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Because autoimmune diseases (AIDs) result from a complex
combination of genetic and epigenetic factors, as well as an
altered immune response to endogenous or exogenous anti-
gens, systems biology approaches have been widely applied.
The use of multi-omics approaches, including blood tran-
scriptomics, genomics, epigenetics, proteomics, and metab-
olomics, not only allow for the discovery of a number of bio-
markers but also will provide new directions for further trans-
lational AlDs applications. Systems biology approaches rely
on high-throughput techniques with data analysis platforms
that leverage the assessment of genes, proteins, metabo-
lites, and network analysis of complex biologic or pathways
implicated in specific AID conditions. To facilitate the discov-
ery of validated and qualified biomarkers, better-coordinated
multi-omics approaches and standardized translational re-
search, in combination with the skills of biologists, clinicians,
engineers, and bioinformaticians, are required.

[Immune Network 2014;14(2):73-80]

INTRODUCTION

Autoimmune diseases (AIDs) are the third most common cat-
egory of disease after cancer and heart disease and affect ap-
proximately 5~8% of the general population, Sex-linked dif-
ferences are striking, with AIDs considered a top 10 leading

cause of death in women under the age of 65 (1), More than
100 different types have been recognized, and the majority
of autoimmune problems are associated with eight disorders:
rheumatoid arthritis (RA), type I diabetes mellitus, multiple
sclerosis, psoriasis, systemic lupus erythematosus (SLE), ulcer-
ative colitis, Crohn’s disease, and scleroderma (2), AIDs arise
from interactions between environmental, epigenetic, and ge-
netic factors that result in persistent activation of immune re-
sponses and their biological networks (3). Conventionally, the
development of AID occurs in three separate stages (Fig. 1).

INHERITED GENES OF AIDs

The development of autoimmunity is strongly influenced by
inherited polymorphisms (or DNA sequence variations).
However, the enormous diversity of genetic variants contrib-
utes to the susceptibility for AIDs, These genetic associations
can be dissected into distinct classes, For most AIDs, the
strongest genetic associations are with the HLA locus, HLA
haplotype linkages are shared between AIDs, and most HLA
associations seem to be disease-specific (4). For example, the
HLA class II molecule, HLA-DR3, shows a strong correlation
with SLE, Sjogren’s syndrome (5), and subtypes of auto-
immune myositis and is associated with the production of an-

tibodies against DNA in lupus and anti-Jol production in my-

Received on December 22, 2013. Revised on April 2, 2014. Accepted on April 10, 2014.

@0 This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial
License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribu-
tion, and reproduction in any medium, provided the original work is properly cited.

*Corresponding Author. Ho-Youn Kim, Division of Rheumatology, Department of Internal Medicine, Konkuk University
Medical Center, 120-1, Neungdong-ro, Gwangjin-gu, Seoul, Korea. Tel: 82-2-2030-7544; Fax: 82-2-2030-7748; E-mail:

ho0919 @kuh.ac.kr

Keywords: Autoimmune diseases, Systems biology, Multi-omics, Biomarker, Translational research, Network analysis

Abbreviations: AIDs, autoimmune diseases; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; HLA, human
leukocyte antigen; SNP, single nucleotide polymorphisms; IFN, interferon; MHC, major histocompatibility complex; IL, in-

terleukin; IRF5, interferon regulatory factor 5

IMMUNE NETWORK Vol. 14, No. 2: 73-80, April, 2014

73



74

Advances in Systems Biology Approaches for Autoimmune Diseases

Ho-Youn Kim, et al.

Predisposed host >>

Trigger stage

>> Preclinical stage

>> Clinical stage

Genetic factor
Sex

Environmental factors
Epigenetic change

Exogenous or
endogenous antigens

| Phenotypic expression

* Diet,

* Toxin,

* Smoking

* Pathogens
Neuroendocrine factors

l

Immune response I

l

Autoantibody/Cytokine

Effector functions

Figure 1. Stages of autoimmune diseases. A variety of environmental factors and epigenetic changes in a genetically susceptible host trigger
the initiation of autoimmune responses (trigger stage). The autoimmune response is activated by immune mediated attack against endogenous
or exogenous self-antigens (preclinical stage). The duration of antigen exposure, impact of susceptible genes and/or epigenetic changes, and
influence of effector function may dictate the phenotypic expression of AIDs (clinical stage).

ositis (6). In Sjogren’s syndrome, the association between
HLA-DRB1*03 and the production of auto-antibodies against
Ro is even stronger than the association of HLA with the dis-
ease (7).

Many of the strong loci that have been associated with one
AID are also involved in other AIDs, Typically, the allele of
these shared variants that is a risk factor for one autoimmune
disease is also a risk factor for other autoimmune diseases.
For instance, variants in the PTPN22 gene have been asso-
ciated, with varying degrees of risk, with type 1 diabetes, au-
toimmune thyroid diseases, and RA (8,9).

In genome-wide association studies, several inherited poly-
morphisms or DNA sequence variations that cause AIDs have
been identified. The sequence variations (single nucleotide
polymorphisms, SNPs) are highly “polygenic,” predominantly
determined by non-HLA genes, and have limited impact on
disease onset (10).

However, most of the identified SNPs are not linked to dis-
ease-related genetic markers, A number of SNPs are estimated
to share pathogenic pathways in the development of AIDs or
link common genes with the risk of autoimmune and/or in-
flammatory diseases. About 100 disease-risk SNPs have been
identified in celiac disease, Crohn’s disease (11), multiple
sclerosis (12), psoriasis (13), rheumatoid arthritis (14,15), SLE
(16), and type 1 diabetes (17). Interestingly, Hu et al, found
that 47/107 (44%) immune-mediated disease risk SNPs are as-
sociated with multiple autoimmune diseases, leading to the
proposal that distinct groups of interacting molecules that
share a disease risk are encoded close to SNPs that influence
the same subsets of diseases (18). To help identify the precise
causal alleles in specific cell types, the genomes of diseased
cell types that are studied need to contain disease-associated

genetic variants, This challenge is highlighted in systemic
AIDs, such as RA, where any of a broad range of immuno-
logical cell types are potentially impacted by genetic variation
to cause disease, Potentially pathogenic cell types in auto-
immune diseases have been identified: transitional B cell
genes in SLE, epithelial-associated stimulated dendritic cell
genes in Crohn’s disease, and CD4+ effector and memory T
cell genes within RA loci (18).

ENVIRONMENTAL FACTORS PRECIPITATE AIDs

The most striking evidence of environmental effects on the
development of AIDs is the high discordance rate observed
in monozygotic twins (19). Discordance enables the study of
epigenetic changes that lead to the development of auto-
immunity. In an individual with a susceptible genotype, ex-
posure to environmental factors, including sunlight, diet,
chemicals, smoking, allergens, infectious agents, or environ-
mental toxins, not only triggers downstream signaling of the
susceptible genes but also initiates epigenetic changes before
and after the development of autoimmune responses (20,21).

Epigenetics is defined as the inheritable effects that influ-
ence gene activity without changes in DNA sequence, Epige-
netic gene regulation has an essential role in determining in-
dividual gene function and activity in each specific cell type.
The epigenetic changes include four predominant mecha-
nisms (22): DNA methylation, histone modifications, nucleo-
some positioning, and microRNAs (miRNAs). These four
mechanisms control gene expression and assist in the regu-
lation of cell differentiation, proliferation, DNA repair, and
replication. Epigenetic modifications are far more sensitive to
environmental stimuli than the sequence of DNA. Candidate
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gene studies of AIDs have identified a small set of genes that
undergo epigenetic changes, such as aberrant DNA demethy-
lation, histone modification, and miRNAs, in rheumatic
diseases, T cells from patients with SLE or RA, as well as
synovial fibroblasts from individuals with RA (8,23), contain
hypomethylated DNA sequences and/or histone modifications
in particular cell types. The identification of target sequences
for epigenetic deregulation will provide clinical markers for
diagnosis, disease progression, and therapies for AIDs.
High-throughput sequencing is necessary to screen for epi-
genetic alterations in specific tissue and cell types that are
relevant to disease pathogenesis (24), Another area of study
is miRNAs, a class of small noncoding RNAs that regulate
gene expression by pairing with their target mRNAs and are
often deregulated in AIDs (25). To further understand the role
of epigenetic changes in AIDs, we have to keep in mind that
most autoimmune disorders are not due simply to the pos-
session of a specific gene but also to conditions that affect
the gene.

ACTIVATION OF IMMUNE RESPONSES PROMOTES
THE AIDs PHENOTYPE

Exposure to environmental triggers by a genetically suscep-
tible host favors the activation of both the innate and adaptive
immune systems, The innate immune system, consisting of
physical mucosal barriers, proteins, and cells, serves as the
front line against infectious agents or other environmental
challenges, Innate immune activation in autoimmunity leads
to the production of type 1 interferon (IFN), usually produced
in response to viral infection, which in turn activates about
400 genes, denoted the interferon signatures (26), Type 1 IFN
induces the activation of dendritic cells (27,28), increasing the
expression of MHC class 1 and II molecules, costimulatory
molecules, chemokines, and chemokine receptors (29) and
inducing B-cell maturation and differentiation into plasma
cells by secretion of IL-6, production of B cell activating factor
(TNFSF13B), and a proliferation-inducing ligand (TNFSF13).
Dendritic cells activated by IFN-a@ support and contribute to
the plasticity and differentiation of T-cell subsets, and pro-
mote the expansion of T cells, IEN-a further stimulates CD4+
T cells to enhance antigen-specific B-cell responses. In the
adaptive immune system, antigen presenting cells, including
monocytes/macrophages and dendritic cells, can be activated
by endogenous and/or exogenous antigens, resulting in the
release of cytokines that promote differentiation of naive T
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cells into effector subsets. Thl cell differentiation is promoted
by IL-12 and IFN-7, Th2 cells depend on 1L-4, and TGF-/
is crucial for the development of regulatory T cells. In addi-
tion, in the presence of IL-6, TGF-# differentiates into a high-
ly proinflammatory subset of Th17 cells, initially characterized
by IL-17 production, Stable differentiation and proliferation of
Th17 cells also needs IL-21 and IL-23. The differentiated ef-
fector T cells drive inflammation, tissue injury, and autoanti-
body production,

Th17 cells are closely associated with many systemic AIDs.
Increased amounts of IL-17 and a high proportion of
IL-17-producing T cells have been reported in patients with
SLE; a correlation with disease activity has also been noted.
T cells that produce IL-17 are detectable in the main target
organs in SLE (i.e., the skin, kidneys, and lungs), suggesting
that IL-17 has a role in local inflammation and tissue damage
(30). Furthermore, patients with Sjogren’s syndrome show
high levels of expression and increased concentrations of
IL-17 and IL-23 in the plasma. Enhanced expression of IL-17,
together with augmented production of IFN-y and expression
of MHC class I, has been identified in muscle specimens from
autoimmune myositis patients, Several genetic risk factors in
SLE and Sjogren’s syndrome are related to the formation or
maintenance of Th17 cells. Interferon regulatory factor 5
(IRF5) plays a role in type 1 IFN pathways and in the ex-
pression of genes important for Th17 cell responses (31) by
acting as a transcription factor for IL-6 and the p40 subunit
of 1L-23. The potential functional effect of this genetic associ-
ation is supported by increased amounts of both IL-6 and p40
in patients with SLE (32) and Sjogren’s syndrome (5). Among
pre-immune B cells, augmented proportions of transitional
and naive B cells are detectable in patients with Sjogren’s
syndrome. These memory cells can be activated by a combi-
receptor agonists and TNFSF13 or
TNFSF13B and by cytokine combinations, such as IL-21 and
TNFSF13B.

nation of toll-like

BLOOD TRANSCRIPTOME ANALYSIS FOR
TRANSLATIONAL RESEARCH

Blood transcriptome studies to determine the expression levels
of mRNAs of a given cell population are essential for auto-
immunity-related translational research (33-36). Such tran-
scriptome studies measure the levels of RNA transcripts in pa-
tient samples, which have been influenced by environmental
factors or pathologic conditions, Samples from cells, serum,
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fluid, and tissues are crucial for AIDs translational research and
should be carefully stored, under standardized methods of pa-
tient sample aquisition, archiving, sequential high-throughput
molecular analyses, and ongoing phenotypic data possession,
allowing for the bioinformatics testing. Using polychromatic
flow cytometry, intracellular or extracellular markers in each
cell phenotype can be identified. In vitro cellular assays can
measure the innate or antigen-specific responsiveness of cells
exposed to exogeneous or endogenous antigens. Multiple pro-
teomic assays can be used to determine the antibody specificity
of serum levels of cytokines or chemokines (37).

During the past decade, new next generation sequencing
technology has been used for DNA-based microarrays and
studies of cellular RNA levels for different AIDs. Whole tran-
scriptome profiling studies have been used to identify bio-
markers for diagnosis, assess disease activity, predict flare-
ups, and determine the response to treatment., More quantita-
tive and sensitive high-throughput RNA sequencing methods
have resulted in the precise evaluation of the blood tran-
scriptome as a routine test in the clinical setting. Well-known
examples of successful blood transcriptome analyses have
been reported in the case of SLE. In 2003, two independent
teams identified a strong IFN signature in pediatric and adult
SLE patients (38), with a central role for dendritic cells and
IFN-@ in the disease (39), and this was later confirmed by
additional studies using microarrays and RT-PCR. Subsequent
genetic studies identified strong associations between SLE and
type I IFN-related gene polymorphisms (i.e,, IRF5 (31), STAT4
(40,41), TREX1 (42,43)) and proteomics studies showed that
the levels of some IFN-regulated chemokines could be used
to predict SLE flare-ups in patients with quiescent disease
(44). Although DNA microarray studies have led to important
advances in the study of autoimmunity, their use is limited
because changes in transcript abundance can occur by many
parameters other than disease status, Biological variability
makes it difficult to control false positive results. An addi-
tional problem lies in the fact that a large proportion of
mRNAs are not translated into proteins, despite being upregu-
lated at the level of transcription. Thus, more standardized
proteomic work and well-designed public datasets need to be
developed. Transcriptomic research in patients with AIDs can
be used to guide other biologic approaches, including proteo-
mics or genomic studies, and can also provide the basis for
early translational and clinical applications,

SYSTEMS BIOLOGY APPROACHES FOR
BIOMARKER DISCOVERY

Biomarkers have been identified from the variety of human
genes, genetic variation, measurements of RNA, proteins, and
metabolites, Numerous biomarkers can be quantitatively
measured in patient samples, including plasma, serum, cere-
brospinal fluid, bronchoalveolar lavage, tissue biopsies,
whole blood, urine, and saliva, Biomarkers are dynamic and
informative biological substances (i.e., cellular, biochemical,
molecular, genetic, protein, metabolite, specific post-transla-
tional modification, or physiological or physical signs) that
can be evaluated as indicators of normal versus pathogenic
biological processes, and disease progression or response to
a therapeutic intervention, Clinically, biomarkers can be clas-
sified based on their application, such as predictor, diag-
nostic, prognostic, mechanistic, pharmacodynamic, safety,
and surrogate endpoint biomarkers (45). Advances in high-
throughput and multiplexed processes, microarray, and glob-
al-scale genomic and proteomic approaches have made it
possible to characterize different clinical spectra associated
with disease and the therapeutic interventions, Novel ana-
Iytical technologies have led to various methods of immune
cell profiling, such as multi-parameter flow cytometry, multi-
plex analysis of intra- and extra-cellular mediators, and ge-
nome-wide profiles of gene expression,

The use of multi-omics platforms and multiplexed ap-
proaches in the analysis of systemic AIDs will not only help
to identify numerous useful biomarkers but also will expose
areas for further improvement in translational research
(46-49).

There is growing agreement that more than one biomarker
is needed for accurate efficacy or safety decisions, In this con-
text, using multiplexed technology and a multi-omics ap-
proach could offer a significant contribution to biomarker dis-
covery for translational research in early stages of AIDs,
Improved genomic approaches that use high-throughput mo-
lecular and cellular profiling of cells in different clinical sub-
sets and consisting of measuring the abundance of cellular
RNA and microRNAs expressed by T cells will help in bio-
marker discovery,

The biomarker discovery used for the cD4" T cell differ-
entiation process is shown in Fig. 2. During the differ-
entiation of Thl7 cells in the presence of chemical com-
pounds or small interfering RNA (siRNA) libraries, cell-specific
transcriptomics and proteomics were applied to discover bio-
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markers targeting Th17 cells (50,51). The function of identi-
fied candidate genes was further investigated using RNA inter-
ference (RNAi) and by defining regulatory protein-binding
sites in the genome via chromatin immunoprecipitation
(ChIP) (Fig. 2) (52).

Researchers have recently explored the genes expressed at
different time points during Th17 cell development. They de-
tected almost 1,300 genes involved in over 10,000 inter-
actions, with 71 regulators (53). Researchers validated poten-
tial immune regulatory biomarkers for Th17 autoimmunity us-
ing silicon nanowires to deliver siRNA into naive T cells (54).
The biomarkers they found during Th17 cell differentiation,
derived from improved, advanced approaches with mul-
ti-omics, could be particularly useful in the development of
targeted therapies and identification of AIDs subgroups, Most
of the novel biomarkers and their correlations to disease were
derived largely from two or more samples at one point in
time. The methodologies employed show snapshot events of
the disease state at a specific time, whereas signaling net-
works are dynamic in both structure and their use. Because
single measurements rarely capture all dimensions of clinical
outcomes, a multidimensional and continuous model is need-
ed (34).
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Figure 3. Systems biology approaches for AlIDs in combination with
multi-OMICs and network analysis. The multiple ‘omics’ (multi-omics)
approaches (e.g., genomics, transcriptomics, proteomics, and meta-
bolomics), in combination with bioinformatics and biostatistics, have
made it possible to accelerate the discovery and development of
specific biomarkers for AIDs. The combination of the biologic appro-
aches, known as systems biology, provides a network analysis of
post-transcriptional regulation and cellular regulatory circuits, include-
ing transcriptional networks, signal pathways, protein-protein interac-
tion, and metabolic pathways, in each specific cell subset at different
stages of AlDs.

CHALLENGES AND FUTURE PERSPECTIVES OF
SYSTEMS BIOLOGY APPROACHES

The human transcriptome consists of approximately 25,000
genes. The post-genomic era has provided a wealth of novel
approaches for generating high-dimensional genetic and tran-
scriptomic data sets from large cohorts of human diseases and
normal individuals, Over the last 10 years, there has been a
strong focus on molecular characterization of biological sys-
tems in various disease states, Blood transcriptome analysis
has been useful for screening new biomarkers in various
AIDs, In addition to the blood profiling approach, the study
of specific cell subsets using multi-omics approaches will be
useful for dissecting molecular heterogeneity, allowing for the
discovery of new biomarkers and translation of those bio-
markers into new therapeutic options for AIDs (Fig. 3).
Systems biology in AIDs has included expression profiling
and functional analysis of DNA, RNA, protein, and metabo-
lites of specific cell subsets in each stage of disease (55).
Current efforts for discovery and development of disease-re-
lated biomarkers will assist in optimal decision-making
throughout the various stages of disease. Furthermore, effec-
tive translation of biomarkers into the clinic will lead to effec-
tive implementation of personalized therapies that benefit pa-
tients with AIDs. In order to achieve this, well-designed,
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large-scale profiling studies should be designed for new bio-
marker discovery. Because extensive cellular and molecular
profiling of human subjects generates vast amounts of dis-
parate data, effective data management and integration sol-
utions are essential for preserving this information in an inter-
pretable form, Aside from ongoing technological improve-
ments, data mining will play an essential role in generating
large amounts of information and for providing the full poten-
tial of high throughput profiling approaches in patients with
AlDs (34).

CONCLUSION

Systems biology approaches have been broadly applied in
treating a variety of AIDs and have been well-suited for inves-
tigating molecular heterogeneity. Microarray technology for
blood transcriptome analysis has provided new insight into
the pathogenesis of complex diseases and the discovery of
new biomarkers (56). To identify the most predictive bio-
markers across DNA, RNA, protein, phenotype, and metabo-
lites, more standardized multi-omics approaches, along with
network analysis for large-scale data mining, are required.
Along with ongoing technological improvement, carefully de-
signed large-scale profiling studies should be adopted for bet-
ter translation into clinical application,
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