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Introduction

Systemic autoimmune diseases result from interactions between genes and environmental
triggers that build up overtime until clinical symptoms appear. A complex interplay between
innate and adaptive immunity lies at the core of most of these diseases. This interplay is not
static, as initial inflammatory cascades might change as organ damage accumulates.
Furthermore, these diseases can be heterogeneous regarding the type of organs involved,
clinical course and response to treatment.

The breakthrough discovery of TNF as a major player in rheumatoid arthritis (RA) [1, 2] has
fueled the development of novel treatments for systemic autoimmune diseases, including
monoclonal antibodies and fusion proteins targeting cytokines, as well as small molecules
targeting downstream inflammatory pathways. While efficacious therapies are becoming
available for many of these diseases, their underlying pathogenesis is not yet fully
understood. Thus, 30-40% of RA, psoriasis and inflammatory bowel disease (IBD) patients
do not respond to TNF blockade, even though the clinical presentation of non-responders is
identical to that of patients achieving complete remission with this therapy. Altogether, there
is a need to characterize disease pathogenesis at the individual level to predict the best
treatment strategies. As many of these diseases follow a remitting and relapsing course,
reliable biomarkers to predict outcome and flares also have to be identified.

Systems biology approaches enable the measurement of thousands of parameters at the
genetic, transcriptional, epigenetic, protein and metabolite levels in accessible tissues such
as blood, urine, synovial fluid, saliva and biopsy specimens. Previous studies in blood
leukocytes and tissues have demonstrated the applicability of genome-wide microarrays to
characterize molecular networks involved in cancer [3, 4], infection [5, 6], autoimmunity [7]
and response to vaccination [8, 9]. Herein, we review recent developments, challenges and
promising avenues in the use of systems approaches to characterize human systemic
autoimmune and autoinflammatory diseases.

Prevalent and emerging systems approaches

Systems biology uses a combination of high-throughput and targeted approaches to measure
the organization and dynamics of a system at the DNA, RNA and protein levels (Table 1).

Over the last decade, genome-wide microarrays have been extensively used to identify
transcriptional alterations in peripheral blood mononuclear cells (PBMC), whole blood or
peripheral tissues from patients with systemic and organ-specific autoimmunity [7]. The
advent of high-throughput sequencers is how revolutionizing the genomics field. An
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individual genome can now be cost-effectively sequenced at the exome level or in its
entirety. As reviewed below, this is resulting in the identification of novel genes/pathways
driving human inflammatory diseases. RNA-seq is quickly replacing DNA microarrays to
measure transcriptional profiles, as it provides a more quantitative measure of messenger
and non-coding RNASs and can detect splicing variants. Sequencing has enabled a more
refined understanding of the dynamics of transcription through GRO-seq, NET-seq and
Ribo-seq. It has also been applied to characterize DNA-protein interaction sites and histone
modifications, using ChlP-seq, FAIRE-seq and DNAse-seq [10]. More recently, targeted
sequencing assays have been developed to characterize the variable CDR3 regions of T and
B cell receptor genes, which helps monitoring minimal residual disease in cancer [11, 12].

In addition, several technologies for targeted cost-effective assays are now routinely used to
quantify mRNA. These include Nanostring®, OpenArray®, and Fluidigm Biomark™ [13].
Increased sensitivity and coverage of the transcriptome, combined with reduction in cost and
processing time, make these targeted assays suitable for clinical applications.

Genome-wide association studies (GWAS), which use single-nucleotide polymorphism
(SNP) arrays to identify genetic variants associated with disease traits in large patient
populations, have been conducted for many autoimmune diseases, [14-19]. To further probe
into the functional role of susceptibility loci, the results from GWAS have been combined
with transcriptional profiling and/or functional assays at the protein level. Expression
quantitative trait loci (eQTLs and reQTLs) take advantage of high-throughput exome and
RNA sequencing technologies to identify genomic loci that regulate the expression of
mMRNA or proteins during homeostasis or in response to stimuli [20]. GWAS have also been
combined with co-expression network-based association studies and were recently reviewed
[21].

MRNA expression regulation both pre and post-transcriptionally involves epigenetic
mechanisms, including DNA methylation [22], histone modifications [23], non-coding
regulatory RNAs such as microRNAs [24] and recently discovered circular non-coding
RNAs [25, 26]. High-throughput technologies such as methylation arrays, microRNA
arrays, and high-throughput PCR platforms have helped characterize mRNA regulation
mechanisms, especially in cancer [27]. In addition, new platforms for RNA knockdown in
vitro have been developed and applied to primary cell populations [28], leading to increased
understanding of transcriptional networks regulation.

At the protein and cellular levels, significant advances were made in both targeted and
hypothesis-free proteomics assays. Flow cytometry by time-of-flight (CyTOF®), which
combines traditional cytometry with proteomic readouts, can query more than 35 cell
markers at once [29-31]. High-throughput phosphoproteomics platforms have enabled the
characterization of signaling cascades in response to pathogens [32] and pathway inhibitors
[33]. Soluble components of the immune response are routinely analyzed using Luminex
XMAP® technology. Continuous advances in protein and peptide microarrays allow for
large-scale interrogation of human tissues and biological fluids for biomarkers, autoantigens
and drug targets [34, 35]. Finally, shotgun proteomics, which do not require a priori
knowledge of the protein composition of a sample, represent a promising approach for
unbiased system-level protein analysis [36]. These advances in proteomics have enabled the
development of metabolomics, the systems-level analysis of metabolites, which connect
biochemistry and cellular phenotype [37].

We next review recent applications of some of these approaches to the study of human
systemic autoimmune and autoinflammatory diseases.
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GWAS and Beyond

Over the last decade, GWAS have identified many alleles associated with systemic
autoimmune diseases [38, 39]), including =50 in SLE [40] and RA [41], and 36 in psoriasis
[42] (Figure 1). Interestingly, HLA variants remain at the top of the susceptibility list for all
these diseases. A group of non-HLA alleles encoding molecules involved in well-defined
immune activation and regulatory pathways, such as IL12B, IL2R and CD40 confer
predisposition to several of these diseases as well (Figure 1).

Alterations in TLR and type | interferon (IFN) pathways were first noticed in diseases such
as SLE, Sjogren’s Syndrome (SS) and inflammatory myopathies through blood
transcriptional profiling [7]. Common variants in genes within these pathways have now
been confirmed through GWAS (i.e. IRF5, IRF7, IRAK1, TNFAIP3, TNIP1, IFIH1 and
TYK?2) and seem to predispose to both systemic and organ-specific autoimmunity [43].
GWAS in combination with functional studies identified a variant of TNFRSF1A in MS
patients [44] that might explain why TNF blockers promote MS onset and/or exacerbations.

GWAS have identified allelic variants related to autophagy, a key mechanism in degradation
and recycling of large cellular components, in patients with Crohn’s Disease (CD). A variant
in the autophagy-related ATG16L1 gene results in impaired regulation of the inflammasome
molecules CASP1, IL-1f and IL-18 [45, 46]. Autophagy is also involved in the presentation
of citrullinated self-peptides by antigen-presenting cells (APC) [47], which may contribute
to autoimmunity in RA. Finally, variants in ATG5, which participates in IFN production in
plasmacytoid dendritic cells (pDCs) [48], have been associated with SLE [49], although
their pathogenic role remains to be demonstrated.

Deep targeted exome resequencing of susceptibility loci identified by GWAS has helped
refine the identification of putative disease-relevant variants, as supported by the discovery
of new NOD2-risk conferring and IL23R-protective alleles in patients with IBD [50, 51].

Monogenic diseases shed light on polygenic diseases

GWAS studies require large cohorts of patients, and are therefore not well suited for the
study of rare disorders. Studies of monogenic diseases have relied on linkage association
studies, SNP mapping and more recently exome or whole-genome sequencing. Monogenic
disease-causing variants were long identified within the complement system in familial
cases of SLE, within the apoptotic pathway in autoimmune lymphoproliferative syndrome
(ALPS) (FAS, FASL, CASP10) and within key regulators of immune tolerance in organ-
specific autoimmune diseases (e.g. AIRE mutation in APS1, FOXP3 mutation in IPEX
syndrome) [52].

More recently, mutations in genes involved in IL-1f regulation and nucleic acid degradation
have been identified as the cause of monogenic “autoinflammatory diseases” [53] and
“interferonopathies” [54], respectively. Aicardi-Goutieres syndrome (AGS) is a monogenic
interferonopathy manifesting as an encephalopathy that resembles congenital infection. AGS
patients have extraneurological features overlapping with lupus and elevated cerebrospinal
fluid IFNa levels at birth. Genes mutated in AGS are involved in cytosolic nucleic acid
processing or removal. Among them, TREX1 encodes a cytoplasmic exonuclease that when
deleted in mice results in cell-intrinsic production of type I IFN and autoimmunity [55].
SAMHD1 participates in retroviral control through hydrolysis of the cellular ANTPs
required for viral reverse transcriptase activity [56, 57]. ADARL1 is involved in post-
transcriptional dsSRNA editing and miRNA-mediated gene silencing when complexed with
Dicer [58, 59]. Patients with Spondyloenchondrodysplasia with Immune Dysregulation
(SPENCD) have mutations in ACP5, which encodes the tartrate-resistant acid phosphatase
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(TRAP). They display skeletal dysplasia and SLE manifestations together with elevated
blood IFNa levels [60, 61]. The information gathered through the study of these diseases is
leading to novel therapeutic strategies. For example, Trex1~/~ mice develop inflammatory
myocarditis that responds to a cocktail of reverse transcriptase inhibitors, opening the door
for this type of approach in AGS patients [62].

Exome sequencing has successfully been applied to the study of monogenic disorders
combining autoinflammation and immunodeficiency. For example, a mutation in HOIL1,
results in defects in the linear ubiquitination chain assembly complex (LUBAC), leading to
aberrant IL-1f responses. Paradoxical coexistence of inflammation and immunodeficiency
was further explained through functional assays with transcriptome read-outs, where patient
fibroblasts displayed reduced response to IL-18 combined with hyper-inflammatory
phenotype [63]. Deletions in PLCG2, which encodes the phospholipase Cy», a molecule
involved in signaling within B cells, NK cells and mast cells [64], also lead to
autoinflammation and immunodeficiency. Cells from patients displayed decreased signaling
at 37°C, but increased signaling at sub-physiological temperatures. A PLCG2 missense
mutation also leads to an inflammatory phenotype, but increased leukocyte phospholipase
Cyo activity is present at physiological temperatures, autoimmune manifestations are absent
and organ involvement different [65]. The latter finding highlights the complexity of gene
structural/functional correlates even within the context of monogenic diseases.

The relevance of rare mutants to improve our understanding of more common autoimmune
and inflammatory disease pathogenesis is striking. As 50% of AGS patients develop lupus
symptoms, TREX1 variants were sought after and found in up to 2% of patients with non-
familial SLE, revealing the importance of the cytosolic nucleic acid sensing pathway in this
disease [66].

A new frontier in profiling the autoimmune transcriptome

Pioneer microarray studies of patient PBMCs and whole blood were instrumental in
revealing dysregulated IFN pathways in SLE, SS, inflammatory myopathies and a subset of
Systemic Sclerosis (SSc) patients. They also led to the discovery of I1L-1 dysregulation and
response to I1L-1 blockade in systemic-onset Juvenile Idiopathic Arthritis (SJIA) [7].
Microarray-based studies in MS revealed transcriptional responses to IFNS1a [67, 68] and
enabled the stratification of patients according to disease activity [69].

RNA-seq is bringing our understanding of the transcriptional perturbations involved in
autoimmunity to a new level. Two thirds of genes associated with T1D in GWAS were
found expressed in human pancreatic islets using this technique [70]. RNA-seq of lesional
and nonlesional psoriatic skin identified a number of differentially expressed transcripts
previously undetected by microarray. A subset of them is synergistically upregulated in
keratinocytes by the combination of IL-17 and TNFa, supporting the relevance of these
cytokines in psoriasis pathogenesis [71].

A major contribution of RNA-seq is the characterization and quantification of disease-
specific splice variants. Novel IRF5 gene isoforms, for example, have been identified using
this technology as uniquely transcribed in SLE [72]. These variants can be now used to
better stratify SLE patients according to risk haplotypes. Similarly, RNA-seq analysis of
synovial fibroblasts identified novel genes and especially new isoforms previously not
associated with RA and not detected by microarray [73]. Although larger studies need to be
performed, these reports highlight the potential wealth of information that can be obtained
with sequencing technologies.
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Epigenetic control of autoimmunity

Protein synthesis is controlled pre-transcriptionally through epigenetic mechanisms, and
post-transcriptionally by various families of non-coding RNAs. Genome-wide DNA
methylation patterns have been characterized by high-throughput methylation arrays in
monozygotic twins displaying disease discordance [74] for SLE [75], psoriasis [76], T1D
[77] and RA [78]. These epigenetic marks could serve as additional biomarkers of disease
risk. Histone modifications have been studied in the context of autoimmune inflammatory
programs, with the identification of di-methylation of histone H3 at lysine 9 as a suppressor
of the IFN response [79]. This suggests that epigenetic-modifying drugs could be used in the
treatment of IFN-associated disorders. In type 2 diabetes, FAIRE-Seq mapping of open
chromatin in human pancreatic islets linked chromatin structure to the disease-associated
variant TCF7L2 [80]. This approach might help understand epigenetic factors involved in
autoimmune diseases in the future.

miRNAs are small non-coding RNAs that repress translation of target mMRNAs and may be
major regulators of inflammatory pathways driving autoimmunity. Among the many
miRNAs found modulated in autoimmune disorders, decreased expression of miR-146a
might explain the increased type | interferon response observed in SLE [81]. miR-146a
deletion in mice, on the contrary, results in increased TNFa and IL-6 production [82].
Interestingly, miR-146 is over-expressed in the synovial tissue [83, 84] and PBMCs [85]
from RA patients, potentially as negative feedback to excess TNF signaling. miR-23b,
which is down-regulated in inflammatory lesions of SLE and RA patients, acts as a regulator
of inflammation by suppressing 1L-17, TNFa and IL-1f induced NF-xB activation [86].
Conversely, miR-155 acts as a major inducer of inflammation. Its over-expression in the
synovial fluids of RA patients was associated with the down-regulation of its target SHIP-1,
an inhibitor of TNFa production [87]. miRNAs can also be used as biomarkers in various
tissues/fluids. For example, their detection in the plasma and urine of patients with SLE [88]
and T1D nephropathies [89] respectively provide disease- and stage-specific diagnostic
signatures. Our understanding of the role of mMiRNA in the context of autoimmunity will
benefit from integrative approaches that simultaneously quantify mRNA and genome-wide
protein output by SILAC-based proteomics after miRNA introduction or knockout in
cultured cells [90, 91].

Challenges and concluding remarks

Systems biology is rapidly generating large quantities of novel information in human
autoimmune diseases at the genetic, transcriptional, protein and metabolic levels. Besides
the raw computing capacity required for data storage and processing, which calls upon the
dynamic and dematerialized capacities of the cloud, there is also a need for data
management solutions [92], analysis software and novel statistical methods that will enable
data interpretation on a true “systems” level.

Studies of complex diseases also need to address heterogeneity in the outbred human
population, interaction with the environment, disease stages, and effects of treatments,
prompting for careful experimental designs. When studying rare diseases, collaborations and
consortia should be fostered to provide access to well-annotated samples, shared databases,
and standardized protocols for relevant assays.

Systems biology is leading to novel discoveries in biology, medicine and pharmacotherapy.
It is doing so by combining high throughput assays that generate functionally testable
hypothesis in vitro and in animal models. This multi-disciplinary approach is promoting a
change in culture from individual data accumulation to data and knowledge sharing across
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the scientific community [93, 94], leading to accelerated understanding of disease,
biomarker identification and drug development.
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Figure 1. Geneswith risk-associated loci identified by GWAS in 6 autoimmune diseases
Network displaying odd ratios of autoimmune disease occurence given single nucleotide
polymorphisms (SNPs) in specific genes. The major hubs represent 6 autoimmune diseases
(I1BD: Inflammatory Bowel Disease; MS: Multiple Sclerosis; PSO: psoriasis; RA:
Rheumatoid Arthritis; SLE: Systemic Lupus Erythematosus; T1D: Type | Diabetes). Each
associated gene is represented by a blue dot of diameter proportional to the odds ratio (OR).
The data presented herein is publicly available at http://www.genome.gov/gwastudies/
index.cfm?pageid=26525384 - searchForm. Risk bearing loci without associated OR and

with a p > 5x1078 were filtered out.
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Table 1
Current and upcoming technologies

Technology/M ethod Assay Type Target Overview

SNP Arrays High-throughput | DNA DNA microarrays used to identify single
nucleotide polymorphisms in populations;
Widely used in GWAS to identify disease
susceptibility loci

Sanger sequencing Targeted DNA DNA sequencing method that relies on
incorporation of dideoxynucleotides by DNA
polymerase during DNA replication

"Next-gen" DNA sequencing High-throughput | DNA Sequences small DNA fragments in parallel,
producing millions of overlapping reads that
can be aligned computationally to assemble
complete genomic sequences

DNA Microarrays High-throughput | mRNA Relatively quantifies mRNA levels through
hybridization to cDNA probes

RNA-seq High-throughput | RNAs Quantifies RNA levels, including non-coding
RNAs; Identifies splicing variants

Global Run-On sequencing High-throughput | RNA polymerase Maps the position, quantity and orientation of

(GRO-seq)

transcriptionally engaged RNA polymerase
across the genome

Native Elongating Transcript
sequencing (NET-seq)

High-throughput

nascent RNA

Monitors transcription at nucleotide resolution

Ribo-seq

High-throughput

ribosome-bound mRNA

Quantifies ribosome-bound mMRNA

Chromatin Immuno-
Precipitation sequencing (ChIP-
seq)

High-throughput

protein/DNA interactions sequences

Combines chromatin immuno-precipitation
with massively parallel sequencing; Used to
identify regions of DNA/protein interactions,
transcription regulators and chromatin
modifications

Formaldehyde-Assisted
Isolation of Regulatory
Elements (FAIRE-seq)

High-throughput

chromatin/DNA

Sequencing of open regions of chromatin
sensitive to folmaldehyde. Identifies DNA
sequence enriched for DNAse binding sites,
transcription initiation sites and active
promoters

DNAse-seq

High-throughput

DNAse sensitive DNA regions

Sequencing of DNA regions sensitive to
cleavage by DNAse |

Nanostring nCounter Targeted RNAs Quantifies RNA and DNA levels using a
barcoding approach for up to 800 different
molecules at a time, without amplification steps

High-throughput real-time PCR | Targeted RNAs Real-time PCR platforms for up to 10,000

platforms (OpenArray®, transcripts at at time; Can measure both mMRNA

Fluidigm Biomark™...) and small non-coding RNAs

Protein modification arrays targeted Proteins Include methylation and phosphorylation
arrays; Enable the study of protein dynamics in
signaling cascades and transcription regulation

Microsphere-based protein Targeted Proteins Multiplexed color-codes microspheres for

quantification (Luminex®) detection of cytokines and signal transduction
proteins

Cytometry by Time-Of-Flight Targeted Proteins Cytometry using transition element isotope-

(CyTOF) labeled antibodies and quantified by mass
spectrometry

Shotgun proteomics High-throughput | Proteins Combines high performance liquid

chromatography with mass spectrometry for
unbiased protein identification
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