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The immune system is composed of networks of inter-
acting cells and molecules; therefore, to understand and
control immune behavior we need to adopt the thinking
and tools of systems immunology. This review describes
the use of an antigen microarray device and informatics
to profile the repertoires of autoantibodies in health and
disease. Autoantibody profiling provides an insight into
the biomarkers used by the immune system in its dialog
with the body. Heat shock protein 60 (HSP60) and HSP70
are cited as examples of key hubs in physiological regu-
latory networks; HSP molecules and peptides can be
viewed as natural regulators because the immune sys-
tem itself deploys them to modulate inflammatory reac-
tions. The discovery of such natural biomarkers paves
the way towards natural control.

Frustrating reduction

Immunology has succeeded splendidly in dissecting the
immune system into its component genes, transcription
factors, signal transducers, receptors, ligands, cytokines,
chemokines, adhesion molecules, molecular effectors, and
various innate and adaptive cell types. Moreover, immu-
nology has characterized the processes emerging from the
interactions of these components as they are initiated,
regulated, and organized by the immune system to suit
the dynamic and changing needs of the individual and the
species [1]. The information and knowledge immunology
has gathered about the immune system is astounding.

In the middle years of the 20th century, medical stu-
dents could be taught the entire field of immunology in two
or three lectures; immunity resulted from antibodies
raised in response to an infection or to simple vaccines,
and that was that. There was a paucity of knowledge, and
there was no confusion.

Today, we are much less ignorant about the immune
system, but we seem to suffer more from confusion and
frustration. Why can we not devise effective vaccines against
HIV, tuberculosis or malaria? Why can we not harness
immune responses to reject tumors or at least deprive them
of their immune supporters? Why are autoimmune diseases
flourishing and therapies failing? Why can we not induce
tolerance to allografts when our bodies are already tolerant
to the trillions of foreign organisms living in our microbiome
[2]? Indeed, what prevents the gut microbiome from acti-
vating inflammatory bowel disease [3]?
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We have reduced the immune system to its most funda-
mental component parts; even the human genome has
been deciphered. Knowledge has exploded and the data
are overwhelming, but, alas, we still lack understanding
[4]. One might say that we are still ignorant, albeit at a
much deeper level. Our success in taking the system apart
has not generated a commensurate degree of understand-
ing; knowledge of all the pieces has not empowered us to
control the system to our satisfaction. The reductionist
program has not yet delivered the goods. This frustration
has led us in the direction of systems immunology. This
review discusses profiling the autoantibody repertoire in
health and disease as a systems immunology approach for
discovering safe and effective ways to modulate the im-
mune response.

The quest for a systems immunology

The concept of a systems biology, of which systems im-
munology is a subdivision, is based on the idea that
analytical reduction of biological complexity alone cannot
tell us how a complex living system functions as a whole
entity; analysis alone does not empower us to understand
the healthy function of a system or its diseases [4—6].
Analysis, nevertheless, serves as the only sound basis for
the next challenge: synthetic reconstruction of the essen-
tial processes that form the system. Having taken the
machine apart, we can now attempt to put it back togeth-
er again, and successful synthesis should lead to control.
Control is important for immunology because the immune
system generally works to keep us healthy and sometimes
makes us sick; immunology is a medical science. How
then are we to deal with the masses of data that obscure
understanding, and how are we to gain control? There are
at least two ways: intelligent design and discovery of
natural controllers.

Intelligent immune design

The intelligent design approach is to integrate, using
advanced informational technologies, all of the knowledge
we have gained from genomics combined with the knowl-
edge we hope to gain from epigenomics, transcriptomics,
proteomics, metabolomics, interactomics, and all the other
omic domains of biology [7-13]. Theoretically, after we
have comprehensive knowledge, we could consider deploy-
ing computer-assisted integrations and simulations that
will identify and characterize the networks of interactions
that control the system as a whole [14]; on the basis of this
information, one might achieve a degree of understanding
that would enable the intelligent design of therapeutic

\!} CrossMark


http://dx.doi.org/10.1016/j.it.2013.05.003
mailto:irun.cohen@weizmann.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1016/j.it.2013.05.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.it.2013.05.003&domain=pdf

control. This approach amounts to a quantum leap in what,
in the early days, we used to call immune physiology.

There are, unfortunately, at least three fundamental
problems with implementing such an intelligent design
strategy. The first problem lies in available resources. It
will take much time and money to complete all of the omics
we need for a comprehensive picture of the immune system
and its interactions with the body; even if we were to
complete the omic inquiry, we would probably lack the
computational power to integrate all of the domains of omic
data within a reasonable time frame. Second, there are
problems associated with kinetics. We lack at present the
instruments needed to measure the continuous dynamic
fluxes that characterize biologic systems; omic determina-
tions are static, assume steady-state kinetics, or are of
limited dynamic range. Complexity is the third challenge
associated with the intelligent immune design approach.
Living systems are intrinsically pleiotropic and redundant
[1]; no single molecule, cell, or organism performs only one
function, and, despite the existence of single lethal muta-
tions, relatively few biological processes are dependent on
only one element in the system. Simply too many alter-
natives account for most of the emergent properties of the
living system; how can we model such a slippery system?
We will need to develop new concepts of system design to
accommodate the nonlinear, pleiotropic and counter-intui-
tive networking that generates overt immune behavior. As
a consequence, even if we had at our disposal unlimited
time and funding, we would probably continue to be frus-
trated by unforeseeable side effects emerging from our
most intelligently designed interventions — tumor necrosis
factor-a, for example, has been discovered to function as a
major hub in the networks that control inflammation [15],
but anti-tumor necrosis factor-a antibody treatments make
rheumatoid arthritis better (in some patients [16]) and
multiple sclerosis worse (in some patients [17]).

Natural controllers of inflammation

There is an opportunistic alternative to brute force omics
and the intelligent design of pharmaceutical control; the
idea here would be to discover how the system has evolved
to control itself naturally. Rather than impose the logic of
human engineering on immune system control, we might
follow the lead of nature and uncover the control elements
that are intrinsic to the immune system’s dialog with the
body. The discovery of natural controllers is a way to
exploit evolution’s insights; we do not have to know every-
thing that goes on within the immune system, we only need
attend to what the system can tell us about its interactions
with the body. Profiling autoantibodies might enable a
shortcut to control.

To maintain health, the immune system has to diagnose
whether particular tissues of the body are healthy or in
need of immune attention; if the immune system detects
that something is wrong, it then has to decide what in-
flammatory processes are needed to solve the problem.
Immune decisions are complicated by dynamic changes
in states of health, disease, and repair; consequently,
immune responses are continuously evolving with varying
kinetics [4]. Indeed, the tasks of the immune system de-
mand daunting complexity.
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Classically, it had been assumed that the immune
system had a single aim and a single response: it existed
only to sense and destroy foreign invaders. To achieve this
aim, the system just had to be purged of antigen receptors
that could possibly respond to self-components [18]. Any
antigen detected by a clone of receptor-bearing lympho-
cytes by definition had to be foreign to the organism. The
lymphocytes proliferated automatically and made specific
antibodies that neutralized or killed the foreign entity, and
the responding lymphocyte clones went on to differentiate
into memory cells that could detect their specific antigen
and respond to it with greater speed and vigor on second-
ary contact [18]. The immune system was controlled, in a
similar way to a chemical reaction, by the concentrations of
its reactants: the numbers of clones bearing specific anti-
gen receptors and the concentration of the antigen were all
one needed to know (no wonder the story needed only a
few lectures).

By now we have learned that the immune system is
composed of diverse populations of cells bearing innate
receptors or bearing both innate receptors and somatically
generated adaptive receptors; immune cells detect anti-
gens that bind to adaptive receptors and respond to myr-
iads of molecules that are ligands for diverse innate
receptors. Moreover, these receptors, adaptive and innate,
recognize body molecules. The immune system not only
fights invading pathogens, it also manages the micro-
biome; heals wounds and generates scars and connective
tissues; rids the body of tumors and aged or aberrant cells;
induces angiogenesis and regulates blood vessels; triggers
cell regeneration; sculpts connective tissues; and manages
the inflammatory response in its varied forms [1]. Indeed,
the immune system is now known to function in sensing
and modulating the metabolic state of the body [19].

To carry out its critical functions in maintaining the
body, the immune system, in a similar way to a competent
physician, senses and records the state of the body. The
diagnosis proceeds in a speedy and efficient manner and is
linked to a fitting therapeutic response. Each threat or
maintenance problem requires an inflammatory response
tailored to the evolving circumstances: infection, symbio-
sis, injury, neoplasia, or degeneration. The immune sys-
tem, in a similar way to the good physician, is able to make
speedy diagnoses and adjustments to treatment using
informative biomarkers [20]. Neither the physician nor
the immune system can know, and does not need to know,
everything going on inside the patient — carefully selected
biomarkers integrate and simplify complex information
into an accessible form. Medical science discovered its
biomarkers (such as fever, white blood count, physical
examination, and laboratory tests) with the evolution of
human culture and medical practice, whereas the immune
system evolved its own informative biomarkers over mil-
lions of years of co-evolution with the multicellular body
[20,21]. Quite simply, the evolving immune system learned
through trial and error which body molecules could provide
the safest and most reliable information about the immune
state. The immune—body dialog is based on natural bio-
markers in a continuous, never-ending cycle of activity —
heat shock proteins (HSPs), cytokines, chemokines, and
selected self-antigens alert immune cells and guide their
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behaviors, and these molecular signals enable the immune
system to adjust its evolving responses to the state of the
body [22]. The bottom line is that the state of the immune
system mirrors the state of the body. The opportunity is to
mine from the immune system the information that it uses
to diagnose and treat the body — autoimmune repertoires
provide one such opportunity.

The antigen microarray

Antigen microarrays can be used to profile autoantibody
repertoires that disclose the ongoing responses of the
immune system to the body [23]. As we shall see, some
of the self-antigens marked by the natural autoimmune
repertoire can serve as biomarkers, not only to the im-
mune system but also to us for diagnosis and treatment
[20]. Furthermore, immune biomarker reactions can guide
us to intrinsic control elements deployed by the immune
system itself.

Antigen microarrays are prepared by using a robotic
apparatus to spot replicates of hundreds to thousands of
selected molecules on a chemically derivatized glass slide,
each spot with a known address (Figure 1). The molecules
— which are defined as antigens if they bind antibodies —
are crosslinked to the surface to keep them in place. This
can be used to successfully detect antibodies to various
molecular classes, including proteins and protein frag-
ments, synthetic peptides, lipids, carbohydrates, and
nucleic acids. Fluid to be tested for antibodies — such as
serum, plasma, milk, saliva, urine, cerebrospinal fluid, or
culture medium - is incubated on the slide (microliter
volumes suffice). After washing, the antibodies that bind
to the spotted antigens are detected by secondary anti-
bodies — anti-IgG, anti-IgM, and anti-IgA isotypes —
labeled with fluorescence-sensitive dyes; the relative
amount of antibody binding to each spot is detected by a
laser reader. The antibody binding reactions are analyzed
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Figure 1. Antigen microarray chip for profiling antibody repertoires. Selected
antigens are seeded on a coated glass slide and fixed by crosslinking. Test fluids
suspected of containing antibodies to the antigens are incubated in microliter
volumes on the surface of the slide, and antibodies binding to each antigen spot
are detected and quantified to a relative degree using isotype-specific antibodies
marked with fluorescence probes. A laser reader is used to score each spot, and
the results are determined by bioinformatics analysis. Comparison of test and
control samples enables the elucidation of a biomarker profile on the basis of a
subset of informative antigen reactivities.
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bioinformatically to identify informative antibody profiles
that serve as signatures for the test groups; validation of
informative profiles is obtained by testing new groups of
samples that were not used to develop the initial test
algorithms. The antigen microarray and its attendant
informatic analysis provide a useful step towards a diag-
nostic systems immunology.

Unknowns and caveats

The antigen microarray is subject to a number of confound-
ing factors. The measured antibody reactivities result from
polyclonal mixtures of antibodies and cross-reactivities in
the test fluid; as we are not dealing with separated anti-
bodies, we cannot know the original immunogenic stimu-
lus. Antigen molecules bound to the surface of the chip,
even when they are small synthetic peptides, are mixtures
of conformational epitopes; the antigens, like the antibo-
dies, are not single species. The choice of antigens for
spotting is critical to the success of microarray profiling;
the literature and our experience regarding relevant path-
ways and networks, along with a measure of good fortune,
are needed to build an informative antigen microarray.
Selecting informative antigens is an evolving process.
Different batches of slides, antigens, and other reagents
can differ substantially; care must be taken to standardize
and validate results. Different types of informatic analyses
will highlight different features of the data, so sufficiently
large groups of samples must be used to obtain significant
results. Informative antibody profiling requires carefully
selected control and test groups that must be matched to
isolate the specific characteristics under study. Gender,
age, genotypes, geography, lifestyle, and other factors have
to be considered. Samples must be carefully annotated to
enable accurate interpretation of the data.

Antigen microarrays have been used to characterize
antibody profiles in healthy individuals and in those with
various diseases. The following sections summarize some
of the lessons learned from autoantibody profiling.

Natural autoantibody repertoires in sera of mothers and
their newborns

Natural autoantibody repertoires have been characterized
in the cord bloods of healthy newborn infants and in the
sera of their mothers [24]. The results shed light on the
development of systems immunology in health.

Congenital autoantibody repertoires are shared by
different newborns

Maternal antibodies of the IgG isotype only are actively
transported across the placenta; as expected, IgG antibody
reactivities in maternal and cord bloods are highly correlat-
ed [24], both those binding to self-antigens and those binding
to foreign antigens. By contrast, maternal IgM and IgA
antibodies are not transferred to the fetus, so any IgM or
IgA antibodies present in cord blood must have been pro-
duced by the developing fetus before birth. Surprisingly, all
cord bloods contain IgM and IgA autoantibodies, and these
cord-blood reactivities show a high correlation among dif-
ferent, unrelated babies, and a much lower correlation with
their mothers’ IgM and IgA repertoires. Thus, humans begin
life with a common set of autoantibody reactivities to major



self-antigens. These shared autoantibodies constitute a so-
called ‘congenital immunological homunculus’: that is, an
image of body molecules mirrored in healthy immune sys-
tem repertoires [25]. Some shared but currently unknown
mechanism must positively select for such homuncular
autoantibodies in different fetuses, starting before birth.

Healthy autoantibody repertoires diverge after birth

It is reasonable to conclude that the mothers too began
their postnatal immune development with a shared auto-
antibody repertoire not unlike that of their own neonates.
Because the IgM and IgA repertoires of these women differ
from one another and from those of their newborns [24,26],
we can conclude that the congenital autoimmune reper-
toire evolves in response to individual immune experience
—infections, vaccinations, and individualized microbiomes
probably account for healthy postnatal variation in the
individual repertoire.

Amounts of autoantibodies compare with the amounts
of antibodies binding to foreign antigens

The degrees of reactivity to many self-antigens are compa-
rable to those measured to foreign antigens associated with
vaccines, viruses, and bacteria; thus, some natural auto-
antibodies seem to be as prominent as the antibodies
produced naturally in response to stimulation by foreign
antigens [24,26].

Natural autoantibodies bind self-antigens associated
with autoimmune diseases

The particular self-antigens that bind autoantibodies in
healthy mothers and newborns can be seen in various
publications [24,26-29]; the point here is that many of
these self-antigens are also associated with overt autoim-
mune diseases such as multiple sclerosis, systemic lupus
erythematosus, rheumatoid arthritis, type 1 diabetes, and
others. Autoimmune diseases are usually associated with
effector T cells or high-titer autoantibodies that target
many of the same self-antigens as normal autoantibodies
in healthy subjects. This suggests that at least some
autoimmune diseases might emerge from a pathogenic
shift in the phenotype of previously existing natural auto-
immunity [25,27]. In other words, the emergence of an
autoimmune disease might not require a new autoimmu-
nization but rather a loss of control of existing autoimmu-
nity. An extension of this reasoning would suggest that an
autoimmune disease could arise from some lapse in the
function of natural control mechanisms exercised by the
immune system in healthy people. This way of thinking is
the basis for the quest for natural controllers that might
restore the healthy autoimmune phenotype (see below).

Autoantibody network architecture and influential self-
antigens

Autoantibody reactivities to certain sets of self-antigens
seem to be correlated; if a person has autoantibodies to self-
antigen j, for example, he or she is likely to have auto-
antibodies to self-antigens ¢ and k. Thus, particular auto-
antibody repertoires seem to be connected by networks of
autoantibodies to sets of self-antigens [28]. Moreover, au-
toantibody networks are dominated by key reactivities: for
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example, autoantibodies to HSP60 form hubs of network
connectivity to other antibodies to many different self-
antigens [29]. The immunological homunculus manifests
organized autoantibody repertoires [25,27].

The structures of autoantibody repertoires provide
diagnostic biomarkers

Several groups [30] have used antigen microarrays to
uncover biomarker autoantibody profiles that are charac-
teristic of diseases such as multiple sclerosis [31,32] and
systemic lupus erythematosus [33—-35], and allograft rejec-
tion also manifests biomarker profiles [36,37]. Indeed,
autoantibody profiles can make fine distinctions within a
disease; different profiles distinguish different clinical
types of multiple sclerosis [31] and can distinguish be-
tween cerebrospinal fluid and blood autoantibodies [32].
In a mouse model of tumor development, differences have
been detected in autoantibody profiles between locally
growing and metastatic tumors, and these differences
can be used to follow the effects of tumor resection [38].
Thus, autoantibody repertoires provide an opportunity for
mining immune information about various states of health
and disease. Furthermore, and no less important, autoan-
tibody repertoires can guide us to natural controllers used
by the immune system to control itself.

The autoantibody repertoire discloses natural
controllers of inflammation: the case of HSP60 and
HSP70

HSP60 and HSP70 are examples of immune biomarker
molecules. Antigen microarray studies show that human
cord blood contains IgM autoantibodies to various peptide
epitopes of both HSP60 and HSP70 [24,28,29]; thus, natural
autoantibodies to HSP60 and HSP70 seem to be part of the
healthy immune system. Nevertheless, amplification of au-
toimmune effector responses to these molecules is associat-
ed with autoimmune diseases such as type 1 diabetes [39],
arthritis [40,41], and atherosclerosis [42,43]. These findings
demonstrate the complex relationship between natural au-
toimmunity and autoimmune disease: some forms of auto-
immunity to HSP60 or HSP70 seem to be associated with
health, whereas other forms of autoimmunity to these same
self-antigens seem to be related to disease.

An antigen microarray experiment was designed to gain
insight into the roles of HSP60 and HSP70 autoimmunity
in type 1 diabetes. Male non-obese diabetic (NOD) mice,
compared to female NOD mice, are relatively resistant to
the spontaneous development of type 1 diabetes; indeed,
about 50% of male NOD mice are resistant to an acceler-
ated form of type 1 diabetes induced by the toxic compound
cyclophosphamide [44]. The cyclophosphamide-induced
model was used to ask whether autoantibody repertoires
could mark resistant male mice and distinguish them from
susceptible male mice before the induction of accelerated
disease with cyclophosphamide [45]. Individual male NOD
mice were bled to obtain a serum sample, and the mice
were then exposed to the toxin before being monitored for
type 1 diabetes; the question was whether the susceptible
and resistant mice bore discriminating autoantibody bio-
markers before they were manipulated experimentally.
It was found that the mice bearing natural IgG and IgM
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Figure 2. Natural controllers of inflammatory disease can be discovered by
profiling immune system biomarkers. A state of health (the smiling face to the left)
may be diverted to a state of inflammatory disease (the red arrow leading to the
frowning face to the right) by a lapse in natural regulation of an otherwise benign
inflammatory response. The two states of health and disease can be probed and
discriminated using antigen-microarray technology and informatics to discern
immune biomarkers [23]. Biomarkers of health, such as heat shock protein 60
(HSP60) or HSP70 peptides, which are used by the immune system to manage its
interactions with the body [45], can also be used therapeutically as natural
controllers to reinstate health (as marked by the blue arrows) [46-49].

autoantibodies to HSP60 and HSP70 epitopes were the
mice that resisted induction of type 1 diabetes; the suscep-
tible mice lacked these autoantibodies. Thus, natural auto-
antibodies to HSP60 and HSP70 epitopes served as
biomarkers for predicting future resistance to type 1 dia-
betes [45].

This antigen microarray finding was also compatible
with our studies showing that administration of an HSP60
peptide epitope termed p277 could serve to arrest B-cell
destruction in NOD mice [46] and in humans with recent-
onset type 1 diabetes [47]. In mice, a single injection of
100 pg sufficed, whereas humans required 1 mg injected
subcutaneously several times a year. Likewise, injections
of HSP60 or of a different HSP60 peptide, Hu3, were found
to arrest arthritis [48]. Additionally, a peptide of HSP70 is
recognized by regulatory T cells that are effective in treat-
ing arthritis in rodents [49].

The mechanisms by which HSP molecules and their
peptides downregulate autoimmune diseases involve acti-
vation of regulatory T cells [49,50] and other components of
the self-antigen network [51], but the details are beyond the
scope of this review. The important points here are that
antigen-microarray profiling of autoantibody repertoires
can identify immune biomarkers of disease [20] and that
some of these biomarker molecules are controllers that
activate the immune system to regulate itself [52]
(Figure 2). Organic controllers such as HSP60 and HSP70
seem to be effective and are certainly much safer than the
intelligently designed pharmacological treatments widely
used at present to suppress autoimmune diseases.

Concluding remarks
The immune response is the expression of a system,
hence immunology is by necessity systems immunology.
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Immunologists, to really understand immunity, will have
to think about systems and system design, work with sys-
tems people, and use computational technologies; even
doing immune genetics has become an informational enter-
prise. The question is how to turn information into under-
standing. One proposal is to harness computer science to
simulate in silico a complete, functioning organism indis-
tinguishable from the real thing [53]; such a grand chal-
lenge, even if achieved, would provide a model with a
complexity that would approach that of a real organism.
Understanding, in the meantime, would probably be better
served by realistic simulations focused on more defined
questions [54,4]. The ultimate tests of understanding are
prediction and control [55]; thus, as discussed here, the aims
of systems immunology should include elucidation of the
hubs of information deployed by the immune system to
regulate itself. The reward will be getting away from phar-
maceutical design and into, theoretically at least, safer and
more effective natural control.
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