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Abstract

Transcriptomics, the high-throughput characterization of RNAs, has been
instrumental in defining pathogenic signatures in human autoimmunity and
autoinflammation. It enabled the identification of new therapeutic targets in
IFN-, IL-1- and IL-17-mediated diseases. Applied to immunomonitoring,
transcriptomics is starting to unravel diagnostic and prognostic signatures
that stratify patients, track molecular changes associated with disease activ-
ity, define personalized treatment strategies, and generally inform clinical
practice. Herein, we review the use of transcriptomics to define mechanistic,
diagnostic, and predictive signatures in human autoimmunity and autoin-
flammation. We discuss some of the analytical approaches applied to extract
biological knowledge from high-dimensional data sets. Finally, we touch
upon emerging applications of transcriptomics to study eQTLs, B and T
cell repertoire diversity, and isoform usage.
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INTRODUCTION

Human autoimmune diseases result from complex interactions between genetic and environmen-
tal factors that build up over time until the appearance of clinical symptoms. Their common
denominator is the loss of tolerance to self-antigens, which can be organ specific, as in type 1
diabetes (T1D), or widely expressed, as in systemic lupus erythematosus (SLE), leading to the
appearance of autoantibodies and/or autoreactive T cells. While underlying adaptive immunity
alterations have been considered for decades, the pathogenic role of innate immunity in many
of these diseases is also becoming evident. Recently, the term autoinflammation was coined to
describe a group of diseases characterized by predominant activation of the innate immune sys-
tem in the absence of detectable B or T cell autoreactivity. Autoinflammatory diseases manifest
with fevers and multiorgan inflammation, as is the case in familial cryopyrinopathies (1). Within
this spectrum, there are diseases with both autoimmune and autoinflammatory features, such as
psoriasis, a disease featuring innate immunity dysregulation driven by autoreactive Th17 cells
(2). Traditionally, all of these diseases have been treated with nonspecific anti-inflammatory and
immunosuppressive agents that exhibit significant morbidity.

The breakthrough discovery of tumor necrosis factor alpha (TNF-α) as a pathogenic hub in
rheumatoid arthritis (RA) (3, 4) heralded a new era of targeted therapeutics. Recent scientific and
technological advances have led to the discovery of associated genetic risk factors and dysregulated
immune pathways, enabling the development of targeted treatments that are successfully replac-
ing nonspecific immunosuppression. These include monoclonal antibodies and fusion proteins
targeting cytokines and their receptors, as well as small molecules targeting intracellular signaling
pathways. IL-1 blockade has, for instance, been approved to treat a wide variety of diseases rang-
ing from familial cryopyrinopathies to more common, sporadic inflammatory arthritides, such
as systemic onset juvenile idiopathic arthritis (sJIA) and gout (5). Targeting various cytokines,
including TNF-α, IL-12/23, and more recently IL-17, has shown great success in psoriasis (6–8).
RA can also be controlled in many patients by targeting TNF-α, IL-6, or Janus kinases, and by
antibody-mediated B cell depletion.

While therapies are becoming available for many autoimmune and autoinflammatory diseases,
patients display significant heterogeneity in response to treatment. Indeed, 30–40% of RA, pso-
riasis, and inflammatory bowel disease (IBD) patients do not respond to TNF-α blockade, even
though the clinical presentation of nonresponders is identical to that of patients achieving com-
plete remission (9). Monoclonal antibodies targeting B cells in SLE showed promise in phase
II but failed in several phase III clinical trials (10), even though there are numerous reports of
successful outcomes in noncontrolled studies (11). This suggests that similar clinical profiles can
result from distinct pathogenic mechanisms. Conversely, a drug targeting a single pathogenic
hub can successfully treat distinct clinical phenotypes. As there are currently no transcriptional
biomarkers that can predict response to a particular drug, there is a need to better characterize
disease pathogenesis at the molecular level and on an individual basis. This could lead to identi-
fication of therapeutic targets, successful patient stratification in clinical trials, and personalized
treatment strategies.

For nearly two decades, transcriptomics has enabled the simultaneous measurement of thou-
sands of RNA transcripts in accessible tissues, including blood, urine, synovial fluid, saliva, and
biopsy specimens using high-throughput technologies such as genome-wide DNA microarrays
(12), as well as focused assays such as PCR and Nanostring. Previous studies in blood leukocytes
and tissues demonstrated the applicability of microarrays to characterize molecular networks in-
volved in cancer (13–18), autoimmunity (19, 20), infection (21–26), and vaccination (27–32). The
recent advent of next-generation sequencing (NGS) (33) enabled comprehensive characterization
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of noncoding RNAs, including micro-RNAs (miRNAs) and long noncoding RNAs (lncRNAs)
(34), and qualitative and quantitative measurements of isoforms through long-read sequencing
(35, 36). The transcriptome is now routinely assessed in combination with whole-genome (WGS)
or whole-exome (WES) sequencing for expression quantitative trait loci (eQTL) analyses, and
with chromatin accessibility (ATAC-seq) (37) to further define genetic and epigenetic regulators
of transcription. Targeted sequencing enables the characterization of T and B cell repertoires (38,
39). Finally, high-throughput single-cell sequencing is transforming the analysis of heterogeneous
cell compartments and the identification of new populations (40).

In the next sections, we discuss how transcriptomics has informed us on the pathogenesis of
human autoimmune and autoinflammatory diseases. We touch upon emerging applications of
this technology to study eQTLs, repertoire diversity, and isoform usage. We focus on systemic
diseases and summarize some of the lessons we learned from monitoring the transcriptome of
children with SLE.

TRANSCRIPTOMICS TO UNRAVEL MECHANISMS
OF INFLAMMATORY DISEASES

Transcriptional profiling of patients with human autoimmune diseases started at the turn of the
21st century, following the footsteps of cancer studies. Thus far, these studies have proven instru-
mental in revealing a role for interferons (IFNs) in a large number of autoimmune and autoinflam-
matory diseases, helping expand the novel field of interferonopathies (41, 42). Gene expression
profiling also identified therapeutic targets in diseases driven by innate immunity activation that
respond to IL-1 blockade (43). In psoriasis, the skin transcriptome enabled the identification of
some of the most successful therapeutic targets to date (44). Whereas NGS is now taking gene
expression profiling to a new level, the studies that we summarize under this section mostly used
hybridization-based platforms.

Interferonopathies

The term interferonopathy refers to diseases where elevated type I IFN levels and/or biological
activity is found in biological specimens. These patients characteristically share a prominent blood
IFN signature that can be used as a complementary biomarker.

IFN families. IFNs belong to three families of cytokines originally discovered through their
antiviral properties (45–47). Their pathogenic role in autoimmunity was first inferred from trials
in humans. Use of recombinant IFN-α to treat hepatitis C and various malignancies was soon
followed by reports of organ-specific and systemic autoimmunity (48).

The human type I IFN family includes 13 IFN-α subtypes together with IFN-β, IFN-ε, IFN-κ,
and IFN-�. These cytokines have antiviral, antiproliferative, and immunomodulatory effects.
Signaling through the canonical type I IFN receptor (IFNAR) activates the cytoplasmic tyrosine
kinases JAK1 and TYK2 and leads to the phosphorylation of STAT1 and STAT2, which together
with interferon regulatory factor (IRF) 9 form the ISGF3 transcription factor complex. This
complex translocates to the nucleus and binds to response elements in the promoter regions of
hundreds of IFN-stimulated genes (ISGs) (49). Type I IFNs display broad biological effects that
can trigger autoimmunity through the activation of B cells, T cells, and dendritic cells (DCs) (42).
In vitro, IFN-α enhances the differentiation of activated B cells into immunoglobulin-secreting
plasma cells (50) and upregulates the expression of BAFF and APRIL on monocyte-derived DCs
(moDCs) (51), promoting B cell survival. It also induces differentiation of monocytes into moDCs
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(52), and upregulation of T cell costimulatory molecules such as MHC class II, CD80, and CD86.
In mice, IFN-α-primed naive CD8+ T cells undergo proliferation and acquire effector functions
(53), and type I IFN stimulates moDCs to induce differentiation of naive T cells into helper T
cells (54).

Type II IFN (IFN-γ) is mainly produced by natural killer (NK) and T cells. IFN-γ signals
through its unique receptor (IFNGR), which is expressed by most cell types. Activation of IFNGR
leads to phosphorylation of STAT1 homodimers and subsequent expression of genes containing
IFN-γ-activated sites (GASs), many of which are also induced by type I IFN (47). Type III IFN is
the most recently discovered IFN family and includes IFN-λ1 (IL-29), IFN-λ2 (IL-28A), IFN-λ3
(IL-28B), and IFN-λ4 (55). Type III IFNs are produced by a variety of cell populations, including
plasmacytoid DCs (pDCs), regulatory T cells, macrophages, and hepatocytes. Receptor ligation
triggers signaling through the JAK/STAT cascade and induces the ISGF3 transcriptional complex,
which elicits a gene signature overlapping with that of type I IFN (47).

Cellular sensors and cells involved in type I IFN production. Type I IFNs, as well as other
proinflammatory cytokines, are secreted after activation of pattern-recognition receptors (PRRs)
on immune cells with pathogen-derived nucleic acids (56). Although sensing of pathogen-derived
nucleic acids is fundamental to mount antimicrobial immune responses, inappropriate detection
of self–nucleic acids can lead to autoimmunity. PRRs that recognize nucleic acids include endo-
somal members of the Toll-like receptor family (TLR3, 7–9) and cytosolic sensors for DNA and
RNA. The latter include retinoic acid–inducible gene 1 (RIG-I)-like receptors (RLRs) recognizing
cytosolic dsRNA and 5′pppRNA, and AIM2-like receptors (ALRs) recognizing cytosolic DNA.
Cyclic GMP-AMP (cGAMP) synthase (cGAS) was recently identified as a cytosolic PRR that
detects DNA and leads to the production of cGAMP. This molecule binds to and activates the
stimulator of IFN genes (STING), which is located in the mitochondria-associated membrane of
the endoplasmic reticulum. In addition to STING, the mitochondrial antiviral-signaling protein
(MAVS) is also found in this membrane-rich region, where it interacts with the RLRs RIG-I and
MDA5 to further propagate innate immune signaling (57, 58).

Activation of STING and/or MAVS leads to phosphorylation and translocation to the nucleus
of IRF3 and IRF7 and to activation of the NF-κB pathway. Once in the nucleus, IRF3, IRF7, and
NF-κB subunits bind to specific binding sites in the IFN-β promoter as well as to the promoters
of a subset of ISGs, including IRFs and PRRs (59). In humans, STING is ubiquitously expressed
in hemopoietic and nonhemopoietic cells such as endothelial cells. It is characteristically absent
in neutrophils, which rely on a unique repertoire of cytosolic DNA receptors, such as SOX2 (60).

Sensing of nucleic acids through endosomal receptors and IFN production is a characteristic
of the natural IFN-producing cells or pDCs, which secrete high amounts of these cytokines in
response to viruses or self-antigens following ligation to TLR7 or TLR9 (61, 62). Viruses and
endogenous nucleic acids can also enter pDCs through Fc receptors when bound by antibodies.
Whether engagement of TLR7 or TLR9 results in the production of type I IFN or proinflamma-
tory cytokines depends on the compartment in which these TLRs encounter their ligands (63).
TLR9-mediated recognition of large DNA-containing immune complexes is dependent, however,
on a distinct convergence of phagocytic and autophagic pathways involving autophagy-related pro-
teins but not the conventional autophagic preinitiation complex (64). Overall, production of type
I IFN is tightly regulated by several surface receptors in pDCs (65).

The IFN signature. Transcripts induced by members of the different IFN families represent the
IFN signature. This signature was originally defined in vitro by challenging mixed populations
or individual cell types with recombinant IFN cytokines, mainly IFN-α2, IFN-β, IFN-γ, and
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members of the IFN-λ family, using microarray platforms. Such treatment leads to transcriptional
stimulation of more than 5,000 genes in humans, as reported in the Interferome database (66).
However, these approaches only captured changes in mRNA and not alternatively spliced isoforms
or novel miRNAs and lncRNAs (47).

The signatures induced by members of the three IFN families overlap significantly. In fact,
most components of the type I IFN signature are also induced by type II IFN, making the signature
a broad marker of IFN activity (67). Indeed, under certain conditions, the type I and type II IFN
pathways can reinforce each other, as small amounts of type II IFN enhance signaling through
TLRs leading to type I IFN secretion (68), and type I IFN signaling induces the expression of the
IFN-γR, thus cross-amplifying downstream pathways.

Among the numerous approaches that have been developed to characterize the IFN signature,
we described a modular analytical framework that reduces the dimension of blood transcriptional
data in order to facilitate functional interpretation, enable comparative analyses across multiple
data sets and diseases, and improve robustness of biomarker signatures (Figure 1). This approach
is based on modules that correspond to sets of genes coexpressed across multiple diseases and
built via an unbiased data-driven approach. Mapping changes in gene expression at the module
level generates disease-specific transcriptional fingerprints and provides a stable framework for
the visualization and functional interpretation of microarray data (69). These transcriptional mod-
ules were used for the selection of biomarkers in patients with a diverse array of inflammatory
diseases (70). Following functional interpretation, identified modules were linked to the two com-
ponents driving differential gene expression in blood: changes in cell population frequency (e.g.,
B cell, cytotoxic cell modules), and cell-intrinsic transcript abundance (e.g., inflammation, IFN).
Using a repertoire of 260 whole blood–derived modules, we could associate three of them with
the IFN pathway (M1.2, M3.4, and M5.12). These modules were strongly upregulated in many
autoimmune and infectious diseases (70–72) (Figure 2).

The Immunological Genome Project (ImmGen) recently performed a thorough dissection of
the transcriptional response to IFN across many murine hematopoietic cell types together with
detailed dynamic and chromatin analyses in B lymphocytes. Statistical integration of these data,
together with other large data sets related to the IFN response across genetic variation in humans
and mice, enabled the construction of a combined regulatory network for IFN. Predictions from
this network were validated by genetic perturbation in both species. This regulatory map might
help dissect the association between the IFN signature and disease (73).

Monogenic interferonopathies. The term interferonopathy was first proposed by Yanick Crow
in 2011 (41) to define a group of Mendelian disorders associated with upregulation of type I
IFN. Initially, these disorders included variants of Aicardi-Goutières syndrome (AGS), spondy-
loenchondrodysplasia (SPENCD), and familial cases of SLE due to complement deficiency.
Adoption of NGS rapidly expanded the spectrum of these type I IFN–mediated disorders, with
the discovery of mutations in genes encoding a wide range of molecules involved in positive and
negative regulation of IFN production, including nucleases, nucleic acid sensors, and signaling
molecules (Table 1) (74).

Most patients with monogenic interferonopathies display elevated type I IFN protein and/or
biological activity in serum and/or cerebrospinal fluid. These patients characteristically share a
prominent blood IFN signature, which can be used as a complementary diagnostic biomarker as
well as to assess response to emergent medications targeting the mutated pathways. Functional
dissection of these pathways is proving fundamental to understanding how nucleic acid sensing
and signaling regulate type I IFN production. We have learned, in addition, that the range of
phenotypes associated with mutations within these pathways is much broader than previously
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Figure 1
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realized (Table 1). In addition, patients’ relatives occasionally carry the mutation and display
blood IFN signatures in the absence of clinical symptoms, adding a level of complexity that needs
to be addressed (74).

Sporadic interferonopathies. While advances in genetics paved the way to understanding mono-
genic interferonopathies, transcriptomics was crucial to linking IFN with a number of sporadic
autoimmune and inflammatory diseases, such as SLE.

SLE. SLE can be considered the prototype sporadic interferonopathy. Serum from SLE patients
displays increased IFN-α activity (75, 76) and induces the differentiation of healthy monocytes
into mature DCs in an IFN-α-dependent fashion (77). ISGs are significantly enriched in patient
peripheral blood mononuclear cells (PBMCs) (19, 20) and whole blood (72, 78). Many longitudinal
studies also revealed an association between this signature and SLE disease activity (72, 79–81). In
addition, the signature is silenced following high-dose intravenous steroid therapy, which controls
disease flares (19, 82).

After more than a decade of monitoring the SLE transcriptome, however, the specific contri-
bution of different IFN families and family members to both the IFN signature and overall SLE
pathogenesis is not yet fully resolved. Administration of IFN-γ in humans can induce an SLE-like
disease, and both murine and in vitro human studies support a pathogenic role for this cytokine
in SLE, especially in the context of lupus nephritis (83, 84). There are limited data suggesting
dysregulation of the type III IFN pathway in SLE. Serum IFN-λ2 is elevated in SLE patients com-
pared with healthy donors, and serum IFN-λ1 levels were found associated with disease activity,
anti-dsDNA antibodies, glomerulonephritis, and arthritis (85). Both type II and III IFNs could
contribute to the IFN signature and therefore explain either partial response or lack of response
to type I IFN blockade in SLE.

Indeed, using our modular approach to longitudinally follow up SLE patients, we observed an
IFN signature in 85% of children and 87% of adults (72, 78). Each of the three described IFN
modules displayed a distinct activation threshold (M1.2<M3.4<M5.12), and a similar gradient
was observed within clinically quiescent patients in the adult group, for whom moderate-to-strong
modular scores were associated with higher anti-dsDNA titers and lymphopenia. Longitudinal
analyses revealed both stable (M1.2) and variable (M3.4 and M5.12) components over time in
individual patients. Comparing these modular IFN signatures to other previously established IFN
scores (80, 86), the latter correlated strongly with IFN modules, but they were not redundant.
Importantly, the limited set of genes selected for IFN scores by other groups belong mostly to
M1.2 (the least variable module) and to a lesser extent M3.4, but very few belong to M5.12 (the
more variable IFN module). In the modular study, all patients with strong IFN signatures had
both IFN-α- and IFN-γ-positive scores, as described by Kirou et al. (81), which is in agreement
with the possible implication of type II IFN in the activity of modules M3.4 and M5.12. The
modular IFN score was also more sensitive to longitudinal changes than reductionist approaches
using smaller gene sets (78).

Which IFNs contribute to the SLE signature and disease pathogenesis remains an open ques-
tion. In addition, the cellular origin, sensors, and endogenous ligands that give rise to these patient
signatures have not been fully characterized. Of note, most monogenic interferonopathies linked
to dysregulated cytosolic nucleic acid sensing or proteasome dysfunction do not trigger immune
complex–mediated systemic autoimmunity. However, those due to mutations in genes linked to
IFN production through endosomal pathways and pDCs, such as TRAP (87) and C1q (88), cause
symptoms that overlap with SLE, therefore supporting a more prominent role of TLRs in systemic
forms of the disease.
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Figure 2
The interferon (IFN) signature in systemic lupus erythematosus (SLE). (a) Unsupervised hierarchical clustering of the data reveals a
prominent type I IFN signature in ∼85% of SLE samples. (b) The module fingerprint of SLE, normalized to a group of reference
healthy controls, reduces data dimensionality and enables rapid biological interpretation, revealing overexpression of the three IFN
modules. (c) Gene-level network displaying the connectivity between IFN-inducible transcripts (circles) that positively correlate with
disease activity. Modules are represented as squares. Nodes are colored according to the normalized expression of the transcripts in the
high disease activity sample group. Significant transcripts were selected with a linear mixed model that compared high and low disease
activity samples while accounting for patient ethnicity and treatment. Modified from Reference 72 with permission.

Table 1 Interferon- and IL-1-mediated autoimmune and autoinflammatory diseases
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The definite proof that IFNs play a role in SLE pathogenesis would come from clinical trials.
Several anti-type I IFN therapies have been evaluated so far. The anti-IFN-α monoclonal anti-
bodies sifalimumab and rontalizumab have completed phase II trials with mixed results in terms of
reduction of clinical disease activity measures and suppression of the IFN gene signature. Anifrol-
umab, an anti-IFNAR monoclonal antibody that antagonizes all type I IFNs, has progressed to
phase III. An alternate therapy targeting type I IFN is an IFN-α kinoid (IFN-K) vaccine composed
of IFN-α2b coupled to a carrier protein that induces polyclonal IFN-α neutralizing antibodies.
Results of a phase I/IIa trial showed induction of anti-IFN-α antibodies and decreased expression
of both IFN-induced and B cell activation–associated gene transcripts, without significant adverse
events (89). A phase I clinical trial of an anti-IFN-γ monoclonal antibody, AMG811, showed that
it reduced IFN-γ-related gene expression. Currently, there are no drugs that specifically target
type III IFNs in clinical trials, but depletion of pDCs, which is being tested, would block both
type I and type III IFN production by these cells (85). The jury is therefore still out.

Other sporadic diseases with IFN signature. In addition to SLE, type I IFN has been associated
with the pathogenesis of various rheumatic diseases. In patients with Sjögren syndrome, where ex-
ocrine glands are progressively destroyed by lymphocyte infiltrates, an IFN signature was detected
both in blood (90) and in minor salivary glands (91). Inflammatory myopathies, including der-
matomyositis, juvenile dermatomyositis, and polymyositis, also exhibited enriched IFN-inducible
signatures in blood as well as in affected muscle and skin (92). The blood IFN signature correlated
with disease activity and was abolished by immunosuppressive treatments (93, 94). The dermato-
myositis skin signature is very similar to that of cutaneous lupus and herpes simplex-2 infection
based on an enrichment of ISGs (95). A blood IFN signature is also present in subgroups of RA
patients (96–98).

Importantly, IFN might be critical in early disease stages in a number of conditions. Thus,
a type I IFN signature was identified in the skin lesions but not in the blood of patients with
psoriasis (99). pDCs infiltrate the skin early during development of psoriasis, and can initiate
psoriasis in an IFN-α-dependent manner in a mouse xenograft model (100). The blood of a subset
of patients with systemic sclerosis also exhibits an IFN signature (101, 102), which is especially
prominent during the earliest disease phases, even before overt skin fibrosis (103). Finally, transient
increased expression of type I IFN signature is found during preclinical T1D and is a risk factor
for autoimmunity in children with genetic predisposition to the disease (104).

The variety of clinical phenotypes associated with IFN signatures supports the idea that IFN
plays an essential pathogenic role but additional factors determine the clinical outcome. How dif-
ferent nucleic acid ligands, sensors, and cell types/tissues contribute to IFN production and disease
manifestations remains unknown, however, in the vast majority of nonfamilial interferonopathies.

IL-1-Mediated Diseases

IL-1β is an important mediator of innate and adaptive immunity (105, 106). IL-1β is translated as
a precursor that requires cleavage by caspase 1, an enzyme that is activated in the cytosol by inflam-
masomes (107). As described above for monogenic interferonopathies, recent advances in genetics
have provided unprecedented insight into mutations that cause monogenic autoinflammatory dis-
eases. Cytokine blockade has proven effective in a subset of these conditions, particularly those
associated with increased IL-1 activity (108). These include syndromes where the production of
IL-1 is increased by mutation of innate immune sensors such as NLRP3 or NLRC4, upstream sig-
naling molecules such as PSTPIP1, downstream signaling molecules or receptor antagonists such
as IL-1Ra (109). In addition to rare monogenic diseases, IL-1β is involved in the pathogenesis
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of sporadic inflammatory and autoimmune disorders (106) (Table 1). Thus, the availability of
therapies specifically targeting IL-1 has enabled the recognition of a pathogenic role for this cy-
tokine in the underlying inflammation of many common diseases, including gout, cardiovascular
disease, type 2 diabetes, the metabolic syndrome, and even cancer (110).

The IL-1 family of receptors contains a domain highly homologous to the cytoplasmic domains
of all TLRs. Consequently, inflammation due to TLR ligands and IL-1 family members triggers
similar downstream signaling and overlapping transcriptional profiles (111). Using a functional
genomics approach, we uncovered the central role of IL-1β in the pathogenesis of sJIA, a sporadic
and aggressive form of juvenile arthritis that does not respond to anti-TNF-α therapy (112).
Analysis of transcriptional patterns from active patient PBMCs yielded a signature overlapping
those of infectious and various inflammatory diseases, whereas a signature linked to erythropoiesis
was more specific to the disease (113, 114). However, transcriptional changes elicited by culturing
healthy PBMCs with patient serum included increased IL-1β and IL-1β-inducible genes such
as IL1R1 and IL1R2 (43). Subsequent treatment of a small group of sJIA patients refractory to
conventional treatments with the IL-1 receptor antagonist anakinra yielded complete and lasting
remission in 72% of patients. Recent randomized clinical trials of anakinra; the anti-IL-1β

monoclonal antibody canakinumab; or rilonacept, a dimeric fusion protein of IL-1R1 and its
accessory protein that neutralizes IL-1, confirmed the efficacy of IL-1β blockade in this disease
(115–117). Of note, blockade of IL-6, which is induced by IL-1β, is also effective in sJIA (118).

The sJIA signature partially overlaps with signatures found in monogenic inflammasome-
mediated diseases. Upregulation of NLRC4, IL1R2, TLR5, and S100 family members, for exam-
ple, is found in sJIA as well as in patients with monoallelic missense mutations in NLRC4 (119).
A similar signature was described in patients with cryopyrinopathies, including upregulation of
transcription of members of the IL-1 family; neutrophil-related chemokines and their receptors;
markers of neutrophilic inflammation, such as S100A12; and potassium channel-encoding genes,
such as KCNJ15 (120). Despite this signature overlap, no mutations in inflammasome-related
genes have been found so far in sJIA patients.

An IL-1 signature has also been identified in PBMCs from patients with Kawasaki disease (KD),
a sporadic, self-limited vasculitis that affects coronary arteries in young children (121–123). IL-1
blockade in KD is currently being tested in clinical trials. We and others reported an IL-1 signature
in PBMCs of patients with T1D (124), and plasma from patients with recent-onset T1D induced
an IL-1 signature in healthy PBMCs (125). However, canakinumab and anakinra did not prove
effective in two randomized clinical trials, suggesting that targeting systemic inflammation is not
sufficient to halt this organ-specific autoimmune disease once clinical symptoms manifest (126).

There is an expanding list of monogenic and sporadic inflammatory diseases where targeting
IL-1 has been reported successful in clinical trails and/or case reports, but no transcriptomic
analyses have been conducted (Table 1). Availability of such studies, especially prior to and after
successful IL-1 blockade, might enable the identification of discrete transcriptional changes that
could inform on disease-specific pathogenic mechanisms.

Multiple Cytokines, One Disease: The Case of Psoriasis

Psoriasis, one of the most common chronic inflammatory diseases in humans, is an example
of dysregulated cooperation between innate and adaptive immune responses. It is also a great
example of how translational research, and in particular transcriptomics, can uncover pathogenic
mechanisms and novel therapeutic targets.

Early research, as well as trials with T cell–targeted therapies, set the stage for the role of
adaptive immunity in this disease. Increased expression of IL-12 p40 subunit mRNA in lesions
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from patients led to the classification of psoriasis as a Th1 disease. Indeed, ustekinumab, an
antibody against IL-12 p40, was developed to target IL-12 and inhibit Th1 cells. This therapy
led to significant improvement in 70% of patients (127) and seemed to confirm the pathogenic
role of the IL-12/Th1 axis. IL-23, however, shares the p40 subunit with IL-12, and psoriatic skin
displayed tenfold upregulation of both IL-12 p40 and IL-23 p19 mRNAs (128). In experimental
settings, the IL-23/Th17 axis was subsequently described as mediating skin changes compatible
with those of psoriasis (129).

The success of blocking the IL-23/IL-17 axis in psoriasis is unprecedented. Antibodies against
IL-17A (ixekizumab and secukinumab), the IL-17 receptor A subunit (brodalumab), or IL-
23p19 (guselkumab) reverse clinical, histologic, and molecular features of disease in 80% to 90%
of patients. Furthermore, IL-17 blockade with high doses of brodalumab reverses expression of
almost all disease-specific signatures (130), suggesting that IL-17A or IL-17F acts upstream of
any inflammatory cascade leading to disease. To date, at least six biologic antagonists of the IL-
23/Th17 axis are undergoing phase II and phase III trials in psoriasis (44). Finally, transcriptional
profiling of the skin of patients enrolled in a trial with TNF-α blockers, which the US Food
and Drug Administration approved for psoriasis in 2006, demonstrated that clinical response was
linked to suppression of the IL-17 axis (131).

Monogenic cases of psoriasis vulgaris, pityriasis rubra pilaris, and pustular psoriasis have been
attributed to mutations in the CARD14 gene. These mutations, which lead to CARD14 gain of
function, activate NF-κB and upregulate a subset of psoriasis-associated genes in keratinocytes,
including chemokine (C-C motif ) ligand 20 (CCL20) and IL-8. It is thought that after a triggering
event such as epidermal injury, these rare mutations in CARD14 induce inflammatory cell recruit-
ment by keratinocytes, including Th17 cells (132). Mutations in the IL36RN gene (which encodes
the IL-36Ra protein) have also been described in familial systemic pustular psoriasis (133). IL-36
family members are induced upon IL-17A stimulation of keratinocytes, leading to IL-23 gene ex-
pression in DCs and keratinocytes, thus amplifying and sustaining the chronic inflammatory state.

While mutations in the above-described genes are not found in the more common sporadic
forms of psoriasis (134), their functional elucidation has shed fundamental light on how end
organ–specific dysfunction might set the stage for systemic inflammation in this disease.

APPLICATION OF TRANSCRIPTOMICS IN THE CLINIC

Many autoimmune diseases exhibit similar clinical presentations, dynamic disease course, and
heterogeneous responses to treatment. Although the use of transcriptomics in the current clinical
management of autoimmunity remains limited, efforts are under way to identify gene signatures
that can (a) diagnose disease, (b) assess disease prognosis, (c) act as surrogate scores of clinical
disease activity, and (d ) monitor or predict response to treatment (Figure 3).

Disease Diagnosis

Fever, arthritis, arthralgia, fatigue, anemia, leukopenia and antinuclear antibodies are common
manifestations in several autoimmune diseases and viral infections. Accurate diagnosis of an au-
toimmune disease can be challenging in the absence of specific symptoms, which is frequent around
the time of disease onset. Traditional diagnostic platforms in autoimmunity have focused on the
measurement of autoantibodies (135), although multiplex assays are gradually being developed
(136). Transcriptomics has helped define common and specific signatures across diseases.

In sJIA, a 12-gene PBMC signature could accurately distinguish it from other febrile illnesses
(113). In IBD, colonic gene signatures revealed significant differences between ulcerative colitis
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Figure 3
Five applications of transcriptomics for the clinic.�Disease diagnosis: Disease-specific signatures can help assign patients to disease A,
B, or C.� Disease molecular stratification: Patients with the same clinical disease may exhibit distinct transcriptional signatures,
suggesting distinct underlying mechanisms of pathogenesis. The level of molecular heterogeneity can vary from disease to disease.
� Disease prognosis: A transcriptional signature can help predict the course of disease, including onset, flare, or prolonged remission.
� Treatment response monitoring: Transcriptional fingerprints obtained at regular intervals after initiation of treatment can help
segregate responders from nonresponders and characterize the mechanisms of response to treatment.� Treatment response
prediction: A signature obtained ideally before initiation of treatment can predict the long-term response to therapy and help customize
therapeutic regimen accordingly.

and Crohn disease (137), and a 12-gene PBMC signature enriched for immunoglobulins could
distinguish these two diseases (138). Similarly, a synovial tissue signature could distinguish between
RA and osteoarthritis (139). Several meta-analyses were conducted to identify core and specific
gene signatures across autoimmune diseases (140, 141). A functional genomics approach identified
genes specifically modulated in healthy PBMCs challenged with plasma from T1D patients when
compared to plasma from several infectious inflammatory conditions, including influenza and
bacterial pneumonia (142).

None of these signatures has made it yet to the clinic. While they might be important to reveal
disease mechanisms, these studies are so far not designed and powered to uncover true diagnostic
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biomarkers. The identification of the latter requires comparisons across a larger spectrum of
diseases and inclusion of larger numbers of patients, combined with appropriate classification
methods that validate their sensitivity and specificity in independent cohorts.

Disease Prognosis

Biomarkers that can predict clinical outcome, such as disease development in predisposed individ-
uals, flares, or progression to specific tissue/organ involvement, are of great interest to clinicians.
Their identification necessitates prospective studies in large cohorts over long follow-up periods,
as exemplified by a study of US Armed Forces personnel that queried a biobank of more than
30 million serum samples to discover that the appearance and diversification of autoantibodies
preceded the clinical onset of SLE (143).

Several prospective studies have been conducted to identify early biomarkers of T1D develop-
ment. The DIPP (Type I Diabetes Prediction and Prevention) project is a large initiative estab-
lished in Finland in 1994 to identify and immunomonitor children at risk of T1D to unravel the
pathomechanisms of T1D development. The contribution of environmental factors such as infec-
tion and diet has also been incorporated into these studies. One hypothesis is that onset of disease
can, in genetically predisposed individuals, be triggered by a diabetogenic enterovirus (144). The
Diabetes Autoimmunity Study in the Young (DAISY) was designed to assess whether enteroviral
infections could predict progression to T1D in children seropositive for islet autoantibodies (145).
The BABYDIET study sought to assess whether delaying the introduction of gluten in infants at
risk of islet autoimmunity could reduce the incidence of T1D (146). Blood transcriptional profil-
ing of subjects from these cohorts identified signatures associated with disease development. In the
DAISY cohort, antibody-positive children exhibited a five-gene lymphocyte signature that could
predict the rate of progression to clinical T1D (147). In both the BABYDIET and DIPP cohorts,
a blood IFN response preceded seroconversion (104, 148). The role of type I IFNs, and possibly
of an early viral challenge, in T1D pathology is supported by a recent study of antibody affinity
in individuals with central immune tolerance defects due to AIRE deficiency. In this monogenic
autoimmune polyendocrine syndrome, most patients develop antibodies against type I IFN, but
only those whose autoantibodies display low neutralizing capacity progress to T1D (149).

Transcriptomics studies have also been performed in isolated blood T cells to identify signa-
tures that would predict disease course (e.g., frequency of flares). A CD8+ T cell gene signature
could predict long-term prognosis in patients with SLE and antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitis (AAV) (150), or separate clinically coherent IBD patients into two
groups with subsequently different disease courses (151). In both studies, genes associated with
poor prognosis were involved in IL-7 receptor and T cell receptor signaling. Furthermore, a sig-
nature of CD8+ T cell exhaustion predicted better prognosis across several autoimmune diseases,
including T1D, AAV, SLE, and idiopathic pulmonary fibrosis (152). These studies suggest that
purified cell subsets could be a source of transcriptional prognostic biomarkers that otherwise
would be undetectable in heterogeneous tissues such as whole blood. The advent of single-cell
sequencing technologies could further unveil leukocyte subset heterogeneity and help identify
specific biomarkers to forecast disease course.

Clinical Score Surrogates and Disease Activity Assessment

There is significant value in defining objective molecular scores that could act as surrogates of
clinical scores, which are nonexhaustive, sometimes depend on subjective evaluation by a physician,
and can be difficult to record in routine clinical practice. In SLE, attempts to correlate the SLE
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disease activity index (SLEDAI) with a blood IFN signature have yielded controversial results
(79–81, 86). This could be due to inappropriate study design, as few longitudinal studies have
measured the full extent of the signature, possibly introducing biases during the knowledge-driven
data-reduction process.

We developed a multivariate transcriptional U score combining expression of genes from
modules that correlated positively (IFN response, neutrophils) or negatively (ribosomal proteins, T
cells) with SLEDAI (79). This score correlated better with SLEDAI than its individual components
and could be used to longitudinally monitor disease progression in an independent cohort of
untreated patients. Recently, we expanded the study in a longitudinal cohort of 158 pediatric
SLE patients followed up for up to four years (72). Close to 1,000 blood samples were collected
and their transcriptomes profiled by microarray. In parallel, extensive clinical and laboratory data
were recorded, including detailed SLEDAI information. Linear mixed models were used to assess
the influence of disease activity, patient ethnicity, treatment, SLEDAI components, and nephritis
class on the transcriptome. While IFN and neutrophil signatures exhibited strong correlation
with the SLEDAI, a plasma cell signature was the most robust correlate of disease activity in two
independent patient groups and was enriched in African American patients, who usually present
with more severe forms of SLE. Importantly, the large sample size enabled us to account for
ethnicity and treatment, which affect clinical presentation and blood signatures.

Because the SLEDAI is a weighted composite score of 24 clinical parameters, which can be
broadly classified as serological, musculoskeletal, renal, or neurologic, in principle a specific score
obtained from different combinations of symptoms could be associated with different blood signa-
tures. The inclusion of a SLEDAI component category in the model revealed that the neutrophil
signature was associated with the development of lupus nephritis, one of the more severe compli-
cations of the disease. Conversely, IFN and plasma cell signatures were enriched across all disease
presentations. This suggests that the complex makeup of the clinical score should be recorded and
considered when interpreting molecular profiles from patients with systemic autoimmune dis-
eases. It also brings up the significance of specific signatures, such as the neutrophil signature, in
lupus nephritis. Indeed, this signature was originally attributed to the presence of low-density neu-
trophils in SLE PBMCs (19). In fact, the signature reflects activation of both low- and high-density
neutrophils, which become a remarkable source of endogenous interferogenic DNA by releasing
oxidized mitochondrial DNA (153). Why this blood signature is linked to nephritis remains to be
elucidated. The transcriptome of laser-captured glomeruli from nephritic patients revealed the
presence of a myeloid signature corresponding to neutrophils, monocytes, and DCs. In contrast
to findings from blood, glomeruli that displayed increased type I IFN signature were associated
with milder pathological features, especially lower fibrosis. Whether this reflects a role of IFN in
early disease stages, as fibrosis is a feature of long-standing disease, remains to be elucidated. Yet,
as in the blood, an increased B cell/plasma cell signature paralleled disease activity (154).

Biomarkers that can predict changes in disease activity are very relevant to clinical practice.
Their identification will require frequent and standardized sample collection during periods of
flares and remissions to capture molecular profiles within a short window of flare onset. Such
studies will be facilitated by on-going efforts in sample volume reduction (e.g., finger prick sam-
pling) (27), technology miniaturization (e.g., microfluidics) (155), standardization of analytical
techniques, and collaboration across clinical and research institutions to maximize sample size.

Monitoring Response to Treatment

Patients with autoimmune diseases display significant heterogeneity in response to treatment: 30%
of RA and 40% of ulcerative colitis patients do not respond to anti-TNF-α therapy (156, 157),
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and 30% of sJIA patients do not respond to IL-1 blockade (115). Although both anti-IFN-α and
anti-CD20 therapies show efficacy in subsets of SLE patients, the development of a universal
targeted mode of therapy has mostly failed in phase III clinical trials (10, 158), perhaps reflecting
the molecular heterogeneity of the disease.

Transcriptomics has been applied to monitor systemic responses to several targeted biologics.
IL-1 blockade was followed by rapid and sustained downregulation of IL-1 signaling and proin-
flammatory genes in the blood of patients with sJIA (113, 115, 159), neonatal-onset multisystem
inflammatory disease (NOMID) (160), and Blau syndrome–related uveitis (161). In several phase
I SLE trials, a dose-dependent inhibition of IFN-inducible genes was observed in the blood of
patients treated with anti-IFN-α monoclonal antibodies (162–165). In systemic sclerosis, the IFN
signature of both blood and skin was suppressed by an anti-IFNAR monoclonal antibody (166), and
a wound signature in lesional skin biopsies decreased following treatment with the tyrosine kinase
inhibitor imatinib (167). In psoriatic skin, TNF-α, IL-17A, and IL-23 blockade downregulated
many proinflammatory genes, including several IL-17-inducible ones (168, 169). Anti-TNF-α
therapy also effectively downregulated proinflammatory genes in the blood of patients with intra-
venous immunoglobulin–resistant KD (170) and patients with anti-TNF-α-responsive RA (98).
In multiple sclerosis (MS), monitoring of PBMC responses to IFN-β therapy highlighted an early
and long-lasting increase in IFN-inducible genes (171). Furthermore, PBMCs from nonrespon-
ders did not exhibit the signature (172), supporting the value of the IFN signature as a biomarker
of response to therapy in this setting.

In addition to confirming the modulatory effects of biologics on their targeted pathways, these
immunomonitoring studies have yielded some important insight regarding immune pathway
interactions. For example, both IL-1 and TNF-α blockade in sJIA resulted in increased blood IFN-
inducible transcripts, confirming in vivo the antagonism between IL-1 or TNF-α and IFN signal-
ing (173, 174). Similarly, the overlap between genes suppressed by anti-TNF-α and anti-IL-17A
therapies in psoriasis patients highlighted the synergy elicited by these two cytokines (168).

Predicting Response to Treatment

While transcriptional monitoring during treatment can help uncover molecular networks mod-
ulated by therapeutic agents and separate responders from nonresponders a posteriori, whether
these signatures can improve clinical decision making before treatment is not established. Because
of the cost and side effects of current biological therapies, and the need to rapidly intervene to
limit long-term disability in many autoimmune diseases, biomarkers that can match patients with
the optimum therapy are actively sought out.

Most treatment prediction studies have focused on responses to anti-TNF-α and anti-CD20
therapy in RA (175). Two independent studies could predict responsiveness to therapy with anti-
TNF-α alone (176) or in combination with methotrexate (177) using patient PBMC transcrip-
tional profiles. There was no overlap, however, between the few transcripts that passed statistical
tests in these two studies. In synovial tissue, a baseline myeloid signature was associated with good
responses to this therapy (178). An elevated baseline IFN response in neutrophils and PBMCs
predicted better responses to anti-TNF-α (179) and anti-IL-6 (180) therapies, respectively. How-
ever, an increased blood IFN signature and a failure to downregulate key inflammatory genes (e.g.,
IL8, IL1B, NFKBIA, CCL4) after TNF-α blockade were both associated with poor long-term
clinical outcome (98, 181, 182). On the other hand, a high baseline IFN response was associated
with poor clinical outcome following anti-CD20 therapy (183–185). In addition, nonresponders
to anti-CD20 therapy exhibited an increased expression of IgJ mRNA, a marker of antibody-
secreting plasmablasts (186). These combined observations first suggest that RA patients who
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display high baseline IFN response may benefit from anti-TNF-α therapy, while those who do
not may respond better to anti-CD20 therapy. Second, given the immunostimulatory effect of type
I IFN on B cells (187), patients displaying a high plasmablast signature may benefit from increased
dosage of anti-CD20 therapy, IFN blockade or eventually plasma cell–specific therapies.

Altogether, an association between major transcriptional networks at baseline and long-term
therapeutic outcomes has not been firmly established in the autoimmunity field. Integration with
additional genomic information [e.g., single-nucleotide polymorphism (SNP) analysis] together
with monitoring larger patient cohorts would be necessary to identify robust predictive biomarkers
of response to treatment.

Patient Stratification

The heterogeneity of patient responses to targeted therapies observed in many diseases has
prompted the search for genomic biomarkers that could stratify patients to improve the chances
of success by customizing therapeutic interventions.

In our recent SLE study, we used longitudinally collected data to develop personalized tran-
scriptional immunoprofiles (72). Blood signatures that best correlated with clinical disease activity
over time were subsequently used to stratify patients based on the major molecular pathways
driving these signatures (Figure 4). This approach revealed significant heterogeneity in SLE
molecular classes. An important lesson from this study is that in order to identify meaningful im-
mune networks, information must be recorded at multiple time points and reflect different clinical
disease activity levels, rather than the presence or absence of a signature at a single time point
being considered (188). Overall, our findings support that a priori binning of SLE patients into
molecular subclasses might help clinical trial design and improve success rate.

These observations will need to be validated in clinical settings, through clinical trials that
incorporate patient molecular profiles in their design. Reducing time, cost, and complexity of
molecular stratification will also be paramount to its application in the clinic. Along this line,
we identified a subset of transcripts that could be used in cost-effective targeted assays such as
Nanostring or multiplex PCR to stratify SLE patients. We also investigated genetic associations
of stratification through a combination of traditional SNP enrichment and eQTL analyses. These
preliminary results, which highlighted numerous genes in pathways associated with SLE patho-
genesis, will require validation in larger cohorts.

Altogether, these studies are paving the way to personalized approaches to therapy that could
reduce the use of nonspecific agents to prevent treatment toxicity and potentially dangerous broad
immunosuppression. Larger studies incorporating longitudinal sampling and thorough collection
of patient clinical data should be designed to validate the clinical applications of this approach.

EMERGING APPLICATIONS OF TRANSCRIPTOMICS
IN AUTOIMMUNITY

Repertoire Analysis

The adaptive immune system is composed of a vast repertoire of B and T cells with distinct antigen
specificities that provide long-term protection against a broad array of pathogens. In autoimmune
diseases, the diversification processes at the origin of this repertoire yield autoreactive B and T
cell clones that are central to disease pathogenesis (189). Understanding when, where, and how
these autoreactive clones arise as well as their pathogenic role in disease is critical. Targeted high-
throughput sequencing of the variable regions of the B and T cell receptors can be applied to
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Figure 4
Stratification of SLE patients through individual immunoprofiling. (a) Modules of coexpressed genes over
time are identified and a module/trait correlation matrix is generated for each patient. (b) The module that
best correlates with a clinical trait of interest, such as SLEDAI, is selected for each individual. (c) Patients are
stratified according to the immune network that best correlates with the trait of interest. Patients are
genotyped and SNP analysis is conducted for each patient group. (d ) Definition of tailored treatment based
on genotype and early clinical assessment of SLE patients. Abbreviations: CBC, complete blood count; C3,
complement component 3; SLE, systemic lupus erythematosus; SLEDAI, SLE disease activity index; WBC,
white blood cell count. Modified from Reference 72 with permission.
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characterize repertoire diversity and clonal expansion in various immunological states, including
autoimmunity (38, 39, 190, 191).

In SLE, targeted RNA-Seq combined with flow cytometry and proteomics enabled the charac-
terization of the diversity of antibody-secreting cells in the blood of patients experiencing disease-
associated flares. These studies revealed the existence of highly autoreactive clones derived from a
distinct subset of newly activated naive cells that could persist in circulation for months (192) and
suggest that B cell–depleting treatments could be refined to target specifically this small subset,
possibly preventing recurring flares and broader depletion of B cell compartments.

In MS, the B cell repertoire was sequenced in paired tissue samples from the central nervous
system (CNS) and draining cervical lymph nodes (CLNs) to establish whether CNS-invading
antigen-specific B cells could mature in secondary lymphoid compartments (193). Clonally ex-
panded B cells were found in both compartments, founding members of clones could be found in
the CLNs, and antigen-specific B cells could traffic freely across the tissue barrier after matura-
tion outside the CNS. This study contributes to explain the immunomodulatory mechanisms of
current MS therapies that deplete circulating B cells via anti-CD20 therapy or inhibit lymphocyte
migration to the CNS via anti-VLA-4 therapy (194).

In RA, both B and T cell repertoires have been interrogated. A DNA barcoding method com-
bined with recombinant antibody expression and enzyme-linked immunosorbent assay (ELISA)
enabled the identification of new target antigens of autoreactive antibodies, including α-enolase,
citrullinated fibrinogen, and citrullinated histone H2B (195). An analysis of the B cell repertoire
in blood and synovial fluid from patients with early or established RA revealed that the synovium
was enriched for expanded autoreactive B and plasma cell clones especially in the initial phase of
the disease, suggesting that early intervention at the site of inflammation may be most beneficial
(196). A similar approach combining TCR sequencing and single-cell transcriptomics identified
transcriptional shifts within the most expanded memory CD4+ T cell clones in both blood and
synovium and revealed increased senescence and altered transcription of homing genes in synovial
clones (197).

Overall, repertoire analysis is further unraveling the diversity of autoantigens and the expansion
and migration dynamics of autoreactive clones in various tissues. Perhaps the greatest challenge
will be to expand these studies to tissues that are difficult to sample to obtain a more comprehensive
picture of pathogenic B and T cell receptor diversity.

eQTLs

Genome-wide association studies (GWAS) have identified hundreds of genetic variants associ-
ated with autoimmune diseases in large patient cohorts, most of which are located in noncoding
regions of the genome (198). To define true causal variants that directly affect disease pathogene-
sis, integrative approaches are combining genetic information with transcriptomics, epigenetics,
protein-interaction networks, and functional annotations. These strategies, for example, have en-
abled the identification of eQTLs, which are genomic loci that influence the expression levels
of mRNAs. eQTLs act either in cis or in trans if they map close to or are distant from the gene
affected, respectively. They can be identified by combining SNP genotyping, by SNP array or
whole-exome/genome sequencing, with expression profiling, originally by microarray and more
recently by RNA-Seq, usually captured at a single time point during active disease (199).

eQTL analyses have been conducted in SLE (200, 201), T1D (200), RA (201–203), IBD
(201), celiac disease (201), MS (201), Sjögren syndrome (204), ankylosing spondylitis (205), and
AAV (206), among others. A large eQTL meta-analysis in more than 8,000 peripheral blood
samples identified both cis- and trans-eQTLs associated with disease processes in SLE and T1D
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(200). Variants mapped to noncoding enhancer regions across six autoimmune diseases led to the
development of a multiple enhancer variant hypothesis, where small contributions of several SNPs
in linkage disequilibrium at the same noncoding loci can influence multiple enhancers of either
the same gene or genes encoding proteins functionally related and enriched in common pathways.
This hypothesis might explain how common traits contribute to complex diseases (201).

eQTLs have also been identified in specific cell subsets (207). cis-eQTL mapping in five primary
leukocyte populations from patients with IBD or AAV and from healthy controls revealed that
specific eQTL associations can only be detected in patients with active inflammation and disappear
following treatment (206). Applying a joint modeling approach between cell types, as opposed to
analyzing eQTLs in each population separately, showed that about half of detected eQTLs were
shared between populations in both disease groups. Combining these results with previous GWAS
further identified new eQTLs at 34 IBD-associated loci. Another approach mapped eQTLs to
population-specific enhancer regions in RA, identifying different patterns of SNP–enhancer gene
connections between monocytes and B and T cells (203). Mapping eQTLs to discrete leukocyte
populations in active and remission phases of autoimmunity may therefore help uncover disease-,
disease activity–, and population-specific eQTLs, in addition to highlighting leukocyte subsets
involved in pathogenesis.

Several groups have developed integrative strategies to improve the identification of causal
variants from GWAS. The Probabilistic Identification of Causal SNPs (PICS) algorithm inte-
grated genetic, transcriptomic, and epigenetic measurements to identify causal variants associated
with 21 autoimmune diseases across various immune cell subsets (208). Candidate risk genes were
prioritized in RA by combining functional annotations, epigenetic chromatin marks, cis-eQTLs,
knockout mouse phenotypes, cancer and primary immunodeficiency databases, and molecular
pathway enrichment analyses. Some of the genes identified using this approach are the targets
of approved therapies for RA, thus providing empirical evidence that integrative genetic analy-
ses can lead to drug discovery (202). Recently, a massive parallel reporter assay was applied to
>30,000 variants to pinpoint causal cis-eQTLs. Among >800 variants altering allele expression,
CRISPR/Cas9 gene editing validated a risk allele for ankylosing spondylitis that controls expres-
sion of the proinflammatory prostaglandin EP4 receptor (205).

eQTLs have also been applied to disease prognosis. A noncoding polymorphism in the reg-
ulatory transcription factor FOXO3A was associated with milder disease activity but not with
diagnosis of Crohn disease and RA (209). Mechanistically, isolated monocytes from minor allele
homozygotes challenged with various TLR ligands displayed increased FOXO3 transcription and
produced less TNF-α and more IL-10 in response to lipopolysaccharide, in a TGF-β-dependent
manner. Importantly, this study demonstrated that polymorphisms associated with disease prog-
nosis can be distinct from those associated with disease susceptibility. These observations should
encourage the continuous expansion of patient databases to provide numbers large enough to
enable eQTL studies both across and within diseases.

Isoforms

Alternative splicing (AS) is an important mechanism of biological diversity in eukaryotes, as it
allows multiple mRNA isoforms to be transcribed from a single gene, leading to translation of
multiple proteins (210–214). The human genome consists of ∼23,000 genes; however, >95% of
multi-exonic pre-mRNAs are alternatively spliced to generate >100,000 isoforms. The alternate
mRNA isoforms that are translated into proteins can have opposing functions, such as pro- ver-
sus antiapoptotic activities. There are five AS modes, exon skipping being the most common in
mammals. An understanding of the importance of AS in the development of autoimmune diseases
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is starting to emerge. A spliced variant of cytotoxic T-lymphocyte antigen 4 (CTLA-4) is linked
to human autoimmunity, most notably T1D (215). Although very few studies have focused on
the pathophysiological role of isoforms in autoimmunity, it is likely that many other mRNA iso-
forms are linked to immune functions and diseases. Previous reports focusing on the correlation
of immune cell activation and isoform expression have used either exon microarrays or RNA-Seq,
which are known to provide minimal information about detection of novel full-length isoforms.

CTLA-4 is critical for negative regulation of T cell proliferation. Several genetically associated
polymorphisms have been identified within the CTLA-4 gene. Furthermore CTLA-4 knockout
animals as well as treatment of patients with anti-CTLA4 support its role in autoimmunity (215).
Two isoforms of CTLA-4 are produced by AS in human cells: a full-length transmembrane
isoform (flCTLA-4), and a soluble isoform (sCTLA-4) in which exon 3 is skipped. Resting T
cells express sCTLA-4 but downregulate its expression upon activation, whereas they rapidly
increase expression of flCTLA-4. Variations in CTLA-4 gene splicing are involved in a number
of autoimmune diseases, such as T1D (215) and myasthenia gravis (216). Thus, a spectrum of
CTLA-4 isoforms has been detected in patients with myasthenia gravis, and when the levels of
sCTLA-4 are reduced by RNAi, the potency of regulatory T cells significantly decreases.

In SLE, susceptibility loci that affect splicing have also been identified (217). For example, three
SNPs in the B cell scaffold protein with ankyrin repeats (BANK1) gene confer susceptibility to
SLE. One of these SNPs affects relative splicing efficiency and upregulates production of a novel
BANK1 isoform that lacks exon 2 (218), which encodes a putative inositol 1,4,5-triphosphate
receptor (IP3R)-binding domain that might attenuate BANK1-mediated signaling.

Regulation of the T cell receptor ζ chain (TCRζ) pre-mRNA by AS further illustrates the
potential role of AS in SLE (219–221). Two isoforms lead to reduced expression of the TCR/CD3
complex and decreased production of IL-2 upon stimulation. Reduced availability of IL-2 results
in a decrease in regulatory T cells and ensuing autoimmunity.

IRF5, which regulates type I IFN expression and mediates TLR signaling, is associated with
SLE susceptibility (222–226). In mice, loss of Irf5 protects from lupus-like disease. In humans,
IRF5 is constitutively expressed in pDCs, moDCs, and activated B cells and exists as multiple
alternatively spliced transcripts. Distinct groups of IRF5 SNPs and genetic variants form haplo-
types that confer risk for, or protection from, SLE development. Genetic association studies have
begun to reveal the genetic risk conferred by these risk haplotypes. Both IRF5 expression and AS
are significantly elevated in PBMCs of SLE patients. Standard molecular cloning techniques as
well as RNA-Seq for de novo junction discovery have revealed that SLE patients express a unique
IRF5 transcript signature, and an IRF5-SLE risk haplotype defines the top four most abundant
IRF5 transcripts expressed in SLE patients (225).

Overall, deciphering the connections between AS splicing and autoimmunity holds promise
for a better understanding of both processes.

CONCLUSIONS

Transcriptomics has been essential to unravel pathogenic mechanisms of several human autoim-
mune and autoinflammatory diseases. It is increasingly used to monitor disease course and response
to treatment and is starting to yield diagnostic and predictive biomarkers. In combination with ge-
netic data, it helps in pinpointing true pathogenic variants among the many identified by GWAS. It
is providing a wealth of information about noncoding RNAs and their potential role as biomarkers
and/or pathogenic players in these diseases (227, 228). Rapidly improving sequencing technolo-
gies, including long-read platforms such as single-molecule real-time (SMRT) sequencing (229)
and droplet-based sequencing (230), are enabling the characterization of isoform usage in disease,
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the rapid and cost-effective sequencing of thousands of single cells at a time and even the analysis
of single-cell transcriptomes under in vivo conditions (231).

Without doubt, the application of NGS to characterize the microbiome is already yielding
fundamental information relevant to the development of autoimmunity and autoinflammation
(232–235). These studies will be the object of much more research.

Despite these developments, direct applications to the clinic have been hindered by a relative
scarcity of studies adequately designed and powered for predictive biomarker detection. The field
of autoimmunity research will benefit from emulating some of the efforts in cancer research, in
particular the establishment of large consortia, centralized tissue biobanks, and databanks, such
as the ones provided by The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov) and
the International Cancer Genome Consortium (ICGC; https://dcc.icgc.org) (236). The recent
announcement for the Human Functional Genomics Project (237), which aims at understanding
the interindividual variation of human immune responses in health and disease, should contribute
to providing the basis for stratifying patients for personalized treatment strategies.

Finally, new approaches for detecting, measuring, and combining a wide range of biomedical
information, including molecular, genomic, cellular, clinical, behavioral, physiological, and envi-
ronmental parameters, as promoted by the Precision Medicine Initiative (238), will undoubtedly
help in understanding and developing rational treatment approaches not only for cancer, but also
for autoimmune and autoinflammatory diseases.
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