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Abstract

Systemic lupus erythematous (SLE) is a chronic autoimmune inflammatory disease characterized
by autoantibodies directed against numerous self-nuclear antigens. Due to the heterogeneous
nature of lupus, it has been challenging to identify markers that are sensitive and specific enough
for its diagnosis and monitoring. However, with the sequencing of the human genome, rapid
development of high throughput approaches has allowed for a better understanding of the
etiopathogenesis of complex diseases, including SLE. Here we will present a review of the latest
advancements in biomarker discovery during the ‘omics’ era, using these novel technologies, for
assisting in the diagnosis and prognosis of patients with SLE.
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Introduction

SLE is a chronic autoimmune inflammatory disease, characterized by autoantibodies
directed against numerous self-nuclear antigens. Due to the heterogeneous nature of lupus, a
broad spectrum of clinical manifestations exists. Disease severity also varies depending on
the extent of major organ involvement, including most commonly the brain, kidneys, heart,
joints, and skin [1].

Several pathophysiologic mechanisms leading to the immune dysregulation seen in SLE
have been described, including hyperreactive B and T cells, loss of immune tolerance, and
defective clearance of apoptotic cells and/or immune complexes [2]. Nevertheless, despite
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improved understanding of disease pathogenesis, the morbidity and mortality associated
with SLE still represent major challenges for patients who face this disease and the
clinicians who treat them.

The enhanced focus on identification of pathogenic pathways in SLE has revealed several
novel pharmacologic targets (e.g. B lymphocyte stimulator [BLyS]) that have hastened the
development of new and promising therapies (e.g. belimumab) [3]. However, SLE continues
to have an unpredictable course with remitting and relapsing episodes, not only highlighting
that our understanding of lupus remains incomplete, but that current therapies are not
curative.

Although originally not developed as diagnostic but rather as classification criteria, patients
today are commonly diagnosed based on the American College of Rheumatology (ACR) or
the Systemic Lupus International Collaborating Clinics (SLICC) criteria. In a sample of 690
patients, the ACR criteria had a sensitivity of 83% and a specificity of 96%, whereas the
SLICC criteria had a sensitivity of 97% and a specificity of 84% [4]. However, evidence
from one tertiary care center suggests that only 60% of patients with SLE meet ACR criteria
[5]; apparently, patients with early signs or limited disease are excluded by this tool. The
development of improved diagnostic biomarkers facilitating the early detection of SLE is of
utmost importance, not only because this would allow for rapid treatment and subsequent
prevention of organ damage, but also because of the positive economic impact of early
diagnosis [6].

Conventional serologic tests currently used for diagnosis and disease monitoring in SLE,
such as anti-nuclear antibodies (ANA), anti-double-stranded DNA antibodies (anti-dsDNA),
and complement levels, are of limited sensitivity and/or specificity, particularly when used in
isolation [7-9]. A more specific and useful test to determine prognosis in patients with renal
involvement, kidney biopsy, remains a gold standard; however, this is an invasive procedure
that carries additional risk.

The unmet needs described above have urged researchers to search for reliable and non-
invasive biomarkers helpful for the diagnosis, classification, prognosis, and treatment of
SLE. With the advent of higher throughput and systems biology approaches over the past
decade, great advances have been made in this regard. Nevertheless, additional validation is
required, and the clinical applicability of such methods needs to be further defined.

This review will focus on novel biomarkers discovered in recent years for the diagnosis and
prognosis of SLE, specifically those developed using advanced methodologies which are
beginning to enter clinical practice.

The role of biomarkers in SLE diagnosis and prognosis

Before we review these tests, it is important to understand the concept of biomarkers. A
biological marker can be defined as a physical sign, or cellular, biochemical, molecular, or
gene alteration by which a normal or abnormal biologic process can be recognized and
measured [10]. Biomarkers can be diagnostic, prognostic, predictive, pharmacodynamic, or
surrogate. Others will serve multiple purposes. Specific for this review, a diagnostic
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biomarker refers to one which will confirm the presence or subtype of a disease, whereas a
prognostic biomarker will identify a specific disease manifestation, individuals at risk for
development of such disease, or those likely to experience a flare [11].

The postgenomic era, after completion of the sequence of the human genome in 2001 [12],
has been characterized by the rapid development of highly efficient molecular tools for the
study of complex diseases at the functional level of genes. More holistic and comprehensive
approaches (as opposed to those only focused on individual mediators) are now a major
route for understanding the underlying pathophysiological processes of complex diseases,
and can be conducted at any level of the gene expression sequence: genes, messenger RNA
(mRNA), proteins, and metabolites [13]. This is what is referred as the “omics” era [14, 15].
Below we will briefly describe each of these technologies and review their roles in
biomarker discovery when applied to the study of SLE. Several years ago Mohan et al.
recognized the contribution of ‘omics’ approaches to biomarker discovery and validation in
lupus [14]. In the current review, our focus will be mostly on advances described since then
in this rapidly progressing field.

Novel SLE testing

Genomics

Genomics is the branch of molecular biology that centers on the comprehensive study of the
structure (structural genomics) and functionality (functional genomics) of the DNA within
the cell of a living organism. Functional genomics allows for a better understanding of
different patterns of gene expression and, therefore, the pathogenesis of the disease studied.
Gene expression profiling involves the analysis of the activity of genes, which when
compared between conditions or tissues at different points of time, or between normal and
diseased cells, allows for the detection of gene signatures that are specific for that particular
disease [16]. Two major technological breakthroughs have been used extensively in the field
of rheumatic diseases when trying to understand the underlying pathogenesis. These
traditionally included Genome Wide-Association Studies (GWAS), and global profiling of
gene expression (microarrays). However, the introduction of high throughput methods such
as deep sequencing has allowed for an even more comprehensive study of gene expression in
complex and multigenic diseases.

The role of genomics in SLE had initially mainly focused on identifying the genetic risk loci
for SLE susceptibility. At least 50 genes have been identified to be associated with SLE [17,
18]. However, individual gene effects on susceptibility are relatively small, with odd ratios
(OR) ranging from 1.0 to 2.5 [17]. Only rarely is development of rheumatologic disease
confined to a single genetic locus and more commonly is the result of several defective
alleles at different loci [19]. However, the cumulative effect size of the identified loci
accounts only for 15-20% of the heritability of SLE [20], and the prevalence in monozygotic
twins ranges only between 25 and 69% [21, 22].

Best Pract Res Clin Rheumatol. Author manuscript; available in PMC 2018 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vasquez-Canizares et al. Page 4

Micro RNAs

Epigenetics is defined as modifications that regulate gene expression without altering the
DNA sequence [23], while epigenomics entails the comprehensive study of those
modifications which can include: DNA methylation, chromatin remodeling/histone
modification, micro RNAs (miRNAS), and transcription factors. As miRNAs are much easier
to detect in laboratory settings than some of the other molecules or processes, a lot of
attention has been centered on these as potential biomarkers. Hence, we will focus the
discussion pertaining to epigenomics and lupus biomarkers on miRNAs.

miRNAs are small, single-stranded, non-coding RNA molecules that bind target mMRNA and
regulate gene expression post-transcriptionally. miRNAs function as a guide by base-pairing
with target mMRNA to negatively regulate its expression, either by directly cleaving the target
mRNA with subsequent degradation, or by blocking the subsequent translation [24]. miRNA
molecules have been implicated in the regulation of several biologic processes such as cell
differentiation, apoptosis, and immune responses, with accumulating evidence suggesting
that miRNAs are critical for regulation of the adaptive and innate immune responses [25,
26]. As a result, miRNAs have become an important focus of research in investigating the
pathogenesis of SLE and subsequently have been proposed as potential diagnostic and
prognostic biomarkers.

With the advent of high throughput technology such as microarrays and chip-based tools,
differential expression of miRNAs have been identified in peripheral blood mononuclear
cells (PBMC) from patients with SLE [27]. The first panel comprised of 9 up-regulated
miRNAs, whereas the second included 7 down-regulated miRNAs. Dai et al. further
compared the miRNA profile of kidney biopsies between patients with lupus nephritis (LN)
and controls. They found 66 miRNAs in the renal samples, of which 30 miRNAs were
down-regulated and 36 miRNAs were up-regulated in LN biopsies. This was the first study
to propose a role of miRNA as potential biomarkers for LN. Of note, the 16 miRNAs
differentially expressed in lupus PBMC [27] were not found among the 66 miRNAs detected
in biopsies from LN patients, indicating that miRNAs could be organ-specific [28].

Another study by Dai et al. compared the expression of miRNAs in PBMC and Epstein-Barr
Virus (EBV)-transformed cell lines from African American (AA) and European American
(EA) patients with LN vs. unaffected controls [29]. As expression patterns of miRNASs can
vary over time and between tissues, samples from different cell lines were also tested to look
for similarities or differences in expression between them. Of the 850 miRNAs tested,
microarray analysis in AA patients with LN revealed 29 differentially expressed miRNAS
when compared to controls, whereas 50 were identified in the EA group. Combining both
ethnic groups, there were 18 miRNAs that were differentially expressed when compared to
unaffected controls, suggesting that certain miRNAs may be SLE-specific. Of these 18, 5
miRNAs were differentially expressed in all specimen types tested, 3 of which weren’t
previously associated with LN. Dai et al. were the first to postulate the unique existence of a
miRNA expression signature in patients with LN regardless of race or sample studied, and
proposed this as novel biomarker for SLE. However, the lack of disease controls prevents
any conclusion regarding the specificity for lupus.
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Other groups have studied circulating miRNAs in cell-free plasma by PCR, with different
expression profiles found when comparing samples from patients with SLE, rheumatoid
arthritis (RA), vasculitis, systemic sclerosis, and healthy controls (HC) [30-32]. Up-
regulation of miRNA 142-3p in SLE was found in 2 of the studies [30, 32] and was
specifically a strong qualifier when compared to patients with systemic sclerosis. Increased
expression of this particular miRNA in patients with lupus was also found by Dai et al. [27],
highlighting its potential role as a diagnostic biomarker.

A recent study demonstrated the role of dendritic cells (DCs) overexpressing miRNA142-3p
in the immune dysregulation of SLE [33]. miRNA 142-3p-overexpressing DCs from lupus
patients exhibited increased secretion of IL-6, CCL2, and CCL5, and attracted more CD4+T
cells. Therefore, this miRNA was believed to represent a novel therapeutic target.

Chauhan et a/. further investigated the differences in miRNA expression between 3 subsets
of SLE patients with distinct autoantibody profiles: positive for dSDNA antibodies, ENA
antibodies, or both [34]. Using TagMan low density array technology they found different
miRNA expression profiles between these groups. The biological pathways that were
targeted by those miRNAs were also specific. Dysregulated miRNAs in the anti-dsDNA+
patients targeted molecules implicated in multiple cytokine signaling pathways, whereas in
anti-ENA+ patients the prime targets were molecules involved in cell cycle and cytoskeleton
remodeling. Common down-regulated miRNAs found in all 3 groups modulated interferon-
related pathways. A subgrouping approach, as the one proposed here, may help identify
patient subsets within this heterogeneous disease and could serve as a guide for future
therapeutic interventions.

Several other miRNAs have been found to correlate with disease activity; one of the first
groups to report this association was that of Tang et a/. Based on the work by Taganov et al.
which demonstrated the key role of miRNA 146a in innate immunity [35], they further
studied its role in SLE. miRNA 146a was found to be under-expressed in PBMC of patients
with SLE, with the levels appearing to be independent of medications used to treat the
disease. Among SLE patients, those with active disease had lower levels of miRNA 146a
expression than patients with inactive disease; similar differences were found in comparing
those with proteinuria to those without. Moreover, an inverse correlation was observed
between miRNA 146a levels and systemic lupus erythematosus disease activity index
(SLEDAI) scores. Other studies have also described the correlation of miRNAs with lupus
disease activity [36—38]. Specifically, miRNA 146a correlated with the estimated glomerular
filtration rate (eGFR), whereas miRNA 155 correlated with both proteinuria and SLEDAI
[36].

Urinary miRNAs

There has been a concerted effort to discover biomarkers that allow for the accurate study of
SLE in a less invasive way, in particular for LN in which kidney biopsy is the gold standard
but which is a potentially risky procedure. Urine, on the other hand, offers the opportunity
for repeated and non-invasive sampling.
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RNA is present in the urine either enclosed in detached cells, or in extracellular vesicles
(EVs) that are in turn released from epithelial cells facing the urinary space [39, 40]. EVs
are classified depending on size, morphology, and biochemical composition, into exosomes,
ectosomes, and apoptotic bodies. Exosomes are particularly rich in miRNAs, and have been
the focus of study in SLE.

A recent study demonstrated the utility of cell and microvesicle urine miRNA profiling
through deep sequencing and its ability to detect biological differences between healthy
individuals [41]. Compared to microarray, deep sequencing provides a higher resolution
gene expression measurement and is therefore a more advanced tool [42]. This study
examined sex differences, the relationship between matched cellular and extracellular
miRNA profiles, and the repeatability of miRNA profiles between matched consecutive
urine voids. They found that EVs had a higher content of miRNA compared to cells from the
urinary sediment. Furthermore, urine from women had higher total RNA content in both
cells and EVs compared to men. Unsupervised clustering was maintained regardless of the
number of void repeats. They concluded that miRNA profiling of both urine EVs and
sediment cells can convey biologically important differences between individuals, and in
turn may be extrapolated to the study of organ specific pathology. Based on these results, for
miRNAs to be useful as urine biomarkers, careful consideration is needed in biofluid
fractionation (cells vs. EVs) and sex-specific analysis, while the time of voiding appears to
be less important.

Specific for SLE, and with the use of deep sequencing technology, Goilav et a/. was the first
to describe LN WHO class-specific miRNA expression profiles by analyzing cell-free urine
of adult and pediatric patients with biopsy proven renal disease [43]. Samples of 25 adult
and 9 pediatric patients with class 1V and class VV LN were obtained at time of active disease
and during remission. Upregulation of 6 miRNAs was found in patients with active class IV
LN when compared to class V LN in a paired-sample analysis, and therefore this miRNA
profile was suggested as an important prognostic biomarker.

Transcriptomics

The transcriptome is the whole set of MRNAs that is produced by the genome under specific
circumstances or in a specific cell, and reflects the genes that are actively expressed.
Transcriptomics is therefore the comprehensive study of gene expression from the RNA
message that is being transcribed. Comparison of transcriptomes allows the identification of
genes that are differentially expressed between individuals, in distinct cell populations, or in
response to different treatments [14, 44], and therefore has elucidated important
pathophysiologic processes in several complex diseases including SLE.

One important discovery made using lupus transcriptomics was the identification of the IFN
signature. As early as the 1980s IFNa was found elevated in the serum of patients with SLE
and positively correlated with clinical disease activity [45-47]. However, due to localized
expression and uptake, IFN levels in plasma or serum are transient and therefore difficult to
measure [11]. As such, with the advent of microarray and more recently with the use of
next-generation RNA sequencing, evaluating gene expression instead has provided a more
precise reflection of IFN activity in lupus.
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The IFN signature was first noted by profiling PBMCs from patients with SLE where
differential expression was noted in genes induced by type | IFN (IFNa and IFNp) [48, 49].
Overexpression of type | IFN-regulated genes was noted in synovial biopsies and platelets as
well [50, 51]. Correlation with disease activity in cross-sectional studies was also
demonstrated [52, 53], although not longitudinally [54, 55].

The robustness of any gene expression signature identified needs to be validated by
independent studies. In an attempt to enhance statistical power, Arasappan et al. [56]
combined the results of 4 independent studies done in PBMCs of patients with SLE, using
pathway-based meta-analysis. Three of the studies included only pediatric patients [49, 57,
58], while the remaining study included only adults [48]. A metasignature of 37 genes was
differentially expressed in patients with SLE, 12 of which were involved in IFN signaling
and were either IFN induced or IFN regulated.

Given that the study of PBMC expression profiles can yield biased results due to the
heterogeneity of the cell populations between patients and controls, some cell-specific
studies have been undertaken [14]. This logic has been applied to LN with a recent study
demonstrating the advantage of using single cell RNA sequencing (scRNA-seq) as a tool to
more precisely analyze some of the heterogeneity seen in LN. This pilot study proved the
applicability of this technique to samples obtained during routine care, and proposed the use
of scRNA-seq for the discovery of novel prognostic biomarkers [59]. Unbiased scRNA-seq
from kidney and skin tissue samples of patients with LN and HC distinctively separated
individual cell types based on their gene expression profiles. Principal component analysis
(PCA) revealed 6 cell clusters (tubular, endothelial, fibroblast, myeloid, keratinocyte, T-cell).
Additional analysis of only tubular cells using PCA was able to further subcluster them into
4 distinct subtypes (proximal tubule, loop of Henle, collecting duct, distal tubule).
Furthermore, a correlation was shown between tubular IFN scores, clinical activity, and
response to therapy. Independent of LN class type, an IFN signature was detectable in all
patients although it varied from patient to patient, with higher IFN scores correlating with
chronicity, IgG deposition, and proteinuria. Additionally, IFN scores at baseline predicted
response to therapy.

Nonlesional, non-sun exposed skin of patients with LN has previously been suggested as a
surrogate for detecting and monitoring renal disease [60]. In the work of Der et al. [59], the
potential role of skin biopsy as a surrogate biomarker for LN was studied as well using the
scRNA-seq approach. Differential expression analysis revealed 28 up-regulated genes and 2
down-regulated genes in the keratinocytes of LN patients compared with HC. Of interest, 4
of the most significantly overexpressed genes were IFN inducible.

The study of transcriptomes in SLE not only has yielded potential biomarkers, but has
served as a platform in clinical trials for development of targeted therapies based on the
disease-specific IFN signature. Three biologics directed to inhibit the type I IFN response
have been tested for their effectiveness and safety in patients with active SLE, with
promising results [61-63]. These include rontalizumab, sifalimumab, and anifrolumab; all
monoclonal antibodies which target IFNa or its receptor. In all three clinical trials, the
clinical response correlated with the degree of the IFN signature. For example, patients with
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Proteomics

a “high” IFN signature surprisingly had a poor response to rontalizumab, whereas those with
a “low” signature had a better response [61]. With the other two monoclonal antibodies, high
baseline IFN signature was associated with greater effect sizes [62, 63]. This is an example
of personalized medicine, in which patients can be stratified based on risk of disease or
response to therapy using diagnostic tests [64], and provides further support for the concept
that understanding disease at the molecular level allows for the development of a more
targeted and effective medicine.

The proteome is the entire set of proteins expressed by a genome at a particular time, in a
specific cell or tissue, which in turn regulates cell function. Compared to transcriptomics,
which reflects the gene activity with ‘intention’ for protein synthesis, proteomics focuses on
the comprehensive study of the products themselves [14]. After translation of mMRNA into
protein, many secondary protein modifications also play an important role in cell regulatory
processes and are therefore relevant in understanding aberrant disease-specific pathways.
The complexity of these processes, as well as the highly dynamic changes that characterize
them, have forced the development of highly advanced techniques for the study of more
complete proteomes, as is the case of mass spectrometry (MS), and has shifted away from
the use of electrophoresis to study individual proteins. The former technology allows for the
identification and quantification of thousands of proteins in complex biological samples in a
single run [65].

Proteomic studies are further classified into two broad categories: unbiased approaches
attempting to scan the entire proteome, and biased/targeted approaches limited to the study
of a predetermined subset of the proteome [14]. The latter method is the protein equivalent
of expression profiling and is broadly known as “protein profiling’. It also encompasses the
term ‘quantitative proteomics’ and uses microarrays or MS in its approach. Conversely,
global proteomics (which is also referred as ‘functional proteomics’) is approached by
shotgun methods involving the combination of two advanced techniques [66] that are
explained below.

Most proteomic-based studies are carried out in two stages, the first of which consists of
protein separation by liquid chromatography (LC), or two-dimensional gel electrophoresis
(2DE); and the second which consists of protein identification or characterization by mass
spectrometry (MS or MS/MS when performed in tandems) [67]. The MS instruments consist
of an ion source, a mass analyzer, and a detector, all of which serve to separate and identify
different molecules by measuring the mass to charge (m/z) ratio of charged particles. Each
MS instrument can use different methodologies [67]; consequently, several platforms have
been created by diverse coupling of these different techniques used for separation and
protein identification.

Functional Proteomics

Proteomic-based studies have been applied in SLE for discovery of differentially regulated
proteins which could then serve as novel biomarkers for early detection, prognosis, and
monitoring of the disease. Hundreds of proteins have been identified as potential biomarkers

Best Pract Res Clin Rheumatol. Author manuscript; available in PMC 2018 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vasquez-Canizares et al. Page 9

with this approach [65, 68]; unfortunately, however, many were not confirmed in subsequent
studies and/or have yet to be validated clinically. A recent systematic review of published
proteomic-based studies in SLE sought to identify those biomarkers with potential disease
associations and clinical utility [65]. Based on Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) guidelines, 25 of 775 articles were selected for
review. 241 SLE candidate proteomic biomarkers for disease diagnosis, activity, or organ
specific involvement were identified with only 13 studies validating their results in an
independent cohort, resulting in 28 validated candidate biomarkers. Additionally, 11/28
biomarkers were reproduced in more than one study and 4 of these were also validated
(annexin A2 and Ab, serotransferrin, and apolipoproteins [A-I, CllI, C-1, A-IV]). The most
promising biomarkers that were suitable for SLE diagnosis and disease activity respectively
included phosphorylated S100-A9 isoforms [69] and serine-threonine kinase receptor-
associated protein (STRAP) [70].

As for LN, 5 biomarkers from kidney biopsy tissue of class IV LN patients were identified:
serotransferrin, cytokeratin 18 and 19, albumin, and annexin A5 [71]. Additionally, 5 of the
11 biomarkers that were reproduced in multiple studies were also isolated from kidney tissue
as well as from urine, serum, and/or PBMCs, suggesting that these could be used as
potential tools for diagnosing LN. For example, alpha-1-antitrypsin (A1AT) which is
produced in the kidney in response to injury [72] was found in the urine of during renal
flares [71].

Liquid chromatography has been the method of choice for sample preparation in proteomic
studies. However, recent advances on this field have led to the discovery of techniques that
allow for a faster separation, with higher sensitivity and resolution. Over the past 5 years,
capillary electrophoresis (CE) coupled to MS (CE-MS) has been the predominant proteomic
technique used in the study of urinary biomarkers for the diagnosis and prognosis of chronic
kidney disease (CKD), including LN [73]. Aside from providing higher resolution, this
approach termed “peptidomics” is also considered robust, inexpensive, and reproducible
[74].

CE-MS led to the discovery of 273 urinary peptide markers, including fragments of various
collagens, circulating proteins such as albumin and A1AT, and specific kidney derived
proteins like uromodulin. This multipeptide panel, referred to as CKD273, was the first
urinary classifier discovered for the diagnosis of CKD irrespective of the underlying
mechanism of disease, and has proved to be useful in early prediction of CKD progression
when compared to conventional measures such microalbuminuria and eGFR, by detecting
earlier decline in renal function [73-76]. CKD273 has been validated in several studies [77—
79] and is now being used in clinical trials [80]. However, although characterization of the
CKD273 panel is promising, it is still a general classifier for the diagnosis of all CKD types
and may not be suitable for the study of certain renal pathologies, specifically LN, where
different subclasses within the same disease represent a different prognosis.

Since CE-MS enabled discrimination between patients with and without CKD [77], a
subsequent study was conducted using this same technology to assess the value of the
urinary proteome for the noninvasive discrimination of various types of CKD from 7
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different etiologies, including LN [74]. Using datasets from a large cohort of 1180
individuals with CKD, 287 disease-specific biomarkers were defined. These potential
urinary biomarkers were further combined into classifiers specific for each CKD etiology
using a support vector machine (SVM) algorithm, and subsequently validated in an
independent cohort. The classifiers proved to have a good to excellent discriminatory power,
with AUCs ranging from 0.77 to 0.95. Specific for LN, 172 biomarkers were identified, 6 of
which showed the most differences when compared to other etiologies of CKD. These
included increased collagen, uromodulin, and protein S100-A9 fragments, and decreased
clusterin, beta-2-microglobulin, and alpha-2-HS-glycoprotein fragments. Interestingly, a
previous study had shown low serum levels of clusterin in SLE patients, especially in those
with proteinuria [81], suggesting it may be a more specific biomarker for LN. Furthermore,
one of the highly specific peptides that distinguished LN from other types of CKD was a
fragment of S100-A09, a finding consistent with the systematic review discussed above which
identified S100-A9 as a promising SLE biomarker [65].

Peptidomics was further applied in a recent study for the discovery of biomarkers limited to
the diagnosis of SLE [82]. Urine samples were collected from 34 patients with SLE without
renal involvement and 58 matched HC. Using CE-MS and SVM algorithms, an SLE-specific
panel of 65 peptides was identified which proved to have excellent discriminatory power
(AUC of 0.99 when applied to the discovery group). This panel was further validated in an
independent multi-center cohort, including LN and non-SLE patients with various renal
complications. This analysis resulted in an AUC of 0.80 corresponding to a sensitivity and
specificity for LN of 83% and 73%, respectively. The performance of conventional tests
such as anti-dsDNA, C3, and C4, has been previously tested in adult SLE and pediatric LN
patients [83, 84], with AUC ranging from 0.61-0.79, 0.63-0.73, and 0.48-0.72 respectively.
Therefore, compared to conventional tests as historical controls, the panel of 65 peptides was
superior for the diagnosis of LN. Finally, using LC and CE coupled to MS/MS, the primary
structure of 47/65 peptides was determined. The majority of these fragments originated from
different forms of collagen, supporting the theory that these abundant extracellular matrix
proteins are major targets of proteolysis in inflamed organs [85].

One of the additional advantages of CE-MS is that proteins are analyzed intact without the
need of prior enzymatic treatment with trypsin. This allows for identification and analysis of
the end terminal amino acids from which subsequent information can be obtained such as
the detection of increased or decreased protease activity, which in turn are responsible for
the production of specific peptide fragments [82]. In silico prediction of protease activity
identified increased activity of 8 matrix metalloproteinases (MMP) responsible for the
peptide fragmentations seen in SLE patients, a finding consistent with the reported role of
certain MMP in the pathogenesis of SLE [86, 87].

Quantitative Proteomics

The rapid discovery of autoantibodies in SLE with the use of large scale microarrays coated
with various putative autoantigens has been possible largely due to the contribution of
targeted proteomic-based studies in this field [14]. We pursued one such application of
protein profiling in SLE with the use of iCHIP microarray technology for the development,
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verification, and validation of a definitive serologic rule-out diagnostic test: the SLE-Key
rule-out test [88].

The SLE-key iCHIP microarray contains 200 antigens (400 features), mostly selected from
known SLE-associated pathways; serum samples are tested for their intensity of binding to
the array antigens. Sera of 146 SLE patients from varied demographic characteristics was
tested and compared to a similar number of HC, and results validated in separate SLE and
HC cohorts. Univariate analysis testing revealed a total of 131 autoantigens (including
dsDNA, Sm, Ro, and La) and viral antigens (e.g. EBV) which successfully separated SLE
patients from HC (p<0.05). Further analysis using several multivariate models confirmed the
performance and robustness of this test, since it characterized SLE patients regardless of the
patient population or activity of the disease. During the validation phase, the linear
discrimination analysis (LDA) model showed the best performance of a select number of
antigens (sensitivity of 94%, a specificity of 75%, and negative predictive value (NPV) of
93%), and was therefore selected as the informatic model for analyzing the iCHIP results.
With these performance characteristics, it is highly unlikely that the SLE-key rule-out test
would falsely misdiagnose a SLE patient as not having lupus. Thus, the SLE-Key rule-out
test may be useful in shortening the time required for rheumatologic workup by early
exclusion of SLE from diagnostic consideration in appropriate patients.

Metabolomics

Different than genomics, transcriptomics and proteomics, in which the comprehensive study
of biologic samples is approached in a ‘bottom-up’ manner, metabolomics provides a ‘top-
down’ integrated view of the unique chemical fingerprints produced during specific cellular
processes, by monitoring the global outcome of all the influencing factors (i.e. gene
expression, protein expression, and environmental factors) [17, 89]. The detection of specific
small molecule metabolite profiles during different disease states, or in response to therapy,
are therefore highly useful biological markers and possible pharmacological targets [89].

Metabolomes are commonly studied by one of 2 techniques: MS (as described above) or by
nuclear magnetic resonance (NMR) spectroscopy. The latter is intended to detect the
hydrogen containing molecules of a sample; essentially all metabolites. Once reaching
detectable levels, each metabolite gives an individual spectrum, which then enables the
structure to be determined. The NMR spectrum of a biological sample is the superposition of
the spectra of all of the metabolites in the fluid [89]. Using pattern-recognition techniques,
differences can be seen when comparing the spectrum of different samples.

One of the first groups that integrated metabolomics for the study of SLE was that of Wu et
al., which in 2012 described several disrupted metabolic pathways in affected patients [90].
With the use of LC-MS and gas chromatography coupled with MS (GC-MS) the serum
metabolome of 20 SLE patients was compared to HC. Results were validated in an
independent cohort of 38 SLE patients. More than 100 metabolites pertaining to several
pathways such as glycolysis, fatty acid p oxidation, lipid biosynthesis, eicosanoid
biosynthesis, and methyl group metabolism, differed significantly in lupus patients. Findings
reflected the high oxidative stress, increased inflammation, reduced energy generation,
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altered lipid profile, and prothrombotic state seen in SLE, processes implicated in immune
dysregulation, and which also characterize immunometabolism in lupus [91].

In a recent study, a larger sample size was used to examine the metabolomic profile in the
serum of SLE patients by the use of GC-MS, and correlated these to SLEDAI and
conventional serologic markers [92]. Compared to HC, patients with SLE had significantly
lower levels of most amino acids, carbohydrates, fatty acids, and other endogenous
metabolites, with the data indicating that the most likely affected pathway in SLE is acid
turnover and protein biosynthesis. Receiver operating characteristic (ROC) analysis showed
that 6 metabolites associated with oxidative stress, 7 with energy metabolism, and 6 with
lipid metabolism were potential sensitive and specific diagnostic biomarkers of SLE, with
AUC of 0.94, 0.90, and 0.87 respectively. Other specific endogenous metabolites such as
valine, tryptophan, and glycerol positively correlated with serum C3 levels, whereas glycerol
and palmitic acid correlated with C4 levels.

Further comparison between patients with active and inactive SLE revealed 6 metabolites
during the active phase. Two were found elevated in the serum (glutamate and 2-
hydroxyisobutyrate), while 4 had decreased concentrations (citrate, glycerol, linoleic acid,
and propylparaben). ROC analysis was performed between SLE patients and HC, as well as
between SLE patients with and without active disease. The combination of these 6
metabolites showed good results, with AUC of 0.82 and 0.6 respectively for each
comparison group. When these metabolites were further combined with C3 and C4, AUC
significantly improved with values of 0.92 and 0.92 respectively, suggesting that these may
be excellent prognostic biomarkers. Lastly, some metabolites such as amino acids, organic
acids, fatty acids, and saccharides also correlated with specific manifestations such as skin,
mucosal, musculoskeletal, hematological, or renal disease, with amino acids having the
strongest association especially with hematological involvement.

Another NMR spectroscopy-based metabolomic study applied to SLE also demonstrated
dysregulation in protein and lipid biosynthesis pathways by the detection of a specific
metabolite phenotype in the serum of patients with lupus. This phenotype was also able to
discriminate between HC and patients with RA [93]. A parallel study using the same
technique but analyzing the urine metabolome in patients with LN demonstrated differences
in the concentration of certain metabolites, such as citrate and taurine, and could
discriminate between class 111/IV LN patients from those with class VV LN [94].

A more recent study specifically analyzed the metabolic profile in LN for the discovery of
new serologic biomarkers [95]. Ultra-high-performance liquid chromatography coupled with
high-resolution MS (UPLC-HRMS) was used to detect differential metabolic signatures in
patients with LN compared to those of healthy and disease controls (idiopathic nephrotic
syndrome). Due to its enhanced separation efficiency, as well as its higher sensitivity and
resolution, UPLC-HRMS is considered a suitable technique for large scale untargeted
metabolic profiling [67, 95]. In this study, 18 metabolites were found to have distinct
expression between renal disease groups and HC. Five were significantly different in LN
compared to the other 2 groups with increased levels of sorbitol and glycocholic acid
metabolites, and decreased levels of cortisol, creatinine, and L-aspartyl-L-phenylalanine.
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The diagnostic accuracy of the identified biomarkers was furthered evaluated by ROC
analysis. Theophylline, oxidized glutathione, and capric acid had the highest AUC values:
0.77 for the first two and 0.74 for the latter. These 3 combined provided a higher AUC of
0.85, and was therefore suggested as a biomarker panel for the diagnosis of LN with a
sensitivity of 88% and a specificity of 68%.

A better understanding of the disrupted metabolic pathways in SLE and their implications
for immune dysregulation [91] has led to the identification of specific targets that are now
being used in clinical trials [96—99]. One example is the use of metformin targeting the
increased glycolysis and mitochondrial oxidative metabolism of hyperreactive CD4+ T cells
in SLE, which indirectly regulate the production of IFN-y and IL-2 by these cells [100].
Metformin may also reduce the production of reactive oxygen species (ROS), which in turn
are responsible for the production of neutrophil extracellular traps (NETs) [98]. NETs
participate in the immune dysregulation of SLE by potentiating the production of type I IFN
[91].

Summary and conclusions

Despite significant progress in understanding basic mechanisms of disease, SLE continues to
pose a challenge for clinicians, researchers, and patients due to the continued uncertainty it
generates, and its significant morbidity and mortality. Some of the biomarkers which have
been described lack sufficient diagnostic and prognostic accuracy, or do not show clear
superiority over current conventional serological testing, further reflecting the complexity of
SLE. Efforts should be made to focus future SLE biomarker studies on validated and
reproducible candidates.

The heterogeneity of lupus has hindered the creation of an objective tool able to be applied
to a wide variety of patients. With exponential advances in high throughput technologies, the
post genomic era has nevertheless allowed for the development of better strategies to subset
patients accurately. However, the comprehensive, richly detailed, and large scale data
obtained from these techniques has created another problem, that of data processing and
analysis. Therefore, it becomes important for advances in bioinformatics to parallel those in
the “‘omics’ era. Perhaps the integration of information coming from several techniques will
help provide a more accurate view of the pathophysiologic mechanisms, reduce gaps in
understanding the heterogeneity of lupus, and assist in the creation of a comprehensive, non-
invasive, and easily applicable panel of tools useful throughout many clinical conditions.
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