
NATURE|Vol 435|2 June 2005|doi:10.1038/nature03726 INSIGHT REVIEW

605

An array of possibilities for the study 
of autoimmunity
C. Garrison Fathman1, Luis Soares1,2, Steven M. Chan1 & Paul J. Utz1

Since the completion of the sequencing of the human genome, scientific focus has shifted from studying
genes to analysing the much larger number of proteins encoded by them. Several proteins can be generated
from a single gene depending on how the genetic information is read (transcribed) and how the resultant
protein is modified following translation (post-translational modification). Genomic and proteomic
technologies are already providing useful information about autoimmune disease, and they are likely 
to lead to important discoveries within the next decade.

Through recently developed technology we can analyse protein
expression and use the information gained to complement the gene-
expression findings. 

These two major investigational approaches, genomic and pro-
teomic, have great potential to shed light on the molecular basis of
autoimmune disease in a genetically diverse population. New tech-
niques are likely to markedly accelerate the rate of discovery and
characterization of disease-specific genetic and metabolic pathways,
and will lead eventually to the development of individualized thera-
pies that take into account markers of disease predisposition and ther-
apeutic response. This review focuses on the main technologies that
are being applied to dissect the genome and proteome in autoimmu-
nity. Emphasis is placed on emerging techniques, and the controver-
sial aspects of genomics and proteomics research are discussed.

Genomics and autoimmunity
Traditional methods of differential cloning have been employed suc-
cessfully to isolate unique genes associated with disease. But these
techniques have limited use in the study of multigenic diseases such
as autoimmunity. Complementary DNA (cDNA) microarrays, with
their ability to determine the expression pattern of thousands of genes
simultaneously and to obtain molecular signatures of the state of
activity of a cell, are better suited to such studies. It is generally recog-
nized that expression of several genes is coordinated both spatially
and temporally and that this coordination changes during the devel-
opment and progression of disease. Microarray analysis should 
provide valuable information on disease pathology, progression,
response to treatment and overall cellular microenvironments and
should also lead to improved, timely diagnosis and novel therapeutic
approaches for autoimmune diseases. The genetic datasets obtained,
however, are usually highly complex, and the assignment of biologi-
cal function to the new genes requires other biological methods, such
as proteomic analysis, before genetic products can be placed in func-
tional classes or attributed precise roles in cellular pathways.

With the aid of high-throughput sequencing and associated 
bioinformatic resources, complete sequences of entire genomes,
including the human genome (for example, www.ncbi.nlm.nih.gov/
entrez/query.fcgi?db=Genome or www.ensembl.org), are now 
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Figure 1 | Requirements for the development of autoimmune disease. The
environment can trigger autoimmunity in genetically predisposed
individuals under conditions of immune dysregulation.

Autoimmune diseases result from three interacting components:
genetic, environmental and regulatory1 (Fig. 1). Autoimmunity is
caused by a complex interaction of multiple gene products, unlike
immunodeficiency diseases, where a single dominant genetic trait is
often the main disease determinant2. High-throughput analysis can
tell us which genes are turned on or off in different tissues from
patients with autoimmune disease or in cells following different stim-
uli, but analysis of messenger RNA (mRNA) expression alone is insuf-
ficient to determine whether the proteins encoded are synthesized.
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available in an organized form within public databases. Concomitant
with the development of these new resources, several methods of com-
parative gene expression have been created to take advantage of the
newly available genomic information. Classic quantitative approaches
such as northern blotting and RNase protection assays, for which a
priori sequence information is required, have been essential tools. The
recent development of investigational tools such as differential display,
serial analysis of gene expression (SAGE)3 and DNA microarrays4 will
enable the investigation of differences in gene-expression patterns that
will increase our understanding of autoimmune disease pathogenesis
and the construction of disease-specific ‘molecular fingerprinting’
models. When coupled to functional proteomics, these methods gain
a second necessary biological dimension as the consequences of
altered gene expression can be closely evaluated.

cDNA microarray technology
Microarrays come in two basic varieties: arrays where longer DNA
fragments are printed onto a solid support, and arrays where short
oligonucleotides are synthesized in situ. The basic concept of data
generation is the same: mRNA is reverse-transcribed into cDNA,
labelled with a fluorescent dye and hybridized to the array. After
washing away any unbound sample, the array is scanned. The fluo-
rescent intensities at a specific spot representing an individual gene
directly correlate with the abundance of this gene in the sample. Sev-
eral methods and software tools have been developed to handle the
large volumes of data generated in microarray experiments5. At the
simplest level, two samples are compared for differentially expressed
genes by calculating the ratios between their fluorescent signals.
SAM (significance analysis of microarrays) and other statistical pro-
grams allow sophisticated comparison of samples, including assign-
ment of statistical significances to observed differences in gene
expression6. Another technique is hierarchical clustering, which uses
standard mathematical algorithms to cluster genes with a similar
expression pattern across all samples (for example, a time-course
experiment) into a dendrogram, where increasing distance between
branches reflects increasing dissimilarity of gene-expression pat-
terns7. This method was used to analyse the response of human
fibroblasts (cells thought to play a critical role in autoimmune dis-
eases such as scleroderma8) to serum. The most striking finding was
the coordinated regulation of expression of genes whose products act
at different steps in a common process, such as cell-cycle coordina-
tion and proliferation. This suggests that unknown genes within
these clusters have a related function. These interrelated gene prod-
ucts, acting together, are called an ‘interactome’ (see below).

Drawbacks of cDNA microarray technology
Unfortunately, cDNA microarray analysis is in its infancy for the
study of autoimmune diseases. Although many reports have
described the use of commercial microarrays, all of the current stud-
ies are plagued with incomplete and potentially misleading data sets.
Despite this, several important observations have been reported.
Many of the difficulties stem from the use, in current commercial
microarrays, of small oligonucleotides that generally correspond to a
single exon of a ‘gene’. Thus investigators are generally looking at ‘the
ends of genes’. Yet the human and mouse genomes are composed of
many segments of coding sequence (exons), interspersed with non-
coding segments (introns). A recent genome-wide study of human
splicing events demonstrated that at least 74% of human multi-exon
genes are alternatively spliced9. 

Another problem is that alternative splicing varies depending on
the circumstance. For example, under conditions of inflammatory
stress, unique isoforms (splice variants) are the rule10. Non-canonical
alternative splicing may be an important mechanism for the genera-
tion of epitopes to which the immune system is not tolerant, which
may lead to autoimmune responses. Current microarray platforms for
mammalian gene expression do not allow the identification of splice
variants; analyses of many datasets may classify a ‘gene’ as upregulated

when it may in fact be a splice variant, expressing the exon defined by
the oligonucleotide, but having actions that may not reflect the ‘gene’
that was intended. For example, microarray analysis may indicate that
the expression of the gene encoding Otubain-1 is upregulated, as all of
its potential 13 variants, which have different (and some opposing)
functions, share the same exon defined by the microarray probe11. To
overcome this potential for misleading data interpretation, several
groups have developed exon-specific arrays and arrays composed 
of whole-nucleotide sequences to obtain true representation of alter-
native splicing9,12.

Successful adaptation of cDNA microarray analysis to disease
Global patterns of gene expression can be monitored during disease
progression and after clinical intervention. cDNA microarray tech-
nology has been successfully used in the clinical setting to study dis-
ease biology, especially cancer and autoimmune diseases13–22. Golub
and colleagues reported that mRNA-transcript profiles for
leukaemia cells could be divided into acute myeloid and acute lym-
phoblastic subtypes without prior knowledge21. Alizadeh and col-
leagues identified distinct signature profiles in diffuse large B-cell
lymphomas that correlated with the disease profile22. The Steinman
laboratory has used microarray technology for large-scale analysis
of mRNA transcripts from complex tissues including human brain
specimens from patients with multiple sclerosis13. Other studies
using gene microarrays and large-scale robotic sequencing of
libraries to study brains of patients with multiple sclerosis or Hunt-
ington’s disease have also been reported13–15. Smaller cDNA arrays
have been used in the analysis of gene expression in peripheral
blood mononuclear cells of patients with spondyloarthropathy and
systemic lupus erythematosus (SLE)16,17. In some cases, important
information on the expression of particular clusters of genes, such
as anti-apoptotic genes in B-cell lymphomas22, chemokine receptor
CXCR4 in arthritis18 and tumour-necrosis factor (TNF)/death
receptor family members and interferon-related gene expression in
SLE17, has been discovered and has opened up new avenues for 
therapeutic targets.

Cell lines with a pattern of gene expression observed in autoim-
mune disease can be screened to select potential drug candidates that
can restore the ‘normal’ pattern of expression. Similarly, transgenic
animal models expressing or lacking selected genes can be analysed
following therapy for modifications to the overall pattern of gene
expression that closely resembles that of the affected subject. Gene-
expression patterns seen in autoimmune diseases are also reflected in
the non-diseased first-degree relatives of the disease probands19.

Defining the interactome
Following the identification of gene-expression patterns by microar-
ray analysis, precise protein–protein interactions need to be worked
out to define the interactome. Scientists working on yeast23 and
Caenorhabditis elegans24 have pooled their data to generate functional
maps of the interactome. But, at present, many data from mammalian
studies of protein–protein interaction are not publicly available, and
there has been little attempt to share such data. Until this occurs, we
will generally depend on the current ‘guilt by association’ model of
gene interactions in autoimmune diseases25. This model assumes that
proteins with correlated expression levels in microarray analyses26

performed under the same series of conditions are functionally
linked. True representation of the interactome will require the analy-
sis of functional links between gene clusters using mating-based yeast
two-hybrid assays23,24. This system identifies gene products that inter-
act biochemically at the level of the expressed protein product. By
choosing protein domains using available information on amino-acid
sequence or secondary structure (such as localization signals, trans-
membrane regions and domain composition), this technique can be
used to study intracellular, transmembrane and secreted protein
interactions. Briefly, gene (open reading frame) clones from a cluster
of co-expressed genes (obtained from collections such as the
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The two most commonly used unbiased technologies are two-
dimensional (2D) gel electrophoresis and mass spectrometry (Table
1; ref. 20). With both of these methods, comparisons are made of
samples from patients and healthy controls. The main limitations of
2D gel electrophoresis are its low throughput and poor sensitivity,
with some estimates suggesting that less than 50% of expressed pro-
teins in cells are amenable to such analysis29. The use of mass spec-
trometry is plagued by similar, and other, limitations that are beyond
the scope of this discussion. An excellent review on this subject has
recently been published30.

Despite these limitations, unbiased methods show promise as
tools for protein discovery in autoimmunity and have recently led to
the identification of candidate markers in the synovial fluid of
patients with rheumatoid arthritis31 and the cerebrospinal fluid of
patients with multiple sclerosis32. In the case of 2D gel electrophore-
sis, S100A9, a small calcium-binding protein, was identified as a can-
didate diagnostic marker for rheumatoid arthritis by comparing the
protein profiles of synovial fluid from rheumatoid arthritis and
osteoarthritis patients33. In an analogous study using mass spec-
trometry, C-reactive protein and six members of the S100 protein
family (including S100A9) were elevated in the synovial fluid of
patients with erosive rheumatoid arthritis compared with that of
patients with non-erosive rheumatoid arthritis31. In addition, Stone
and colleagues analysed, by mass spectrometry, serum from patients
with Wegener’s granulomatosis who were enrolled in a trial of the
drug etanercept (a TNF inhibitor). They showed that this technique
could distinguish between patients in stable clinical remission and
those with the active disease34. It is important to note that the pro-
teins or peptides identified using unbiased technologies are simply
correlated with disease activity, and that their role in disease causa-
tion can only be determined through loss- or gain-of-function
experiments. NHLBI’s Proteomics Consortium has made a major
commitment to these two unbiased approaches, with all but one of
the ten centres using one or both of these techniques to understand
blood diseases (http://www.nhlbi-proteomics.org/).

Biased proteomic technologies
Once a serum or cellular component of interest is identified using
one of several approaches (for example, the unbiased proteomics
assays described above, genomic profiling, genetic studies or analy-
sis of knockout animals), methods that enable more focused studies
of these ‘known’ components are required — which we term biased
approaches (Table 2). The problem with biased approaches is that
only a limited subset of proteins to which detection reagents, such as

I.M.A.G.E consortium (http://image.LLNL.gov) or by polymerase
chain reaction) can be fused in-frame with the DNA-binding domain
of GAL4, which represents the bait, or to the activation domain of
GAL4, which represents the prey. This is carried out in a haploid yeast
strain. The bait and prey pools are systematically mated and the trans-
formants selected for the activation of reporter genes. Positive inter-
actions are catalogued, and the resulting binary data can be used in
the construction of an interactome. The interactome is then screened
against the public literature, where a function may have been noted
for one or more members of the network.

As mentioned above, this methodology has been used success-
fully in yeast and C. elegans23,27,28, as well as in bacteria. Although
these organisms have considerably smaller genomes, it should be
possible to use this approach to identify functional interactomes in
mammalian tissues in autoimmune disease. Interaction mapping of
the whole human or mouse genome is not needed; instead, a subset
of disease-related genes in relevant tissues can be analysed. For
example, inhibition of TNF is beneficial in many autoimmune 
diseases (see review by Feldmann and Steinman in this issue, 
page 612), but what is the mechanism for this TNF inhibition? What
is the TNF interactome? Does TNF play a direct role in the final
common pathway of multiple autoimmune disease effects, or does it
act further upstream, disrupting several different pro-inflammatory
pathways, each relevant in different therapeutic uses of TNF inhibi-
tion? It is only through identification of gene-expression patterns
linked to disease pathophysiology, followed by validation of candi-
date genes through proteomic approaches, that we will realize the
success of these new technologies.

Unbiased proteomic technologies
Two major proteomes are the focus of most efforts to understand
autoimmune diseases: the serum proteome and the cellular pro-
teome. There are two approaches to investigating each proteome,
unbiased and biased. Unbiased technologies attempt to separate and
quantify every protein of the expressed proteome (Table 1). This is
based on the hypothesis that proteins that are differentially expressed
or modified in samples from patients but not in those from healthy
controls are likely to be involved in the autoimmune process or at
least serve as biomarkers that correlate with disease or therapeutic
outcome. Thus, in theory, unbiased approaches have the potential to
identify any protein that is involved in autoimmunity without the
need for prior knowledge of the protein or its function. In reality, not
all proteins are amenable to this kind of analysis because only a frac-
tion of the proteome can be analysed accurately and reliably.

Table 1 | Unbiased proteomic technologies with potential applications in the study of autoimmune diseases

Technology Description Limitations Current/potential applications References

Mass spectrometry Separates a complex mixture of Its application in defining autoimmune Identification of serum proteomic 54
ionized proteins or peptides on the ‘biosignatures’ with prognostic or patterns that distinguish neoplastic from
basis of  their mass-to-charge ratio. diagnostic significance has not yet non-neoplastic disease in the ovary.

been reported. Identification of biomarkers in the synovial  31
The identities of the peaks generated fluid and serum of rheumatoid arthritis 
by the  technique are not immediately patients that correlate with disease severity.
known. Classification of autoimmune patients into

prognostic subgroups based on serum
‘biosignatures’.

Two-dimensional gel Separates a complex mixture of Not easily reproducible. Detection of aberrant protein expression 29,35
electrophoresis proteins on the basis of molecular Not all classes of proteins can be resolved. in bodily fluids, immune cells and/or

mass and isoelectric point. Limited dynamic range/semi- diseased tissues.
quantitative.

Whole proteome Proteins coded by all known genes Huge investment in resources for the So far, only a yeast whole-proteome 45,55
are expressed, purified and production of purified proteins. microarray has been fabricated. The
deposited on microarray slides. Purified proteins may not be correctly specificity of purified antibodies was

folded or appropriately modified analysed using this array.
(for example, glycosylation and Rapid identification of novel target
phosphorylation). autoantigens by probing microarrays with
Not a realistic approach for more autoimmune serum.
complex organisms.
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monoclonal antibodies, have been developed can be analysed.
Indeed, one of the biggest challenges facing the field of proteomics 
is the development of high-quality reagents for detecting a large
number of proteins.

The main components in the serum proteome that are of 
particular interest in autoimmunity are autoantibodies and inflam-
matory mediators, such as cytokines and chemokines. In the cellu-
lar proteome, components of interest include T-cell receptors
(TCRs), other cell-surface proteins and intracellular signalling pro-
teins. Although this classification scheme is not comprehensive, it
provides a useful framework for understanding how different
biased technologies can contribute to our understanding of
autoimmunity. 

The main biased techniques used for large-scale analysis of many
proteins are multiplexed western blots35 and protein microarrays36,37.
Western blotting is a time-tested technique used in virtually all disci-
plines of biology. Straightforward protocols have been developed for
studying nearly 800 different analytes simultaneously, taking advan-
tage of the fact that proteins migrate at different molecular weights by
gel electrophoresis33. Several examples of this technique have now
been described for studying autoimmune disease, particularly
rheumatoid arthritis33. Lorenz and colleagues compared the proteome
in the synovial tissue of patients with rheumatoid arthritis with that
of patients with osteoarthritis33. Comparison of the transcriptome
and proteome revealed that only 28% of the mRNA and proteins cor-
related between the patient groups. Moreover, significant differences
at the protein level were noted for Stat1, cathepsin D and p47phox,
which may be useful targets for therapy. 

The greatest recent advance in proteomics studies in autoimmunity
is the use of protein microarrays. Arrays have been developed specifi-

cally for the study of numerous components of both the serum and cel-
lular proteomes, and are described below (Fig. 2).

Antibody profiling using arrays of antigens
Antigen microarrays have been created for a variety of diseases,
including infectious diseases (such as HIV; ref. 38), allergies39 and
autoimmunity40. Arrays are composed of known antigens, including
intact antigenic particles, proteins, lipids, carbohydrates, linear pep-
tides and constrained peptides in which disulphide bonds between
cysteine residues provide secondary structure to the peptide40,41. By
‘printing’ all such antigens on the same array, it is possible to gain valu-
able autoantibody-profiling data with a simple assay. Arrays have been
constructed and validated for over a dozen autoimmune diseases,
including connective-tissue diseases (such as SLE, scleroderma and
myositis), primary biliary cirrhosis, experimental autoimmune
encephalomyelitis and multiple sclerosis, rheumatoid arthritis, dia-
betes42, Crohn’s disease, and sclerosing cholangitis40,41,43. Such autoim-
mune-disease-specific arrays include self-antigens, viral proteins and
peptides, and bacterial antigens with complex carbohydrates and
recombinant proteins, such as flagellin41. 

Arrays of antigens have been used to design and guide develop-
ment of antigen-specific DNA vaccines for the treatment of multi-
ple sclerosis and HIV infection38. More specifically, arrays of
autoantigens or viral antigens are printed and probed using serum
derived from animal models of multiple sclerosis (mice with exper-
imental allergic encephalomyelitis) or HIV (macaques with a simian
version of HIV), then the antibody response is compared before and
after a therapeutic intervention with a DNA vaccine encoding
autoantigens or viral proteins, respectively. This line of experimen-
tation has demonstrated that serum antibody epitope spreading is

Table 2 | Biased proteomic technologies with potential applications in the study of autoimmune diseases

Technology Description Limitations Current/potential applications References

Autoantigen microarrays Purified proteins and Only previously defined autoantigens Monitoring disease progression and 38,40,43,55
peptides of known auto- for a particular disease are response to DNA vaccine treatment
antigens are deposited represented on the array. in a murine model of multiple
on microarray slides Significance of autoantibodies sclerosis by autoantibody profiling.
and probed with auto- in autoimmune progression is Microarrays produced for the study of 
immune serum or  controversial for many autoimmune autoantibodies in human connective-tissue 
other biological fluids. diseases. diseases.

Antibody (forward-phase) Highly specific antibodies Limited usefulness in the detection of A 51-feature antibody microarray was 56
microarrays are immobilized on intracellular proteins and their used to measure cytokine secretion from 

microarray slides. Arrays phosphorylation events owing to the stimulated dendritic cells.
are probed with cell culture  lack of commercially available High-throughput identification of 
supernatant, cell lysate or antibodies that function in this format. cytokines in autoimmune diseases.
serum samples. Cross-reactivity of antibodies.

Bead-based multiplexed Bead-based assays are Degree of multiplexing limited by the Bead-based assays are currently 47
similar to autoantigen and number of differentially identifiable dominated by cytokine-detection assays.
antibody microarrays in beads. Autoantigen-coated beads for autoantibody
concept. Instead of a Similar limitations to autoantigen and profiling.
slide surface, proteins are antibody microarrays.
coated on differentially
identifiable beads.

MHC–tetramer MHC–tetramers loaded It is not known whether this technique Detection of antigen-specific T cells in 46
microarrays with different peptides are is sufficiently sensitive to detect vaccinated mice. 

deposited on a slide autoreactive T cells in autoimmune Monitoring the diversity of peptide epitopes
surface and probed with patients. targeted by T cells in autoimmune
T-cell populations. diseases.

Reverse-phase protein A large number of lysate A limited number of analytes can be Differential STAT protein phosphorylation 50,58
(lysate) microarrays samples are deposited as analysed on a single slide even with in interleukin-2 stimulated regulatory T cells.

microspots on a slide the use of multi-sectored slides. Successful demonstration of this technology
surface and probed with Cross-reactivity of antibodies. in defining signalling profiles in laser-capture 
phospho-specific or pan- microdissected cancer samples.
specific antibodies. Identification of signalling defects in auto-

immune cells.

Multiparameter phospho- Detection of multiple Not all phospho-epitopes can be Classification of patients with acute myeloid 51
protein flow cytometry phospho-states in single detected using this technology. leukaemia into clinically relevant subgroups

cells using phospho- Cross-reactivity of antibodies. on the basis of their phosphorylation states
specific antibodies and Degree of multiplexing limited by the in response to external stimuli.
multiparameter flow number of differentially identifiable Identification of signalling defects in auto-
cytometry. fluorophores. immune cells.
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cently tagged). The intensity of fluorescence corresponds to the con-
centration of the antigen in the sample. Excellent reviews of this tech-
nology have recently been published, and so our discussion here is
limited to its relevance to the study of autoimmunity46.

Antibody arrays have been used to analyse intracellular protein
levels and even their phosphorylation events, but successful applica-
tion has largely been limited to the analysis of soluble cytokines and
chemokines in culture supernatant and serum samples47. Dysregula-
tion of cytokine signalling is believed to play a crucial role in the ini-
tiation and maintenance of autoimmune diseases. For example,
several lines of evidence support the notion that interferon-� is cen-
tral to the development of SLE16,17. Antibody microarrays are partic-
ularly suited to revealing unsuspected roles of cytokines in the
development of autoimmune diseases. A recent study used antibody
microarrays to simultaneously analyse the concentration of 78
cytokines, growth factors and soluble receptors in serum samples
derived from patients with Crohn’s disease and ulcerative colitis48.
Four cytokines were elevated in patients in clinical remission com-
pared with patients with active disease. Among them was transform-
ing growth factor-� (TGF-�), a cytokine that inhibits inflammatory
activity and enhances regulatory T-cell functions. Although further
studies are required to establish the roles of these cytokines, this is the
first successful demonstration of the use of antibody microarrays in
the study of autoimmune diseases. 

Lysate arrays
One of the most promising techniques for studying blood cells and tis-
sues targeted by the autoimmune response is the reverse-phase protein
(RPP) lysate microarray platform49. Lysates prepared from cells are
deposited on slides and probed using antibodies of known specificity.
Lysates can be prepared from tissue-culture cells, tissue-infiltrating
autoreactive lymphocytes, diseased-tissue cells or blood cells and can
be stimulated in vitro with agents, such as antigens, cytokines, drugs
or antibodies that crosslink cellular receptors50. Antibodies used to
probe RPP microarrays include those that recognize housekeeping
proteins, inducible factors, signalling proteins, cell-cycle regulatory
proteins, apoptosis-related proteins and phosphorylation motifs pre-
sent in signalling molecules. This approach has been highly successful
in characterizing the activation state of tumour cells47 and more
recently regulatory T cells50,51. By combining RPP microarrays with
laser-capture microdissection (a technique that allows the specific cap-
ture and study of individual cells from tissue sections or histological
specimens fixed to microscope slides), it should be possible to study
rare cells (such as the lymphocytes that infiltrate diseased tissue), den-
dritic cells and autoimmune target cells, such as glomerular cells in
SLE nephritis, neuronal cells in multiple sclerosis or �-cells or islet-
infiltrating T cells in insulitis.

Assays based on flow cytometry
Fluorescence-activated cell sorting (FACS) has revolutionized the
study of immunology and has recently been adapted for the study of
intracellular signalling pathways. In this technique, cell populations
are first identified using monoclonal antibodies that are conjugated to
spectrally resolvable fluorophores and are specific for cell-surface pro-
teins. Cells are then fixed and permeabilized before staining with anti-
bodies that recognize intracellular proteins, including cytokines,
chemokines, structural proteins, apoptosis-related proteins or sig-
nalling molecules, such as kinases52. Unlike any of the above tech-
nologies, intracellular FACS analysis with multiple fluorochromes
allows the characteristics of a single cell to be studied, rather than a
mixture of cells. Most recently, this approach has been extended to
incorporate the use of phospho-specific antibodies52 and has been val-
idated for characterizing subsets of patients with acute myeloid
leukaemia53. Combining this approach with RPP microarrays and
multiplexed cytokine assays holds unlimited promise for characteriz-
ing autoimmune diseases.

Multiplexed bead-based flow-cytometry assays represent an active

altered as a result of therapy38,43. This technique can be applied to
any autoimmune disease in which one or more candidate target
antigens have been identified. Large-scale arrays of recombinant
proteins can also be produced that may allow the discovery of novel,
unidentified autoantigens44. Whether serum autoantibody profiles
change in humans in response to therapeutic interventions remains
to be studied.

Protein arrays for analysing T-cell receptors
Peptide–major histocompatibility complex (MHC) tetramer arrays
have recently been developed and partially validated for the study of
antigen-specific T cells45. Individual peptide–MHC tetramer mole-
cules are spotted onto the surface of glass microscope slides at spe-
cific positions before being probed with living T cells, which bind to
individual tetramer spots and can be quantified and further studied
by analysing calcium flux and cytokine secretion. Such assays are
required for the detection of immune responses induced by antigen-
specific therapies with peptides and proteins and by DNA vaccines
(see the review by Feldmann and Steinman in this issue, page 612).

Antibody microarrays
In capture-antibody microarrays, immobilized antibodies trap their
specific analytes from a sample solution (for example, serum, synovial
fluid, culture supernatant or cell lysates). The bound antigens can then
be detected through a direct protein-labelling approach (that is, fluo-
rophores are covalently attached to the antigen) or a sandwich
immunoassay approach (that is, a pair of antibodies recognizing two
non-overlapping regions of the antigen, where one of them is fluores-

Figure 2 | Target sites of genomic and proteomic technologies. Discrete
components of the autoimmune process from the presentation of
MHC–peptide complexes to T cells to the production of autoantibodies by
plasma cells can now be analysed in a multiplex fashion using various
genomic and proteomic technologies. The numbers in the figure indicate
the technologies that have demonstrated potential in the analysis of the
corresponding components. (1) Peptide–MHC tetramer arrays. (2) Reverse-
phase protein microarrays. (3) Multiparameter flow cytometry for
intracellular antigens. (4) cDNA and oligonucleotide microarrays. (5)
Antibody microarrays. (6) Bead-based multiplex assays. (7) Autoantigen
microarrays. (8) Whole-proteome microarrays. Both mass spectrometry
and 2D gel electrophoresis can be used to analyse complex mixtures of
proteins and/or peptides.
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area of development. In these assays, differentially identifiable beads
are coated with proteins, including antibodies and autoantigens and
then identified using a flow cytometer. Such bead-based assays have
been adapted for measuring cytokine concentrations in serum or cul-
ture supernatants and autoantibodies in serum samples derived from
patients with autoimmune disease46. Advances in instrumentation and
bead chemistries will probably make this approach very valuable for
the study of autoimmunity. 

Conclusion and future directions
The expanding use of genomic and proteomic approaches in the analy-
sis of autoimmune disease and therapy has identified numerous areas for
improvement and further development. Although DNA microarray
studies have led to important advances in the study of autoimmunity,
their use is limited owing to the problem of physiologically important
splice variants that exist in individual cell populations. In partial
response to this problem, several commercial entities are developing
new technologies that use exons or single-nucleotide arrays for tiling,
allowing additional information on alternative splice variants and poly-
morphisms. Unfortunately, these new data require additional sophisti-
cation in bioinformatics to analyse the increasingly complex data. An
additional problem lies in the fact that a large proportion of mRNAs are
not translated into proteins, despite being upregulated at the level of
transcription. 

The proteomics field remains in its infancy and is limited largely
by current technology and the dearth of high-quality reagents (specif-
ically monoclonal antibodies) and informatics tools. Unbiased pro-
teomic techniques have largely been disappointing for studying
autoimmune diseases, while array and FACS platforms are limited
because it is impossible to know which important aspects will be
missed owing to the limitations of current arrays. Definition of the
interactome is sadly lacking in most mammalian systems. Comput-
ing algorithms and two-hybrid systems of interaction need to be gen-
erated to allow disparate datasets to be studied simultaneously —
such as transcript profiling, protein array and interaction datasets,
and FACS. This is no small task. Finally, standards for proteomic work
and public datasets need to be developed. Taken together, a multidis-
ciplinary approach to the study of autoimmunity will be required in
the coming decade, an approach that combines the skills of biologists,
clinicians, engineers and bioinformaticians. ■
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