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ABSTRACT
Molecular cloning, sequencing of the human genome, and other major
advances in biomedical research have contributed substantially to our understanding of autoimmune disease. Nevertheless, to date, such advances have
failed to reveal the etiology of or yield curative therapies for autoimmune disease. New approaches are needed. Proteomics, the large-scale study of expression and function of proteins that compose our tissues and mediate disease,
represents a powerful and promising strategy. We developed protein and peptide arrays to profile autoantibody responses in autoimmune disease. Protein
and peptide array analysis of autoimmune samples is revealing human and
pathogen proteins involved in initiation and perpetuation of autoimmunity.
Proteomic determination of autoantibody profiles can be utilized for diagnosis, prognostication, and guiding tolerizing therapy for autoimmune disease.

INTRODUCTION
Despite major advances in the biomedical sciences over the
past three decades, including development of molecular biology
techniques and sequencing of the human genome, autoimmune
disease remains an enigma. Sequencing of the human genome
revealed 30 000 genes, estimated to encode 300 000 polypeptides with distinct functional properties (32). These 300 000
polypeptides, along with lipids and carbohydrates, compose our
cells and tissues. Aberrant expression or function of one or more
of these 300 000 proteins can result in disease. The large-scale
study of the expression and function of these proteins is termed
proteomics (21), and proteomics offers the potential to identify
and characterize functional aberrancies in proteins associated
with autoimmunity and other diseases.
Autoimmune diseases, including rheumatoid arthritis (RA),
multiple sclerosis (MS), and autoimmune diabetes (insulin-dependent diabetes mellitus [IDDM]), affect 3% of the population
of the industrialized world (12). Despite significant research efforts, the etiology of and self-molecules targeted in the vast majority of autoimmune diseases remain poorly understood. For example, although Grave’s disease and myasthenia gravis are known to
target the thyroid hormone receptor and acetylcholine receptor,
respectively, the targets of the autoimmune responses in inflammatory bowel disease and psoriasis are unknown. Autoimmunity
is believed to arise in genetically predisposed individuals following
exposure to environmental triggers (28). Proteomics technologies
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enable large-scale characterization of immune responses against
pathogens and self-proteins and represent a powerful and promising strategy to identify pathogens and self-proteins involved in the
initiation and progression of autoimmune disease (23). Knowledge of initiating pathogens could lead to more aggressive treatment of or vaccination against causative infectious agents. Knowledge of autoimmune self-protein targets would better enable
development of antigen-specific tolerizing therapies (24,25).
We have developed protein and peptide arrays, termed antigen arrays, to profile antibody responses against foreign and selfproteins in autoimmune diseases (23). This review will discuss
the clinical applications of autoantibody profiling, including the
use of such profiles in diagnosis, prognostication, and tailoring
antigen-specific therapy.
SHORTCOMINGS OF TRANSCRIPTIONAL
PROFILING
Several studies culled genes encoding proteins with pathophysiologic and therapeutic relevance from DNA microarray
analysis of tissue derived from autoimmune lesions (6,17). Nevertheless, mRNA transcipt profiling has important limitations
and will likely prove insufficient to unravel the etiology of, and to
develop next-generation therapeutics for, autoimmune disease. A
growing number of studies suggest that relatively frequent discordance exists between mRNA and protein expression (5,11,16,
26). As outlined in Table 1, in the study of autoimmune disease,
RNA transcript profiling of certain genes is not informative with
regard to net protein expression, protein function, and/or the
specificity of antigen receptors. Proteomics, which is the direct
study of the expression and function of proteins encoded by these
RNA transcripts, circumvents many of the limitations of RNA
transcript profiling and will likely provide critical insights into the
mechanisms of autoimmune disease in the postgenomics era.
AUTOANTIBODIES AS SURROGATES FOR
THE SPECIFICITY OF T CELL-MEDIATED
AUTOIMMUNE DISEASES
Studying the specificity of autoimmune responses poses
unique challenges. Autoreactive T and B lymphocytes, which are

Table 1. Immunology Questions Not Adequately Addressed by Transcriptional Profiling
Question

Examples

Protein expression

Expression of tumor necrosis factor (TNF)-α protein, a driver of autoimmune tissue injury
in RA and MS, is regulated posttranscriptionally by 3′ untranslated region AU-rich
sequences (15).
Polyadenylation signal sequences frequently regulate protein expression
posttranscriptionally (10).
Certain polypeptides with diametric functions, such as bcl-xS and bcl-xL (13), arise from
alternative splicing of common RNA transcripts.
T and B lymphocyte activation are exquisitely regulated by phosphorylation and
dephosphorylation of the antigen receptor-associated signaling complexes.
Autoreactive T and B cells exist in heterogenous populations at frequencies of less than
1:10 000 (2,27), making transcriptional profiling of T cell receptor and autoantibody gene
usage uninformative.

Alternatively spliced mRNAs
Posttranslational modifications
Antigen receptor expression
and specificity

the cells that provide specificity to autoimmune responses, exist in
detected in serum, synovial fluid, and/or cerebral spinal fluid
heterogenous populations at frequencies of less than 1:10 000
(CSF), thus greatly facilitating characterization of the specificity
lymphocytes (2,27). Autoimmune responses are coordinated by
of autoreactive B cell responses.
autoreactive CD4+ helper T cells; nevertheless, large-scale characterization of T cell specificity is currently not feasible. T cell proliferation assays require relatively large numbers of T cells, thereby
PROTEOMIC TECHNOLOGIES FOR
severely limiting the performance of multiplex assays. Production
AUTOANTIBODY PROFILING
of major histocompatability complex (MHC)-peptide reagents
(1), which enable direct identification of T cells of certain speciA variety of miniaturized proteomic technologies are
ficities using flow cytometry, is cumbersome, due to: (i) the need
amenable to profiling autoantibody responses. These include: (i)
to optimize the conditions to achieve proper folding of the MHC
arrays of living cells expressing transformed or transfected
molecule with each peptide; and (ii)
the instability of the resulting complexes. Thus, it is not currently possible to perform multiplex analysis
of autoreactive T cell specificities.
We hypothesize that, due to the
reciprocal nature of T and B cell activation, the specificity of autoreactive B cell responses can be used as a
surrogate for the specificity of the
overall autoimmune response in T
cell-mediated autoimmune diseases
(Figure 1). B cells are professional
antigen-presenting cells (APCs),
and through their cell surface immunoglobulin they bind, endocytose, process, and present to T cells
linear peptide fragments complexed
to class II MHC on their cell surface. Because an individual B cell is
only able to bind to antigens that its
rearranged immunoglobulin recog- Figure 1. Autoantibodies as surrogates for the specificity of the autoimmune response in T cell-mediated autoimmune
In T cell-mediated autoimmune diseases, including MS, IDDM, and RA, helper T cells coordinate and drive
nizes, each B cell is only capable of diseases.
autoimmune responses to attack the target organ or tissue. Autoreactive T cells express T cell receptors (TCRs) specific
activating and receiving activating for linear peptide epitopes proteolytically derived from proteins present in the organ or tissue under autoimmune attack.
signals from helper T cells express- These autoreactive helper T cells reciprocally activate B cells that produce autoantibodies specific for epitopes on the
ing a T cell receptor specific for a same macromolecular complex, but typically not the exact same epitopes, as those recognized by the autoreactive T cells.
peptide epitope derived from that Based on the specificity of their immunoglobulin molecules encoded by their rearranged immunoglobulin genes, B cells
bind, internalize, proteolytically process, and present to T cells the peptides derived from macromolecular antigens,
macromolecular antigen (Figure 1). which are recognized by their immunoglobulin. This results in reciprocal activation of T and B cell responses directed
Autoreactive B cells secrete high- against epitopes on the same macromolecular complex, enabling analysis of the specificity of the autoantibody responses
affinity autoantibodies that can be as a surrogate for the specificity of T cell-driven autoimmune responses at the macromolecular level.
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cDNA (30,36); (ii) arrays of addressable tags, beads or nanoparticles (8,20); (iii) microfluidics approaches (7); and (iv) arrays of
proteins and peptides on planar surfaces (15,18,23,34).
We modified the protocols of Haab et al. (9) and MacBeath
and Schreiber (19) to develop planar antigen arrays to profile
autoantibody responses (23). We employ widely available robotic arrayers to deposit peptides, proteins, nucleic acids, and protein complexes in ordered arrays on derivatized microscope
slides. Detailed protocols are presented in our paper (22) and at
http://www.stanford.edu/groups/antigenarrays.
In systemic lupus erythematosus (SLE), posttranslational
modifications, including cleavage and phosphorylation, may
play a critical role in the initiation of autoantibody formation
and autoimmunity (4,31). An important advantage of our antigen array format is the ability to detect autoantibody responses
directed against posttranslational modifications within antigens.
Several groups are developing arrays of polypeptides derived
from cDNA expression libraries (3,18) and tissue fractions to attempt to discover the targets of autoimmune responses. In one
approach, His-tagged proteins are expressed in bacteria, purified
using nickel chromatography, and attached to polyvinylidene
diflouride membranes for probing with autoimmune sera. This
approach is being applied to study the specificity of the autoantibody response in Crohn’s Disease and ulcerative colitis (34). In
another approach, tissue targets of autoimmune responses are
fractionated on columns, following which individual fractions
are arrayed in an addressable format. Fractions containing autoimmune-specific reactivity are then further analyzed to identify the reactive polypeptide(s).
We refer readers interested in detailed descriptions of the types
of proteomics technologies amenable to autoantibody profiling to
several recent reviews we published on this subject (10,25).

spectra of proteins and peptides derived from organs under autoimmune attack in different diseases. For example, connective
tissue disease arrays contain a spectrum of nuclear and cellular
antigens to study autoimmune rheumatic disease (23), synovial
proteome arrays are composed of proteins and peptides derived
from synovial joints that represent putative autoantigens in RA
(10), myelin proteome arrays include myelin peptides and proteins to characterize the autoantibody response in MS (24), and
islet cell proteome arrays include known pancreatic islet-derived
antigens to analyze responses in IDDM.
AUTOANTIBODY PROFILING FOR DIAGNOSIS
AND PROGNOSTICATION
For certain human autoimmune diseases, detection of profiles of autoantibodies provides diagnostic and prognostic utility.
Detection of combinations of serum autoantibodies specific for
insulin, glutamic acid decarboxylase, or the tyrosine phosphatase-like protein IA-2 are diagnostic of or prognostic for future development of IDDM (22). Detection of autoantibodies
specific for nuclear antigens in combination with autoantibodies
specific for the nuclear antigen Sm or DNA are highly specific
for SLE (33). The diversity and epitope spreading of the autoantibody response in humans predicts subsequent development of
SLE (13). It is likely that multiple additional human autoimmune diseases will have profiles of autoantibody reactivities that
are diagnostic and prognostic. Antigen arrays and other proteomic technologies will facilitate identification of such profiles,
including profiles that could be orders of magnitude more complicated than those currently described for IDDM and SLE.
PROTEOMICS TO TAILOR TOLERIZING THERAPY

LINEAR VERSUS CONFORMATIONAL
B CELL EPITOPES
In certain autoimmune diseases, including IDDM and stiff
man syndrome, autoantibody responses target conformational
epitopes formed through tertiary protein structures (29). For
IDDM, fluid-phase assays, which detect autoantibodies specific
for conformational epitopes, demonstrated greater sensitivity
and specificity than nonfluid-phase assays (22). In other autoimmune diseases, including MS, the autoantibody targeting
of linear epitopes has been described (35). Although debate surrounds the relevance of autoantibodies directed against linear
epitopes, antigen arrays enable simultaneous profiling of autoantibodies specific for both conformational epitopes contained in recombinant proteins as well as linear eptiopes represented by peptides. Antigen array analysis of sera derived from
cohorts of autoimmune patients will further clarify the relevance
and clinical value of detection of autoantibodies specific for
both linear and conformational epitopes.
SPECIALIZED PROTEOMES TO STUDY
AUTOIMMUNE DISEASES
We are developing specialized proteome arrays that contain
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We are using proteomically determined autoantibody profiles to guide development and selection of antigen-specific tolerizing therapies (24). Such antigen-specific therapies include
conventional protein- and peptide-based tolerizing therapies, as
well as genetic tolerizing vaccines. We termed the use of arraydetermined autoantibody specificities to develop and select
DNA tolerizing vaccines “reverse genomics” (24). We are also
applying antigen arrays to follow the response to tolerizing therapy, and we observe reductions in the diversity of autoantibody
responses in animals receiving efficacious tolerizing therapy.
CONCLUSION
Proteomic profiling of autoantibody responses has the potential to determine the specificity of autoimmune responses in individuals and cohorts of patients. In an analogous fashion to the
use of skin-test antigens injected intradermally in an array format on patients’ backs in an allergy clinic to select desensitization therapy, proteomics technologies could be applied to tailor
antigen-specific therapies to treat individuals and cohorts of patients with autoimmune disease. Proteomics technologies could
also be used to select patients to receive a specific tolerizing therapy or to monitor responses to tolerizing therapy.
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