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Abstract

Rheumatic diseases have complex aetiologies that are not fully understood, which makes the study
of pathogenic mechanisms in these diseases a challenge for researchers. Next-generation
sequencing (NGS) and related omics technologies, such as transcriptomics, epigenomics and
genomics, provide an unprecedented genome-wide view of gene expression, environmentally
responsive epigenetic changes and genetic variation. The integrated application of NGS
technologies to samples from carefully phenotyped clinical cohorts of patients has the potential to
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solve remaining mysteries in the pathogenesis of several rheumatic diseases, to identify new
therapeutic targets and to underpin a precision medicine approach to the diagnosis and treatment
of rheumatic diseases. This Review provides an overview of the NGS technologies available,
showcases important advances in rheumatic disease research already powered by these
technologies and highlights NGS approaches that hold particular promise for generating new
insights and advancing the field.

Technical advances and the decreasing cost of next-generation sequencing (NGS)
technologies have led to the development and rapid application of methods to assess gene
expression, chromatin accessibility and structure, DNA methylation and DNA sequences at
the genome-wide level. Subsequent advances have enabled these technologies to be scaled
for the analysis of single cells. These approaches have been extensively applied to the study
of fundamental biological processes, including immune and autoimmune responses®-2. In
diseases such as cancer, which have a strong genetic component, these technologies have
already had a transformative effect on our understanding of pathogenesis and in the
development of precision medicine therapeutic approaches. In rheumatic diseases, analysis
of genome-wide association studies (GWAS) has revealed many common allelic variants
that are associated with small increases in disease risk; however, the majority of disease
heritability has yet to be accounted for, and non-genetic factors, such as environmental
factors, have a large effect on disease risk and progression.

The challenge in applying NGS technologies to gain insight into complex human conditions,
such as rheumatic diseases, lies in appreciating what questions can be meaningfully
answered with these tools (BOX 1), including how to sift through the noise within the large
data sets and effectively deduce the causal mechanisms of disease aetiology and
pathogenesis. Given the rapid development of NGS technologies and the complexity of
clinical data sets, collaborative teams of rheumatologists, molecular scientists and
computational experts will be required to effectively couple NGS high-throughput genomic
information with clinical information that can be used to elucidate the fundamentals of
rheumatic disease pathology.

In this Review, we discuss three main omics NGS approaches — transcriptomics,
epigenomics and genome sequencing — that are being applied to the study of rheumatic
diseases (FIG. 1). These techniques have the potential to provide insight into the interaction
of environmental and genetic factors in the pathogenesis of rheumatic diseases. We also
discuss how whole-exome and whole-genome sequencing can reveal so-called missing
heritability by uncovering rare mutations and can help researchers to identify somatic
mutations in haematopoietic progenitors that promote autoimmunity and inflammation. The
novel cell types and molecular pathways involved in the pathogenesis of rheumatic diseases
that these omics approaches could potentially expose might lead to new therapeutic targets
and strategies.

Transcriptomics

The term transcriptomics encompasses several technologies that can be used for the high-
throughput identification of RNA species. Genome-wide gene expression profiling using

Nat Rev Rheumatol. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Donlin et al.

Page 3

RNA sequencing (RNA-seq) has already been widely used to study rheumatic diseases,
although its utility in the clinic awaits the identification of robust patterns of gene expression
that meaningfully inform treatment decisions3. Whereas DNA sequencing can be used to
identify the mutations that cause specific cancers and thus aid diagnosis and inform
treatment options, the complex genetics and important role of environmental factors in
rheumatic diseases render a particular need for approaches (including functional genomic
assays such as RNA-seq) that measure facets of the active genome. By using such assays,
researchers might uncover much-needed objective measures of flare episodes and treatment
response profiles that could aid rheumatic disease stratification3.

Transcriptome analysis across all cells and tissues of the human body is orders of magnitude
more complex than sequencing an individual’s genome, as each cell in the body possesses a
unique transcriptional profile that can dynamically change in response to many triggers,
such as diurnal cycles, ageing, food intake, exposure to microorganisms, exposure to
inhalants and genetics. The extensive variability in clinical manifestations and the chronic
nature of rheumatic diseases further complicate the interpretation of transcriptomic data
sets?. Thus, as with the human genome and GWAS projects, large-scale consortia will
undoubtedly be instrumental in generating meaningful transcriptomic data sets for rheumatic
diseases. Rheumatologists should be encouraged to join such efforts and to communicate
closely with the computational scientists who process these data sets using emerging
technologies such as artificial intelligence. Thoughtfully and meticulously collected clinical
information and continuous consultation between scientists and physicians who understand
the nuances of clinical rheumatology will be instrumental to the successful interpretation of
such data.

To capture meaningful transcriptomic patterns amidst this complexity, it will be important
for some research projects to focus on specific cell subsets in a particular cohort of patients
while others look broadly by conducting meta-analyses across thousands of independent
transcriptomics studies. Complementing transcriptomics data with other high-dimensional
technologies such as mass cytometry and high-throughput molecular imaging techniques
will also be important. Technical challenges related to RNA integrity and quantity, which are
a particular challenge when working with clinical samples, have been addressed by
standardized viable preservation and dissociation protocols for tissues commonly affected in
rheumatic diseases, such as synovium, kidney, skin and urine®’. Together with improved
protocols for robust low-input sequencing, the ability to analyse low-quality RNA holds
great value, for example, by enabling analysis of gene expression in formalin-fixed paraffin-
embedded samples8.

As with any discovery project that aims to implicate objective molecular patterns in human
disease, deducing which patterns are causing, rather than reacting to, the pathology is
challenging. To address causality in the human system, ex vivo organoid assays using
primary cells from patients combined with genetics and disease-relevant pharmacologic
perturbations will be a valuable approach. Such assays can then inform animal models that
are used to dissect disease mechanisms relevant to the human patient. This approach is not
only applicable to transcriptomic studies but also represents a valuable overall strategy for
various omics, as well as hypothesis-driven approaches. With clear pathological pathways

Nat Rev Rheumatol. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Donlin et al.

Page 4

identified in various rheumatic diseases, the potential identification of pathological pathways
shared between cell subsets in disparate rheumatic conditions could lead to the immediate
and effective repurposing of approved medications for patients with rheumatic diseases
(FIG. 2).

Genome-wide gene expression analyses

Although microarray assays first introduced the power of profiling thousands of unique
transcripts to rheumatic disease research®19, NGS provides richer molecular information
and greater scalability by capturing the expression of all known (and as yet unknown) genes,
non-coding RNAs and alternatively spliced transcripts. The standard RNA-seq protocol
involves generating a cDNA library that is sequenced as short fragments or reads, which are
then computationally assigned to a gene by aligning their sequences to a reference genome
and are ultimately tallied for abundance. The gene expression levels from samples are then
compared to create lists of differentially expressed genes (DEGs)!1, which can be further
examined using pathway and network analysis programmes. Pathway databases
computationally score lists of genes and their relative abundance against previously defined
gene sets known to be involved in cellular pathways or physiological responses.
Computational programmes have even begun to address how gene expression profiles relate
to spatial organization of cells and tissues in vivo, and emerging new techniques have begun
to be used to directly assay transcriptional signatures in situ, promising to provide insights
into the intercellular networks that drive tissue function and physiological systems12.

Bulk gene expression analyses.—Transcriptomic analyses of mixed cell populations
or whole tissue preparations are relatively easy to generate, even in clinical settings. Such
work has provided evidence for specific gene signatures in neutrophils that are associated
with cardiovascular disease in patients with systemic lupus erythematosus (SLE)*2 and for
plasma cell-related genes as robust markers of rheumatoid arthritis (RA) in synovial
tissuel415, However, the sequencing of complex mixtures of cells (synovial tissue samples
or peripheral blood mononuclear cells) has been less effective at revealing robust gene
expression signatures in patients with clear clinical differences or with different responses to
treatment1®.17. To increase the chance of detecting meaningful gene expression changes,
different cell types have been purified from patient samples by fluorescent-activated cell
sorting or other means and then analysed as distinct populations of cells'8. For example, in a
2018 study, a sepsis-like signature was identified in neutrophils from patients with systemic
juvenile idiopathic arthritis (sJIA) that decreased upon treatment with an IL-1 receptor
antagonist9. In another study, macrophages were purified from synovial tissue samples
from patients with RA or osteoarthritis (OA), and numerous gene modules were identified
that correlated with disease activity and therapy20. The drawbacks of sequencing whole
tissue fragments and mixed cell populations include difficulties in detecting changes in rare
cell types, understanding which cell type is responsible for the detected changes in gene
expression and knowing the extent to which changes in gene expression are attributable to
differences in the composition of mixtures of cells. The latter limitation can be partially
overcome by predictive deconvolution algorithms, and more definitively by cell sorting, but
has also provided motivation for the development of alternative approaches such as single-
cell sequencing.
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Single-cell gene expression analyses.—Single-cell transcriptomics is an accessible,
cutting-edge NGS approach, thanks in part to the development of technologies to capture
and interrogate gene expression in single cells and to the open-access mindset of the
bioinformatics community. The capacity to identify the transcriptomic profiles of thousands
of individual cells in a sample provides the opportunity to tease apart how specific cell
subtypes contribute to the expression patterns observed in mixed cell population
transcriptomics. This approach also offers the potential to understand the variability in
purified populations (which can be computationally interpreted for signs of directional
differentiation among the cells) and, importantly, enables the discovery and confident
classification of extremely rare cell types using high-dimensional data. The comprehensive
and unbiased description of all cell types extracted from a given sample is possible with no a
priori knowledge of the cellular composition of tissues; however, assigning an identity to a
cell cluster defined by gene expression usually requires imputation on the basis of known
profiles of cell type-specific gene expression. Another limitation of single-cell sequencing
relates to the depth of sequencing possible — currently available technologies capture
expression of only a few thousand of the most highly expressed genes per cell, which can
make it difficult to segregate related cell types or to identify pathways or phenotypes
comprising genes expressed at low levels. This limitation can be addressed by combining
single-cell sequencing with bulk sequencing of sorted cell populations or with analysis of
surface markers using DNA-barcoded antibodies, thereby providing a greater depth of
coverage and potential insight into phenotype.

Outstanding reviews from 2018 have broadly highlighted single-cell RNA-seq in
immunological studies?1:22, and the accompanying Review by Cheung et al. provides a
further focus on single-cell sequencing in rheumatic disease research?3, However, it is worth
mentioning the results of two studies?4:2 that used single-cell RNA-seq on synovial tissue
from patients with RA to reveal multiple new cell types and activation states in the primary
tissue affected in this disease. In these studies?#2°, three fibroblast subsets (one lining and
two sublining) were defined by their transcriptional profiles, which could represent non-
immune-system-related drug targets. An extensive enrichment of programmed cell death
protein 1* peripheral T follicular helper cells was also confirmed in RA synovium2®, which
had previously been identified by mass cytometry?26,

Multidimensional analyses of gene expression data.—Transcriptomic profiling of
patients with rheumatic diseases has been implemented in a large numbers of studies, and
over 4,000 gene expression profiles have been deposited in public databases such as Gene
Expression Omnibus. Sophisticated mathematical algorithms designed to coalesce data from
these vast global studies could be used to generate insights into clinically relevant
parameters such as responses to treatment?’ in population-wide gene expression patterns in
patients with rheumatic diseases, as has already been done for inflammatory bowel disease
and sepsis?8:29, Several large-scale consortia have already been established to aid the
discovery and sharing of omics data relevant to rheumatic diseases. The Accelerating
Medicine Partnership (AMP) consortium was created to identify promising biological targets
directly from human tissues affected by RA and SLE using transcriptomics (sorted cell
populations and single-cell analysis) and mass cytometry8:30:31, During development of the

Nat Rev Rheumatol. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Donlin et al.

Page 6

pipelines for high-dimensional analyses of samples from cohorts of patients undergoing
different drug treatments, the team of rheumatologists, scientists and bicinformaticians in
the AMP has discovered disease-associated immune and stromal cells in various activation
states in synovium from patients with RA and kidney tissue from patients with lupus
nephritis, critically reshaping our view of the pathological pathways involved in these
rheumatic diseases®-30:31, Primary data from the AMP RA and SLE network are available
through ImmPort. Other consortia such as PRECISESADS, The LifeTime Initiative, the
Human Cell Atlas and the International Human Epigenome Consortium will also be
instrumental in laying the foundation for investigation of the tissues and cell types relevant
to autoimmune diseases.

Targeting specific RNA species

The basic RNA-seq protocol can be modified to capture specific RNA subtypes, including
mRNA (by poly-A selection or ribosomal RNA depletion), nascent transcripts, nuclear
RNA, chromatin-associated RNA and ribosome-associated RNA. Paired-end sequencing
enables the genome-wide identification of alternatively spliced RNA isoforms that can
generate multiple novel gene products within each cell. Sequencing can also be targeted to a
specific type of gene, such as antigen receptor gene products, or to non-coding RNA species.

Molecules with some of the strongest associations with the rheumatic diseases are HLA
haplotypes and autoantibodies; a large number of transcriptomic studies in rheumatic
diseases have therefore used T cell receptor (TCR) and B cell receptor (BCR) sequencing.
Whereas TCR and BCR sequences can be deduced from DNA sequencing, sequencing of
antigen receptor recombination products is often performed using RNA as the starting
template. For example, a 2018 study of TCR diversity in RA that used RNA-seq of the TCR
[ chains showed considerable overlap of dominant TCR clones within synovial
compartments and between affected joints, implicating common and potentially
therapeutically targetable lymphocytes in the pathogenesis of RA32, In another study, this
technology was used to provide evidence that, in the blood of patients with RA, HLA-DRB1
shared epitope alleles associate with a reduced diversity of the TCR repertoire33,

Regarding BCRs and antibodies, a single-cell sequencing study showed that circulating IgA*
plasma-blasts (present at high concentrations in individuals at high risk of developing RA)
had shared antibody repertoires with IgG* plasmablasts, which the authors suggest
implicates a mucosal immune reaction in the onset of RA34. In another study, NGS was used
with blood from patients with SLE to identify somatic mutations in anti-nuclear antibody
sequences that increased the affinity of the antibodies for DNA3%. Several groups have
integrated antigen—tetramer isolation techniques with single-cell BCR sequencing to define
continuous affinity maturation of anti-citrullinated protein antibody (ACPA)-producing and
rheumatoid factor-producing plasmablasts, linking these findings to ACPA epitope spreading
and inherent phenotypic differences between rheumatoid factor-producing and ACPA-
producing plasmablasts36-38, Furthermore, in a study on primary Sjégren syndrome (pSS),
researchers combined proteomic mass spectrometry of rheumatoid factors with
immunoglobulin heavy chain repertoire sequencing to identify antibody clonotypes that then
served as biomarkers for the severity and course of cryoglobulin-associated disease3®.
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Emerging techniques that link antigen receptor sequencing with high-throughput antigen
binding assays and single-cell transcriptomics promise to increase our understanding of
autoantigens and their cognate antibodies, as well as TCRs and the cells that produce them,
in rheumatic diseases??.

Epigenomics

Epigenetic control of the genome occurs at many levels, including the covalent modification
of DNA-associated proteins such as histones, the direct chemical modification of DNA and
changes in chromatin accessibility and higher order structure?142, The term epigenome, also
known as the epigenomic landscape, refers to the genome-wide pattern of chromatin
accessibility, DNA modification, transcription factor binding and chromatin-modifying
enzyme binding that is unique to each cell type. Such epigenetic patterns are plastic during
inflammatory processes, and epigenetic regulation is thought to be important in
inflammation and in disease states#3-4°; thus, it is important to understand how epigenetic
changes can contribute to rheumatic diseases. Insights into cellular epigenetic landscapes
can be gained through the use of high-throughput, genome-wide methods to analyse
chromatin accessibility, histone modification, transcription factor occupancy and DNA
methylation#>46, Such methods include bisulfite sequencing (BS-seq), which measures
DNA methylation, and DNase | hypersensitive sites sequencing (DNase-seq), formaldehyde-
assisted isolation of regulatory elements with sequencing (FAIRE-seq) and assay for
transposase-accessible chromatin using sequencing (ATAC-seq), which reveal nucleosome-
depleted regions known as open chromatin. By contrast, chromatin immunoprecipitation
sequencing (ChlP-seq) uses antibodies specific for histone marks or transcription factors to
reveal genome-wide patterns of histone modifications, which can promote, repress or
stabilize gene expression, and transcription factor occupancy.

Studying histone modification

Genome-wide epigenetic analysis of histone modifications and chromatin accessibility in
patients with rheumatic diseases is still at an early stage, although epigenetic changes in
disease-relevant genes have been detected in some rheumatic diseases*’. For example, gene
enhancers are altered in monocytes from patients with SLE compared with monocytes from
healthy individuals*®, as are histone H3 trimethylation at lysine 4 (H3K4me3) patterns,
particularly at elements associated with interferon signalling#®. Changes also exist in
chromatin accessibility at B cell activation genes in B cells from patients with SLE
undergoing flare®C. Profiling of synovial fibroblasts from patients with RA for various
histone modifications (such as H3K4me3, histone H3 acetylation at lysine 27 (H3K27ac),
histone H3 monomethylation at lysine 4 (H3K4me1) and histone H3 trimethylation at lysine
36 (H3K36me3)) and for open chromatin has revealed differences to synovial fibroblasts
from patients with OA, as well as an association of epigenomic marks with active enhancers
and promoters of immune-related genes®L. Although such studies represent an important
step forward for the use of epigenomic analysis for rheumatic diseases, considerable
challenges remain in demonstrating a causal link between epigenetic marks and gene
expression patterns that define cell activation states and phenotypes.
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An important epigenetic concept to be considered in the dysregulated inflammatory
responses in rheumatic diseases is the establishment of memory-like cellular phenotypes that
can either promote or inhibit the responses of innate immune cells to environmental
stimuli®2. Specifically, the exposure of innate immune cells to certain triggers such as
microbial products results in epigenetic imprinting that manifests as either a state of
immunological tolerance®3 or of heightened responsiveness, termed trained immunity®4.
Tolerant macrophages have less-accessible chromatin and fewer active histone marks (such
as H3K4me3 and H3K27ac) at the promoters and enhancers of inflammation-related
genes®®56, as well as a defect in Toll-like receptor (TLR) signalling®3 compared with naive
unstimulated macrophages. By contrast, trained monocytes gain active histone marks at
distal regulatory elements; upon re-stimulation, these genomic regions are readily acetylated
and rapidly and robustly transcribed®4,

Both tolerance and trained immunity represent clinically relevant functional states, and the
development of innate memory is relevant to inflammation2:53, Pertinent to autoimmunity,
microbiome-derived products can differentially affect the tolerization of innate immune cells
and the emergence of autoimmune diseases such as diabetes®’, and exposure to type |
interferons can abolish macrophage tolerance in a chromatin-dependent manner®°:58,
Trained immunity can also counteract tolerance-related epigenetic changes®® and thereby
contribute to the nonspecific protective effects of vaccination and affect susceptibility to
subsequent infections. A 2018 study®® showed that training or tolerization of innate immune
cells in the periphery led to the stable epigenetic reprogramming of microglia in the brain,
which in turn affected the development of disease in mouse models of Alzheimer disease
and stroke. The results of this study®® support the concept that environmental stimuli at
distal sites can affect inflammatory responses in distinct tissues, thereby contributing to
pathogenesis. It will be important to determine whether defects in establishing tolerance and
trained immunity contribute to rheumatic diseases. An additional possibility is that training-
induced epigenetic changes that stabilize inflammation-related gene expression might
contribute to resistance to therapies that target upstream signalling events. Overall, tolerance
and trained immunity could be representative examples of a pervasive phenomenon of
epigenetic conditioning by environmental challenges, which might control several
fundamental features of rheumatic disease pathology.

Studying the chromatin landscape

Numerous studies have shown that the majority of disease-associated allelic variants fall
outside of protein-coding sequences and instead lie in c/s-regulatory regions such as gene
enhancers80-64 including common autoimmune disease-associated polymorphisms®°. SLE-
associated polymorphisms in HLA-DR, HLA-DQ and BANKI loci have been implicated as
expression quantitative trait loci (eQTLs) that control gene expression86:67. As few disease-
associated eQTLs have been mapped relative to the large numbers of disease-associated
single nucleotide variants discovered, it is challenging to assign distal enhancers that harbour
disease-associated allelic variants to their target genes and to determine causal relationships
between these variants, gene expression and disease states. Advances that have begun to
address causal links between the chromatin landscape and functional gene expression
include the development of techniques to study chromatin conformation and looping*2 and
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CRISPR-Cas9-mediated genome editing®®. Techniques that map chromatin interactions
such as Hi-C#2 have been combined with ChIP to map chromatin contact points that
associate with specific proteins®. In this process, known as HiChlP, interacting DNA
fragments are covalently linked before ChIP analysis is performed to detect particular
histone modifications or chromatin-associated proteins. The detection of enhancer—promoter
interactions enables the identification of target genes for a particular enhancer. HiChlP has
so far been used to generate high-resolution maps of enhancer—promoter contacts in primary
human T cells and to map the target genes of enhancers that harbour autoimmune disease-
associated allelic variants®®. This approach will provide a valuable framework for mapping
distal c/s-regulatory regions and disease-associated variants for target genes in rheumatic
diseases.

Genome editing technologies such as the CRISPR-Cas9 system enable manipulation of the
epigenome to identify the effect of epigenetic patterns on cellular function88. This approach
has been used to support the auto-immune disease-relevant importance of an enhancer in the
TNFAIP3 locus’0. Nuclease-deficient Cas9 fused with functional domains of the epigenetic
regulators KRAB, TET1 and p300 has also been used to target these proteins to specific
regulatory regions to determine the role of particular epigenetic patterns in gene expression
and cell function’®. Overall, the CRISPR—Cas9 system could be used to help identify which
genes are regulated by disease-associated enhancers and which epigenetic mechanisms
regulate gene expression in rheumatic diseases. Such epigenetic mechanisms could
potentially be therapeutically targeted to treat autoimmune and inflammatory diseases.

Studying DNA methylation

DNA methylation involves the addition of a methyl group to a cytosine residue by DNA
methyltransferases (DNMTSs), most commonly at cytosine—guanine (CpG) dinucleotide
locations (known as CpG islands)72. Typically, DNA methylation in promoter CpG islands
blocks transcription and promotes gene silencing’3:74, whereas variable effects occur when
CpG islands in gene bodies, introns or enhancers are methylated’>. DNA methylation has
been extensively analysed in an attempt to uncover the underlying epigenetic mechanisms
that control rheumatic diseases. A typical workflow involves identifying differentially
methylated regions (DMRs) and associating them with genes. These genes are then
annotated with known pathways and biological activities that can either confirm known
functions or reveal unexpected functions of relevance for the disease being studied®?.
Transcription factor motif enrichment analysis can be included as part of the workflow to
enable the discovery of matifs that potentially characterize DMRs. The ultimate goal of
DNA methylation studies in rheumatic diseases is to compare epigenetic signatures across
diseases and disease stages and to identify candidate disease biomarkers.

NGS technologies are aiding epigenomics research by enabling capture of the distribution of
DNA methylation across the genome?8.77. The best-established NGS-based experimental
protocols for detecting methylated cytosines across the genome are BS-seq and whole-
genome bisulfite sequencing (WGBS)78-80, A variation of these techniques is reduced
representation bisulfite sequencing (RRBS)®L, in which only a CpG-rich fraction of the
genome is sequenced. RRBS typically ensures isolation of ~85% of CpG islands in the
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human genome82 and is the method of choice when the high costs of WGBS would
compromise sequencing coverage. NGS and array platforms for DNA methylation studies
have been reviewed eleswhere82,

Before NGS technologies were available, array-based profiling approaches were often used
for genome-wide DNA methylation studies, such as the IHlumina Infinium
HumanMethylation450K BeadChlIP and its successor, the MethylationEPIC kit82:83, Chip-
based DNA methylation studies showed that methylation patterns are distinct in cultured
synovial fibroblasts from patients with RA compared with those from patients with OA and
from a control cell 1ine83. In a follow-up study, differentially methylated genes were
identified that participate in RA-related pathways and a DNA methylation signature was
confirmed in synovial fibroblasts from patients with RA that remained unaltered across
passages and between replicates84. Two more studies addressed the question of whether
DNA methylation patterns change as a result of disease progression and duration8® or differ
between joints51. DNA methylation patterns in synovial fibroblasts from patients with early
RA differed from those from patients with longstanding RA, suggesting that DNA
methylation changes occur early in the disease process and change over time8°. Different
joints also seemed to have distinct methylation signatures®!. An integrated transcriptomic
and epigenomic analysis of synovial fibroblasts obtained from different anatomical sites
showed joint-specific DNA methylation, chromatin marks and transcription that was
associated with differential expression of homeobox genes, which confer positional memory
along the body axis®6. Thus, joint-specific epigenomic features can contribute to distinct
synovial fibroblast functions and help explain the differential involvement of various joints
in RA.

Synovial fibroblasts have also been compared at the epigenomic level with peripheral blood
cells from patients with RA, resulting in an RA-associated methylation signature of
hypermethylated loci that is similar in blood cells and synovial fibroblasts®”; if this blood
cell methylation pattern is found to differ substantially from healthy individuals, it could
potentially function as an RA biomarker. Along the same lines, distinct DNA methylation
profiles in peripheral blood cell subpopulations were associated with different clinical
outcomes in patients with RA, suggesting that specific DNA methylation changes might
serve as predictors of disease progression and severity88. In SLE, genome-wide DNA
methylation studies have revealed DMRs that are associated with the production of clinically
relevant SLE-related autoantibodies®® and with nephritis, findings that suggest potential
relationships between DNA methylation patterns and components of the clinical spectrum of
SLE. Additionally, a genome-wide study of salivary gland tissue from 28 women with pSS
identified a hypomethylated DMR signature associated with inflammation-related genes®L.

Notably, a 2018 genome-wide, multi-omics study to characterize the epigenomic landscape
of synovial fibroblasts from patients with RA demonstrated the potential of NGS to identify
unanticipated therapeutic targets®l. The integrative use of WGBS with other NGS
technologies to study RNA expression, patterns of open chromatin and histone modifications
unexpectedly revealed ‘Huntington disease signalling” as the most enriched biological
pathway in synovial fibroblasts from patients with RA compared with those from patients
with OA. Further analysis of the genes in this pathway suggested that ~/P1, a gene that is
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particularly prominent in this pathway and has been previously associated with cell
movement in cancer, has a role in the invasion of synovial fibroblasts into cartilage. This
study®? represents an example of how a genome-wide and unbiased multidimensional view
of synovial fibroblasts from patients with RA at the epigenomic level can lead to the
discovery of novel potential therapeutic targets (FIG. 3).

Genome sequencing

The advent of NGS technologies (BOX 2) has revolutionized the discovery of pathogenic
genetic variants, such as variants in rare inherited diseases, de novo variants in genetic
diseases with sporadic onset and somatic mosaicism as a cause of disease. Before NGS
technologies were available, the identification of disease-causing genes required the
laborious process of positional cloning, linkage analysis® and Sanger sequencing and often
took years to uncover an underlying causative gene. Such was the discovery of mutations in
the MEFV gene as the genetic cause of familial Mediterranean fever®3. More than 20 years
later, NGS of DNA has eclipsed these methods and improved the scope and speed of
mutation discovery; diagnostic exome sequencing is now a commercial commodity costing
less than US$1,000 per sample and taking just a few weeks to return results.

Exome sequencing of affected individuals and their relatives provides an efficient and
unbiased method to identify pathogenic mutations by screening for coding variants. A
typical workflow involves sequencing the DNA of affected and unaffected individuals in a
family and then using various inheritance models, such as autosomal dominant, recessive
and X-linked, to filter the results for mutations correlating with disease status. Large families
help to facilitate the identification of pathogenic variants, but even the sequencing of trios
consisting of two parents and a child can lead to the identification of mutations%4,
particularly in early-onset severe disease in which there is a de novo pathogenic mutation in
the affected child. A combined sequencing and family study approach led to the discovery of
haploinsufficiency of TNF-induced protein 3 (also known as A20) as a result of loss-of-
function mutations in 7AMFA/P3, which caused an autosomal dominant earlyonset
inflammatory syndrome resembling Behcet syndrome®. The 7A/FA/P3 mutations identified
in the first two families in this study®® were discovered by sequencing DNA from affected
and unaffected family members. Comparison of candidate rare variants between the two
families yielded 7NVFA/P3 as the only commonly mutated gene. Subsequently, targeted
sequencing of 7TNEFA/IP3 exons in similarly affected individuals identified three additional
families with loss-of-function mutations9°.

As whole-genome sequencing becomes comparable in cost to exome sequencing, its use as a
discovery tool in Mendelian disease is becoming more feasible. Although the sequencing
depth is lower (typically 30xcoverage for whole-genome sequencing versus 50-100x%
coverage for exome sequencing), coverage is more uniform across genomic regions in
whole-genome sequencing owing to the absence of hybridization-based selection of specific
sequences, making possible the detection of mutations in regulatory regions and non-coding
RNA, as well as structural variations®. In a survey of Mendelian disease-causing variants
curated from the Online Mendelian Inheritance in Man (OMIM) and ClinVar databases, 45%
were found to be non-coding®’, suggesting that whole-genome sequencing has the potential
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to identify disease-causing variants outside of the exome. The importance of non-coding
variation is emerging in both Mendelian and complex immune-mediated disorders, such as
the 2018 discovery of a structural variant in the 5’-untranslated region of RAB27A that is
associated with late-onset haemophagocytic lymphohistiocytosis®.

Whereas the underlying cause of rare diseases can often be pinpointed to a single gene, the
genetic causes of complex autoimmune disorders such as SLE remain elusive. Novel
technologies have helped to advance knowledge in this field, for example, in the
investigation of rare variants that might be important in SLE susceptibility. Mutations in
TREXI that occur in patients with the rare, early-onset inflammatory disease Aicardi—
Goutieres syndrome (which resembles SLE in certain features) have also been found by
exome sequencing in ~0.5% of patients with SLE®®. Similarly, targeted sequencing studies
that focused on loci previously identified by GWAS have aided our understanding of the
connection between associated genes and disease by capturing rare variants that were
undetected by GWAS. Several rare variants associated with inflammatory bowel disease
have been identified in this way100.101,

Somatic mosaic mutations are a class of pathogenic mutations that can be missed by
standard exome and genome sequencing and that are only now being detected. Somatic
mutations are not present in the germ line and instead arise in tissue cells, including stem
and progenitor cells, after birth and as such are present in only a subset of cells, resulting in
a mosaic phenotype in adult organisms. A subset of patients with symptoms that are
indistinguishable from those of Mendelian auto-inflammatory diseases, such as TNF
receptor-associated periodic syndrome (TRAPS), neonatal-onset multisystem inflammatory
disease (NOMID) and autoimmune lymphoproliferative syndrome (ALPS), lack a germline
genetic diagnosis. For some of these patients, somatic mosaicism of the pathogenic gene can
cause a similar or milder phenotype that mimics the germline disorder. For example, in
patients with cryopyrinopathies related to mutations in NLRP3, embryonic and
haematopoietic lineage-restricted somatic mutations in AVLRP3have been identified that
have variant allele frequencies as low as 5%102-104_ Somatic mutations in 7AVFRSF6 (also
known as FAS) that are restricted to lymphocyteshave also been identified in patients with
ALPS105 which is commonly caused by dominant negative germline mutations in this gene.
Interest in the role of somaticmutations in complex autoimmune diseases is also increasing;
a 2017 study showed the presence of somatic mutations in various immune-related genes in
clonally expanded cytotoxic T cells from patients with RA106. However, further work is
needed to understand the functionalimplications of such mutations, and similar studies are
underway in other autoimmune diseases.

Previously, somatic mutations were identified by the labour-intensive process of subcloning
and Sanger sequencing, but somatic mimics of germline syndromes have now been
discovered as a result of targeted sequencing or exome sequencing studies, which have
identified such mutations in 7AV/FRZ (also known as TNFRSF1A) and NLRC4, thus
expanding the spectrum of mosaic mutations known to cause autoinflammatory
diseases197:108 Exome sequencing enables the detection of novel somatic mutations when
paired samples of affected and unaffected tissues are used, but the current limit of detection
is an allele frequency of ~5%. Targeted sequencing technologies such as multiplexed PCR
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amplicon sequencing and hybridization-based enrichment of selected genes'%° enable
sequencing at a high depth, which lowers the limit of detection. Careful selection of the cell
types in the input sample is crucial to enable detection of mutations in the target cell
population, depending on its abundance. Single-cell sequencing of DNA and RNA could
also aid the identification of somatic mutations in rare populations of cells.

Future perspectives

Rheumatologists have long appreciated that patients with similar clinical syndromes and the
same diagnosis can fall into distinct subsets. Precision medicine relies on the idea that
accurately dividing patients into subsets according to pathogenic mechanisms and molecular
contributors to disease will enable the selection of personalized, and therefore more
effective, targeted therapies. The NGS approaches described in this Review expand our
ability to characterize individual patients beyond current efforts that mainly rely on careful
clinical phenotyping, blood tests and imaging. The application of NGS technology to
precision medicine has already been successful in oncology, in which the sequencing of
tumour DNA has identified causal mutations that can be therapeutically targeted1C. This
approach is more challenging in rheumatic diseases, in which the genetics are complex and
it seems unlikely that mutations in individual genes are predominantly causing pathogenesis
(unless somatic mutation is more common than currently appreciated). One emerging
approach is the use of transcriptomics to identify gene expression signatures, molecular
pathways or pathogenic cell types that are associated with, and possibly contribute to the
pathogenesis of, disease in individual patients (FIG. 4). The use of epigenomics could also
lead to the identification of disease pathways that are either activated by environmental
factors or related to allelic variation in gene regulatory elements. The identification of stable
and persistent chromatin or DNA methylation changes can also yield insight into why some
patients are resistant to therapies that target upstream signalling pathways. It is our hope that
the precise phenotyping of patients and identification of pathogenic pathways using NGS
approaches will lead to personalized therapeutic strategies.

In the future, it will be important to use NGS technologies in an integrated manner to gain
novel and deeper insights into rheumatic diseases (BOX 3). For example, it has become clear
that crosstalk between genes and the environment can be deciphered at the molecular level
by analysing epigenetic changes and mechanisms. Thus, it should be possible to use
epigenomic analysis to understand the molecular mechanisms that integrate the effects of
nature and nurture in rheumatic disease pathogenesis and progression. Another fertile area
for future research is integrated transcriptomic and epigenomic analysis of single cells,
which will enable the deconvolution and identification of signals, pathways, cell types and
pathogenic mechanisms that are not detected in the analysis of mixed cell populations or
whole tissues. It will be important to extend transcriptomic analysis to various types of non-
coding RNAs, which can have stable epigenetic effects and shape immune cell function. The
expansion of whole-exome sequencing and whole-genome sequencing efforts will also help
to resolve the important question of the magnitude of the contribution of rare variants or
even mutations to disease, thus bringing greater clarity to the genetics of rheumatic diseases
and possibly providing an explanation for missing heritability.
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Conclusions

In conclusion, NGS technologies have rapidly advanced and are being used by teams of
rheumatologists, molecular scientists and computational biologists to address important
outstanding questions in rheumatology about disease aetiology, pathogenesis and prognosis,
including the role of genes versus the environment and the variability in disease phenotypes,
the course of disease over time and responses to therapy. One, as yet underappreciated,
potential explanation for the variability in disease phenotypes and severity, especially in
patients with lateonset disease, is somatic mutation in haematopoietic progenitor cells that
undergo clonal expansion with age or in response to environmental challenges or antigens;
advances that increase the sensitivity of somatic mutation detection will clarify whether
somatic mosaicism is an important mechanism of disease. The knowledge gained from the
integrated application of NGS technologies, coupled with careful and detailed analysis of
individual patients, will enable the development of a precision medicine approach that links
therapies to molecular contributors to disease and that provides insight into combination
therapies that can induce remission. Omics studies are likely to shed light on additional
important questions such as sex bias in autoimmune disease. NGS approaches can help
researchers to address the remaining roadblocks to a mechanistic understanding of complex
rheumatic diseases, which will undoubtedly reveal new pathogenic pathways and provide
novel therapeutic targets.
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Key points

Next-generation sequencing (NGS) technologies have the potential to provide
insight into the interaction between environmental factors and genetics in the
pathogenesis of rheumatic diseases.

Transcriptomic studies have revealed disease-related pathways and novel
pathogenic cell types in rheumatic diseases.

Epigenomic studies have revealed memory-related phenomena that might
help to explain the chronicity of disease and have linked enhancers harbouring
disease-associated allelic variants with target genes.

Whole-genome sequencing and exome sequencing have revealed causal
mutations in rare Mendelian autoinflammatory diseases.

NGS approaches will substantially contribute to the application of precision
medicine in rheumatology.
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Box 1 |

Addressing challenges in rheumatic disease research using omics
technologies

Researchers working on rheumatic diseases are faced with several challenges, some of
which can be addressed using omics technologies. Details of five such challenges are
provided here.

Disease heterogeneity confounds precise diagnosis and results in variable responses
to therapy

The application and integration of omics technologies for patients with similar clinical
syndromes who respond differently to therapy might provide objective molecular data to
stratify these patients into subsets on the basis of distinct underlying pathogenic
mechanisms. This stratification could facilitate a precision medicine approach to
treatment and might also provide molecular data to guide the interpretation of clinical
trial results in which subgroups of patients respond differentially to a therapy.

The relative importance of genetics versus environment in rheumatic diseases is
unclear

Environmental influences are difficult to measure, but as many epigenetic features are
readily modifiable by environmental cues and can be stably maintained over time,
epigenomic technologies might enable the assessment of environmental factors in
pathogenesis.

Knowledge of the molecular drivers of pathogenesis is incomplete

Open-ended unbiased omics approaches could facilitate the discovery of novel
pathogenic molecules and disease pathways.

The precise cellular drivers of pathogenesis are not well understood

Single-cell transcriptomics provides an unprecedented view of known and novel cellular
phenotypes associated with disease states, which enables more precise identification and
targeting of pathogenic cell types.

The mechanisms responsible for variability in responses to therapy are not well
understood

Analysis of drug responses in vivo and in ex vivo organoid cultures using omics
approaches could help to identify the basis for drug sensitivity and epigenetic
mechanisms of drug resistance. Single-cell analysis of drug responses can provide
insights into the mechanisms of action in different pathogenic cell populations and
provide a rational basis for the use of combination therapies.
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Box 2 |
Next-generation sequencing technology

The term next-generation places the current technologies in contrast with the preceding
Sanger and Maxam-Gilbert sequencing methods. Next-generation sequencing (NGS)
technologies can perform unbiased sequencing of ~10%-108 nucleotide stretches in
parallel and hence are often referred to as massively parallel, high-throughput or high-
dimensional sequencing. The most widely used technology from Illumina uses
fragmented DNA or cDNA, and the transcribed product of each fragment is referred to as
a read. Several NGS platforms use optical detection of light-emitting tags on nucleotides
as a readout, which are added as single strands and transcribed by a polymerase. Other
technologies use ionic disturbances as nucleotides are added as a readout, whereas
Nanopore stands alone as a novel technology in which long stretches of DNA or RNA are
funnelled through a biological pore while the electrical output from each nucleotide is
measured. Details of some of the most commonly used NGS platforms are provided in
the table below.

NGS platform Input Readout Advantages and/or disadvantages
Illumina « Short Polymerase with an « Low error rate (2%)
fragments optical readout * Widely used
of DNA
* cDNA
lon Torrent « Short lonic disturbance readout « Fast readout
fragments « Low error rate (2%)
of DNA
*cDNA
PacBio * Long Polymerase with an * Low error rate (<1%) on multiple
fragments optical readout passes
of DNA * Real time
« RNA * Fast
Nanopore * Long Protein pore with an « Real time
fragments electrical readout * Fast
of DNA « High error rate (13%)
*RNA
Chromium *Long Polymerase with an » Uses molecular barcodes to tag
10x: linked fragments optical readout reads that come from the same long
reads of DNA DNA fragments
* RNA « Uses Illumina-based short fragment
sequencing
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Box 3 |
The integration of omics technologies

The integration of data obtained using distinct omics technologies is computationally
challenging but can help overcome the weaknesses in individual approaches and provide
deeper mechanistic insight into the pathogenesis of rheumatic diseases.

Integration of bulk sequencing data and single-cell sequencing data

Single-cell sequencing requires no a priori knowledge of cell populations within a tissue
and provides insights into the heterogeneity of cell populations and subpopulations and
the relationships between different types of cells but is limited to the detection of highly
expressed genes. Greater insight into cell phenotypes and disease pathways can be
obtained by integrating single-cell sequencing with deep sequencing of sorted cell
populations.

Integration of mRNa data with protein expression data

mMRNA expression is not necessarily reflected at the protein level. This limitation can be
overcome by integrating RNA sequencing with high-dimensional protein expression data,
such as those obtained by mass cytometry. Technologies such as RNA expression and
protein sequencing (REAP-seq) and cellular indexing of transcriptomes and epitopes by
sequencing (CITE-seq) incorporate cell surface protein-specific oligonucleotide-coupled
antibodies into single-cell sequencing approaches to simultaneously obtain mRNA and
protein expression data.

Integration of epigenomic data and transcriptomic data

Analysis of correlations between epigenomic changes and gene expression data can
provide support for causal relationships between epigenetic mechanisms and gene
expression. For example, an increased occupancy of a transcription factor at a regulatory
region of a particular gene, as detected by chromatin immunoprecipitation sequencing
(ChlP-seq), that associates with an increase in mMRNA expression of the gene would
suggest that the transcription factor might directly increase the expression of the gene.

Integration of DNa sequencing data with epigenomic data and transcriptomic data

The integration of genomic, transcriptomic and epigenomic data provides insights into
how disease-associated mutations and allelic variants affect the epigenome and can lead
to the identification of causal variants that are linked with pathogenic gene expression.
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Fig. 1 |. Overview of next-generation sequencing applications.
Large amounts of transcriptomic, epigenomic, genomic and metagenomic sequencing data

can be generated from an individual. Sources of nucleic acids for sequencing include cells
obtained from blood or tissues and cell-free DNA or RNA. Microbiome analysis
(metagenomics) can be performed on microorganisms from various tissues including the gut,
skin and urogenital tract. Linking strong hypotheses with the most informative and robust
techniques in carefully characterized cohorts of patients holds promise for potentially
groundbreaking discoveries in rheumatic diseases. PBMCs, peripheral blood mononuclear
cells.
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Fig. 2 |. Using transcriptomics to gain insight into rheumatic diseases and develop new

therapeutics.

Single-cell transcriptomic techniques have already provided initial findings of novel cell
types and activation states in tissues affected by rheumatic diseases. Further advances could
include identification of an immune cell that might share a similar transcriptomic profile in
distinct tissues and diseases, such as the kidney in lupus nephritis and the skin in systemic
sclerosis, thereby providing support for evidence-based therapeutic targeting of the same
pathway in distinct clinical conditions. Linking these findings with the most appropriate
therapeutics will be the important next step, which could involve repurposing medications
developed for other diseases that share similar molecular transcriptomic patterns.
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Fig. 3 |. Using epigenomics to gain insight into rheumatic diseases.

a | Epigenomic analysis of synovial fibroblasts has already provided insights into
mechanisms that distinguish cells from different anatomic locations, and DNA methylation
analysis has identified differences between synovial fibroblasts in osteoarthritis (OA) and
rheumatoid arthritis (RA) that might lead to the identification of novel therapeutic targets. b |
Differences in DNA methylation have been detected between synovial fibroblasts in early-
stage and late-stage RA and might be important for prognosis. As epigenomic changes are

often stable, they can confer transcriptional memory and reflect environmental influences on
pathogenesis.
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Fig. 4 |. Next-generation sequencing for precision medicine.
Obijective molecular data generated using next-generation sequencing approaches can aid in

the stratification of patients with similar or shared clinical features. Thus, patients could be
stratified on the basis of epigenomic signatures, transcriptomic profiles or genetically

determined gene expression differences. This information could inform clinicians as to the
drugs that are most likely to target these patterns in subsets of patients, provide a rationale

for combination therapies and/or provide insights for disease aetiology. TCR, T cell receptor.
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