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There are several autoimmune and rheumatic diseases affecting different organs 
of the human body. Multiple sclerosis (MS) mainly affects brain, rheumatoid 
arthritis (RA) mainly affects joints, Type 1 diabetes (T1D) mainly affects pancreas, 
Sjogren’s syndrome (SS) mainly affects salivary glands, while systemic lupus 
erythematosus (SLE) affects almost every organ of the body. Autoimmune 
diseases are characterized by production of autoantibodies, activation of immune 
cells, increased expression of pro-inflammatory cytokines, and activation of type 
I interferons. Despite improvements in treatments and diagnostic tools, the time 
it takes for the patients to be diagnosed is too long, and the main treatment for 
these diseases is still non-specific anti-inflammatory drugs. Thus, there is an 
urgent need for better biomarkers, as well as tailored, personalized treatment. 
This review focus on SLE and the organs affected in this disease. We have used 
the results from various rheumatic and autoimmune diseases and the organs 
involved with an aim to identify advanced methods and possible biomarkers to 
be utilized in the diagnosis of SLE, disease monitoring, and response to treatment.
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Introduction

Systemic chronic inflammation (SCI) is the presence of a slow low-grade inflammation 
lasting for longer periods from several months to years (1). It is caused by the constant activation 
and infiltration of immune cells into the affected organs. SCI may advance into autoimmune 
diseases with the characteristic development of autoantigen-specific lymphocytes and 
autoantibodies that may progress into clinical disease manifestations (2). However, because the 
preclinical phase often is silent, it is difficult to predict the progression from harmless 
inflammation to activation of autoantigen-specific T and B cells leading to production of 
autoantibodies and activation of effector cells, the hallmarks of autoimmune diseases. There is 
still a lack of detailed clinical and molecular knowledge that can lead to a better understanding 
of the pathogenesis behind such diseases, and there is a need for suitable predictive biomarkers 
that can identify patients that are at risk to develop autoimmune diseases (2).

Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disease 
disposed to inflammation in nearly all organs. The production of autoantibodies (specifically 
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anti-double stranded (ds) DNA) and the formation of immune 
complexes is a hallmark of SLE (3), but there is still a lack of clinically 
useful diagnostic markers and markers that can predict 
organ involvement.

Biomarkers are as the word imply, biological markers. There are 
different kinds of biomarkers such as diagnostic, mechanistic, clinical, 
therapeutic. These markers can identify gene variants, gene or protein 
expression, disease monitoring, and therapeutic response. Common for 
all, is that they objectively predict biological characteristics that is difficult 
to observe. Perhaps the biggest advantage of implementing good, clinical 
biomarkers could be the implementation of precision medicine. In a 
review article by Giacomelli et  al. (4) regarding biomarkers in 
autoimmune rheumatic diseases, they concluded that biomarkers and 
personalized medicine (e.g., precision medicine that target treatment to 
individual patients based on precise and specific information of the 
patients disease) would be  future central points in management of 
patients affected by rheumatic and autoimmune diseases.

Transcriptomics is the study of expression profiling of levels of 
mRNA in an organism at a given time. RNA sequencing (RNAseq) 
allows the characterization of different states of cells or tissue by 
expression patterns. Utilizing these methods, the molecular 
mechanisms underlying a phenotype and identifying differential 
expressed biomarkers in diseases compared to healthy individuals, can 
be investigated. The use of transcriptomics in autoimmune diseases 
have increased our knowledge of the pathophysiology of such diseases. 
In particular, the immune cells, signaling pathways, and the genes 
involved have been in focus (5). Monocytes and macrophages, 
including tissue specific resident macrophages, are key cells commonly 
expressed across different inflammatory and autoimmune diseases. 
However, the biggest challenge still lies in linking the results from 
RNA-seq into clinical application.

One of the newest techniques in transcriptomic analyses, single 
cell RNA sequencing (scRNAseq), was developed in 2009 by Tang 
et al. and has been one of the most used transcriptomic methods the 
last decade (6). In autoimmune diseases, the use of scRNAseq has 
opened for the identification of cell and molecular biomarkers that 
may predict disease progression, disease outcome, and individualized 
therapy (7). The use of scRNAseq in autoimmune inflammatory 
rheumatic disease has recently been reviewed and highlight the 
current challenges to overcome before we can utilize novel findings in 
new advanced diagnostic tools (8). The single cell multiomics data 
complexity require interdisciplinary collaborations, the high cost of 
reagents and equipment prevents the profiling of large patients 
cohorts, and in the end, few user-friendly, easy accessible interface 
linking the results with the whole research field makes the transition 
into the clinics difficult (8).

Molecular imaging allows for the detection of cellular and 
molecular changes within living species. It can characterize and 
measure biological processes in vivo and allows for visualization of 
the whole body down to cellular resolution level (9). Positron 
emission tomography (PET) together with computed tomography 
(CT) (PET/CT) or magnetic resonance imaging (MRI) (PET/MRI) 
take advantage of tracers with radioactive isotopes that can measure 
metabolic activity in cells and organs. Carbohydrate metabolism 
[glucose, 18F fluorodeoxyglucose (FDG) and mannose receptor 
(18F-fluoro-D-mannose; 18F-FDM)], chemokine receptors (C-X-C 
Motif Chemokine Receptor 4 (CXCR4), 68Ga-pentixafor), 
somatostatin receptors (68Ga-labeled DOTA-peptides), cell adhesion 

molecules (CAMs, 18F-galacto-RGD, 68Ga-PRGD2, and 
18F-fluciclatide), fibroblast Activation Protein-α (FAP, 68Ga-FAPI), 
folate receptor (FR, 18F-fluoro-PEG-folate), and mitochondrial 
translocator protein (TSPO, 11C-PK11195 or 18F-flutriciclamide) are 
some of the targets of tracers developed to detect inflammation in 
different diseases (10).

Given the fast development of new, sophisticated techniques 
generating vast amount of data in combination with machine learning 
and artificial intelligence (AI), there are tremendous opportunities 
ahead of us. The results should lead to new advancements in disease 
diagnosis, monitoring and response to therapy. Despite good research 
on animal models, there is a knowledge gap when it comes to new 
biomarkers, methods, and treatment regarding SLE. Previous work 
has mostly focused on cutaneous SLE and lupus nephritis (LN), but 
since SLE is a systemic disease, we wanted to review what is known 
about SLE and organs such as joint, liver, pancreas, brain, salivary 
gland (SG), and lung to look for organ specific markers of 
inflammation. Here, we give an overview of research involving SLE 
and organ specific research on biomarkers, transcriptomics/
scRNAseq, and molecular imaging.

Inclusion and exclusion criteria

While SLE is defined as an autoantibody and immune complex 
disease, most of its organ manifestations are inflammatory. That is why 
we in this review have focused on the inflammatory milieu in the 
different organs included in our investigation. Thus, we  used 
inflammation and human as a prerequisite in most of our PubMed 
searches. We  included research on other autoimmune diseases to 
compare the findings in SLE, especially where there is a lack of 
research on SLE. To limit the results and focus on human research 
we  excluded paper containing virus, animal, and cancer research 
(Supplementary Table S1). We  have also focused on the articles 
published the last 5–10 years.

Inflammation in different organs of 
autoimmune and rheumatic diseases

Doing a PubMed search on inflammation, different diseases, and 
organ, revealed that a vast amount of research has been performed on 
joint compared to other organs like brain, skin, kidney, SG, lung, and 
pancreas, respectively (Figure  1; Supplementary Table S1). Organ 
affection in SLE include all the above-mentioned organs, in addition 
to circulating immune cells in peripheral blood. Other autoimmune 
and rheumatic diseases are more organ specific, like multiple sclerosis 
(MS) and brain, and Type 1 Diabetes (T1D) and pancreas, while 
others like Rheumatic arthritis (RA) and Sjogren’s syndrome (SS) can 
be both organ specific and systemic. The search confirmed the typical 
organ manifestation of the different diseases as most of the papers in 
rheumatoid arthritis (RA) were found in joint, in MS the brain had 
more publications, SG in Sjogren’s syndrome (SS), pancreas in Type 1 
diabetes (T1D), and the kidney in SLE patient (Figure 1). The results 
revealed that, despite being a systemic disease affecting multiple 
organs, most of the published articles on SLE involved kidney, skin, 
and joint, and fewer papers on the other organs, especially SG, and 
pancreas (Supplementary Table S1; Figure 1).
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Disease and organ specific biomarkers 
and advanced methods

To get an overview of different organ specific biomarkers in the 
field of autoimmune and rheumatic diseases, we did several defined 
PubMed searches on the diseases SLE, RA, MS, SS, and T1D. These 
searches revealed that there are more studies performed on MS and 
RA compared to SLE, SS, and T1D on every search we did, respectively 
(Figure  2A). We  did searches on advanced methods such as 
transcriptomics, single-cell sequencing, imaging, molecular imaging, 
and biomarkers (Supplementary Table S2; Figure  2A). When 
we included inflammation, the number of papers decreased, but the 
overall results showed the same trend (Supplementary Table S3; 
Figure 2B). These results were also supported when we added the 

different organs to the search terms (Supplementary Table S4; 
Figure  2C). Biomarker and imaging got the most hits, and after 
including specific organs, the findings even increased the disparities 
in number of works done between RA and MS compared to the other 
diseases (Figure 2C).

Biomarkers in SLE

Autoantibodies have been widely used as biomarkers for 
rheumatic [reviewed in (11)] and autoimmune diseases [reviewed in 
(12)] such as SLE [reviewed in (13)]. Anti-nuclear antibody (ANA), 
anti-dsDNA, anti-Sm, antiphospholipid, and low C3 and/or low C4 
are used in clinical practice today as diagnostic biomarkers of SLE 

FIGURE 1

Overview of the number of publications on disease, inflammation, and organ involvement (A). In (B) the individual results of each disease related to 
organs and number of publications are shown. RA, rheumatoid arthritis; MS, multiple sclerosis; SLE, systemic lupus erythematosus; SS, Sjogren’s 
syndrome; T1D: type 1 diabetes.

FIGURE 2

Overview of the number of publications on diseases (A) diseases and inflammation (B) and diseases, inflammation and organs (C) with the topics 
biomarker, transcriptomics, single cell sequencing, imaging, and molecular imaging. RA, rheumatoid arthritis; MS, multiple sclerosis; SLE, systemic 
lupus erythematosus; SS, Sjogren´s syndrome; T1D: type 1 diabetes; SG, salivary gland.
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[reviewed in (14)]. Although there are several publications available 
on novel biomarkers for use in diagnosis [(15) and references therein], 
and monitoring [reviewed in (14, 16)] of SLE, few of them are in use 
in clinical practice. The heterogeneity of SLE makes it difficult to 
diagnose and monitor the disease progression. Performing a PubMed 
search on inflammation, SLE and biomarker, gave 689 results, of 
which 488 articles were published the last ten years 
(Supplementary Table S3; Figure 2B). Of these, 91 publications were 
reviews, compared to 121 in total.

Since a primary goal for developing new biomarkers is to identify 
non-invasive markers most of the works utilized blood or urine from 
patients with SLE. Searching PubMed for human SLE, peripheral 
blood and biomarker, excluding virus and cancer, gave 71 results, 
including five review papers, while the same search with urine instead 
of blood revealed 66 results, including eight review papers. Several 
studies have taken advantage of proteomics in the identification of 
new biomarkers. Adding proteomics to our PubMed searches revealed 
31 original articles and 8 reviews, and only 6 articles when 
inflammation was included. The last five years revealed few 
experimentally work on serological and urinary biomarkers for the 
detection of inflammatory human SLE (Table 1), nearly all of them 
detecting active LN. Most of the identified biomarkers included in this 
table are part of molecular pathways involved in the pathogenesis of 
SLE. However, some of the markers such as albumin, ceruloplasmin, 
transferrin, lipocalin-type prostaglandin D2 synthase (LPGDS), and 
different collagen types are most likely a response to or caused by the 
inflammatory process. A recent review by Fasano et al. covers different 
tissue, serological, urinary, and cellular biomarkers related to 
molecular pathways in SLE (48). Since late 1980s, work has been 
published on double-negative T cells. These cells are implicated in 
inflammation, immune disorders, cancer, and kidney as reviewed in 
(49, 50). These cells have been observed in SLE, RA, and SS where they 
are described to have a worsening role, and in T1D where they are 
described to be  protective [(51) and references therein]. In SLE, 
double-negative T cells have been suggested as potential serum 
biomarkers for SLE patients, possibly with kidney involvement (52). 
Exosomes are spherical lipid bilayer vesicles consisting of lipids, 
proteins, nucleic acids, and other bioactive compounds. Exosomes 
have been implied to be involved in immune responses and regulating 
the development of autoimmune disease through the transfer of 
signaling molecules as reviewed in (53). Studies have investigated 
exosomes and its components, both in serum and urine, and suggested 
them as potential biomarkers in SLE (54, 55), reviewed in (56, 57).

Plasma cytokines are also potential biomarkers in patients with 
SLE. Multiplex studies performed by Idborg et al. (22), showed that 
TNF-α and p-albumin worked as potential biomarkers to differentiate 
between SLE patients and controls, as well as indicators of disease 
activity. In addition, they showed that for SLE patients with joint 
involvement/active arthritis, IP-10, IL-1α, IL-6, TNF-α, and ESR were 
significantly increased compared with patients without these 
manifestations. They also investigated whether organ specific, active 
disease was associated to selected cytokines. P-albumin and TNF-α 
showed the highest association to kidney involvement, while IL-16, 
anti-dsDNA and IL-10 were elevated in active nephritis. Previously, 
Pentraxin 3 (PTX3) has been suggested as a biomarker of 
tubulointerstitial damage. Indeed, in a large, multicenter cross-
sectional study, ELISA showed that higher PTX3 levels were found 
both in serum and urine of active phase LN patients (58). Peripheral 

blood mononuclear cells (PBMC) are also an easily accessible source 
of potential biomarkers. In a recent study by Fu et al. cyclic GMP-AMP 
synthase (cGAS) and interferon-I-inducible protein 16 (IFI16) were 
found to correlate with SLE disease activity (23). An interferon (IFN) 
signature with an increased expression of type I IFN-regulated genes, 
are well-known in patients with SLE. Jiang and colleagues (59) utilized 
bioinformatics and machine learning to identify biomarkers for use in 
SLE diagnosis. They identified ten potential diagnostic biomarkers 
and found one, IFI44, a type I IFN signature gene, that had the best 
potential of being an optimal diagnostic biomarker for SLE. However, 
the process of validating these findings experimentally and clinically 
remains to be done.

SLE organ specific biomarkers

Monitoring disease activity and organ damage in SLE is 
challenging due to the lack of dependable biomarkers and disease 
heterogeneity. Both permanent organ damage and ongoing systemic 
and organ-specific inflammation can be hard to differentiate. Thus, 
organ-specific biomarkers would be precious for systemic diseases 
such as SLE. A search on SLE and organs and biomarkers 
demonstrated that most of the research has been performed on 
kidney, and peripheral blood, followed by skin, joint, brain, lung, and 
liver, while very few articles on biomarkers in SGs and and pancreas 
exist (Supplementary Table S5; Figure 3A). Here we searched PubMed 
for articles comprising SLE, inflammation and different organs such 
as kidney, skin, joint, lung, brain, liver, pancreas, and SG looking for 
SLE biomarkers specific for the different organs (Figure 3B). From this 
search, we  did not find any experimental papers on joint, liver, 
and pancreas.

SLE biomarkers in skin, lungs, brain, 
and salivary glands

Xie et al. identified L-alpha-aminobutyric acid, dehydroascorbic 
acid, glycine, and L-tyrosine as serum metabolites with diagnostic 
potential for SLE patients with skin lesions (24). Cutaneous lupus 
erythematosus has been found to be associated with an increase of 
invariant natural killer T (iNKT) cells expressing CCR4 at the site of 
active dermal cutaneous lesions, with a subsequent deficiency in 
circulating iNKT cells (60). One study also showed serum DNase 
I activity and apoptotic index evaluated by immunohistochemistry to 
be possible biomarkers of cutaneous lupus erythematosus (61). Nitric 
oxide (NO) in exhaled air has been shown to be significantly increased 
and correlated with disease activity and might be used as a marker for 
lung involvement in patients with SLE (62). In one study from 
Tumurkhuu et al. (25), SLE subjects showed highly significant 
increases in blood NAMPT mRNA expression and eNAMPT protein 
levels compared to healthy controls. In mice, this is shown to 
be  associated with increased alveolar hemorrhage and lung 
inflammation. Going through publications on brain and SLE, 
we  excluded publications on SLE and pregnancy. However, one 
publication on childhood-onset systemic lupus erythematosus (cSLE) 
showed that serum levels of S100A8/9, S100B, NGAL, aNR2-AB and 
aP-AB and combinations of those, could detect neurocognitive deficits 
in cSLE (sensitivity: 100%; specificity 76%) in exploratory analysis 

https://doi.org/10.3389/fmed.2023.1183535
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Fenton and Pedersen 10.3389/fmed.2023.1183535

Frontiers in Medicine 05 frontiersin.org

(63). Another work showed that Progranulin (PGRN) was moderately 
increased in cerebrospinal fluid (CSF) of SLE patients (64). Many SLE 
patients are diagnosed with secondary Sjogren’s syndrome. In one 

study, two of 34 patients were diagnosed with SLE and secondary 
SS. The authors showed that with higher pathologic grade, the 
presence of Sjogren’s-syndrome-related antigen A (SSA) or a higher 

TABLE 1 Summary of the proposed serological and urinary markers in inflammatory, human SLE revealed in this review.

Biomarker Detects References

Serological

VCAM1 Predict nephritic flare, active non-renal lupus, and CKD (17)

ICAM-1 Nephritic flare, LN remission (17)

Syndecan-1
Predict nephritic flare, active LN, active non-renal lupus and patients with non-

lupus CKD, renal interstitial inflammation

(18)

Hyaluronan, Thrombomodulin Active LN,LN patients in remission and non-lupus CKD, renal chronicity (18)

PRO-C6, Collagen Type III and IV Kidney fibrosis (19)

IL-35 Renal involvement (20)

MALT1 Severity and inflammation in LN (21)

TNF-α, p-albumin Differentiate between SLE patients and controls, and indicators of disease activity (22)

IP-10, IL-1α, IL-6, TNF-α, and ESR Joint involvement/active arthritis (22)

IL-16, anti-dsDNA and IL-10 Active LN (22)

cGAS, IFI16 Correlate with SLE disease activity (23)

L-alpha-aminobutyric acid, dehydroascorbic acid, 

glycine, and L-tyrosine

Skin manifestation (24)

NAMPT, eNAMPT Increased alveolar hemorrhage and lung inflammation (25)

IL-26 Active disease (26)

S100A8/A9 + S100A12 Response to treatment of rituximab (27)

CD5L Monitoring of SLE and therapeutic efficacy (28)

TNFSF13B (BAFF) and OAS1 Diagnostic marker SLE and metabolic syndrome (29)

EGF, Lipocalin-2/NGAL, uPA, IL-18 Biomarkers of renal pathology (30)

IgA2 anti-dsDNA ab Active renal disease (31)

Urinary

CD163 Active LN, higher CKD stage (32, 33)

IL-16 Proliferative LN (33, 34)

MCP-1 (CCL2) Active LN, non-response, LN flare, loss of kidney function (35, 36)

EGF Biomarker of CKD progression in patients with glomerular disease (in adults and 

children)

(37, 38)

Serpin-A3 Active LN, proliferative LN, response to therapy in proliferative LN (39)

Leukocytes Active LN, response to treatment (40)

Ig binding protein 1 Active LN (41)

C3M Kidney fibrosis (19)

TWEAK Active LN (42)

Semaphorin3A Renal involvement in SLE (43)

suPAR LN activity (44)

S100 Active LN (27)

Transferrin, AGP-1, MCP-1, sVCAM-1 Higher in SLE patients (45)

Transferrin, LPGDS, ceruloplasmin, MCP-1 + sVCAM-1 Active LN (45)

LPGDS, transferrin, AGP-1, ceruloplasmin, MCP-

1 + sVCAM-1

Response to rituximab treatment (45)

Angiostatin, CXCL4, VCAM-1 Biomarkers of LN (46)

Exosomal miR-146a LN and SLE flares (47)

Results from the last 5 years. LN: lupus nephritis; CKD: chronic kidney disease; SLE: systemic lupus erythematosus.
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titer of ANA were significantly associated with the overexpression of 
TRAIL, MMP-3, or ICAM-1 in the SG mononuclear cells in patients 
with SS (65).

Kidney specific biomarkers in SLE

Kidney is definitively the organ that has been most extensively 
researched in SLE. LN is also one of the most serious manifestations 
of SLE. A retrospective study by Mao et al. where they did 
proteomics on kidney biopsies, revealed renal mTORC1 activation 
as a possible biomarker for disease activity and prediction of clinical 
prognosis in LN patients (66). Another study showed urinary C3M, 
and serum derived PRO-C6, Collagen Type III and VI, to correlate 
with kidney fibrosis in SLE patients (19). Studies on serum 
Interleukin-35 (IL-35), and mucosa-associated lymphoid tissue 
lymphoma translocation protein 1 (MALT1) propose low IL-35, 
and high MALT1, respectively, to be potential biomarkers for renal 
involvement in SLE patients (20, 21). Biomarkers that can 
be indicative of response to treatment are useful. Indeed, Shipa et al. 
did a study where they identified serum IgA2 anti-dsDNA antibody 
concentrations that could predict a clinical response to belimumab 
after rituximab treatment (31). The presence of anti-ribosomal P 
antibody (anti-P) was in a study with 79 patients shown to 
be  associated with better histological findings. In addition, at a 
median follow-up time of 47 months, anti-P-positive patients shown 
better renal outcomes than those without anti-P (58). A study by 
Sun et al. showed that urine tumor necrosis factor-related weak 
inducer of apoptosis (TWEAK) may be utilized as a biomarker of 
LN activity (42). The same was shown in a study on urinary DNase 
I, showing that its expression and activity declined with disease 
progression (67). A marker of podocyte injury was investigated by 
Bouachi et al. (68). Here they found that CMIP induction in LN 
appears constrained to non-proliferative glomerulopathies and may 
define a specific pattern of injury to these cells (68).

Due to the heterogeneity of SLE, there exist few biomarkers with 
the potential to capture the complexity of disease monitoring. 
Therefore, we need a combination of biomarkers and/or organ-specific 
biomarkers to follow disease progression. This review reveals that 

kidney, skin, and joint, respectively, have traditionally received the 
most attention in SLE because they are the most affected organs with 
frequent complications, but little progress has been achieved on 
organ-specific diagnostic or therapeutic markers.

SLE transcriptomics

Transcriptomic data analyses offer a unique insight into processes 
involved in different autoimmune disease. Since 2005, transcriptional 
analyses on human SLE and inflammation have been published in 85 
research papers and 10 review papers (Supplementary Table S3). As 
for biomarkers, most of the transcriptomic research has been 
performed on peripheral blood followed by kidney, skin and joint 
(Supplementary Table S6; Figure 4A). PBMC analyses have revealed 
increased differences in the composition of immune cells (B, T, and 
myeloid cells), type 1 IFN signature, chemokines, and different 
transcriptional levels of cytosolic RNA and DNA sensors (69–76). 
Especially, it seems to be a correlation between reduced circular levels 
of naïve T cells and increased T cells in the different organs affected. 
A dysregulation of T regulatory cells vs. T helper cells (Th1, Th2 and 
Th17) is known to be important for the pathogenesis of SLE, and the 
involvement of Th1, Th2 and Th17  in SLE has recently been 
thoroughly reviewed (77). Transcriptomic analyses of circulating 
immune cells found upregulation of Th17 related genes CXCL1, 
ICAM1, IL10, IL5, IL8, ISG20, JAK2, and down regulation of CD28, 
CD40LG, S1PR1, IL17RE, IL23R, RORC genes (78).

The IFN signature in SLE can divide the patients into two groups: 
SLE1 with low levels IFN induced gene expression and SLE2 with high 
levels of IFN induced gene expression (79). In SLE2 patients a subset 
of cytotoxic CD4+ T cells has been identified (72). Buang et al. found 
a downregulation of mitochondria-derived genes and metabolic 
pathways T cells of IFN high SLE patients (80). A transcriptome-wide 
association study (TWAS) was performed using a model on blood B 
cells, T cells, monocytes, NK cells and PBMC. Here they identified 
BANK1, IRF5, BLK, NCOA2, WDFY4, SLC15A4 and RASGRP1 as 
differential expressed genes and potential biomarkers (81).

In the kidney, the early articles on transcriptomic data 
identified specific cellular expression of glomerular cells and 

FIGURE 3

Overview of the number of publications on systemic lupus erythematosus (SLE), organ involvement and biomarker, transcriptomics, scRNAseq, 
imaging, and molecular imaging (A) and number of publications on biomarker in SLE with inflammation and organ involvement (B). scRNAseq, single 
cell RNA sequencing.
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selected inflammatory markers of infiltrating cells using qPCR 
analyses (82, 83). The newly published research includes 
transcriptional profiling of kidney tubular cells and immune cell 
infiltration in patients with LN (84–89). The main findings 
identify, like in peripheral blood samples, inflammatory markers 
such as type I IFNs, IL-18, TNF, immune cells including myeloid 
cells, T cells, natural killer cells and B cells, plasma cells and 
chemokines and chemokine receptors. Especially chemokine 
receptors CXCR4 and CX3CR1 expression by kidney immune cells 
seems to be candidates for use as biomarkers (85). In the skin of 
SLE and cutaneous lupus erythematosus (CLE) a hypersensitive 
response to IFNs was observed in keratinocytes (90).

Biopsies are only taken from patients with suspected kidney 
disease, but many SLE patients may have changes within the kidney 
long before they develop clinical detectable inflammation. Several 
studies have analyzed the transcriptomic profile of cells and cellular 
casts in urine from patients with SLE and LN (33, 83, 85, 91). Urinary 
transcriptomics reviled both a podocyte cell specific signature and an 
enrichment of immune cell types reflecting the inflammation of the 
kidney (83). Arazi et al. compared immune cells from urine samples 
with the kidney samples and found that the main fraction of urine cell 
was phagocytic CD16+ macrophages followed by M2-line CD16+ 
macrophages, CD56dim CD16+ NK cells, inflammatory CD16+ 
macrophages, tissue resident macrophages, and conventional DCs 
(85). A study analyzing both proteomics on urine samples and 
transcriptomics on kidney biopsies found increased urine levels of 
IL-16, CD163 and TGFB1 and an increased expression of IL16 in most 
of the infiltrating immune cells, CD163 in a subset of myeloid cells, 
and TGFB1 was mostly expressed by NK cells (33). In a recent article 
addressing the proteomics in paired urine and biopsy from SLE and 
LN patients, they identified over 112 urine analytes and especially 
found proteins involved in granulocyte-associated and macrophage-
associated pathways, including CD163 (92).

SLE single cell sequencing (scRNAseq)

ScRNAseq has mostly been performed on peripheral blood, with 
fewer studies on kidney, skin, and joint samples from SLE patients 

(Figure 4A). ScRNAseq performed on kidney (84, 85), skin (84, 93), 
and PBMC (94) revealed common factors including different immune 
cell types and type I IFN signature. The chemokines and chemokine 
receptors expression were linked to tubular cells (kidney) or 
keratinocytes (skin) and immune cells (84). Guo et al. identified a 
reduction of CXCR5+ T cells in SLE patients and found an exhausted 
regulatory CD4+ T cell subset in PBMC from SLE patients induced by 
type 1 IFN signaling (95).

In the skin, the same types of T cells including CD4+ and CD8+ 
memory T cells, Tregs, cytotoxic T cells, Th cells, and others were 
found to express increased levels of IFN-genes, but appeared less 
activated and cytotoxic and did not show an exhausted phenotype as 
T/NK cells from the kidney of LN patients (87). Zheng et al. analyzed 
cells from different cutaneous lesions of SLE patients and found both 
similar and differences in cell compositions of skin biopsies from 
patient with discoid lupus erythematosus (DLE) and SLE (96). 
Similarities included the proportion of macrophages and dendritic 
cells in both epidermis and dermis, while differences in T, NK and B 
cells were prominent in dermis as DLE patients had more T, NK, and 
B cells. DLE skin biopsies showed a more organized accumulation of 
immune cells (96).

Li et al. (97) performed both proteomics and scRNAseq on 
PBMC from SLE patients. They identified, by using machine 
learning, combinations of biomarkers that could diagnose SLE and 
the cellular source of these proteins was determined using 
scRNAseq (97). The six-protein combination included IFN 
inducible genes (IFIT3, MX1, TOMM40, STAT1, STAT2, and 
OAS3) and the nine- protein combinations included mitochondrial 
enzymes, adhesion molecule, kinases and other proteins 
(PHACTR2, GOT2, L-selectin, CMC4, MAP2K1, CMPK2, ECPAS, 
SRA1, and STAT2) (97). Genes in the six-protein combinations 
were shown to be mostly upregulated in memory B cells, while the 
nine-protein combination genes were upregulated in CD14 
monocyte clusters. Tang et  al. performed scRNAseq on PBMC 
from SLE patients to analyze the expression of acetyl transferases 
that can regulate cyclic GMP-AMP synthase (cGAS) a cytoplasmic 
DNA sensor (75). They identified an upregulation of histone 
acetyltransferase KAT2A in SLE patients and showed that the 
pathway was increased in specific subtypes of myeloid dendritic 

FIGURE 4

Overview of number of publications on transcriptomics, transcriptomics + inflammation, scRNAseq, and scRNAseq + inflammation in systemic lupus 
erythematosus (SLE) (A), number of publications on scRNAseq, scRNAseq + inflammation, and spatial transcriptomics in rheumatoid arthritis (RA), 
multiple sclerosis (MS), Sjogren’s syndrome (SS) and Type 1 diabetes (T1D) (B), and number of publications on imaging, imaging + inflammation, 
molecular imaging, magnetic resonance imaging (MRI) and positron emmission tomography (PET) in SLE (C). scRNAseq, single cell RNA sequencing.
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cells (DC), monocytes, T and B cells observed in SLE patients with 
a high SLEDAI score (75).

Itotagawa et al. used existing scRNAseq data to identify the BAFF 
producing cells in the kidney of SLE patients and linking the urinary 
BAFF levels to LN (98). The usage of available scRNAseq data together 
with advanced proteomics and the development of AI pipelines offers 
a deeper understanding of the complexity of disease progression. 
Wang et al. used a combination of machine learning algorithm and 
scRNAseq analysis to find possible biomarkers and identified both 
protein and gene expression of TNFSF13B and OAS1 (29). As 
mentioned under the section on biomarkers, a study using scRNAseq 
data from SLE patients (99) identified IFI44 as possible biomarker for 
SLE (59). However, linking these findings to the existing clinical 
parameters and developing new and better disease biomarkers is 
a challenge.

Transcriptomics and scRNAseq in 
other autoimmune diseases

Transcriptomics and scRNAseq data from other autoimmune 
diseases may fill in the lack of data in SLE. A PubMed search on RA, 
MS, SS, T1D and scRNAseq and scRNAseq + inflammation, 
including only original articles with new scRNAseq data gave 24 and 
13 results on RA, 14 and 4 results on MS, 6 and 1 results on SS and 
10 and 1 results on T1D, respectively (Figure 4B). In RA, CD4+ T cell 
clones in peripheral blood and synovial tissue were shown to 
be under constant activation and had a senescent phenotype (100). 
Some studies have analyzed and compared the gene expression 
profiles between autoimmune diseases. Tuller et al. analyzed gene 
expression profiles of PBMC from MS, SLE, juvenile (J)RA, crohn’s 
disease (CD), ulcerative colitis (UC) and T1D patients compared to 
healthy controls (101). A common trend was observed for the 
chemokines CXCL1-3, 5, 6, and IL8 in addition to differentially 
expressed genes involved in cell proliferation, inflammatory response, 
general signaling cascades, and apoptosis. The authors suggest that 
despite the similarities, the results indicate an activation through 
different sub-signaling pathways (101). In another study, distinct DC 
clusters characterized by up-regulation of TAP1, IRF7, and IFNAR1, 
were identified in systemic autoimmune diseases and PTPN6, TGFB, 
and TYROBP were shown to be downregulated in DCs in T1D (73). 
Liao et al. used existing scRNA data on fibroblasts from RA and 
osteoarthritis from synovial tissue (102). They identified CCL2 and 
MMP13 as possible diagnostic and therapeutic markers. Another 
study focusing on transcription factors revealed five regulators BATF, 
POU2AF1, STAT1, LEF1 and IRF4 specific for RA fibroblast-like 
synoviocytes (103).

Stephenson et al. used a low-cost microfluidic instrumentation 
to perform scRNAseq analyses and identified synovial fibroblast (SF) 
subtypes in addition to well-known immune cell clusters (104). The 
fibroblast subtype (THY1(CD90)+HLA-DRAhi) was verified and 
linked to L1B+ pro-inflammatory monocytes, ITGAX+TBX21+ 
autoimmune-associated B cells and PDCD1+ T peripheral helper 
(Tph) and T follicular helper (Tfh) (105). In synovial macrophages 
isolated from RA patients, the expression of signaling lymphocytic 
activation molecule F7 (SLAMF7) was identified as a marker for 
super activated macrophages (106), and upregulation of CD86 and 
CD206 was observed in cells from the synovium lining layer (107). 

Yamada et al. analyzed synovial scRNAseq data identifying a subset 
of pre-dendritic cells possibly predicting resistant to treatment (108). 
Another study analyzing the CD4+ T cell subsets in RA identified two 
Tph states (CXCL13 high and low) and a cytotoxic CD4+ T cell subset 
where all expressed GPR56 (ADGRG1) (109). Moon et  al. used 
scRNAseq and TCR sequencing on CD8+ T cells from blood and 
found seven distinct clusters of CD8+ T cells (Naïve, Memory, 
TCRgd+, GZMK+, GZMB+ GNLY+, GZMB+ KIR+ and CCR6+ CD161+) 
where cluster GZMB+ KIR+, TCRgd+, and memory were increased, 
and cluster CCR6+ CD161+ were decreased in RA patients compared 
to healthy controls (110). Two groups have studied different classes 
of monocytes and macrophages isolated from blood of RA patients 
to analyze response to treatment and the function of macrophages, 
respectively (111, 112). Several studies have used existing and/or own 
scRNAseq data to identify RA mechanisms or disease markers. An 
article by Orange et  al. showed increased expansion of 
preinflammatory mesenchymal cells (113), while Micheroli et  al. 
identified four distinct SF clusters (114). Yang et al. studied scRNAseq 
datasets for SFs revealing Fibronectin-1 as an important gene in 
relation to RA disease progression (115). A recent review discusses 
the development of residential memory T cells in synovial tissue in 
RA patients and indicate a role for these cells in the transition from 
acute to chronic inflammation (116).

ScRNAseq on cells from CSF and blood in MS patients 
demonstrate a strong immune cell profile like the signatures seen in 
other autoimmune diseases. Especially B cells are increased in CSF in 
addition to CD4+ and CD8+ T cells (117). Several studies have also 
analyzed microglial cells using scRNAseq [reviewed in (118)]. In SS 
scRNAseq analyses on PBMC, monocytes were the abundant cell type 
and the expression of transcription factor CEBPD and tumor necrosis 
factor (ligand) superfamily, member 10 TNFSF10 (TRAIL) in CD14+ 
monocytes were increased (119, 120). Hou et al. showed an increased 
percentage of Tregs while CD8+ T cells, mucosal associated invariant 
T cells (MAIT) and double positive CD4+ CD8+ T cells were reduced 
in SS compared to healthy donors (121). However, a recent publication 
from Xu et al. showed increased expression of CD8+ T cells in patients 
with SS (122). These granzyme K+ (GZMK+) CXCR6+ CD8+ T cells 
from blood were similar to a distinct group of tissue-resident memory 
T cells. The same study showed an increased expression of circulatory 
IL-15, possibly promoting this specific differentiation of the CD8+ T 
cells (122). Hong et al. identified an increased cytotoxic CD4+ T cell 
population in addition to increased IL1b in macrophages, TCL1A in 
B cells, and like in SLE an increased expression of IFN responsive 
genes in most of the immune cells analyzed (123).

A recent review paper gives an overview of the existing sequencing 
platforms and especially on how scRNAseq has been used in over 41 
autoimmune diseases (7). The results from scRNAseq identifies both 
common and disease specific subtypes of cells triggered by common 
and different signaling pathways. Here they conclude that the 
identification of specific disease-causing cells using scRNAseq in 
combination with other methods is a prerequisite for developing more 
effective targeting treatments with less side effects (7). Ma et al. used 
scRNAseq data from SLE patients (124), and compared it to RNA bulk 
sequencing on PBMC from SLE, RA and MS patients and healthy 
donors by using machine learning to develop a method to identify 
characteristic of SLE and to distinguish SLE patients from healthy 
donors (125). Their mathematical model could also identify patients 
with RA and MS and proves that the usage of existing scRNAseq and 
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the development of machine learning models could be used to develop 
efficient tools for diagnosis of chronic autoimmune diseases.

Spatial transcriptomics

Spatial transcriptomics is a new technique applying scRNAseq on 
tissue samples allowing visualization and quantitative analyses of 
spatial gene expression patterns in individual tissue sections at near 
single-cell resolution (126). We  found 8 papers on spatial 
transcriptomics and RA, 6 on MS and 2 on SS (Figure 4B). However, 
many of these were review papers. Most of the research involving 
spatial transcriptomics has been published on synovial tissue from RA 
patients (127–129) and brain tissue from MS patients (130, 131). So far, 
no spatial transcriptomics analyses have been published on tissue from 
SLE or LN patients. However, research have been published on normal 
kidneys (132), transplanted kidneys (133), and some review papers 
have given an overview of the use of spatial transcriptomics and 
analyzing kidney diseases (134–138). Spatial transcriptomics on 
normal tissue may offer a new understanding of tissue cells and 
residential immune cells. Madissoon et al. used multi-omics single cell/
nuclei and spatial transcriptomics to define the tissue architecture of 
lungs and airways (139). The results reviled a new specific niche for 
immune cells in the lungs and may be  used further in analyzing 
molecular and cellular changes during different lung diseases.

Several review papers have addressed the advantage of spatial 
transcriptomics in different autoimmune diseases (116, 136, 138, 140). 
The development of disease pathology Atlases based on bulk RNAseq, 
scRNAseq, and spatial transcriptomics, machine learning models, and 
the use of AI to combine clinical and multiomics data, will be crucial 
in the future research on chronic autoimmune diseases including 
SLE. Especially, to identify clinically relevant patterns in the 
abundance of information available.

SLE and organ imaging

Imaging, inflammation and SLE reviled 357 papers and 26 of 
them included kidney (Supplementary Table S7). Papers involving 
imaging and brain (81), joint (70) and skin (62) were prominent with 
lung (57) at the same level as kidney (Figure  4C). The imaging 
methods used included mostly histological or immunohistology 
assessment of biopsies. Gallium-67 scintigraphy was previously 
performed on LN patients before and after biopsy to predict response 
to therapy (141). Recently, a new study analyzed over 250 biopsies 
from LN patients that underwent renal gallium scans before or after 
biopsy (142). They found an association of renal gallium uptake and 
active inflammation measured by hypercellularity, neutrophil 
infiltration and changes in the activity index.

Research on SLE and molecular imaging consist of 20 articles 
where 3 are review papers. Including inflammation in the search 
reduced the papers to 4 (2 reviews). The reviews cover the use of 
non-invasive imaging of LN and neuropsychiatric SLE and especially 
the use of PET (143, 144). A more specific search on inflammation, 
SLE and MRI found 139 papers involving MRI on brain (74), joint 
(52), skin (10), kidney (6), SG (1) (Supplementary Table S8; 
Figure 4C). Most of the MRI has been conducted on brain and the 
association of inflammation and functional and structural brain 

changes in neuropsychiatric SLE (143, 145). A broader search on SLE, 
MRI and kidney reviled several research papers on the use of 
multiparametric MRI including blood oxygen level-dependent 
(BOLD) imaging by T2* mapping, magnetic resonance elastography 
(MRE) by tomoelastography, diffusion tensor imaging (DTI) and 
diffusion-weighted imaging (DWI) for detecting nephropathy in LN 
patients (145–151). Here BOLD, DTI, and DWI imaging may 
determine the disease severity, effect of treatment, and outcome of the 
disease (151).

PET/CT and PET/MRI has been used to image brain (144, 152), 
kidney (153), and lung (152) of SLE patients [reviewed in (143, 154)]. 
Most of the research used 18FFDG, but in brain 2 studies used TSPO 
targeted PET/MRI to image hippocampal neuroinflammation and 
were able to detect signal alterations [reviewed in (155)]. However, 
Nwaubani et al. reviled a lack of research to examine hippocampal 
subfield separatley, and suggests new methods with higher resolution 
acquisition or post-processing teckniques (155). Despite some 
preclinical studies using PET/CT or PET/MRI in kidneys, none has 
been performed on SLE or LN patients. However, Carlucci et  al. 
performed PET/CT with 18F-FDG to quantify vascular inflammation 
and significant increased aortic inflammation in SLE patients 
compared to healthy controls (156).

The lung involvement in SLE has recently been reviewed by Shin 
et al. revealing several imaging methods (157). Chest X-ray (CXR), 
CT, technetium-99 m hexamethylprophylene amine oxime perfusion 
scan, and 18FFDG PET are used to diagnose pleuropulmonary 
involvement in SLE. The involvement includes lupus pleuritis, pleural 
effusion, acute lupus pneumonitis, shrinking lung syndrome, 
interstitial lung disease, diffuse alveolar hemorrhage (DAH), 
pulmonary arterial hypertension, and pulmonary embolism (157).

This review reviled many imaging methods that have been 
performed on SLE patients with brain and lung involvement. However, 
despite being a systemic disease, only few imaging methods tested 
have focused on the detection of systemic inflammation in SLE. One 
of the reasons is the lack of specific markers for systemic inflammation. 
Another issue is the filtration of tracers by the kidney, making imaging 
of this organ difficult. The development of new specific long-lived 
isotopes (89Zr, 68Cu) (158, 159) conjugated to different 
immunobiologicals (ligands, antibodies, Fabs) may generate tracers 
that can detect changes within the kidney and detect early 
inflammatory events (160). In vivo imaging using PET/MRI with 
specific tracers to detect tissue damage or immune cell involvement 
may be  used as a diagnostic tool to detect inflammatory kidney 
diseases at an early stage, as a non-invasive method to follow disease 
progression, and to more specific, tailored/personalized treatment. A 
tracer that detects systemic inflammation will be beneficial for other 
autoimmune diseases.

Conclusion

Publications comprising advanced methods and biomarkers that 
can be used for various diseases, but with a focus on SLE, have been 
reviewed. Is it possible to find common methods and biomarkers 
across different diseases, and is it possible to find organ specific 
biomarkers to monitor organ inflammation? A similar approach has 
been used in the Taxonomy, Treatment, Targets and Remission (3TR) 
study where they aim to investigate the mechanisms of response and 
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non-response to treatment in chronic autoimmune diseases (MS, SLE 
and RA), inflammatory bowel diseases (Ulcerative Colitis and Crohn’s 
Disease), and respiratory diseases (Asthma and Chronic Obstructive 
Pulmonary Disease).1 Since SLE is a systemic disease, it could fit as a 
model disease to use in such studies. A recent review from the 3TR 
study on LN gives an overview of biomarkers that is suitable for 
diagnostics, determine disease activity and organ damage, determine 
the response to therapy, and biomarkers to be used to determine the 
prognosis (161).

As heterogenous as SLE is, one ideal biomarker or method does 
probably not exist for disease diagnosis and monitoring. Instead, 
we ought to look for biomarkers and methods that have specificity and 
sensitivity for distinct organ involvement. We suggest that utilizing 
results from other autoimmune diseases with different organ 
manifestations would be of interest in SLE. Probably organ-specific 
biomarkers can be exploited across different diseases. Indeed, Johnson 
et al. showed that there are selected biomarkers that are more valid for 
diabetic kidney disease compared to LN, but none of them could 
distinguish between these two diseases (30). Zhang and Lee used a 
combined strategy utilizing multi-omics data analysis and 
computational methods and identified specific variable (V) and 
joining (J) genes in both T cell receptor and B cell receptor in SLE and 
RA groups (162). In addition, looking for a combination of 
biomarkers, composite biomarkers, and combined strategies with 
biomarkers, new methods and clinical measurements is perhaps the 
best strategy ahead. Using transcriptomics combined with principal 
component analyses (PCA)/AI to search for inflammatory markers in 
blood and urine can substitute for invasive kidney biopsy and allows 
physicians to monitor treatment and disease progression. Liquid 
biomarkers enable non-invasive, real-time detection of circulating 
markers in blood or urine. By its nature, urinary biomarkers are by far 
the best alternative when it comes to noninvasive biomarkers. 
Especially for the monitoring of kidney affection, urine is probably the 
best source for easy follow-ups. However, multiomics studies generate 
a lot of data, but there are still few, specific studies on autoimmune 
diseases. Also, there is a need to combine, compare, and extract the 
results before verifying their importance in the clinic. These issues 
must be addressed before we can develop tailored treatment strategies 
for SLE patients, as addressed in a review by Fasano et al. (48).

The use of non-invasive molecular imaging methods with specific 
markers will provide a more comprehensive picture of organ 
inflammation and enable serial assessments as patients are treated. 
The development of multimodality MRI scanners opens for high-
resolution functional and molecular imaging research. Molecular 

1 https://www.3tr-imi.eu/

imaging biomarkers will improve treatment to individual patients, and 
the capacity to evaluate the usefulness of new treatments in LN and 
other autoimmune diseases. Chronic inflammatory diseases like SLE 
are both debilitating and hard to diagnose. Future studies combining 
precise biomarkers, bioinformatical profiles and non-invasive imaging 
may lead to the development of procedures used for precise and early 
diagnosis, targeted treatment, as well as treatment and disease 
monitoring. This will increase the quality of life and life-expectancy 
for the patients.
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