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Introduction

The concept of diagnosis, or the art or act of identifying a condition from its signs
and symptoms, has been discussed for nearly 5000 years. In fact, the concept of
diagnosis antedated that of medicine. It was well developed before there was any
relationship to treatment and was, in fact, originally more related to prognosis.
Since the development of scientific-based medicine following the Flexner Report of
1910, diagnosis has been the centerpiece of medicine, and we recognize many great
physicians because of their diagnostic skills [1, 2].

Of all medical disciplines, rheumatology especially prided itself as the bastion of
great diagnosticians. We were often the last resort of patients with an array of hard-
to-explain signs and symptoms and can often affix a label to a patient, even if the
label is only a restatement of the array of signs and symptoms without much in the
way of physiologic or therapeutic implication. In addition, sometimes when a diag-
nosis could not be made, frustration may have resulted in discounting or even stig-
matizing the patient. Over the past few decades, diagnosis has become more
complex with an array of molecular and imaging technologies that have often
changed medical nosology and affected the approach to diagnosis. In addition, the
advent of newer and more effective targeted therapies has increased the importance
of accurate diagnosis. As a result of all of these changes, diagnosis has evolved from
a concept in medicine to one that has numerous other implications, including psy-
chological, sociological, and also political and economic. Herein, we will discuss
the concept of diagnosis and future directions in systemic lupus erythematosus
(SLE), a most challenging disease in rheumatology.
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SLE

SLE is a complex, prototypic autoimmune disease characterized by loss of tolerance
and sustained autoantibody production. Strong genetic influences have been dem-
onstrated in family and twin studies [3-5]. Moreover, data shows that ancestry
affects not only incidence and prevalence as well as renal involvement, but also
molecular pathways and autoantibody profiles, that results in differential response
to treatments in SLE [6-9].

The vastly diverse nature of the disease presents immense challenges to physi-
cians for diagnosis and treatment. Despite improved prognosis over the last 50 years,
the chance of being dead at the age of 35 for a patient diagnosed with SLE at the age
of 20 is still one in seven. In a recent study, SLE ranked tenth in the leading cause
of death in women between 15 and 24 years of age and is the only chronic inflam-
matory disorder, ranking higher than diabetes mellitus or HIV [1, 2]. Therefore,
early diagnosis and introducing the best suitable treatment for the patients are of
utmost importance to improve prognosis further.

Diagnosis in SLE relies heavily on the physician’s clinical judgment based on a
combination of clinical signs/symptoms and available clinical tests (most frequently
ANAs). Physicians’ experiences are important in solving the problem of lupus diag-
nosis. However, diagnostic delays and misdiagnosis are inevitable in a disease with
such heterogeneity, as several conditions mimic SLE. A survey of more than 2500
UK lupus patients in 2014 showed that the mean time between patients’ first aware-
ness of SLE symptoms and actual diagnosis was 6.4 years and half of the patients
reported that they had been misdiagnosed initially [10].

Given the considerable heterogeneity in SLE, most efforts have been directed
toward developing more precise classification criteria that aim to assemble cohorts
that are representative of the majority with disease for clinical research. Scientifically,
classification criteria target high specificity to classify accurately even if it means a
trade-off of lower sensitivity, which is more important for diagnosis. The 1997
revised version of the 1982 ACR criteria is highly specific (96%) for classification
when at least 4 of 11 criteria are positive [11]. However, sensitivity was remarkably
lower compared to the criteria of the Systemic Lupus International Collaborating
Clinics (SLICC) (83% vs. 97%), but the specificity dropped off to 84% in the latter
[12]. The development process of the recent ACR/EULAR SLE classification aimed
to improve sensitivity compared to ACR 1997 criteria as well as applicability to
early or new onset lupus without compromising specificity and focusing on true
autoimmune disease. The 2019 European League against Rheumatism
(EULAR)/American College of Rheumatology (ACR) SLE classification criteria
reached the combination of high sensitivity and specificity of 96.1% and 93.4%,
respectively, with comparable sensitivity to SLICC criteria in capturing early dis-
ease (Table 8.1). However, it is important to emphasize that these are classification
criteria used for research purposes and not diagnostic criteria employed in clinical
practice. If employed as diagnostic criteria, they will identify only the most stereo-
typical patients, leaving many with fewer features of lupus undiagnosed and often
frustrated.
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Table 8.1 Comparative sensitivity and specificity of systemic lupus erythematosus (SLE) classi-
fication criteria factored by disease duration

Sensitivity Specificity
95%CI1 95%CI1
SLICC EULAR/ SLICC EULAR/
Disease = ACR1982/1997 2012 ACR 2019 ACRI1982/1997 2012 ACR 2019
duration  criteria criteria  criteria criteria criteria  criteria
<l year 0.56 0.89 0.89 0.92 0.92 0.92
0.21-0.86 0.52— 0.52-1.00  0.74-0.99 0.74— 0.74-0.99
0.99 0.99
1to 0.81 0.98 0.97 0.95 0.88 0.96
<3years 0.72-0.88 0.93- 0.92-0.99 0.92-0.99 0.80- 0.90-0.99
1.00 0.94
3to 0.81 0.91 0.96 0.94 0.89 0.99
<5Syears 0.70-0.90 0.82— 0.88-0.99  0.87-0.98 0.80— 0.94-1.00
0.97 0.94
>5 years 0.84 0.97 0.96 0.93 0.81 0.93
0.80-0.87 0.96— 0.94-0.98 0.90-0.95 0.76— 0.89-0.95
0.99 0.85

Adapted from Ref. [38]
ACR American College of Rheumatology, EULAR European League Against Rheumatism, SLICC
Systemic Lupus International Collaborating Clinics

The repositioning of anti-nuclear antibody (ANA) as an obligatory entry crite-
rion for the 2019 SLE classification criteria has spurred vigorous debates [6—8].
Targeting individuals with true autoimmunity was the impetus behind the proposal
and acceptance of ANA as a key entry criterion. An ANA titer of 1:80 has been
shown to have a sensitivity of 98%, and although rare at onset, ANA-negative SLE
cases may exist, which may cause a small subset of SLE patients to be unclassified
[13, 14]. If the classification criteria were used for diagnosis, this would be a prob-
lem, but it is less of an issue for classification for research purposes [15, 16]. Of
note, physicians should understand the assay used to detect ANA since these tech-
niques have intrinsic differences and may provide disparate results. For example,
the results of an indirect immunofluorescence (IIF) assay using human epithelial
type 2 cells (HEp-2- IIFA) may vary in different laboratories because of its depen-
dence on visual reading of antibody patterns [17]. In addition, an IIF assay may be
disadvantageous because of its low specificity at low antibody titers [18]. The dis-
ease duration and treatment may also affect ANA seroconversion [19]. Interestingly,
the recent phase II belimumab trial showed that 29.5% of established SLE patients
were found to be negative for ANA at enrollment, raising the possibility that ANA
positivity may reflect an immunologically active state and patients with positive
ANA may respond to some therapies differently [20, 21].

Although data have shown that autoantibodies, such as ANA, appear in the blood
as early as 9.4 years (mean 3.3 years) before the clinical onset of SLE, given its low
specificity, and that it is also positive in up to 20% of healthy individuals [22],
screening ANA-positive patients with nonspecific symptoms is usually ineffective.
Some autoantibodies are highly specific for SLE diagnosis, such as
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anti-double-stranded DNA (anti-ds DNA), anti-Sm, and anti-ribosomal P, but they
are less sensitive. For example, anti-dsDNA is an important biomarker for SLE
diagnosis and disease activity, and its prevalence ranges between 50% and 75%
depending on the assay, disease state, and ethnicity [6, 23, 24]. Indirect assays to
measure complement proteins or their cell-bound activation products have proven to
be informative and reliable [25]. The assay detecting cell-bound complement acti-
vation products (Exagen, Vista, CA, USA), which outperforms anti-dsDNA by up to
48% in terms of sensitivity, may be helpful in supporting the diagnosis of SLE [25].

Can Genomics and Transcriptomics Be Used to Diagnose SLE?

The advent of high-throughput genotyping, coupled with contemporary bioinfor-
matics approaches and modeling, has significantly improved the understanding of
the pathophysiology of several multigenic complex diseases, including SLE [26—
28]. So far, approximately 100 genetic susceptibility loci at genome-wide signifi-
cance have been identified in SLE, some of which are shared with other autoimmune
disorders. The individual gene effects, however, are somewhat small (relative risk
<2), and unlikely to assist in diagnosis or predict outcome when utilized individu-
ally [29, 30].

Genetic risk scores (GRS) are numeric scores that combine a large number of
disease-associated genetic variants that are weighted by SLE risk odds ratios and
reflect the disease-associated genetic load in an individual patient [31]. Therefore,
the idea of utilizing GRS as a tool for predicting disease susceptibility and outcome
has become a tantalizing approach that has been explored by several groups in
SLE. However, some reports had limitations because of sample size or were
restricted to limited sets of single nucleotide polymorphisms (SNP) based on immu-
nochip analysis [32-35].

Not testing results across ancestries is another caveat of most studies. Chen L
et al. performed a GRS analysis for SLE across Chinese and European populations.
Utilizing three European and two Chinese GWAS datasets and training on a dataset
for one population, they tried to predict SLE in the other dataset [32]. Perhaps not
surprisingly, they found the most SLE predicted SNPs were enriched in patients
with kidney involvement, indicating that most SLE-associated variants also confer
risk for lupus nephritis. Another takeaway from this study was the correlation
between GRS and age of onset in lupus, which corroborated in both European and
Chinese populations, albeit it was independent of renal involvement. Notably,
another large independent European GWAS also showed that higher GRS is associ-
ated with renal disease and SLE onset at a younger age [35]. This group also dem-
onstrated that a high GRS had the potential of predicting patient outcomes.

In summary, these studies may render an example of incorporating GRS infor-
mation into the clinical diagnosis of an SLE patient and may assist in diagnosis of
lupus nephritis early. However, the GRS studies are still in their early stages and
their role in diagnosis of generalized lupus remains to be determined.
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Finally, the question remains whether a genetic diagnosis will equate with a clin-
ical diagnosis and how both false positives and false negatives will affect the per-
ception of the utility of the GRS approach. Since there remains debate about whether
the genetic tendency will establish the diagnosis of lupus, the utility of the GRS will
require considerable debate and eventually a consensus to be accepted.

As autoimmunity precedes overt clinical disease [22], signs and symptoms can
be relatively nonspecific in the early stages of SLE. Thereby, early diagnosis can be
challenging. A longitudinal study of more than 9000 SLE patients showed that early
diagnosis (<6 months) and early adequate treatment result in fewer numbers of
flares, low hospitalization rate, and low lupus-related medical costs compared to the
matched SLE patients who were diagnosed later than 6 months [36]. This study
underlines again the importance of early diagnosis and intervention to prevent dam-
age and eventually mortality. Genetic risk factors are widely known for many dis-
eases; however, their translation into clinical practice is still in its infancy. Knevel
et al. have developed a GRS (G-PROB) using genome-wide significant variants
(p < 5%10%) from previously published genome-wide association studies (GWAS)
and tested its potential as a diagnostic tool in a set of patients with inflammatory
arthritis (rheumatoid arthritis, systemic lupus erythematosus, spondyloarthropathy,
psoriatic arthritis, and gout) [37]. Coupled with good discriminatory capacity (area
under the curve (AUC), 0.69-0.84), it could single out a likely diagnosis for 45% of
patients with a positive predictive value of 0.64 that could be further improved with
the addition of serologic data. Despite only being tested in Caucasian cohorts, the
results of this study demonstrate the potential clinical utility of the GRS for diagno-
sis, especially when incorporating serologic findings, such as ANA, and, possibly,
clinical manifestations.

Transcriptomic analysis might also contribute to diagnosis. Based on a meta-
analysis of 40 independent publicly available gene expression studies containing
7471 transcriptomic profiles, Haynes et al. identified a core gene set (93-gene sig-
nature, SLE MetaSignature) that is dysregulated in patients with SLE and distin-
guishes SLE from other relevant rheumatic disorders and infections [38]. They
further validated the SLE MetaSignature in a prospective study comprising patients
with juvenile-onset SLE, juvenile idiopathic arthritis, and healthy subjects. This
study demonstrates the potential value of the integration of gene expression studies
into the clinic as a means to improve the diagnosis of SLE.

Despite these promising advances in genetic and molecular pathogenesis, lupus
remains a clinical diagnosis. Regardless of the elegant genetic and molecular
advances, it remains uncertain how this information will be integrated into the pro-
cess of assigning a diagnosis to an individual patient.

Gene Expression Studies and Organ Involvement

In addition to molecular diagnosis of SLE, several groups have attempted to utilize
transcriptomic data from blood, purified T and B cells, myeloid cells, and, although
less common, cells from tissue in order to stratify patients based on their molecular
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signatures or predict disease activity. Grouping patients based on molecular signa-
tures could also be a successful strategy for clinical trials, which may pave the way
for personalized precision medicine.

One of the key features in SLE is the prominent expression of interferon (IFN)-
inducible genes, an interferon gene signature (IGS) regardless of disease activity
[39, 40]. An IGS may be induced by both type I and type II IFNs, in which type I
IFNs with 13 IFN-alpha genes (A1, A2, A4, A5, A6, A7, A8, A10, A13, Al4, Al6,
A17, and A21) and IFNB1, IFNW1, and IFNE are likely the major contributors.
Type I IFN, IFNG, also induces an IGS through its distinct receptor, but its role in
the SLE pathogenesis has been largely deduced from in vitro studies [40—42].
Using the weighted gene expression network analysis (WGCNA), a bioinformatics
approach to derive gene modules in the dataset based on co-expression [43], IGS
has been investigated in detail by looking at differences in various blood cells from
patients with SLE and compared with the results of patients with other autoim-
mune rheumatic diseases and healthy volunteers [44]. The results demonstrate that
a T-cell-specific module is exclusively expressed in SLE, whereas monocyte and
neutrophils may be present similarly in other diseases and controls [44, 45].
Together with the hypomethylation of type I IFNs in naive CD4 + T cells, these
results suggest that type I IFN T-cell signaling may contribute to SLE disease
pathogenesis [46].

In order to understand how disease activity affects gene expression and if it helps
to group patients or disease manifestations, longitudinal gene expression studies are
needed. In this context, Banchereau et al. performed a blood transcriptome profile
of a longitudinal cohort of pediatric SLE patients [47]. They were able to group SLE
patients into seven subsets, where each group was associated with a specific gene
module. Of those, the identified neutrophil transcripts were enriched in patients
with active lupus nephritis. They also found a robust plasmablast signature that was
associated with disease activity, and the signal was stronger in African ancestry
patients [47]. Although easier to obtain, blood transcriptome analyses provide a
more general picture, especially when cell-specific transcriptome differences are
targeted. Moreover, access to matched transcriptome data in the whole blood and
tissue would provide a better understanding of how to interpret the differences or
changes in cell populations as well as signaling pathways detected in many SLE
studies. Labonte et al. developed an in-house tool based on differentially expressed
T-cell receptor genes (TCR), immunoglobulin genes, and HLA genes in most SLE
studies then created a Biologically Informed Gene Clustering (BIG-C) platform
utilizing more than 40 SLE and control microarray datasets [48]. Gene set variation
analysis employing the IFNA2, IFNB1, [IFW1, IFNG, TNF, IL12, and the IFN core
signature genes demonstrated prominent expression of IFNB1 and IFNW1 signa-
tures differentially associated with organ involvement. The researchers found strong
IFNBI1 enrichment in skin and synovium in comparison to those in the kidneys in
SLE patients [40]. This result is particularly interesting as several case reports show
that drug-induced SLE arises with positive dsDNA after treatment with IFNB1 in
multiple sclerosis [49, 50]. Besides proposing IFNB1 as an intriguing treatment
target of SLE, the results of this study also demonstrated that IGS is less likely to
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correlate with the disease activity because of prolonged expression of IGS in
monocytes.

Lupus nephritis is a leading cause of morbidity and mortality of SLE. Although
advances have been made through immunologic discoveries and genetic associa-
tion studies in SLE, the outlook for patients with LN has not improved dramati-
cally over the years, as ~10% still progress to end-stage renal disease (ESRD) [51,
52]. Renal biopsy is the gold standard for treatment decisions; however, the
International Society of Nephrology/Renal Pathology Society (ISN/RPS) classifi-
cation is limited by reliance on only histologic findings by mostly light microscopy
without integrating recent molecular insights. Conventionally used biomarkers
such as proteinuria or serologic markers have a limited ability to predict renal
prognosis adequately, and persistent proteinuria can be secondary to residual activ-
ity, chronic damage, or comorbid conditions. Nevertheless, no robust markers have
been identified yet to replace kidney biopsy, despite the extensive search for blood
or urinary biomarkers.

Single-cell RNA sequencing (sc-RNA-seq) is a powerful unbiased approach to
overcome the aforementioned limitations of the bulk analysis, such as defining cell
types that link to observed gene expressions as well as provide new insights into the
diverse mechanisms involved in the pathogenesis of tissue injury in kidneys. Recent
studies show the potential of transcriptomic profiling of skin biopsies as a biomarker
of lupus nephritis by performing sc-RNA-seq in lupus kidney and skin tissues [53,
54]. These studies also demonstrate that residential cells, such as kidney epithelial
cells, in addition to infiltrating cells contribute to the LN disease progression.

Given that several inflammatory autoimmune diseases share common nonspe-
cific symptoms early in the disease stage, comparing gene expression profiles of
these conditions might be informative in clinical practice to segregate and treat early
[55-58]. In a recent study, the gene expression profiles of SLE synovium were inter-
rogated by using knee synovia samples from SLE, rheumatoid arthritis (RA), and
osteoarthritis (OA) patients. Bioinformatic analyses revealed a myeloid-cell-
mediated inflammation that governs the immunopathogenesis of lupus arthritis
[59]. Upregulated differentially expressed genes in RA, on the other hand, indicated
T cells, B cells, NK, NKT cells, and the other lymphocytes. In another study, 91%
of IFN-inducible genes were differentially expressed in systemic sclerosis (SSc) as
in SLE within the same platform compared to healthy individuals [60]. A subset of
SSc patients who were also grouped as “lupus-like” phenotype showed type I IFN
and plasma cell signatures. They also found a correlation between the type I IFN
signature and the presence of lymphopenia, anti-topoisomerase, and anti-U1RNP
antibodies.

In summary, the recent state-of-the-art technologies have advanced the under-
standing of the underlying molecular heterogeneity in SLE. Simultaneously, ana-
lyzing data from multiple sources including various cells and tissues at the cellular,
molecular, and protein level will be important in the future to stratify diseases into
clinically relevant groups. Leveraging these advances provides the chance to devise
molecular tools that improve SLE diagnosis and help to predict early organ
involvement.
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Summary and Conclusions

Currently, the diagnosis of SLE involves the use of clinical tools that have not
changed in many years. Because of their imprecision and a lack of consensus on
what constitutes lupus in the clinic, many patients remain undiagnosed for pro-
tracted periods of time. Recently, genetic and molecular tools have been developed
that afford the possibility of improving the precision of lupus diagnosis. Whether
these will evolve to the point of clinical utility and whether they will be embraced
by the clinical community remain major challenges for the field and patients living
with recognized or undiagnosed lupus.
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