from healthy controls or c. Hueber et al. (26); Nanto-Salonen et al.
patients affected by other diseases. (37); Goldschmidt et al. (38)
d. Serum antibodies predict the development of diabetes in the cyclophosphamide-  d. Quintana and Cohen (39)
accelerated diabetes model, before administration of cyclophosphamide.
SLE  a. More than 100 autoantibodies may be present in SLE patients. a. Liu and Davidson (40)
b. Specific clusters of antibody reactivity are associated to glomerulonephritis and b. Quintana et al. (24); Liang et al. (44)
overall disease activity.
c. First-degree relatives and patients suffering from incomplete LE have altered ¢. Hueber and Robinson (45)
antibody profiles detectable with antigen microarrays.
RA  a. Antibody patterns distinguish RA patients from controls. a. Bizzaro et al. (52)
b. Antibody signatures stratify patients in RA subgroups. b. Bizzaro et al. (52)
c. Antibodies to citrullinated peptides associated to disease severity. ¢. Chandra et al. (53)
d. Epitope spreading to citrullinated antigens characterizes the chronic phases of RA. d. Hueber et al. (56)
e. Increased blood levels of cytokines associated to antibody targeting of e. Li et al. (25); Zhao et al. (55)
citrullinated autoantigens.
MS  a. Antibody patterns distinguish MS from other diseases. a. Quintana et al. (14)
b. Serum antibodies discriminate different clinical forms of MS and pathological b. Quintana et al. (14)
subtypes.
¢. RRMS s characterized by antibodies to HSP. ¢. Quintana et al. (14)
d. Antibody response to lipids detected in MS, lipids might have pro- or d. Kanter et al. (13); Quintana et al. (14);
antiinflammatory activities in MS. Garren et al. (68); Farez et al. (72)

note, the predictive power of islet-specific antibodies is
strengthened by increasing the number of antigens
tested, so serum autoantibodies directed against insu-
lin, glutamic acid decarboxylase, and protein tyrosine
phosphatase are used to determine the risk of develop-
ing T1D and have been incorporated to the design of
clinical trials in T1D (36, 37 ). Note, however, that the
risk of T1D development is calculated on the basis of
the number of autoantibodies rather than the presence
of any individual antibody. Thus, these data suggest
that the investigation of the autoantibody repertoire
can provide useful information on the future develop-
ment of T1D.

The autoantibody repertoire in T1D was first in-
vestigated with an array of 87 autoantigens in a 96-well
plate format. These studies found that specific anti-
body signatures targeting 3-cell antigens, and also an-
tigens not associated with pancreatic islets, differenti-
ated patients with T1D from healthy controls or
patients suffering from MS, Behget disease, and type 2
diabetes (27, 38, 39). These findings suggest that the
repertoire of self-reactive antibodies reflects the spe-
cific immune processes associated with different in-
flammatory diseases. However, the autoantibodies as-
sociated with each disease might not be directly
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involved in pathogenesis and might result from the re-
lease of self-antigens that follows tissue destruction.

The predictive value of autoantibody repertoires
in T1D was investigated with antigen microarrays to
study nonobese diabetic mice in which diabetes was
accelerated and synchronized with cyclophosphamide
(12). Serum samples were taken from the mice before
the treatment at 4 weeks of age and after the treatment,
and IgG antibody reactivities were analyzed with mi-
croarrays containing 266 antigens. Reactivities against
27 antigens were found to distinguish mice susceptible
to diabetes induction from resistant mice, before the
administration of cyclophosphamide. Taken together,
these studies demonstrated that antigen microarrays
could be used to both diagnose and predict the future
development of T1D.

SYSTEMIC LUPUS ERYTHEMATOSUS

SLE is a chronic and heterogeneous autoimmune dis-
order that affects several organs, including skin, kid-
neys, and brain, and is characterized by glomerulone-
phritis and the presence of antibodies directed to
nuclear and cell-membrane components such as
double-stranded DNA, histones, and a-elastin, among
others (40 ). It has been postulated that more than 100



Antigen Microarrays for the Study of Autoimmunity

autoantibodies may be present in patients with SLE
(41 ), suggesting that the relatively small number of au-
toantibodies that are routinely measured in the clinic
does not properly capture all the available information
regarding diagnosis, staging, and prognosis of patients
with SLE. Moreover, adoptive transfer experiments re-
vealed that antibodies to double-stranded DNA and
glomerular antibodies may be pathogenic, whereas an-
tibodies to histones or nucleosomes might not be, and
thus the heterogeneity observed in the antibody re-
sponse in SLE might have important clinical implica-
tions (42—44).

To provide a complete characterization of the an-
tibody repertoire in SLE, Mohan and coworkers devel-
oped antigen microarrays comprising a collection of
SLE-related antigens (25). Using these antigen mi-
croarrays, these investigators found clusters of anti-
body reactivity associated to glomerulonephritis and
overall disease activity (25, 45). In follow-up studies,
they also identified altered antibody profiles in first-
degree relatives of patients with SLE and also in pa-
tients suffering from incomplete LE syndromes, de-
fined as having at least 1 but less than 4 of the SLE
diagnostic criteria and first-degree relatives with SLE.
These studies suggested that antigen microarrays
might provide a tool for the early diagnosis and identi-
fication of patients at risk of developing SLE (46). In
combination with transcriptional profiling, these stud-
ies might also identify subsets of patients with SLE who
have the highest risk for disease progression (47 ); these
patients are candidates for more aggressive therapeutic
interventions. Thus, antigen microarrays provide a
platform to analyze the heterogeneous antibody re-
sponse in SLE and its association with different patho-
logic processes.

RHEUMATOID ARTHRITIS

RA is characterized by the chronic inflammation of sy-
novial joints and bone erosion, leading to joint destruc-
tion, pain, and disability (48 ). Patients with RA show
heterogeneity in their clinical course and response to
therapy, suggesting the existence of patient subsets in
which the disease is driven by different molecular
mechanisms. Current tests for RA diagnosis are not
satisfactory because they are based on the detection of
single biomarkers that are either not specific for RA or
present only in a subset of patients (49, 50). In addi-
tion, these biomarkers are useful for the prediction of
disease course and response to treatment (51, 52).
Robinson and coworkers developed antigen microar-
rays containing synovial antigens to identify biomarker
signatures for RA diagnosis and molecular stratifica-
tion into clinically relevant subtypes (53 ). Comparing
autoantibody reactivities in the serum of 120 patients
with RA with <6 months of disease duration and pa-

tients with ankylosing spondilitis, psoriatic arthritis,
and healthy controls, they found antibody patterns
specifically associated with RA. Moreover, the anti-
body signatures also stratified the RA patients into dif-
ferent subgroups (53 ). Patients in 1 of those groups,
characterized by antibodies to citrullinated peptides in
which peptidylarginine has been converted to peptidyl-
citrulline, were found to be more likely to develop se-
vere RA. Conversely, patients with RA in whom the
antibodies targeted native antigens developed less se-
vere forms of the disease (54 ). These results were later
extended by studies showing that circulating immuno-
complexes contain citrullinated fibrinogen (55) and
that increased blood concentrations of proinflamma-
tory cytokines are associated with autoantibody target-
ing of citrullinated antigens (26). Indeed, the analysis
of antibody repertoires with antigen microarrays in
combination with the quantification of circulating cy-
tokine concentrations identified a potential set of bio-
markers that predicted the response to anti—tumor ne-
crosis factor therapy (56 ). Thus, antigen microarrays
provide a tool for patient stratification in terms of dis-
ease prognosis and response to therapy in RA.

In addition, the association between immunity to
citrullinated antigens and worsening of RA led to new
insights in disease pathogenesis. Studies performed in
experimental models of RA found that epitope spread-
ing to citrullinated antigens characterized the chronic
phases of the disease (57). Moreover, following immu-
nization with citrullinated fibrinogen, humanized
transgenic mice expressing the RA-associated MHC
class IT molecule DRB1*0401 developed RA (58 ). This
new experimental model of RA was characterized by T-
and B-cell responses to the citrullinated immunizing
antigen and also to additional citrullinated antigens
(58). Thus, these data revealed an important role for
citrullination in RA pathogenesis and highlighted the
potential use of antigen microarrays for the identifica-
tion of mechanisms of disease pathogenesis.

MULTIPLE SCLEROSIS
MS is the leading cause of neurological disability in
young adults (59). In 85% of the patients, the disease
initially follows the course of relapsing—remitting MS
course (RRMS) in which acute attacks are followed by a
complete recovery (60 ). The majority of patients with
RRMS go on to develop secondary progressive MS
(SPMS), characterized by the progressive and irrevers-
ible accumulation of neurological disability (60). In
approximately 10% of patients, MS presents as primary
progressive MS (PPMS). MS is also heterogeneous in
its immunopathological patterns of active infiltrating
inflammatory cells and demyelination (61, 62).

An adaptive immune response against the central
nervous system (CNS) is linked to the pathogenesis of
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RRMS. The progressive disease course observed in
SPMS generally occurs in the absence of new inflam-
matory lesions, and therapies that target the adaptive
immune response on SPMS show limited efficacy, sug-
gesting that other mechanisms play a role in this stage
of MS (63). Based on these observations, it has been
proposed that although both adaptive and innate im-
mune responses contribute to RRMS, sustained activa-
tion of CNS innate immunity drives SPMS (64 ).

Using microarrays containing a panel of 362
myelin- and inflammation-related antigens associated
with neurological diseases, Quintana et al. found se-
rum IgG and IgM antibodies that enabled them to dis-
criminate between the different clinical forms of MS
and pathologic subtypes, concomitant with the idea
that different immune mechanism are involved in each
form of MS (14). Antibody patterns could also be used
to discriminate RRMS, the most common form of MS,
from other diseases such as SLE, adrenoleukodystro-
phy, and Alzheimer disease (14 ). The differences be-
tween RRMS and controls were also observed when
intrathecal antibody production was measured with
antigen microarrays (24 ). In addition to autoantibod-
ies to myelin, RRMS was also characterized by autoan-
tibodies to heat shock proteins (HSPs) that were not
observed in PPMS or SPMS. HSPs have been linked to
inflammation and its regulation (65), and thus it is
possible that antibodies to HSPs indicate that these
proteins play a role in the control of the immune re-
sponse in MS. Indeed, aB-crystallin, a small HSP, is the
most abundant gene transcript in active MS lesions
(66 ) and has important antiinflammatory functions in
T cells and macrophages and an antiapoptotic role in
glia (67).

Antigen microarrays have also been used to mon-
itor the effects of treatment in MS. The comparison of
CSF samples from untreated patients with RRMS with
samples from patients treated with methylprednisolone
demonstrated that this antiinflammatory drug decreases
the local production of antibodies within the CNS in
RRMS patients (24). Moreover, antigen microarrays
were also used to measure antimyelin immunity during
a randomized placebo-controlled phase 2 trial de-
signed to study the effects of a DNA vaccine encoding
myelin basic protein on RRMS (68). The authors
found that immune reactivity to myelin basic protein
before the initiation of treatment was associated with a
beneficial response to treatment. Taken together, these
data indicate that antigen microarrays can be used to
monitor the response to therapy in MS patients and
potentially to identify patients that will benefit from a
specific therapy.

Lipids are also important targets of the autoim-
mune response in MS (69 ). To investigate the immune
response to lipids in MS, Kanter et al. developed mi-
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croarrays of lipids present in the myelin sheath, includ-
ing ganglioside, sulfatide, cerebroside, sphingomyelin,
and total brain lipid fractions (13). The authors de-
tected lipid-specific antibodies against sulfatide, sphin-
gomyelin, and oxidized lipids in CSF samples from pa-
tients with MS. Similarly, lipid microarrays detected
substantial reactivity of oligoclonal bands with myelin
lipids (70), an important observation because lipid-
reactive oligoclonal bands have been linked to disease
progression in MS (71 ). Lipid-specific antibodies were
also detected in serum samples from patients with MS
(14). Collectively, these studies led to the identification
of a pathogenic role for some lipids in MS. Kanter et al.
also reported that sulfatide-specific antibodies boost
disease development in a murine experimental model
of MS (13). Moreover, Farez et al. identified a signaling
pathway involving toll-like receptor 2 and poly[ADP-
ribose] polymerase 1, which is activated by lipids in
astrocytes, microglia, and infiltrating macrophages in
the CNS, promoting neurodegeneration and the accu-
mulation of clinical disability (72 ). Conversely, it has
been recently reported that some autoantibodies in MS
target a phosphate group in phosphatidylserine and
oxidized phosphatidylcholine derivatives. These lipids
ameliorated experimental MS in mice by suppressing
T-cell activation. Thus, it has been proposed that the
lipid-reactive antibodies detected in MS patients inac-
tivate these natural antiinflammatory lipids (73).
Taken together, these studies point to the importance
of antigen microarrays for the study of lipid-specific
immunity and the identification of mechanisms of dis-
ease pathogenesis.

Summary

Antigen microarrays provide a unique tool to interro-
gate the immune response in autoimmune disorders,
with important potential applications for disease man-
agement. These applications include disease diagnosis,
for the early diagnosis of individuals developing auto-
immune disorders before the onset of symptoms and
also for the identification of individuals at risk of develop-
ing a specific autoimmune disease; disease monitoring, to
stage patients and monitor disease progression and re-
sponse to therapy; and discovery of mechanisms of patho-
genesis, leading to the identification of targets for thera-
peutic intervention. In the majority of the autoimmune
diseases the immune response is extremely heteroge-
neous, i.e., the immune system in different patients tar-
gets different antigens. A corollary of this heterogeneity
is that, to improve their efficacy, antigen-specific ther-
apeutic approaches will need to be tailored to target the
autoimmune response of each individual patient. An-
tigen arrays provide an opportunity to identify the an-
tigens driving the autoimmune response in each pa-
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tient and to develop personalized antigen-specific
tolerogenic approaches, such as those based on DNA
vaccines (74—80) or nanoparticles (81 ).

Antigen microarrays also provide a new tool for
the investigation of the immune response in autoim-
mune disorders and other conditions such as allergies
(82, 83 ). Once current technical limitations are over-
come, antigen microarrays have the potential to revo-
lutionize the diagnosis, monitoring, and therapy of au-

quirements: (a) significant contributions to the conception and design,
acquisition of data, or analysis and interpretation of data; (b) drafting
or revising the article for intellectual content; and (c) final approval of
the published article.

Authors’ Disclosures or Potential Conflicts of Interest: Upon man-
uscript submission, all authors completed the author disclosure form.
Disclosures and/or potential conflicts of interest:

Employment or Leadership: F.J. Quintana, Brigham and Women’s
Hospital, Harvard Medical School.

toimmune diseases.

Consultant or Advisory Role: None declared.
Stock Ownership: None declared.

Author Contributions: All authors confirmed they have contributed to
the intellectual content of this paper and have met the following 3 re-

. Ferlin W, Glaichenhaus N, Mougneau E. Present

difficulties and future promise of MHC multimers

Honoraria: None declared.

Research Funding: None declared.

References

induced diabetes. Proc Natl Acad Sci U S A 2004;
101(Suppl 2):14615-21.

Expert Testimony: None declared.
Patents: None declared.

analyse gene expression patterns in human can-
cer. Nat Genet 1996;14:457-60.

in autoimmune exploration. Curr Opin Immunol  13. Kanter JL, Narayana S, Ho PP, Catz I, Warren KG, ~ 24. Quintana FJ, Farez MF, Izquierdo G, Lucas M,
2000;12:670-5. Sobel RA, et al. Lipid microarrays identify key Cohen IR, Weiner HL. Antigen microarrays iden-
2. Nepom GT. Tetramer analysis of human autore- mediators of autoimmune brain inflammation. tify CNS-produced autoantibodies in RRMS. Neu-
active CD4-positive T cells. Adv Immunol 2005; Nat Med 2006;12:138-43. rology 2012;78:532-9.
88:51-71. 14. Quintana FJ, Farez MF, Viglietta V, Iglesias AH,  25. Li QZ, Xie C, Wu T, Mackay M, Aranow C, Put-
3. Martin F, Chan AC. Pathogenic roles of B cells in Merbl Y, Izquierdo G, et al. Antigen microarrays terman C, Mohan C. Identification of autoanti-
human autoimmunity; insights from the clinic. identify unique serum autoantibody signatures in body clusters that best predict lupus disease ac-
Immunity 2004;20:517-27. clinical and pathologic subtypes of multiple scle- tivity using glomerular proteome arrays. J Clin
4. Pillai S, Mattoo H, Cariappa A. B cells and auto- rosis. Proc Natl Acad Sci U S A 2008;105:18889— Invest 2005;115:3428-39.
immunity. Curr Opin Immunol 2011;23:721-31. 94. 26. Hueber W, Tomooka BH, Zhao X, Kidd BA, Drijf-
5. Robinson WH, Steinman L, Utz PJ. Protein arrays  15. Liang X, Teng A, Braun DM, Felgner J, Wang Y, hout JW, Fries JF, et al. Proteomic analysis of
for autoantibody profiling and fine-specificity Baker SI, et al. Transcriptionally active polymer- secreted proteins in early rheumatoid arthritis:
mapping. Proteomics 2003;3:2077-84. ase chain reaction (TAP): high throughput gene anti-citrulline autoreactivity is associated with up
6. Wucherpfennig KW, Catz |, Hausmann S, expression using genome sequence data. J Biol requlation of proinflammatory cytokines. Ann
Strominger JL, Steinman L, Warren KG. Recogni- Chem 2002;277:3593-8. Rheum Dis 2007;66:712-9.
tion of the immunodominant myelin basic protein ~ 16. Eyles JE, Unal B, Hartley MG, Newstead SL, Flick-  27. Quintana FJ, Getz G, Hed G, Domany E, Cohen IR.
peptide by autoantibodies and HLA-DR2- Smith H, Prior JL, et al. Inmunodominant Franci- Cluster analysis of human autoantibody reactivi-
restricted T cell clones from multiple sclerosis sella tularensis antigens identified using pro- ties in health and in type 1 diabetes mellitus: a
patients. Identity of key contact residues in the teome microarray. Proteomics 2007;7:2172-83. bio-informatic approach to immune complexity. J
B-cell and T-cell epitopes. J Clin Invest 1997;100: ~ 17. Nuti DE, Crump RB, Dwi Handayani F, Chantratita Autoimmun 2003;21:65-75.
1114-22. N, Peacock SJ, Bowen R, et al. Identification of  28. Sanz ML, Blazquez AB, Garcia BE. Microarray of
7. Dalmau J, Furneaux HM, Gralla RJ, Kris MG, circulating bacterial antigens by in vivo microbial allergenic component-based diagnosis in food al-
Posner JB. Detection of the anti-Hu antibody in antigen discovery. MBio 2011;2:00136-11. lergy. Curr Opin Allergy Clin Immunol 2011;11:
the serum of patients with small cell lung 18. Trieu A, Kayala MA, Burk C, Molina DM, Freilich 204-9.
cancer—a quantitative western blot analysis. Ann DA, Richie TL, et al. Sterile protective immunity to  29. Gaudin JC, Rabesona H, Choiset Y, Yeretssian G,
Neurol 1990;27:544-52. malaria is associated with a panel of novel P. Chobert JM, Sakanyan V, et al. Assessment of the
8. Fesel C, Coutinho A. Dynamics of serum IgM falciparum antigens. Mol Cell Proteomics 2011; immunoglobulin E-mediated immune response to
autoreactive repertoires following immunization: 10:M111.007948. milk-specific proteins in allergic patients using
strain specificity, inheritance and association with ~ 19. Larman HB, Zhao Z, Laserson U, Li MZ, Ciccia A, microarrays. Clin Exp Allergy 2008;38:686-93.
autoimmune disease susceptibility. Eur J Immunol Gakidis MA, et al. Autoantigen discovery with a  30. Merbl Y, Itzchak R, Vider-Shalit T, Louzoun Y,
1998;28:3616-29. synthetic human peptidome. Nat Biotechnol Quintana FJ, Vadai E, et al. A systems immunol-
9. Mendoza LG, McQuary P, Mongan A, Gangadha- 2011;29:535-41. ogy approach to the host-tumor interaction:
ran R, Brignac S, Eggers M. High-throughput 20. Reddy MM, Wilson R, Wilson J, Connell S, Gocke large-scale patterns of natural autoantibodies
microarray-based enzyme-linked immunosorbent A, Hynan L, et al. Identification of candidate 1gG distinguish healthy and tumor-bearing mice. PLoS
assay (ELISA). Biotechniques 1999;27:778-80, biomarkers for Alzheimer's disease via combina- One 2009;4:€6053.
82-6, 88. torial library screening. Cell 2011;144:132-42. 31. Blixt O, Bueti D, Burford B, Allen D, Julien S,
10. MacBeath G, Schreiber SL. Printing proteins as  21. Larkin JE, Frank BC, Gavras H, Sultana R, Quack- Hollingsworth M, et al. Autoantibodies to aber-
microarrays for high-throughput function deter- enbush J. Independence and reproducibility rantly glycosylated MUC1 in early stage breast
mination. Science 2000;289:1760-3. across microarray platforms. Nature Methods cancer are associated with a better prognosis.
11. Robinson WH, DiGennaro C, Hueber W, Haab BB, 2005;2:337-44. Breast Cancer Res 2011;13:R25.
Kamachi M, Dean EJ, et al. Autoantigen microar-  22. Shi L, Reid LH, Jones WD, Shippy R, Warrington ~ 32. Neuman de Vegvar HE, Amara RR, Steinman L,
rays for multiplex characterization of autoanti- JA, Baker SC, et al. The Microarray Quality Con- Utz PJ, Robinson HL, Robinson WH. Microarray
body responses. Nat Med 2002;8:295-301. trol (MAQQC) project shows inter- and intraplat- profiling of antibody responses against simian-
12. Quintana FJ, Hagedorn PH, Elizur G, Merbl Y, form reproducibility of gene expression measure- human immunodeficiency virus: postchallenge
Domany E, Cohen IR. Functional immunomics: ments. Nature Biotechnology 2006;24:1151-61. convergence of reactivities independent of host
microarray analysis of IgG autoantibody reper-  23. DeRisi J, Penland L, Brown PO, Bittner ML, Melt- histocompatibility type and vaccine regimen. J Vi-

toires predicts the future response of mice to

zer PS, Ray M, et al. Use of a cDNA microarray to

rol 2003;77:11125-38.

Clinical Chemistry 59:7 (2013) 7



33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ferreira RB, Finlay BB. Identifying an immune
signature against invasive salmonella. Proc Natl
Acad Sci U S A 2012;109:4721-2.

Ermann J, Fathman CG. Autoimmune diseases:
genes, bugs and failed regulation. Nat Immunol
2001;2:759-61.

Lehuen A, Diana J, Zaccone P, Cooke A. Immune
cell crosstalk in type 1 diabetes. Nat Rev Immunol
2010;10:501-13.

Bingley PJ. Clinical applications of diabetes anti-
body testing. J Clin Endocrinol Metab 2010;95:
25-33.

Nanto-Salonen K, Kupila A, Simell S, Siljander H,
Salonsaari T, Hekkala A, et al. Nasal insulin to
prevent type 1 diabetes in children with HLA
genotypes and autoantibodies conferring in-
creased risk of disease: a double-blind, ran-
domised controlled trial. Lancet 2008;372:1746—
55.

Goldschmidt Y, Sharon E, Quintana FJ, Cohen IR,
Brandt A. Adaptive methods for classification of
biological microarray data from multiple experi-
ments. Technical Report MCS03-071-18. Re-
hovot, Israel: The Arthur and Rochelle Belfer In-
stitute of Mathematics and Computer Science;
2003. http://www.wisdom.weizmann.ac.il/~achi/
tr03-07.pdf (Accessed March 2013).

Quintana FJ, Cohen IR. Autoantibody patterns in
diabetes-prone NOD mice and in standard
C57Bl/6 mice. J Autoimmun 2001;17:191-7.

Liu Z, Davidson A. Taming lupus-a new under-
standing of pathogenesis is leading to clinical
advances. Nat Med 2012;18:871-82.

Sherer Y, Gorstein A, Fritzler MJ, Shoenfeld Y.
Autoantibody explosion in  systemic lupus
erythematosus: more than 100 different antibod-
ies found in SLE patients. Semin Arthritis Rheum
2004;34:501-37.

Budhai L, Oh K, Davidson A. An in vitro assay for
detection of glomerular binding 1gG autoantibod-
ies in patients with systemic lupus erythemato-
sus. J Clin Invest 1996;98:1585-93.

Bernstein KA, Valerio RD, Lefkowith JB. Glo-
merular binding activity in MRL lpr serum con-
sists of antibodies that bind to a DNA/histone/
type IV collagen complex. J Immunol 1995;154:
2424-33.

Liang Z, Xie C, Chen C, Kreska D, Hsu K, Li L, et
al. Pathogenic profiles and molecular signatures
of antinuclear autoantibodies rescued from
NZM2410 lupus mice. J Exp Med 2004;199:381—
98.

Hueber W, Robinson WH. Proteomic biomarkers
for autoimmune disease. Proteomics 2006;6:
4100-5.

Li QZ, Zhou J, Wandstrat AE, Carr-Johnson F,
Branch V, Karp DR, et al. Protein array autoanti-
body profiles for insights into systemic lupus er-
ythematosus and incomplete lupus syndromes.
Clin Exp Immunol 2007;147:60-70.

Li QZ, Zhou J, Lian Y, Zhang B, Branch VK,
Carr-Johnson F, et al. Interferon signature gene
expression is correlated with autoantibody pro-
files in patients with incomplete lupus syn-
dromes. Clin Exp Immunol 2010;159:281-91.
Firestein GS. Evolving concepts of rheumatoid
arthritis. Nature 2003;423:356-61.

Lee DM, Schur PH. Clinical utility of the anti-CCP
assay in patients with rheumatic diseases. Ann
Rheum Dis 2003;62:870-4.

Clinical Chemistry 59:7 (2013)

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Prokunina L, Padyukov L, Bennet A, de Faire U,
Wiman B, Prince J, et al. Association of the
PD-1.3A allele of the PDCD1 gene in patients
with rheumatoid arthritis negative for rheumatoid
factor and the shared epitope. Arthritis Rheum
2004;50:1770-3.

Potter C, Hyrich KL, Tracey A, Lunt M, Plant D,
Symmons DP, et al. Association of rheumatoid
factor and anti-cyclic citrullinated peptide positiv-
ity, but not carriage of shared epitope or PTPN22
susceptibility variants, with anti-tumour necrosis
factor response in rheumatoid arthritis. Ann
Rheum Dis 2009;68:69-74.

Bizzaro N, Mazzanti G, Tonutti E, Villalta D, Toz-
zoli R. Diagnostic accuracy of the anti-citrulline
antibody assay for rheumatoid arthritis. Clin
Chem 2001;47:1089-93.

Chandra PE, Sokolove J, Hipp BG, Lindstrom
TM, Elder JT, Reveille JD, et al. Novel multiplex
technology for diagnostic characterization of
rheumatoid arthritis. Arthritis Res Ther 2011;
13:R102.

Hueber W, Kidd BA, Tomooka BH, Lee BJ, Bruce
B, Fries JF, et al. Antigen microarray profiling of
autoantibodies in rheumatoid arthritis. Arthritis
Rheum 2005;52:2645-55.

Zhao X, Okeke NL, Sharpe O, Batliwalla FM, Lee
AT, Ho PP, et al. Circulating immune complexes
contain citrullinated fibrinogen in rheumatoid ar-
thritis. Arthritis Res Ther 2008;10:R94.

Hueber W, Tomooka BH, Batliwalla F, Li W,
Monach PA, Tibshirani RJ, et al. Blood autoanti-
body and cytokine profiles predict response to
anti-tumor necrosis factor therapy in rheumatoid
arthritis. Arthritis Res Ther 2009;11:R76.

Kidd BA, Ho PP, Sharpe O, Zhao X, Tomooka BH,
Kanter JL, et al. Epitope spreading to citrullinated
antigens in mouse models of autoimmune arthri-
tis and demyelination. Arthritis Res Ther 2008;10:
R119.

Hill JA, Bell DA, Brintnell W, Yue D, Wehrli B,
Jevnikar AM, et al. Arthritis induced by posttrans-
lationally modified (citrullinated) fibrinogen in
DR4-IE transgenic mice. J Exp Med 2008;205:
967-79.

McFarland HF, Martin R. Multiple sclerosis: a
complicated picture of autoimmunity. Nat Immu-
nol 2007;8:913-9.

Compston A, Coles A. Multiple sclerosis. Lancet
2008;372:1502-17.

Lucchinetti C, Bruck W, Parisi J, Scheithauer B,
Rodriguez M, Lassmann H. Heterogeneity of mul-
tiple sclerosis lesions: implications for the patho-
genesis of demyelination. Ann Neurol 2000;47:
707-17.

Lucchinetti CF, Bruck W, Lassmann H. Evidence
for pathogenic heterogeneity in multiple sclero-
sis. Ann Neurol 2004;56:308.

Rovaris M, Confavreux C, Furlan R, Kappos L,
Comi G, Filippi M. Secondary progressive multiple
sclerosis: current knowledge and future chal-
lenges. Lancet Neurol 2006;5:343-54.

Weiner HL. A shift from adaptive to innate
immunity: a potential mechanism of disease pro-
gression in multiple sclerosis. J Neurol 2008;
255(Suppl 1):3-11.

Quintana FJ, Cohen IR. The HSP60 immune sys-
tem network. Trends Immunol 2011;32:89-95.
Chabas D, Baranzini SE, Mitchell D, Bernard CC,
Rittling SR, Denhardt DT, et al. The influence of

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

the proinflammatory cytokine, osteopontin, on
autoimmune demyelinating disease. Science
2001;294:1731-5.

Ousman SS, Tomooka BH, van Noort JM,
Wawrousek EF, O'Conner K, Hafler DA, et al.
Protective and therapeutic role for alphaB-
crystallin in autoimmune demyelination. Nature
2007;448:474-9.

Garren H, Robinson WH, Krasulova E, Havrdova
E, Nadj C, Selmaj K, et al. Phase 2 trial of a
DNA vaccine encoding myelin basic protein for
multiple sclerosis. Ann Neurology 2008;63:
611-20.

Quintana FJ, Yeste A, Weiner HL, Covacu R. Lipids
and lipid-reactive antibodies as biomarkers for
multiple sclerosis. J Neuroimmunol 2012;248:
53-7.

Brennan KM, Galban-Horcajo F, Rinaldi S, O’Leary
CP, Goodyear CS, Kalna G, et al. Lipid arrays
identify myelin-derived lipids and lipid complexes
as prominent targets for oligoclonal band anti-
bodies in multiple sclerosis. J Neuroimmunol
2011;238:87-95.

Villar LM. Intrathecal synthesis of oligoclonal IgM
against myelin lipids predicts an aggressive dis-
ease course in MS. J Clin Invest 2005;115:187—
94.

Farez MF, Quintana FJ, Gandhi R, Izquierdo G,
Lucas M, Weiner HL. Toll-like receptor 2 and
poly(ADP-ribose) polymerase 1 promote central
nervous system neuroinflammation in progressive
EAE. Nat Immunol 2009;10:958-64.

Ho PP, Kanter JL, Johnson AM, Srinagesh HK,
Chang EJ, Purdy TM, et al. Identification of nat-
urally occurring fatty acids of the myelin sheath
that resolve neuroinflammation. Sci Transl Med
2012;4:137ra73.

Solvason N, Lou YP, Peters W, Evans E, Martinez
J, Ramirez U, et al. Improved efficacy of a toler-
izing DNA vaccine for reversal of hyperglycemia
through enhancement of gene expression and
localization to intracellular sites. J Immunol 2008;
181:8298-307.

Quintana FJ, Carmi P, Mor F, Cohen IR. Inhibition
of adjuvant-induced arthritis by DNA vaccination
with the 70-kd or the 90-kd human heat-shock
protein: immune cross-regulation with the 60-kd
heat-shock protein. Arthritis Rheum 2004;50:
3712-20.

Robinson WH, Fontoura P, Lee BJ, de Vegvar HE,
Tom J, Pedotti R, et al. Protein microarrays guide
tolerizing DNA vaccine treatment of autoimmune
encephalomyelitis. Nat Biotechnol 2003;21:
1033-9.

Quintana FJ, Carmi P, Cohen IR. DNA vaccination
with  heat shock protein 60 inhibits
cyclophosphamide-accelerated diabetes. J Immu-
nol 2002;169:6030-5.

Quintana FJ, Rotem A, Carmi P, Cohen IR. Vac-
cination with empty plasmid DNA or CpG oligo-
nucleotide inhibits diabetes in nonobese diabetic
mice: modulation of spontaneous 60-kDa heat
shock protein autoimmunity. J Immunol 2000;
165:6148-55.

Quintana FJ, Carmi P, Mor F, Cohen IR. Inhibition
of adjuvant arthritis by a DNA vaccine encoding
human heat shock protein 60. J Immunol 2002;
169:3422-8.

Quintana FJ, Carmi P, Mor F, Cohen IR. DNA
fragments of the human 60-kDa heat shock pro-


http://www.wisdom.weizmann.ac.il/∼achi/tr03–07.pdf
http://www.wisdom.weizmann.ac.il/∼achi/tr03–07.pdf

Antigen Microarrays for the Study of Autoimmunity

81.

tein (HSP60) vaccinate against adjuvant arthritis:
identification of a regulatory HSP60 peptide. J Im-
munol 2003;171:3533-41.

Yeste A, Nadeau M, Burns EJ, Weiner HL, Quin-
tana FJ. Nanoparticle-mediated codelivery of my-
elin antigen and a tolerogenic small molecule

82.

suppresses experimental autoimmune encephalo-
myelitis. Proc Natl Acad Sci U S A 2012;109:
11270-5.

Ott H, Baron JM, Heise R, Ocklenburg C, Stanzel
S, Merk HF, et al. Clinical usefulness of
microarray-based IgE detection in children with

83.

suspected food allergy. Allergy 2008;63:1521-8.
Bacarese-Hamilton T, Mezzasoma L, Ingham C,
Ardizzoni A, Rossi R, Bistoni F, Crisanti A. Detec-
tion of allergen-specific IgE on microarrays by use
of signal amplification techniques. Clin Chem
2002;48:1367-70.

Clinical Chemistry 59:7 (2013) 9



