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University, Linköping, Sweden.
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The immense heterogeneity of the chronic, inflammatory, autoimmune disease sys-
temic lupus erythematosus (SLE), both with regard to immunological aberrancies and
clinical manifestations, poses diagnostic difficulties and challenges in the management
of patients [1–3]. This is underlined by the lack of generally accepted diagnostic criteria
and the numerous clinical trial failures. However, the treatment landscape has witnessed
substantial changes during the last decade, facilitated by advances in biotechnology and
hence new knowledge on the pathophysiology of SLE.

SLE predominantly affects women, with the onset of the disease typically occurring
during their reproductive years. Early diagnosis and treatment initiation are important
for the prevention of organ damage accrual [4]. The chronic nature of the disease and
its varying course necessitate regular monitoring. The treatment of SLE mainly consists
of antimalarial agents, glucocorticoids, non-biological immunosuppressants, and, more
recently, biological agents, including B-cell-targeting therapies and a monoclonal antibody
against the type I interferon receptor [5]. The recent approvals of new targeted therapies
for SLE and lupus nephritis (LN), one of the most severe clinical manifestations of SLE [6],
and the increasing awareness of the long-term adverse effects of glucocorticoids changed
the focus of research towards the optimisation of therapeutic decision making, surveillance,
and treatment evaluations, and technological advances paved the way for a cellular and
molecular characterisation of SLE to serve as a basis for disease management [7,8]. In this
context, identifying reliable biomarkers is imperative [9], and significant progress has been
made in this area over the past few decades [10–12].

Historically, biomarker studies in SLE have focused on serum biomarkers [9,10,13,14].
Nevertheless, urinary, cerebrospinal fluid, and tissue biomarkers for organ-specific moni-
toring and prognostication are gaining increasing interest [12,15]. In this Special Issue titled
“Immune Mechanisms and Biomarkers in Systemic Lupus Erythematosus”, we welcomed
original works and review articles focusing on the cellular and molecular mechanisms
underlying SLE in its different phases, with the goal of contributing novel knowledge of
the pathogenesis of SLE and improved diagnostics, surveillance, prevention of long-term
damage, and overall patient management. We also welcomed original works or review
articles that evaluated immune components that could serve as diagnostic biomarkers,
biomarkers of disease activity, or biomarkers of long-term outcomes. We received several
contributions, and we hereby summarise the final content of the Special Issue, which is also
visually represented in Figure 1.
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Figure 1. Visual representation of the content of the Special Issue. AGEs: advanced glycation end-
products; anti-oxLDL: anti-oxidised low-density lipoprotein; HSP: heat shock protein; IL: interleu-
kin; sTfR: soluble transferrin. 

In a cross-sectional study by Irene Carrión-Barberà et al., levels of advanced glycation 
end-products (AGEs) were found to be significantly higher in SLE patients compared to 
healthy controls. AGEs showed positive associations with the degree of SLE activity using 
the SLE disease activity index (SLEDAI) and the degree of organ damage using the Sys-
temic Lupus International Collaborating Clinics (SLICC)/American College of Rheuma-
tology (ACR) damage index (SDI), as well as various clinical features, indicating some 
potential of AGEs as biomarkers of monitoring and prognosis in SLE [16]. In a study by 
Bethany Wolf et al., significant differences in urine glycosphingolipids and N-glycans 
were observed between LN patients and healthy controls, with men showing more pro-
nounced differences [17]. 

In a cohort study by Agnieszka Winikajtis-Burzyńska et al., elevated serum levels of 
soluble transferrin receptor (sTfR) were linked to an increased risk of cardiovascular, pul-
monary, and haematological manifestations of SLE, while elevated interleukin (IL)-4 lev-
els were associated with a decreased risk of mucocutaneous manifestations, collectively 
suggesting that sTfR and IL-4 could be useful for differentiating the risk of affliction across 
organ systems in SLE [18]. In an observational study of 284 SLE patients, Julia Mercader-
Salvans et al. found that circulating levels of IL-6 were associated with a higher cardiovas-
cular risk and disruption of the complement system, but not with SLE disease activity or 
organ damage [19]. Contrary to some prior observations [20,21], a study by Lina Wirestam 
et al. found no strong association between anti-oxidised low-density lipoprotein (anti-ox-
LDL) antibodies and vascular affliction in SLE patients [22]. Although a significant corre-
lation was observed with intima media thickness in the common femoral artery, the over-
all findings do not support anti-oxLDL antibodies as reliable biomarkers for vascular in-
volvement in SLE. 

Using data from multiple phase III clinical trials of belimumab, Ioannis Parodis et al. 
investigated the role of early alterations in circulating B cell and plasma cell subsets in 
relation to renal flares in SLE patients treated for active extra-renal disease with non-bio-
logical standard therapy plus belimumab or placebo. A rapid decrease in short-lived 
plasma cells or plasmablasts with a subsequent return was associated with renal flares. 

Figure 1. Visual representation of the content of the Special Issue. AGEs: advanced glycation end-
products; anti-oxLDL: anti-oxidised low-density lipoprotein; HSP: heat shock protein; IL: interleukin;
sTfR: soluble transferrin.

In a cross-sectional study by Irene Carrión-Barberà et al., levels of advanced glycation
end-products (AGEs) were found to be significantly higher in SLE patients compared
to healthy controls. AGEs showed positive associations with the degree of SLE activity
using the SLE disease activity index (SLEDAI) and the degree of organ damage using
the Systemic Lupus International Collaborating Clinics (SLICC)/American College of
Rheumatology (ACR) damage index (SDI), as well as various clinical features, indicating
some potential of AGEs as biomarkers of monitoring and prognosis in SLE [16]. In a
study by Bethany Wolf et al., significant differences in urine glycosphingolipids and N-
glycans were observed between LN patients and healthy controls, with men showing more
pronounced differences [17].

In a cohort study by Agnieszka Winikajtis-Burzyńska et al., elevated serum levels
of soluble transferrin receptor (sTfR) were linked to an increased risk of cardiovascular,
pulmonary, and haematological manifestations of SLE, while elevated interleukin (IL)-4
levels were associated with a decreased risk of mucocutaneous manifestations, collectively
suggesting that sTfR and IL-4 could be useful for differentiating the risk of affliction
across organ systems in SLE [18]. In an observational study of 284 SLE patients, Julia
Mercader-Salvans et al. found that circulating levels of IL-6 were associated with a higher
cardiovascular risk and disruption of the complement system, but not with SLE disease
activity or organ damage [19]. Contrary to some prior observations [20,21], a study by Lina
Wirestam et al. found no strong association between anti-oxidised low-density lipoprotein
(anti-oxLDL) antibodies and vascular affliction in SLE patients [22]. Although a significant
correlation was observed with intima media thickness in the common femoral artery, the
overall findings do not support anti-oxLDL antibodies as reliable biomarkers for vascular
involvement in SLE.

Using data from multiple phase III clinical trials of belimumab, Ioannis Parodis et al.
investigated the role of early alterations in circulating B cell and plasma cell subsets in
relation to renal flares in SLE patients treated for active extra-renal disease with non-
biological standard therapy plus belimumab or placebo. A rapid decrease in short-lived
plasma cells or plasmablasts with a subsequent return was associated with renal flares.
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Rapid decreases in transitional B cells and long-lived plasma cells upon belimumab therapy
indicated greater protection against renal flares, which was not the case for the placebo-
treated group of patients [23]. Collectively, B cell and plasma cell kinetics during the early
phases of treatment with belimumab for active SLE might be useful early indicators of the
need for therapeutic adjustments [24].

In a review by Matthieu Halfon et al., mitochondrial dysfunction was detailed as a
significant factor in SLE pathogenesis, particularly in LN. Altered mitochondrial homeosta-
sis and defective mitophagy appears to contribute to immune dysregulation, suggesting
mitochondria as potential biomarkers and therapeutic targets in SLE and LN [25]. Based
on the current literature, Alessandra Maria Vitale et al. proposed that molecular mimicry
between human heat shock proteins (HSPs) belonging to the chaperone system and pro-
teins and metabolites of gut commensal bacteria could link gut microbiota dysbiosis with
SLE pathogenesis. The production of autoantibodies against HSPs, which are known to
associate with SLE onset and progression, due to shared epitopes between human HSPs
and those of gut commensal bacteria, may contribute to disease pathogenesis, warranting a
coordinated study of these factors in SLE [26].

In a comprehensive review by Susannah von Hofsten et al., the roles of Toll-like
receptors (TLRs) in SLE pathogenesis were discussed, particularly TLR7, TLR8, and TLR9.
In brief, the authors detailed the link between the overexpression of TLR7 and SLE severity
and further stated that TLR8 and TLR9 may regulate TLR7 activity, offering insights into
potential therapeutic strategies targeting these receptors [27]. Last but not least, Fatima
K. Alduraibi and George C. Tsokos provided a critical evaluation of biomarkers for LN.
Despite improvements in kidney and patient survival, complete clinical and histological
remission rates remain limited in LN, highlighting the need for the timely detection of
kidney affliction due to SLE and the prompt initiation of therapy, as well as understanding
of the specific attributes of proposed LN biomarkers, to further improve patient outcomes
and guide disease management [28]. Importantly, despite advancements in biomarker
research, kidney biopsy remains the gold standard for the determination of LN activity and
the identification of histological features that dictate the pharmacotherapeutic need and
guide management.

In summary, our Special Issue provides valuable insights into immune mechanisms
and biomarkers relevant to SLE and LN, highlighting recent advancements in understand-
ing the pathogenesis and improving diagnostics and patient management. The collected
original works and reviews offer a comprehensive view of the potential biomarkers and
therapeutic targets, paving the way for enhanced surveillance, the prevention of long-term
organ damage, and optimised therapeutic decision making in SLE.
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Abstract: Lupus nephritis (LN), a major complication in individuals diagnosed with systemic lupus
erythematosus, substantially increases morbidity and mortality. Despite marked improvements
in the survival of patients with severe LN over the past 50 years, complete clinical remission after
immunosuppressive therapy is achieved in only half of the patients. Therefore, timely detection of LN
is vital for initiating prompt therapeutic interventions and improving patient outcomes. Biomarkers
have emerged as valuable tools for LN detection and monitoring; however, the complex role of these
biomarkers in LN pathogenesis remains unclear. Renal biopsy remains the gold standard for the
identification of the histological phenotypes of LN and guides disease management. However, the
molecular pathophysiology of specific renal lesions remains poorly understood. In this review, we
provide a critical, up-to-date overview of the latest developments in the field of LN biomarkers.

Keywords: biomarker; systemic lupus erythematosus; lupus nephritis

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease char-
acterized by the presence of autoantibodies (autoAbs), autoreactive B and T cells, and the
dysregulation of cytokines, which lead to inflammation and cause damage to multiple
organs [1–4]. The prevalence of SLE in the United States ranges from 20 to 150 cases per
100,000 people [5–8]. The etiology and pathogenesis of SLE are not well understood; the
factors that lead to disease onset are highly variable, and the disease manifests systemically
with manifestations resulting from the injury of multiple tissues. The kidney is the most
commonly involved organ in this disease and contributes extensively to morbidity and
mortality [9–11].

Lupus nephritis (LN) has been classified histologically into six types, which are deter-
mined by the location and the type of histological changes. There is variability among the
six classes in terms of response to treatment and preservation of the kidney function and the
development of end-stage disease [12]. LN is characterized by inflammation of the kidney
arising from complex interactions between the innate and adaptive immune responses
and the kidney parenchyma [13,14]. Extensive research has recognized the contributions
of genetic, epigenetic, and environmental factors to LN; however, the precise etiology
and pathogenesis of LN remain unclear. The onset and progression of LN, as well as the
response to treatment, are highly variable among patients, highlighting the need to develop
biomarkers to assess these diverse aspects of this disease [15]. The pathogenesis involves
several genetic variants, including those that hinder the efficient elimination of dying cells,
resulting in the persistence of nuclear antigens in the extracellular space. The released
autoantigens act as triggers for innate and adaptive immune responses, while other genetic
variants influence the magnitude of these immune reactions and the proper function of
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immune tolerance checkpoints, ultimately promoting the expansion of autoreactive T and
B lymphocytes [15,16]. Consequently, circulating antinuclear antibodies, along with other
autoAbs, lead to the formation of ICs that propagate systemic inflammation, leading to
organ damage. The deposition of ICs in the renal microvasculature triggers inflammation
and organ injury, accounting for the extensive morbidity and mortality associated with the
disease [17]. The persistence of autoAbs amplifies systemic autoimmunity and exacerbates
LN by facilitating an inflammatory response. These events may accentuate autoantigen
presentation and induce immune responses specific to kidney-specific autoantigens [18].
Furthermore, ICs, local complement system activation, and the recruitment of immune
cells cumulatively contribute to kidney damage. In response to autoantigens, immune
cell memory may introduce further complications in the context of SLE, LN disease pro-
gression, and flares. The persistence of memory T cells and plasma cells in the bone
marrow and other lymphoid organs makes them less susceptible to traditional therapeutic
interventions [19–23].

In recent years, remarkable progress has been made in understanding the pathophys-
iology of LN, leading to the identification of novel biomarkers related to cellular and
inflammatory mechanisms. For instance, advanced techniques, such as single-cell (sc) RNA
sequencing, have offered valuable insights into the intricate composition of immune cell
populations in the kidney tissues of patients with LN [13]. As LN can be categorized into
different types, there is the possibility that certain biomarkers correlate with specific types
of LN. For instance, the signature of type I interferon (IFN) is predominantly observed in the
kidneys and skin of individuals diagnosed with proliferative LN [3,24], whereas patients
with membranous LN exhibit different transcriptomic patterns [24], and transcriptome-
based investigations using animal models have provided insights into the progression and
phases of LN development [25].

Recently, there has been increasing interest in the development of early prediction and
detection methods to prevent the onset, manage relapses, and mitigate the complications
associated with chronic kidney disease (CKD) as alternatives to renal biopsy. Although
invasive, the current diagnostic approach for LN typically involves renal biopsy, which is
considered the gold standard for establishing an initial diagnosis. However, it poses chal-
lenges regarding the frequent monitoring of disease progression and treatment response.

Currently, the scientific community is building momentum to incorporate more com-
prehensive approaches, including proteomics and metabolomics, to develop reliable diag-
nostic and prognostic markers. Here, we review various published approaches regarding
the development of biomarkers for LN.

2. LN Biomarkers
2.1. Serum AutoAbs

AutoAbs have emerged as invaluable biomarkers that provide insights into disease
activity and progression. Several autoAbs have been found to be associated with LN [13].
Associations between specific autoAbs, including antibodies against ds DNA (dsDNA)
and -C1q, and distinct histological classifications of LN have been reported [26–28]. Anti-
phospholipid antibodies are also associated with renal thrombotic microangiopathy [29,30].
Crescent formation in the kidney often indicates the presence of antibodies that damage
the renal capillaries [30–32].

Anti-dsDNA antibodies and C1q are frequently used as LN biomarkers and have been
endorsed by guidelines for disease monitoring [33]. The presence of antibodies against
C1q is associated with LN [34], with high specificity (92%) and sensitivity (56%) [35]. This
suggests that the level of antibodies against C1q can serve as a valuable diagnostic tool and
help distinguish LN cases from those of other nephritides [35]. Additionally, antibodies
against C-reactive protein (CRP) have been detected in patients with active LN, and their
levels were found to be correlated with the Systemic Lupus Erythematosus Disease Activity
Index (SLEDAI) score (p = 0.002) [36]. Moreover, high baseline levels of antibodies against
CRP significantly predict an unfavorable outcome (p = 0.021) during the second year of
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therapy [36]. This finding highlights the potential of using antibodies against CRP as
valuable biomarkers of disease activity in LN.

Antibodies against α-enolase (anti-ENO-1) are formed when α-enolase externalizes
during NETosis [37]. Their presence has demonstrated significant potential in predicting LN
in patients with SLE, with an area under the curve (AUC) of 0.81 and a p-value of 0.001 [38].
Furthermore, an increased prevalence of the anti-ENO-1 IgG2 isotype discriminates patients
with LN from those with other nephritides and non-renal SLE, with an AUC of 0.82 and a
p-value of 0.02 [39,40].

Antibodies against alpha-actinin (AaA) have shown promise as diagnostic markers
for LN. In a previous study that compared patients with LN and those with SLE without
nephritis, the serum AaA levels were considerably lower in those with LN, with a sensitivity
of 60%, a specificity of 90%, and a positive predictive value (PPV) of 85.7% [41]. These
findings indicate that serum AaA levels may serve as a marker for distinguishing patients
with LN from those with SLE without nephritis [41].

Histones are a primary component of the nucleosome, and studies have indicated a
strong correlation between antibodies against chromatin/nucleosomes and LN as well as an
increased risk of developing proliferative LN [42,43]. Histone 1 forms part of the apoptotic
chromatin constituents in the dense electron deposits of the glomerular basement; these are
recognized targets of nephritogenic dsDNA antibodies [44–47]. Antibodies to chromatin
are present in patients with LN, but they are not particularly useful in monitoring disease
activity or response to treatment [48].

Interestingly, numerous studies have reported that patients with LN and antineu-
trophil cytoplasmic antibodies (ANCA), specifically those who are anti-myeloperoxidase
(MPO)/proteinase 3 (PR3)-positive or double positive for anti-MPO and anti-PR3 anti-
bodies, exhibit serologically active SLE (higher dsDNA antibody titers and lower serum
C4 concentrations) compared with ANCA-negative LN patients. Additionally, patients
in the subgroup with proliferative LN display more necrosis in renal biopsy specimens
than ANCA-negative patients. However, it is noteworthy that no significant difference was
reported between the outcomes of these groups [32,49,50]. Yet, given the poor prognosis
of ANCA-positive cases, it is suggested that all patients with LN be screened for ANCA.
The measurement of autoAb levels could potentially enhance the early detection, monitor-
ing, and management of LN. Nevertheless, rigorous prospective studies are required to
establish their utility as biomarkers.

2.2. Cytokines/Chemokines

In addition to autoAbs, various serum proteins have emerged as potential LN biomark-
ers. These include cytokines, chemokines, and adhesion molecules. Cytokines regulate the
immune response and are crucial in the pathogenesis of LN, particularly in attracting leuko-
cytes and in the development of the inflammatory response [51,52]. The deposition of ICs
on glomeruli initiates and activates the complement pathway, attracting immune cells and
triggering the release of inflammatory cytokines, thereby exacerbating glomerular damage.
For instance, B-cell activating factor (BAFF or BLyS), produced by glomerular macrophages
and mesangial cells, stimulates B-cell activation both directly and by inducing the produc-
tion of pro-inflammatory molecules, such as IFN-α, perpetuating a detrimental cycle in the
renal microenvironment. Moreover, cytokines, such as urinary monocyte chemoattractant
protein-1 (MCP-1/CCL2), BAFF, and TNF-related weak inducer of apoptosis (TWEAK), are
pertinent in predicting active LN, assessing therapeutic responses, and forecasting disease
flares [53,54].

Furthermore, distinct cytokines predominate in different types of LN. For example,
in proliferative LN (class III/IV), the deposition of ICs beneath the endothelium leads to
mesangial cell proliferation, an increase in extracellular matrix production, and the release
of a remarkable array of pro-inflammatory cytokines, such as type I IFN, interleukin (IL)-1β,
IL6, IL8, IL-37, and IL-17A [55]. Conversely, membranous LN (class V) is characterized
by the subepithelial localization of ICs, resulting in increased complement activation and
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reduced inflammatory responses [55]. Levels of cytokines may prove useful in distinguish-
ing between proliferative and non-proliferative forms of LN, and this information may be
useful in guiding precise treatment and management strategies and may eliminate the need
for invasive LN biopsy [55]. Several cytokines have been examined as potential biomarkers
to assess the activity, severity, and renal involvement of SLE.

Chemokines are small chemotactic cytokines that typically range in size from 8 to
10 kDa and play crucial roles in regulating the migration and localization of immune
cells [56]. Chemokines and their receptors have been implicated in the pathogenesis of
LN in both patients with SLE and lupus-prone mice. Several chemokines have shown
promising results as biomarkers for the diagnosis and prognosis of LN.

2.2.1. Serum

BAFF and a proliferation-inducing ligand (APRIL) are cytokines belonging to the
tumor necrosis factor (TNF) family; they act on B cells and drive the activation of these cells,
thereby contributing to the pathogenesis of LN [57,58]. Reduced baseline serum levels of
BAFF are predictive of clinical and pathological responses, demonstrating a 92% PPV for
clinical responders in cases of proliferative LN [59]. Furthermore, the inhibition of BAFF
activity with belimumab, which has been approved for treating patients with active LN,
has shown promising results [60]. Serum levels of APRIL (sAPRIL) are associated with
its presence in the urine and its histological activity and can help predict the likelihood of
treatment failure [61]. A previous study showed that the urine levels of BAFF and APRIL
were notably higher in patients with active proliferative LN than in those with SLE with
no renal involvement [53]. Moreover, the AUC values of 0.825 for urine BAFF and 0.781
for urine APRIL helped in differentiating between active LN and active SLE without renal
involvement [53].

IFN inducible protein-10 (IP-10 or CXCL10) is a chemokine belonging to the ELR CXC
family which is secreted by immune and non-immune cells [62]. It is produced in response
to IFN activation and guides lymphocytes to the affected organs in lupus-prone mice
and patients with SLE [63]. The urine and serum levels of IP-10 are promising potential
biomarkers of lupus activity, as they can be used to distinguish between active and inactive
lupus cases [54,64].

The serum IL-6 levels are higher in patients with SLE than in healthy individuals and
correlate with the SLEDAI (p = 0.018) [65]. In a previous study, despite the association of
serum and urine IL-6 levels with clinical manifestations of LN, the inhibition of IL-6 activity
failed to show therapeutic benefits in clinical tests [66].

Serum IL-10 levels display high accuracy in distinguishing active LN from inactive
LN, as evidenced by an AUC of 0.87 (p = 0.003), 70.6% sensitivity, 100% specificity, and a
notable correlation with the SLEDAI (p = 0.004) [65,67].

IL-16, produced by immune and non-immune cells [68,69], exhibits markedly in-
creased levels in the urine of patients with active LN, particularly in proliferative cases.
The observed decrease in urine IL-16 levels during therapeutic intervention may serve as a
useful marker for assessing therapeutic responses in LN [70].

The serum angiopoietin-2 (Ang2) levels are higher in patients with SLE and those with
LN than in healthy individuals [71]. Ang2 levels correlate with the SLEDAI, 24 h protein-
uria, and histological activity, which suggests their usefulness as a biomarker for LN [71].
Nevertheless, Ang2 cannot distinguish between the types of LN lesions, particularly the
proliferative and non-proliferative forms [71]. Serum angiopoietin-like protein 4 (Angptl4)
and angiostatin are gaining attention as potential biomarkers for LN [51,72,73]. The serum
Angptl4 levels effectively differentiated patients with active LN from those with active SLE
without renal involvement and displayed a strong link with the renal SLEDAI (rSLEDAI),
with an AUC of 0.96 [73]. Angiostatin has a strong association with LN, as reported by
several studies (AUC = 0.95–0.99; p < 0.001) [51,74,75]. Its correlation with the rSLEDAI,
SLEDAI, and National Institutes of Health LN index underscores its value as a primary
marker for LN monitoring [74,75]. Furthermore, comprehensive proteomic analyses have
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focused on Angptl4 and angiostatin as valuable urine indicators for monitoring LN pro-
gression and renal histology in patients with SLE [51,72,73]. Likewise, in another study,
urine angiostatin levels could not be used to discriminate between patients with LN and
those with CKD, with an AUC of 0.56 [76].

Serum TNF receptor-associated factor 6 is a cytokine associated with LN activity and
has shown promise as a diagnostic marker for LN [77]. Serum human epididymis protein 4
levels are high in SLE, especially in patients with LN, particularly in those with increased
anti-dsDNA antibody levels and decreased C3 levels. Moreover, these levels have been
shown to have a predictive value for the diagnosis of LN [78].

2.2.2. Urine

MCP-1/CCL2 is a chemokine belonging to the C-C family, and its function is to recruit
leukocytes. In a meta-analysis, the urine MCP-1 (uMCP-1) levels were found to have a sen-
sitivity of 89% and a specificity of 63% in differentiating active LN from inactive disease [79].
Furthermore, its levels correlated with kidney disease activity and ongoing kidney impair-
ment and were increased in cases of proliferative glomerulonephritis [80–83]. Interestingly,
uMCP-1 has the potential to predict upcoming kidney disease flares 2–4 months in advance
and to reflect the effectiveness of treatment [81,82].

Urine IL (uIL)-17 and urine transforming growth factor beta 1 (uTGF-β1) have shown
promise as potential LN biomarker candidates [84,85]. A previous study reported signifi-
cantly elevated levels of uTGF-β1 and uIL-17 in patients with severe LN compared to those
in healthy participants (p < 0.05) [84]; the AUCs for uTGF-β1 and uIL-17 were 66.50% and
71.70%, respectively [84]. These findings suggest that uTGF-β1 and uIL-17 are potential
indicators of disease severity and that they can be valuable in distinguishing severe LN
cases from mild ones [84].

Several urine proteins have emerged as promising tools for the diagnosis and ongoing
monitoring of LN [51,86]. Notably, a study showed that TWEAK had an AUC of 0.82,
demonstrating its predictive efficacy in LN [54]. Furthermore, when combined with UMCP-1,
TWEAK effectively distinguishes between active and inactive LN (AUC = 0.89) and predicts
the progression of end-stage kidney disease (ESRD) (AUC = 0.78) [54,87,88]. Additionally,
urine levels of IL-12p40, IL-15, and thymus- and activation-regulated chemokine have been
reported to be higher in patients with active LN than in those with inactive SLE and healthy
individuals and to be correlated with the rSLEDAI [89]. Furthermore, urine clusterin has
shown promise as a marker for tubulointerstitial lesions in LN [90]. Urine osteoprotegerin
levels are notably elevated in patients with active LN; they correlate with disease activity,
and it has been suggested that they predict poor treatment response and LN relapse [91].
Finally, urine levels of transferrin and ceruloplasmin are elevated in patients with LN
compared to those in individuals without LN [92].

2.3. Cell Adhesion Molecules (CAMs)

CAMs are essential for guiding leukocyte movement across the endothelium toward
the sites of inflammation [93]. Existing studies have investigated the use of specific CAMs,
including the activated leukocyte cell adhesion molecule (ALCAM), intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), neural cell adhesion
molecule 1 (NCAM-1), and L-selectin, as biomarkers in LN [51,72,73,75,80,94–99].

Urine CAMs (uCAMs) have demonstrated remarkable precision in distinguishing be-
tween active and inactive LN as well as SLE without LN [95]. The discriminative power of
these molecules is reflected in an AUC that consistently surpasses the 0.8 threshold, except
for neutrophil gelatinase-associated lipocalin (NGAL) [100–102]. Moreover, a combination
of urine markers (uVCAM-1, uCystatinC, and uKIM-1) yielded a promising AUC of 0.80
(95% CI: 0.69–0.90), highlighting the potential to differentiate between the proliferative
and membranous forms of LN [54]. Levels of uCAMs collectively serve as robust tools in
evaluating LN activity and informing clinical decisions [103]. It has been suggested that
urine ALCAM (uALCAM) levels are more efficient in distinguishing proliferative LN from
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membranous LN [95]. Moreover, uALCAM and urine VCAM-1 (uVCAM-1) levels exhibit
a strong correlation with renal histological activity, underscoring their potential value
as LN activity markers [75,80,95,99]. Elevated initial levels of uALCAM and uVCAM-1
might signal the waning of renal function [94]. The incremental benefit of integrating
these markers is yet to be conclusively assessed. A longitudinal study revealed an ele-
vation in serum VCAM-1 levels approximately 4.5 months before a recorded renal flare,
which decreased after treatment [103]. The urine-soluble VCAM-1 and VCAM-1 levels
are higher in patients with LN than in healthy individuals [76]. Furthermore, VCAM-1
has outstanding potential as a biomarker for predicting a renal biopsy activity index score
greater than 7, which is associated with a poor long-term prognosis [75]. Serum NGAL
levels have also been shown to be a potential biomarker for differentiating patients with
LN from those without nephritis [76]. Specifically, at onset, NGAL levels serve as the
best predictor, outperforming VCAM and KIM1 levels in identifying treatment responders
versus non-responders 6 months after the induction phase, registering an AUC of 0.78 [80].
Furthermore, serum NGAL levels are elevated in patients with active SLE and could be
used to gauge the response to treatment [80,104,105]. Additionally, serum NGAL levels are
elevated in patients with active SLE, and urine NGAL levels can serve as a predictor of the
response to treatment. Serum levels of Axl can distinguish active LN from non-renal SLE
and provide insights into long-term renal outcomes [106–108]. Finally, L-selectin levels are
closely associated with LN activity and related organ damage metrics [73,75,98].

2.4. Other Protein/Lipid Molecules

Urine-soluble CD163 (uCD163), a transmembrane scavenger receptor, is expressed
by macrophages and monocytes and is a useful biomarker with an AUC of 0.998 for
differentiating between active and inactive LN [109]. In addition, uCD163 levels are
indicative of clinical and histological renal activities in LN [110,111]. Furthermore, uCD163
levels measured 6 months after therapy initiation have been shown to predict kidney
recovery in LN, with more than 87% accuracy [109].

Epidermal growth factor (EGF) concentrations are reduced in the urine of patients
with active nephritis and are associated with severe renal outcomes, such as elevated serum
creatinine levels and ESRD [112].

Ceramides, characterized by modifications of the sphingosine backbone, are emerging
as potential biomarkers of LN [113,114]. These diverse lipids play crucial roles in cellular
signaling. The serum levels of ceramides, such as C16cer, C18Cer, C20Cer, and C24:1Cer,
are higher in patients with LN with kidney impairment than in healthy individuals and
patients with SLE without kidney impairment [113]. C24:1dhCer is being recognized as a
remarkable indicator of kidney impairment in patients with SLE [113].

2.5. Complement

The complement system plays a crucial role in the pathogenesis of SLE, and the serum
levels of certain components have been used to monitor disease activity [115–118]. In
a study of patients with LN who underwent a repeat renal biopsy two years later, the
prolonged depression of serum C3 levels was associated with a trend toward a worsening
chronicity index, whereas normalization of C3 was associated with a reduction in the
activity index in the repeat biopsy [118]. Hypocomplementemia, particularly low levels
of C3 and C4 alone, may not adequately reflect disease activity, as the sensitivity and
specificity of C3 for SLE are 80% and 14%, respectively [117]. The levels of the C4 component
breakdown product C4d have been found to be considerably increased during disease
flares in patients with SLE, with a 68% PPV. C4d levels also correlate with LN, with a
79% sensitivity [119]. Additionally, the C4d/C4 ratio has been found to be more specific,
sensitive, and effective in distinguishing LN from non-LN cases [120]. Complement factor
H-related proteins (CFHRs), which encompass CFHR1 through CFHR5, are part of the
broader factor H/CFHR family. The levels of CFHR3 and CFHR5 are associated with
disease activity in LN [121].
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2.6. MicroRNAs (miRNAs)

miRNAs have been reported to play important roles in the development of LN and
kidney fibrosis [122,123]. The stability of miRNAs in body fluids makes them attractive
diagnostic and prognostic biomarker candidates for human diseases [124]. Several miRNAs
serve as potential disease biomarkers for LN. Epigenetic studies regarding SLE have
highlighted a set of urinary miRNAs, including miR-146a, miR-204, miR-30c, miR-3201,
and miR-1273e, that are associated with LN [125]. These miRNAs play roles in LN-specific
pathways, such as nucleic acid processes and inflammation, as well as in kidney function
regulation through WNT and TGF-β signaling. The levels of miR-146a are reduced in the
sera of patients with LN and are associated with disease activity [77]. Notably, baseline miR-
146a levels are associated with renal flares and ESRD progression [126]. The urine levels
of miRNA-135b, which originates from tubular cells, vary between treatment responders
and non-responders [127]. Circulating miR-21 levels have been reported to be markedly
increased in patients with LN compared to those in healthy controls; thus, they can be used
to discriminate between patients with LN and controls [128]. A combined calculated value
of circulating miRNAs in plasma, including miR-125a, miR-142-3p, miR-146, and miR-155,
has shown promise in distinguishing patients with LN from healthy individuals [129].
Additionally, urine exosomal miR-29c levels negatively correlate with the histological
chronicity index and glomerular sclerosis. Its expression levels have a remarkable predictive
value for chronicity in patients with LN [130]. In addition to miRNAs, long non-coding
RNAs (lncRNAs) are also involved in LN development. The levels of lncRNA RP11-2B6.2
are usually elevated following the kidney biopsies of patients with LN and positively
correlate with IFNa signature scores and disease activity [131]. Additionally, the lnc3643
levels are considerably reduced only in patients with SLE and proteinuria; accordingly,
these levels can distinguish LN from SLE without nephritis [131].

2.7. Genetics

Genetic susceptibility contributes to the complex etiology of LN. Variants in certain
genes have been linked to worse outcomes in patients with LN. Owing to the widespread
availability of whole-genome sequencing, these variants can be identified and used to
predict disease outcomes. One to three percent of patients with SLE may have a single-gene
(monogenic) defect, and these patients experience a high incidence of LN [132–134]. Such
cases often involve DNA/RNA clearance (e.g., DNASE1L3), complement pathways (e.g.,
C1q or C4), and DNA/RNA detection, which lead to type I IFN activation (e.g., TLR7),
and some LN cases were reported to harbor variants of these genes. In-depth genomic
studies spanning the sporadic to polygenic manifestations of SLE have identified more
than 100 susceptibility genes. These variants include the genes involved in cell death
(e.g., FAS), effective IC management (e.g., FcGR), and the amplified immune responses
of T and B cells [13,135]. For example, recent advances in whole-exome sequencing have
revealed that novel mutations in the TNF alpha-induced protein 3 (TNFAIP3) gene are
linked to LN. These mutations lead to increased activity in nuclear factor kappa B and
type I IFN pathways, along with a rise in pro-inflammatory cytokines [136]. Specifically,
this study linked three novel mutations with LN: c.634+2T>C, exon 7–8 deletion, and
c.1300_1301delinsTA (p. A434*) [136]. Additionally, various databases have reported
TNFAIP3 mutations associated with kidney involvement, such as the p.Q187* mutation in a
patient with proliferative LN and the p.F224Sfs*4 mutation in a patient with membranous
LN [136–138]. Moreover, a genome-wide association study focusing on female SLE patients
of European ancestry with LN has identified genes, such as FCGR, STAT4, and BANK1.
These genes have been shown to correlate with both the occurrence and severity of LN;
this has been confirmed across various cohorts [139–143]. Wang et al. used weighted gene
co-expression network analysis to identify four hub genes, namely CD53 (AUC = 0.995),
TGFBI (AUC = 0.997), MS4A6A (AUC = 0.994), and HERC6 (AUC = 0.999), which are
involved in the development of the inflammatory response and immune activation in LN
(p < 0.0001) [144]. Yavuz et al. discovered that MERTK, a novel genetic region, contributes to
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the risk of developing LN and ESRD in patients with SLE, a finding that has been replicated
across various ethnicities [145]. MERTK, a member of the Tyro3/Axl/Mer receptor kinase
family, is the primary receptor on macrophages for apoptotic cells [146,147]. It plays a key
role in the regulation of the innate immune response through efferocytosis and notably
influences the production of cytokines, such as IL-10, TGF-β, IL-6, and IL-12 [148,149].
Furthermore, MERTK is critical in suppressing TLR-mediated innate immune responses by
activating STAT1, which leads to an anti-inflammatory feedback through the production of
the cytokine signaling suppressors SOCS1 and SOCS3 [150]. Other genes, such as PRDM1,
are associated with proliferative LN [145] and play a vital role as modulators of dendritic
cell function and repressors of the IFN-β gene [151].

Moreover, an APOL1 gene variant has been identified as an independent risk fac-
tor for faster progression to ESRD in patients with LN [152–154]. Although the precise
mechanisms by which APOL1 facilitates kidney disease progression have not been fully
elucidated, it is believed that these variants directly affect the function and structure of
kidney parenchymal cells and may exacerbate tissue inflammation, thereby influencing
the severity of LN. Additionally, human leukocyte antigen (HLA) variants have long been
found to be linked to the development of LN, with HLA-DR3 and HLA-DR15 increasing
the risk significantly [155].

In terms of classifying patients based on their risk of nephritis, Chen et al. observed
that a high polygenic risk score for SLE correlates with poorer prognostic factors like
earlier age of onset and LN [156]. Kwon et al. reported in a Korean cohort that an
individual’s highest weighted genetic risk score (wGRS), calculated from 112 well-validated
non-HLA single nucleotide polymorphisms and HLA haplotypes of SLE risk loci, was
independently associated with the development of LN and the production of the anti-Sm
antibody, compared to those in the lowest wGRS quartile [157]. This association was
observed regardless of the age of onset [157]. Webber et al. observed that both HLA and
non-HLA SLE risk-weighted genetic risk scores were significantly associated with the risk
of proliferative LN in two large, multi-ethnic cohorts of 1251 SLE patients [158]. This may
indicate that SLE risk loci are of greater importance in the development of proliferative LN,
as opposed to non-proliferative LN [158]. Despite these developments, the full spectrum of
genetic risk factors for LN and its progression to ESRD still needs to be better understood
and further developed. Taken together, a gene expression score, including all variants
known to contribute to the development of LN (class, severity, and risk of ESRD), can be
used to screen all patients with SLE, identify patients at high risk of LN, and predict various
clinical outcomes in SLE patients.

2.8. Epigenetics

Epigenetic processes, particularly those involving DNA methylation and histone
modifications, are crucial for LN development [159]. Irregularities in DNA methylation
patterns have been observed in genes linked to immune responses and inflammatory
processes in patients with LN, which indicates their potential contribution to disease de-
velopment [159]. For example, alterations in the DNA methylation of the MERTK gene
may modify its activity and increase the risk of SLE-ESRD [145]. Similarly, histone modi-
fications can influence gene expression profiles in immune cells, potentially contributing
to the dysregulation of immune responses observed in LN [160]. New technologies that
are used to assess the epigenome of immune cells may evolve into useful diagnostic and
disease-monitoring tools.

3. Conclusions and Future Directions

The complexity of LN pathogenesis poses challenges for the development of biomark-
ers for monitoring disease activity in response to treatment. The biomarkers discussed in
this review represent elements that reflect multiple aspects of the immune response as well
as aspects of vascular and parenchymal cell injury (Table 1) [161–208]. It is obvious that
with each biomarker in patients with LN, variable pathogenetic pathways are involved,
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bespeaking the heterogeneity of the disease. Although tools that integrate multiple proteins,
or other molecules, may have a greater value as biomarkers, the same limitations may
apply. Although in some patients the diagnosis of SLE coincides with that of LN, LN
may develop at various times after the diagnosis of SLE. It has been documented that the
appearance of serum autoAbs [209] and pro-inflammatory cytokines [210] precedes the
diagnosis of SLE by months to several years. Therefore, it is plausible to assume that certain
biological processes that result in the production of proteins or other molecules occur in
the serum or urine prior to the clinical diagnosis of LN. Studies identifying biomarkers
for predicting an upcoming renal involvement in LN are lacking. Although our group has
shown that IgG from patients with LN, but not from patients with SLE without LN, can
injure cultured podocytes [211], it is still unclear when “podocytopathic” IgG first appears
in the sera of patients with SLE prior to the development of LN. When injured, podocytes
and other parenchymal cells are released into the urine. A more careful study of urine cells
for the identification of molecules involved in kidney cell injury [211] can prove useful in
monitoring the response to treatment, as the shed cells may provide a window into the
events in the kidney tissue itself.

Table 1. Summary of biomarkers for lupus nephritis (LN).

1. Antibodies/immunoglobulins

Sample Biomarker Association Reference

Serum/plasma Anti-dsDNA Diagnosis, clinical disease activity, damage, and
responses to therapy in LN [40,106,109]

Anti-C1q Diagnosis, clinical disease activity, histological disease
activity, and prognosis [36,162–166]

Anti-CRP Clinical disease activity and responses to therapy in LN [34,35]

Anti-ENO-1 (+) Diagnosis and prediction of LN [37,38,40]

AaA (Low) Diagnosis [41]

Anti-chromatin Diagnostic/predictive capacity in LN [48]

PTEC-binding IgG (+) Clinical disease activity [167]

PHACTR4 icx (+) Diagnosis [168]

P3H1 icx (+) Diagnosis [168]

RGS12 icx (+) Diagnosis [168]

PTEC-binding IgG (+) Clinical disease activity [167]

IgM (↑) Responses to therapy in LN [169]

ANCAs (+) Prognosis [32,49,50]

2. Kidney disease-related

Serum Hyperuricemia Diagnosis [78,170,171]

Creatinine (↑) Diagnosis and prognostic biomarkers [78,166,172]

Urea (↑) Diagnosis and damage (>10.25 mmol/L) [78]

Urine Albumin to globulin ratio (low) Diagnosis [173]

Proteinuria (↑) (>500 mg/24 h) Diagnosis, clinical disease activity, histological disease
activity, and prognosis [67,95,109,174]

Proteinuria (↓) Responses to therapy in LN [169]

uPCR (↓)
(<1.5 g/g at month 6) Responses to therapy in LN [109]

WBC (↑) Clinical disease activity [67]

RBC (↑) Clinical disease activity [67]
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Table 1. Cont.

Granular casts (+) Clinical disease activity [67]

3. Complement/Lymphocytes

Serum C3 (low) Diagnosis, clinical disease activity, histological disease
activity, responses to therapy in LN, and prognosis [67,95,109,174]

C4 (low) Diagnosis and clinical disease activity [175]

C1q (low) Histological disease activity [165]

Lymphocyte count (↑) Responses to therapy in LN [169]

4. Cytokines

Serum TWEAK Diagnosis [87,105,176–178]

IL-2R (↓) Responses to therapy in LN [179]

IL-8 (↓) Responses to therapy in LN [179]

IL-10 (↑) Clinical disease activity [67,175]

IL-17 Clinical disease activity and histological disease activity [85,180]

IL-23 (↓) Responses to therapy in LN [85]

Urine TWEAK Diagnosis and clinical disease activity [87,176,177]

TGF-β1 (↑) Clinical disease activity and histological disease activity [70,73]

IL-17 (↑) Diagnostic potential and clinical disease activity [89]

IL-12p40 (↑) Diagnostic potential and clinical disease activity [89]

IL-15 Diagnostic potential and clinical disease activity [89]

IL-16 (↑) Histological disease activity [70]

TARC (↑) Diagnostic potential and clinical disease activity [89]

PF-4 (↑) Clinical disease activity [72]

5. Chemokines/Cell adhesion molecules

Serum APRIL (↑) Predictive of treatment failure at 6 months [61]

BAFF (↓) Predictive of clinical and histological responses to
therapy in LN [59]

VCAM-1 (↑) Clinical disease activity [103]

OPG (↓) Responses to therapy in LN [179]

Urine APRIL (↑) Diagnosis [53,181]

BAFF (↑) Diagnosis [53,181]

CXCL4 (↑) Diagnosis [98]

MCP-1 (↑)
Diagnosis, clinical disease activity, histological disease
activity (proliferative vs. membranous), and responses

to therapy in LN

[79,80,83,99,177,
182,183]

ALCAM (↑) Diagnosis, clinical disease activity, histological disease
activity, and prognosis [94,95,184]

VCAM-1 (↑)
Diagnosis, clinical disease activity, histological disease
activity (proliferative vs. membranous), damage, and

prognostic biomarkers
[72,75,94,98,99]

ICAM-1 (↑) Clinical disease activity [97]

NCAM-1 (↑) Clinical disease activity [97]

IP-10/CXCL10 (↑) Diagnostic potential and clinical disease activity (renal) [67,89]
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6. Other proteins

Serum Axl (↑) Diagnosis, clinical disease activity, responses to therapy
in LN, and prognostic biomarkers [106–108]

HE4 (↑) Diagnosis [78,185]

IGFBP-2 (↑) Diagnosis, clinical disease activity, and damage [186]

IGFBP-4 Damage [187]

sTNFRII (↑)
Diagnosis, clinical disease activity, histological disease

activity, damage, responses to therapy in LN,
and prognosis

[106,188,189]

Angiostatin (↑) Clinical disease activity [108]

Ferritin (↑) Clinical disease activity [108]

Progranulin (↑) Clinical disease activity [108]

SDC-1 (↑) Clinical disease activity and histological disease activity [103]

Resistin (↑) Damage [190]

CSF-1 (↓) Responses to therapy in LN [191]

HNP1-3 (↓) Responses to therapy in LN [192]

S100A8/A9 (↑) Responses to therapy in LN [193]

S100A12 (↑) Responses to therapy in LN [193]

Urine Angiostatin Diagnosis, clinical disease activity, histological disease
activity, and damage [51,74,75,98]

NGAL (↑) Diagnosis, clinical disease activity, and (↓) responses to
therapy in LN

[80,104,162,194–
199]

TF (↑) Diagnosis, clinical disease activity and responses to
therapy in LN [92,183,200]

β2-MG (↑) Diagnosis [22,201]

Angptl4 (↑) Clinical disease activity [51,73]

Calpastatin (↑) Clinical disease activity [72]

CD163 (↑)
Clinical disease activity, histological disease activity

(predictor, proliferative vs. non-proliferative), (↓)
responses to therapy in LN and prognosis

[70,109,110,182]

FOLR2 (↑) Clinical disease activity [73]

Hemopexin (↑) Clinical disease activity [72]

L-selectin (↑) Clinical disease activity [73]

PDGFRβ (↑) Clinical disease activity [73]

Peroxiredoxin 6 (↑) Clinical disease activity [72]

Progranulin (↑) Clinical disease activity [108]

Properdin (↑) Clinical disease activity [72]

RBP4 (↑) Clinical disease activity and (↓) responses to therapy
in LN [202]

TSP1 (↑) Clinical disease activity [73]

TTP1 (↑) Clinical disease activity [73]

NRP-1 (↑) Responses to therapy in LN [203]

Plasmin (↑) Clinical disease activity [200]

TFPI (↑) Clinical disease activity [200]
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EGF (↓) Prognosis [112]

7. MicroRNAs (miRNAs)

Serum/plasma miRNA-21 Diagnosis [128,204]

Urine miRNA-31-5p (↑) Responses to therapy in LN [127]

miRNA-107 (↑) Responses to therapy in LN [127]

miRNA-135b-5p (↑) Responses to therapy in LN [127]

8. Microparticles (MP)

Urine MP-CX3CR1+ (↑) Diagnosis [172]

MP-HLADR+ (↑) Diagnosis [172]

MP-HMGB1+ (↑) Diagnosis and clinical disease activity (active vs.
non-active) [172]

9. Renal tissue

Kidney biopsy Mannose-enriched
N-glycan expression Diagnosis and prognosis [205]

CSF-1 (↑) Histological disease activity [191]

Periostin (↑) Damage [206]

C9 (+) Prognosis [207]

Podocyte foot process width (↓) Prognosis [169]

Arteriolar C4d deposition (+) Prognosis [208]

Cellular crescents (+) Prognosis [172]

Fibrous crescents (+) Prognosis [172]

Glomerular C3 deposition (+) Prognosis [212]

IFTA (+)
(≥25% of the surface cortical

area)
Prognosis [213]

Vascular injury (+)
(≥25% subintimal narrowing of

the lumen)
Prognosis [213]

AaA: Anti-actin antibody; ANCA: Anti-neutrophil cytoplasmic antibody; Ang2: Angiopoietin 2; Angptl4:
Angiopoietin-like 4; Anti-C1q: Anti-complement component 1q; Anti-CRP: Anti-C-reactive protein; Anti-dsDNA:
Anti-double-stranded deoxyribonucleic acid; Anti-ENO-1: Anti-Enolase 1; APRIL: A proliferation-inducing
ligand; BAFF: B-cell activating factor; β2-MG: Beta-2 microglobulin; C1q: Complement component 1q; C3: Com-
plement component 3; C4: Complement component 4; C4d: Complement component 4d; C9: Complement
component 9; Cer: Ceramide; CSF-1: Colony stimulating factor 1; CXCL4: C-X-C motif chemokine ligand 4;
EGF: Epidermal growth factor; FOLR2: Folate receptor beta; HNP1-3: Human neutrophil peptide 1-3; ICAM-1:
Intercellular adhesion molecule 1; IFTA: Interstitial fibrosis and tubular atrophy; IGFBP: Insulin-like growth
factor-binding protein; IL: Interleukin; IL-2R: Interleukin 2 receptor; IL-12p40: Interleukin 12 subunit p40; IP-10:
Interferon gamma-induced protein 10, also known as CXCL10; MCP-1: Monocyte chemoattractant protein 1;
MicroRNAs (miRNAs): Micro-ribonucleic acids, with miRNA-21 being Micro-ribonucleic acid 21; MP-CX3CR1+:
Microparticles with CX3CR1 expression; MP-HLADR+: Microparticles with HLA-DR expression; MP-HMGB1+:
Microparticles with high mobility group box 1 protein expression; NRP-1: Neuropilin 1; NCAM-1: Neural
cell adhesion molecule 1; NGAL: Neutrophil gelatinase-associated lipocalin; OPG: Osteoprotegerin; PDGFRβ:
Platelet-derived growth factor receptor beta; PF-4: Platelet factor 4; PHACTR4: Phosphatase and actin regulator
4, with PHACTR4 icx being Phosphatase and actin regulator 4 immune complexes; P3H1: Prolyl 3-hydroxylase
1, with P3H1 icx as Prolyl 3-hydroxylase 1 immune complexes; PTEC-binding IgG: Proximal tubular epithelial
cell-binding immunoglobulin G; RBC: Red blood cells; RGS12: Regulator of G-protein signalling 12, with RGS12
icx as Regulator of G-protein signalling 12 immune complexes; SDC-1: Syndecan-1; sTNFRII: Soluble tumor
necrosis factor receptor II; TARC: Thymus and activation-regulated chemokine, also known as CCL17; TFPI:
Tissue factor pathway inhibitor; TGF-β1: Transforming growth factor-beta 1; TSP1: Thrombospondin 1; TTP1:
Tripeptidyl peptidase 1; Type I IFN: Type I Interferon; TWEAK: Tumor necrosis factor-like weak inducer of
apoptosis; uPCR: Urine protein to creatinine ratio; VCAM-1: Vascular cell adhesion molecule 1; WBC: White
blood cells; (+): Positivity; ↓: Decreased; ↑: Increased.
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Several reasons may account for the fact that none of the discussed biomarkers has
reached the bedside. There are challenges in both the discovery and clinical phase of
biomarker validation [161]. During the discovery phases a major weight is placed on the
formulation of clinically relevant questions and the identification of markers closely linked
to the pathogenesis of LN, while less effort is made to consider the clinical and pathogenetic
heterogeneity of LN in long prospective studies. In the efforts to validate the reported
putative biomarkers, problems arise from the geographical and ethnic heterogeneity of the
disease, the lack of standardized treatment protocols, sample collection and processing,
and the methods used to measure various biomarkers.
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Abstract: Systemic lupus erythematosus (SLE) is an autoimmune disease affecting mostly women of
child-bearing age. Immune dysfunction in SLE results from disrupted apoptosis which lead to an
unregulated interferon (IFN) stimulation and the production of autoantibodies, leading to immune
complex formation, complement activation, and organ damage. Lupus nephritis (LN) is a common
and severe complication of SLE, impacting approximately 30% to 40% of SLE patients. Recent studies
have demonstrated an alteration in mitochondrial homeostasis in SLE patients. Mitochondrial dys-
function contributes significantly to SLE pathogenesis by enhancing type 1 IFN production through
various pathways involving neutrophils, platelets, and T cells. Defective mitophagy, the process of
clearing damaged mitochondria, exacerbates this cycle, leading to increased immune dysregulation.
In this review, we aim to detail the physiopathological link between mitochondrial dysfunction and
disease activity in SLE. Additionally, we will explore the potential role of mitochondria as biomarkers
and therapeutic targets in SLE, with a specific focus on LN. In LN, mitochondrial abnormalities are
observed in renal cells, correlating with disease progression and renal fibrosis. Studies exploring
cell-free mitochondrial DNA as a biomarker in SLE and LN have shown promising but preliminary
results, necessitating further validation and standardization. Therapeutically targeting mitochondrial
dysfunction in SLE, using drugs like metformin or mTOR inhibitors, shows potential in modulating
immune responses and improving clinical outcomes. The interplay between mitochondria, immune
dysregulation, and renal involvement in SLE and LN underscores the need for comprehensive re-
search and innovative therapeutic strategies. Understanding mitochondrial dynamics and their
impact on immune responses offers promising avenues for developing personalized treatments and
non-invasive biomarkers, ultimately improving outcomes for LN patients.

Keywords: lupus; kidney; mitochondria; mitochondrial DNA; mitophagy; interferon; lupus nephritis

1. Introduction

Systemic lupus erythematosus (SLE) stands out as an archetypal autoimmune disease,
affecting predominantly women of child-bearing age, with an incidence ranging from 1.4 to
10 cases per 100,000 people annually. Its prevalence varies significantly among different
ethnic groups, with the lowest rates observed in Asian descents and the highest among
Afro-Caribbean populations [1]. In Europe, the estimated prevalence ranges from 40 to
80 people per 100,000 individuals [2]. The underlying autoimmune dysregulation is due
to a combination of genetic and environmental factors [3]. Key genes primarily involved
in SLE pathogenesis include elements within the toll-like receptor (TLR), type-I interferon
(IFN-I), consisting of IFN-alpha and IFN-Beta, and complement pathways [3]. It is note-
worthy that elements from both the innate and adaptive immune systems contribute to the
immune dysfunction in SLE. A defining characteristic of this condition is the disruption of
normal apoptosis mechanisms, leading to inappropriate cellular death and the impaired
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clearance of cellular debris. This leads to the accumulation of cellular remnants, fostering a
loss of immune tolerance and the subsequent generation of autoantibodies. These autoanti-
bodies form immune complexes that initiate complement activation, culminating in organ
damage [4].

Given their susceptibility to immune complexes, the kidneys are frequently affected
in SLE. Lupus nephritis (LN) serves as the initial presentation of SLE in approximately
16% of patients and appears in SLE with an overall prevalence ranging from 30% to
40% [5]. Furthermore, a significant proportion of SLE patients (20% to 50%) are at risk of
developing LN within the first year following their initial diagnosis of SLE [5]. Despite
recent breakthroughs in the development of new therapeutics, it is crucial to acknowledge
that the remission rate for LN remains low, from 30% to 70% [6–11]. This fact holds
significant importance because achieving remission in LN is intricately linked to the risk of
progressing to end-stage kidney disease (ESKD). Even with optimal treatment, a notable
subset of patients (5% to 20%) will ultimately develop ESKD which is associated with a
substantial burden [12].

Recent experimental studies, conducted on animal models and human subjects, have
provided compelling evidence of altered immune cell metabolism contributing to SLE
pathogenesis. Indeed, immune cells in SLE exhibit heightened metabolic demands [13–15].
Given that mitochondria are the central hub for cellular metabolism, it is postulated
that these organelles play a pivotal role in the development and amplification of the
immune dysfunction in SLE. Defects in mitochondrial pathways, such as compromised
mitophagy mechanisms and impaired mitochondrial DNA (mtDNA), have been recently
considered key players in the pathogenesis of lupus. Mitochondrial dysfunctions were
linked to the heightened production of IFN-I, a critical cytokine in SLE. In lupus-prone
mice, the inhibition of glycolysis has been shown to result in a significant reduction in the
production of autoantibodies and a decrease in T cell activation [16,17]. On the other side,
mitochondrial dysfunction is seen in various kidney diseases, in the setting of acute kidney
injury but also in chronic kidney disease [18–20].

In this review, our primary emphasis is on elucidating the interplay between mitochon-
dria and the activation/amplification of SLE, with focus on LN. Additionally, we explore
the usefulness of mitochondrial products as biomarkers and as targets for therapeutic
interventions in SLE.

2. Mitochondria Anatomy, Role, and Functions

Mitochondria are small intracellular compartments with unique anatomical and phys-
iological characteristics, ranging in size from 0.5 to 3 µm. Their main role is energy
production in the cell through an electron transport chain (ETC) and oxidative phosphory-
lation (OXPHOS) [21]. Mitochondria exist in almost all eukaryotic cells and are thought to
have bacterial origin [22]. Indeed, similarly to bacteria, mitochondria are surrounded by
a double-stranded membrane, possess their own genome known as mtDNA, and rely on
specific ribosomes that are vulnerable to antibiotics [23]. The double membrane consists of
an outer layer (OMM) and an inner layer separated by the intermembrane space. The inner
mitochondrial membrane (IMM) forms numerous folds called cristae, which extend into
the free space demarcated by the double membrane, called the mitochondrial matrix. The
location of the mtDNA close to the IMM and the cristae, together with the lack of introns
and histones, makes it highly susceptible to intrinsic aggression, mostly due to reactive
oxygen species (ROS) generated by mitochondria complexes during OXPHOS. Given all
the above and due to a less effective DNA repair system, mtDNA has a higher mutation
rate (10–20 times higher) than for nuclear DNA, and alterations in its sequence (mutations,
insertion, and deletions) and structure (rearrangements and breaks) are frequent. In hu-
mans, the number of copies of mtDNA per mitochondria varies from 5 to 10 [24]. The
multiple copies of mtDNA within a cell and its high susceptibility to alterations favors
the coexistence of several mtDNA populations (wild type and mutated mtDNA) in the
same cell. This phenomenon is called heteroplasmy, as opposed to homoplasmy which is
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the existence of unique types of mtDNA within the cell (less frequent). The proportion of
mutated mtDNA in relation to total mtDNA determines the heteroplasmy rate [25].

Similarly, to mtDNA, mitochondrial macromolecules (lipids and proteins) can be
damaged by ROS, leading to mitochondrial dysfunction. Healthy mitochondria are criti-
cal for cell survival, while dysfunctional mitochondria promote apoptosis through Ca2+
and cytochrome c release to the cytosol [26]. The cellular population of mitochondria
(mitochondria mass and quality) is regulated through fine-tuned processes, including the
generation of new mitochondria through biogenesis (new mitochondria formation), the
fusion or fission of existing mitochondria, and the degradation of damaged mitochondria
by mitophagy [27] (Figure 1).
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Figure 1. Quality control mechanism in mitochondria. Figure legend: (A) Biogenesis: activation of
peroxisome proliferator-activated receptor-γ coactivator-1α (PGC1) due to stress factors, then activa-
tion of mt DNA transcription leading to formation of new mitochondria. (B) Mitochondria dynamic:
fission of a mitochondrion resulting in two separate mitochondria. Fusion: Two mitochondria fusion
at the outer and inner membrane interfaces. This process allows for exchange of mtDNA, proteins, or
metabolites and improves overall mitochondria respiratory function and efficiency. (C) Mitophagy:
degradation of the mitochondria with the ubiquitin pathway into the phagosome.

In response to specific needs or stresses such as exercise, cold, or fasting, mitochondria
biogenesis is activated through its master regulator: the peroxisome proliferator-activated
receptor-γ coactivator-1α (PGC-1α), which activates mtDNA transcription and increases
in the expression of mitochondrial transcription factor A (TFAM), the final effector of
mtDNA transcription and replication [27,28]. Mitochondrial fission is the division of a
mitochondrion into two distinct mitochondria. This process plays a role in inheritance
and mitochondrial partitioning during cell division, apoptosis, and mitophagy [29]. Mi-
tochondrial fission in mammals is coordinated by a GTPase dynamin-related protein 1
(DRP1), which act in conjunction with mitochondrial fission 1 (FIS1), and mitochondrial
fission factor (MFF). DRP1, a cytosolic protein composed of four domains, is recruited by
its adaptors present on the OMM, (MFF and FIS1), where it undergoes the formation of an
oligomeric ring structure around the mitochondrion, further constricting it. Then, the GTP
hydrolysis of DRP1 completes the mitochondrion cleavage process.
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Defective or damaged mitochondria that lost their membrane potential are inclined
to release high amounts of Ca2+ and cytochrome c to the cytosol, which promotes cell
apoptosis [26]. To prevent this, dysfunctional mitochondria are degraded through a specific
autophagy-dependent process known as mitophagy.

Mitophagy can be classified into receptor-dependent (also called Parkin-independent)
mitophagy and ubiquitin-dependent (or Parkin-dependent) mitophagy [26,30]. In mam-
mals, receptor-dependent mitophagy is a three-step process starting with the activation
of receptors located on the OMM (FUNDC1, NIX/BNIP3L, BNIP3, or Bcl2L13), followed
by the binding of the autophagosome marker LC3, which initiates the development of
the phagophore membrane and forms the autophagosome, and finally, the fusion of the
autophagosome with the lysosome for cargo degradation [26].

Ubiquitin is a protein involved in protein and organelle degradation through ubiq-
uitination, which is the conjugation of ubiquitin to proteins mediated by three enzymes:
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-
protein ligases (E3) [31]. The ubiquitin proteasome system (UPS) is a proteasome-mediated
degradation machinery that removes proteins from various cellular compartments. Au-
tophagy and UPS represent the main intracellular proteolysis machineries that enforce
protein and organelle quality control in the cell [30].

Both systems utilize ubiquitin signaling to tag their targets, thus cooperating in the
elimination of damaged and dysfunctional mitochondria. By tagging substrates to be
degraded by autophagy or by UPS, ubiquitin is therefore a common signal for protein
or organelle degradation [26]. One of the most well-characterized ubiquitin-dependent
autophagy is the mitophagy pathway; it involves the PTEN-induced putative kinase
1 (PINK1) and the E3 ubiquitin-protein ligase Parkin [32]. Here, the initial step is the
accumulation of PINK1 at the OMM following the loss of mitochondria membrane potential.
PINK1 accumulation phosphorylates and activates Parkin that is recruited to the OMM
where it ubiquitinates OMM proteins using its E3 ligase activity. Ubiquitinylated OMM
proteins are recognized by specific adaptors, allowing the engulfment of mitochondria
and formation of autophagosomes with the recruitment of LC3 via an LC3-interacting
region (LIR) motif [32]. The fusion and degradation of autophagosomes with lysosomes are
then consistent with receptor-mediated mitophagy [26]. Mitophagy is highly responsive
to the dynamics of endogenous metabolites, including iron-, calcium-, glycolysis-TCA-,
NAD+ -, amino acids-, fatty acids-, and cAMP-associated metabolites [33]. For instance,
the disruption of mitochondrial membrane potential is a potent mitophagy activator, but
SIRT3, a mitochondrial sirtuin and NAD + metabolic sensor, has been shown to restore
the proton gradient, playing a role in maintaining mitochondrial membrane potential in
response to mitochondrial stress, therefore reducing mitophagy [34,35]. Mitophagy can
start with fission, which help in the fragmentation of mitochondria before their degradation.
It has been shown that the mitochondrial recruitment of Drp1 is a crucial step to initiate
mitophagy [36]. HRES-1/Rab4 promotes the lysosomal degradation of Drp1; therefore,
HRES-1/Rab4 induces the accumulation of mitochondria by inhibiting mitophagy [37].

3. Mitochondrial Dysfunction: A Trigger and Amplifier of Type I Interferon

Type I IFNs represent a group of inflammatory cytokines that play a pivotal role in the
body’s defense against viral infections, primarily by the activation of TLRs in response to
viral particles. Through pleiotropic mechanisms, IFN-I activates both T and B-cells [38]. For
decades, SLE has been recognized as a quintessential interferonopathy. This designation
stems from the robust expression of IFN-I seen in most SLE patients. The high IFN-I
signature in SLE has long been attributed to activated plasmacytoid dendritic cells (pDCs).
These pDCs are implicated in the proliferation and survival of autoreactive lymphocytes,
which significantly contribute to the production of autoantibodies and the formation of
immune complexes. However, recent findings in SLE challenge the notion that pDCs are the
primary source of IFN [39]. Neutrophils undergoing NETosis have emerged as significant
IFN producers via the stimulator of interferon gene (STING) pathway, notably contributing
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to the IFN gene signature observed in the kidneys of patients suffering from LN [40]. Also,
a novel concept involves “local” IFN release by non-hematopoietic cells such as epithelial
or proximal tubular cells in the kidney, releasing IFN [41,42]. This local, non-circulating IFN
production may contribute to the diverse phenotypes observed in SLE. Of note, GDF-15, a
cytokine released locally by various organs in cases of mitochondrial stress, is known to
regulate IFN production [43].

A substantial proportion of individuals with SLE exhibit an upregulation of type I
IFN-regulated genes, collectively referred to as the “IFN-I signature,” both in their blood
and affected tissues. IFN-I signatures correlate with SLE activity. They have been used in
clinical trials to stratify patient groups for treatments targeting the IFN-I pathway, such as
anifrolumab, an IgG1κ monoclonal antibody (mAb) blocking the IFN-I receptor subunit 1.
Anifrolumab was recently approved for the treatment of SLE, which underscores the value
of targeting IFN-I pathways in SLE. Other approaches, such as targeting pDCs as potential
source of INF-I in SLE, are currently under investigation, such as the mAB litifilimab, which
targets the blood dendritic cell antigen 2 (BDCA2) [44,45]. A summary of the current drugs
used to treat LN is provided in Table 1.

IFN-I production is amplified by dysregulated mitochondrial homeostasis through var-
ious mechanisms. First and foremost, mtDNA itself acts as a danger-associated molecular
pattern (DAMP) due to its unmethylated CpG sequence’s structural resemblance to bacte-
rial DNA. This structural similarity to bacterial DNA enables TLR9 activation, ultimately
leading to the release of IFN-I [46]. In SLE, high levels of circulating oxidized mtDNA
(oxmtDNA) have been identified within circulating neutrophils. What is particularly
intriguing is that oxmtDNA has been found to possess a heightened propensity for inter-
nalization by pDCs, thus potentially contributing to the IFN-I signature seen in SLE [47,48].
Under normal physiological conditions, oxmtDNA undergoes a process of degradation
within the lysosome. The endocytosis of oxmtDNA into the lysosome is facilitated by its
dissociation from TFAM. Caielli and colleagues have demonstrated that autoantibodies tar-
geting ribonucleotide proteins (anti-RNP) may obstruct TFAM phosphorylation, which in
turn prevents oxmtDNA dissociation, rendering it resistant to degradation. This disruption
in the natural degradation of oxmtDNA degradation may contribute to the vicious circle
characterizing immune dysregulation in SLE [47] (Figure 2).

Another contributor to the immune dysfunction in SLE is the formation of extracellular
traps, first described in neutrophils and termed “NETosis” [49]. Extracellular trap formation
(ETF) is primarily used as a defense mechanism against pathogens. Cells capable of ETF
extrude proteins and DNA to form a biological “web”, intended to trap microorganisms.
In neutrophils, NETosis was thought to be ineluctably associated with cell death (suicidal
or lytic NETosis). Recently, another type of NETosis was reported, where cell functions
are preserved (vital NETosis) [50]. It has been observed that IFN-I can trigger NETosis in
SLE. On the other hand, oxmtDNA is a major component of extruded cell material during
NETosis [48]. ETF thus may constitute another amplifying loop, where oxmtDNA enhances
IFN-I production, while IFN-I-regulated genes promote ETF with the release of additional
oxmtDNA. Finally, mitochondrial reactive oxygen (mtROS) species also act as DAMPs and
may enhance IFN-I production by provoking the oligomerization of mitochondrial antiviral
stimulator (MAVS) and ETF [51].

32



In
t.

J.
M

ol
.S

ci
.2

02
4,

25
,6

16
2

Ta
bl

e
1.

Su
m

m
ar

y
of

th
e

pr
in

ci
pa

ld
ru

gs
us

ed
to

tr
ea

tl
up

us
ne

ph
ri

ti
s.

St
an

da
rd

T
he

ra
py

fo
r

Lu
pu

s
N

ep
hr

it
is

D
ru

gs
M

ec
ha

ni
sm

of
ac

ti
on

In
di

ca
ti

on
C

om
m

en
ts

C
yc

lo
ph

os
ph

am
id

e
w

it
h

co
rt

ic
os

te
ro

id
*

A
lk

yl
at

in
g

ag
en

t:
re

du
ce

s
nu

m
be

r
of

ly
m

ph
oc

yt
es

(b
ot

h
B

an
d

T
ce

lls
)

In
du

ct
io

n
ph

as
e

Tw
o

re
gi

m
en

s:
Eu

ro
lu

pu
s

pr
ot

oc
ol

:I
V

cy
cl

op
ho

sp
ha

m
id

e
50

0
m

g
ev

er
y

2
w

ee
ks

fo
r

a
to

ta
lo

fs
ix

do
se

s
(3

m
on

th
s)

.
N

IH
pr

ot
oc

ol
:I

V
cy

cl
op

ho
sp

ha
m

id
e

50
0–

10
00

m
g/

m
2

on
ce

a
m

on
th

fo
r

6
m

on
th

s.

M
yc

op
he

no
la

te
m

of
et

il
w

it
h

co
rt

ic
os

te
ro

id
*

In
hi

bi
ts

th
e

sy
nt

he
si

s
of

gu
an

in
e

nu
cl

eo
ti

de
s

Bo
th

in
du

ct
io

n
an

d
m

ai
nt

en
an

ce
ph

as
e

M
M

F
2–

3
g

pe
r

da
y,

di
vi

de
d

in
to

tw
o

do
se

s
(1

–1
.5

g
tw

ic
e

da
ily

)f
or

in
du

ct
io

n
ph

as
e.

M
M

F
1–

2
g

pe
r

da
y,

di
vi

de
d

in
to

tw
o

do
se

s
(0

.5
–1

g
tw

ic
e

da
ily

)f
or

m
ai

nt
en

an
ce

ph
as

e.

Be
lim

um
ab

w
it

h
SO

C
M

on
oc

lo
na

la
nt

ib
od

y
th

at
in

hi
bi

ts
th

e
BA

FF
pa

th
w

ay
Bo

th
in

du
ct

io
n

an
d

m
ai

nt
en

an
ce

ph
as

e
U

se
as

a
co

rt
ic

oi
d-

sp
ar

in
g

ag
en

tf
or

ar
ti

cu
la

r
SL

E.
D

ur
at

io
n

of
tr

ea
tm

en
t:

tw
o

ye
ar

s
(B

LI
SS

-L
N

st
ud

y)
.

N
on

-S
ta

nd
ar

d
T

he
ra

py
fo

r
Lu

pu
s

N
ep

hr
it

is

D
ru

gs
M

ec
ha

ni
sm

of
ac

ti
on

In
di

ca
ti

on
C

om
m

en
ts

R
it

ux
im

ab
M

on
oc

lo
na

la
nt

ib
od

y
th

at
ta

rg
et

s
C

D
20

pr
ot

ei
n,

w
hi

ch
is

ex
pr

es
se

d
on

th
e

su
rf

ac
e

of
pr

e-
B

an
d

m
at

ur
e

B
ly

m
ph

oc
yt

es
In

du
ct

io
n

ph
as

e
or

as
re

sc
ue

th
er

ap
y

C
ou

ld
be

us
ed

as
m

on
ot

he
ra

py
fo

r
in

du
ci

ng
re

m
is

si
on

in
pu

re
Lu

pu
s

ne
ph

ri
ti

s
C

la
ss

V.
C

ou
ld

be
us

ed
in

co
nj

un
ct

io
n

w
it

h
lo

w
do

se
of

M
M

F
fo

r
in

du
ct

io
n

re
m

is
si

on
in

ac
ti

ve
LN

(R
it

ux
ilu

p
pr

ot
oc

ol
).

Vo
cl

os
po

ri
n

w
it

h
M

M
F

an
d

lo
w

do
se

of
co

rt
ic

oi
d

C
al

ci
ne

ur
in

in
hi

bi
to

r:
in

hi
bi

ti
on

of
T

ce
ll

ac
ti

va
ti

on
Bo

th
in

du
ct

io
n

an
d

m
ai

nt
en

an
ce

ph
as

e
D

ur
at

io
n

of
tr

ea
tm

en
tu

p
to

th
re

e
ye

ar
s

(A
ur

or
a

2
st

ud
y)

.

O
bi

nu
tu

zu
m

ab
w

ith
M

M
F

an
d

lo
w

do
se

of
co

rt
ic

oi
d

M
on

oc
lo

na
la

nt
ib

od
y

th
at

ta
rg

et
s

C
D

20
pr

ot
ei

n.
M

or
e

po
te

nt
th

an
ri

tu
xi

m
ab

an
d

no
ta

bl
y

en
ha

nc
es

an
ti

bo
dy

-d
ep

en
de

nt
ce

llu
la

r
cy

to
to

xi
ci

ty
an

d
ce

llu
la

r
ap

op
to

si
s

In
du

ct
io

n
ph

as
e

O
bi

nu
tu

zu
m

ab
10

00
m

g
at

da
y

1,
th

en
w

ee
ks

2,
24

,
an

d
26

.

Ta
cr

ol
im

us
w

it
h

lo
w

do
se

of
M

M
F

an
d

lo
se

do
se

of
co

rt
ic

oi
d

C
al

ci
ne

ur
in

in
hi

bi
to

r:
in

hi
bi

ti
on

of
T

ce
ll

ac
ti

va
ti

on
In

du
ct

io
n

an
d

m
ai

nt
en

an
ce

ph
as

e

Pa
rt

of
th

e
m

ul
ti

ta
rg

et
th

er
ap

y.
M

M
F

1–
1.

5
g

tw
ic

e
da

ily
.

Ta
cr

ol
im

us
:2

–4
m

g
da

ily
,a

dj
us

te
d

ba
se

d
on

bl
oo

d
le

ve
ls

an
d

cl
in

ic
al

re
sp

on
se

.

*
C

on
si

de
re

d
st

an
da

rd
of

ca
re

(S
O

C
).

BA
FF

:B
-c

el
la

ct
iv

at
in

g
fa

ct
or

,M
M

F:
M

yc
op

he
no

la
te

m
of

et
il,

N
IH

:N
at

io
na

lI
ns

ti
tu

te
s

of
H

ea
lt

h.

33



Int. J. Mol. Sci. 2024, 25, 6162

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW  7  of  14 
 

 

IFN‐I production is amplified by dysregulated mitochondrial homeostasis through 

various mechanisms. First and foremost, mtDNA itself acts as a danger‐associated molec‐

ular pattern (DAMP) due to its unmethylated CpG sequence’s structural resemblance to 

bacterial DNA. This structural similarity to bacterial DNA enables TLR9 activation, ulti‐

mately  leading  to  the  release of  IFN‐I  [46].  In SLE, high  levels of  circulating oxidized 

mtDNA (oxmtDNA) have been identified within circulating neutrophils. What is particu‐

larly intriguing is that oxmtDNA has been found to possess a heightened propensity for 

internalization by pDCs, thus potentially contributing to the IFN‐I signature seen in SLE 

[47,48]. Under normal physiological conditions, oxmtDNA undergoes a process of degra‐

dation within the lysosome. The endocytosis of oxmtDNA into the lysosome is facilitated 

by its dissociation from TFAM. Caielli and colleagues have demonstrated that autoanti‐

bodies targeting ribonucleotide proteins (anti‐RNP) may obstruct TFAM phosphorylation, 

which in turn prevents oxmtDNA dissociation, rendering it resistant to degradation. This 

disruption in the natural degradation of oxmtDNA degradation may contribute to the vi‐

cious circle characterizing immune dysregulation in SLE [47] (Figure 2). 

 

Figure 2. Interplay between mitochondrial dysregulation and inflammation in systemic lupus ery‐

thematosus. Red arrow = increase.   

Another contributor to the immune dysfunction in SLE is the formation of extracel‐

lular traps, first described in neutrophils and termed “NETosis” [49]. Extracellular trap 

formation (ETF) is primarily used as a defense mechanism against pathogens. Cells capa‐

ble of ETF extrude proteins and DNA to form a biological “web”, intended to trap micro‐

organisms.  In neutrophils, NETosis was  thought  to be  ineluctably associated with  cell 

death (suicidal or lytic NETosis). Recently, another type of NETosis was reported, where 

cell functions are preserved (vital NETosis) [50]. It has been observed that IFN‐I can trig‐

ger NETosis in SLE. On the other hand, oxmtDNA is a major component of extruded cell 

material during NETosis [48]. ETF thus may constitute another amplifying loop, where 

oxmtDNA enhances IFN‐I production, while IFN‐I‐regulated genes promote ETF with the 

Figure 2. Interplay between mitochondrial dysregulation and inflammation in systemic lupus
erythematosus. Red arrow = increase.

Neutrophils are not the only cells capable of ETF and sources of extracellular mito-
chondrial material. It was recently shown that platelets activated by immune complexes
also release mitochondrial material [52]. Furthermore, recent findings have revealed that
mtDNA that has leaked into the cytosole may also serve as a proinflammatory stimulus,
boosting the cell’s IFN-I expression [53]. The leakage of mtDNA to the cytosol occurs
through pores in the OMM and activates the BAX/BAK pathways and subsequently
caspase-9, thereby initiating the apoptosis cascade [54]. An alternative mechanism for the
cytosolic release of mtDNA has also been described by Kim and colleagues [55]. They de-
scribe that the oligomerization of the voltage-dependent anion-selective channel 1 (VDAC1)
is responsible for allowing mtDNA to leak into the cytosol, particularly under conditions
of oxidative stress observed in lupus-prone mouse models.

Mitophagy prevents the release of mitochondrial materials into the extracellular envi-
ronment, which is pivotal in maintaining cellular homeostasis. In SLE, various findings
hint at defective mitophagy. Impaired mitophagy likely contributes to the release of mito-
chondrial components to the cytosol and the extracellular compartment, thus amplifying
SLE immune dysregulation and, in particular, heightened IFN-I response.

CD4+ T cells in individuals with SLE exhibit an elevated mitochondrial mass, primar-
ily attributed to a dysfunction in mitophagy [56]. Among the mechanisms contributing to
this impaired mitophagy in CD4+ T cells is the overexpression of HRES-1/Rab4, a GTPase
enzyme that promotes the degradation of Drp1 [14]. CD8+ T cells also have mitochondrial
impairment. Elevated CD38 expression in CD8 + l T cells leads to decreased mitochon-
drial endocytosis by inhibiting sirtuin protein activity. Furthermore, it reduces V-ATPase
activity, hindering lysosomal acidification due to diminished NAD+ levels. Consequently,
the inability to internalize or degrade mitochondria within lysosomes contributes to the
accumulation of dysfunctional mitochondria, increased mitochondrial mass, and the dis-
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ruption of cellular function [57]. This accumulation further triggers the release of DAMPs
like mtDNA and mitochondrial ROS, subsequently activating the STING pathway and
inducing IFN production. Importantly, it is worth noting that IFN itself can enhance the
expression of CD38 [56]. Mitophagy dysfunction is not confined to immune cells in SLE.
Caielli and colleagues have recently revealed that a unique population of red blood cells,
distinct to SLE patients, retains their mitochondria. This unusual phenomenon results from
a disruption in the metabolic pathway responsible for transitioning between glycolysis and
oxidative phosphorylation in mitochondria. Indeed, this transition is essential for activating
the ubiquitin–proteasome system, which plays a pivotal role in mitophagy regulation [58].
Furthermore, in some SLE patients, there are antibodies that can bind to and opsonize red
blood cells. When these opsonized red blood cells are encountered by myeloid cells, the
mitochondria within them serve as DAMPs and are a potential source of IFN release [58].

4. Mitochondrial Dysfunction in Lupus Nephritis

Mitochondrial damage is associated with the progressive decline of renal function in
chronic kidney diseases (CKDs) related to various conditions and LN in particular. Recent
research by Luan and colleagues, employing electron microscopy in kidney biopsies, has
unveiled several mitochondrial abnormalities in LN patients, including fission occurring
within podocytes [59]. Furthermore, a connection between mtDNA and ETF in the kidney
was established by Wang et al., who demonstrated the deposition of mtDNA within NETs
found in the kidney biopsies of patients experiencing active LN [60].

Specific expression patterns in mitochondrial genes are seen in LN, progressing to
renal fibrosis. Particularly, circular RNA originating from the mitochondrial gene MTND5
exhibits downregulation in LN-afflicted renal cells. Circular RNAs, a recently identified
class of non-coding RNA fragments, are recognized for their role in regulating protein ex-
pression by modulating microRNAs, thereby influencing either the inhibition or activation
of their function. In the case of circular MTND5, it normally downregulates microRNA6812,
which is known to facilitate the activation of genes associated with fibrosis [59]. Moreover,
a recent study by Tian et al. closely linked defective mitophagy to podocyte injuries, sug-
gesting it could play a role in proteinuria in LN. First, they demonstrated that the podocyte
expression of nestin was inversely correlated with proteinuria in LN. Furthermore, the
expression of nestin was also linked to the expression of nephrin, a key protein of the
glomerular basal membrane. Finally, they showed that nestin could regulate nephrin by
inducing mitophagy through the PINK1 pathway [61].

Expanding on these observations, numerous authors have delved into the exploration
of mitochondrial DNA as a surrogate marker for mitochondrial dysfunction in the context
of LN. Notably, there has been a surge of enthusiasm surrounding the assessment of cell-free
mitochondrial DNA as a potential biomarker.

In a cohort study comparing 80 SLE patients to 43 healthy controls, Hui-tin Lee
and colleagues discovered that compared to the healthy controls, SLE patients exhibited
higher levels of relative cell-free nuclear DNA (CFnDNA) and lower levels of relative
cell-free mitochondrial DNA (CFmtDNA). Within SLE, individuals with active disease,
indicated by an SLEDAI > 8, demonstrated even lower levels of CFmtDNA. Patients with
LN showed a trend toward lower CFmtDNA compared to non-renal SLE. To explain
this difference between mtDNA and nuclear DNA, the authors suggest that SLE patients
were undergoing more vital NETosis than lytic NETosis, the former releasing a higher
amount of nuclear DNA than mtDNA into the circulation. Furthermore, it is important to
note that during NETosis, mitochondrial DNA becomes entrapped in the NET and is not
freely found in the plasma [62]. The observation of lower CFmtDNA in LN is interesting,
considering the pivotal role NETosis plays in this pathology [63–65]. Others have found
a positive association between the total-mtDNA-to-CFmtDNA ratio and renal damage in
SLE (eGFR < 60 mL/min). In this study, a lower CFmtDNA copy number was associated
with proteinuria. The cell-free DNA profile failed, however, to discriminate patients with
proliferative LN (Class III A and Class IV A) [66]. Another study conducted by Hui-Tin
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and colleagues delves into the “qualitative” dimension of mtDNA in SLE [67]. Their focus
centers on the heteroplasmy of the D310 region, specifically examining variations in the
number of cysteine and thymidine (D310 polymorphism) in the mtDNA of leukocytes. This
particular mutation is the most prevalent, and its presence in this region raises suspicions
of potential interference with the replication of mitochondrial DNA [68,69]. Their findings
revealed that SLE patients exhibited a higher degree of D310 heteroplasmy compared to a
control group. Moreover, there was a noticeable trend towards increased heteroplasmy with
the progression of disease activity in the SLE group, as measured by the SLEDAl, and this
corresponded to lower mtDNA copy numbers and a reduced expression of mitochondrial
RNA genes. Moreover, patients with renal involvement demonstrated an even greater
degree of D310 heteroplasmy [67].

In another study, Wang et al. demonstrated the presence of antibodies against mtDNA
in 41% of patients within their cohort. Furthermore, these antibodies exhibited higher
positivity in patients classified under Class III or IV A compared to Class III or IV C,
although it is crucial to note the limited number of patients within Class III or IV C
(N = 3) [60].

Collectively, these studies underscore the potential of mtDNA as a marker in SLE,
particularly in the context of LN, offering promise for diagnostic applications. However, a
cautious approach is warranted in interpreting these findings due to the existing hetero-
geneity in mtDNA quantification methods. Presently, these results lack validation in large
cohorts and lack a robust direct comparison with the histology of renal biopsies from SLE
patients, underscoring the necessity for circumspection when drawing definitive conclu-
sions and assessing clinical utility. Furthermore, considering the intricate interplay between
mitochondrial damage and interferon production, a comparison with classic interferon
markers, such as the “interferon gene signature”, could provide valuable insights for a
comprehensive assessment.

5. Mitochondria as Therapeutic Targets in SLE

Given the close relationship between mitochondria and interferon production in
SLE, mitochondria stand out as a potential new target for therapy. Remarkably, there are
currently affordable and readily available drugs that specifically target mitochondrial dys-
function, such as metformin or mTOR inhibitors. These drugs hold promise in modulating
mitochondrial function and could potentially offer therapeutic benefits in managing SLE
by targeting this critical cellular pathway.

Indeed, Lai et al. conducted a study on patients experiencing persistent lupus activity,
examining the effects of sirolimus. The rationale behind this investigation was the known
impact of mTOR inhibitors, such as sirolimus, on mitophagy. This effect is believed to occur
due to their interaction with HRES-1/Rab4 expression [14]. In Lai’s study, it was found
that 55% of patients treated with sirolimus experienced a reduction in SLEDAI and BILAG
scores during the study period. However, it is crucial to note that over 25% of patients
were excluded from the final analysis due to intolerance and non-compliance, potentially
introducing bias into the results. Furthermore, the exclusion of patients with proteinuria
raises questions about the potential role of sirolimus in LN since mTOR inhibitors have
been associated with inducing proteinuria and focal segmental glomerulosclerosis. This
limitation suggests a restricted scope regarding its application in LN management [70].
However, Wang et al. recently studied the efficacity of UMI-77, a molecule that restores
mitophagy, in LN [71]. UMI-77 potentiates mitophagy by blocking the interaction between
MCL-1 and Bax/Bak pathways, allowing MCL-1 to interact with LC3 and induce mitophagy.
In their study on lupus-prone mice, the authors demonstrated that the kidneys of lupus
mice treated with UMI-77 exhibited less glomerular inflammation, a reduced infiltration of
inflammatory cells, fewer crescent formations, less fibrosis, and fewer immune complex
deposits compared to the control. Interestingly, the effect of UMI-77 was not directly
on the mitochondria of podocytes or tubular cells but rather on plasmacytoid dendritic
cells, restoring their mitochondrial homeostasis and thereby contributing to reducing T
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cell infiltration in the kidney. Their study not only provides proof of concept for the
role of mitophagy in LN but also serves as a salient milestone that will pave the way for
further research on mitophagy as a therapeutic target of SLE [71]. In animal model studies,
drugs known to enhance mitochondrial metabolism, such as idebenone (an analogue of
coenzyme Q10) or mitoQ, have demonstrated improvements in renal histology [51,72].
These improvements were evident in reduced fibrosis, diminishing immune deposits on
glomeruli. In vivo, those molecules also diminish NET formation and markers of IFN.
However, most studies focusing on targeting mitochondria in LN remain in the preliminary
stages, suggesting a long and extensive journey before their translation into clinical utility.
A summary of the mitochondrial-targeting drugs in development for SLE is provided in
Table 2.

Table 2. Current mitochondrial-targeting drugs assessed in systematic lupus erythematosus.

Drug Mechanism of Action on Mitochondria Efficacy in SLE

Metformin
Inhibits the mitochondrial enzyme
complex: mitochondrial
glycerophosphate dehydrogenase

Increased renal function and reduced glomerular inflammation
in a murine lupus model.
No effect on lupus flare in a small, randomized control study.

Sirolimus Restoration of mitophagy by interaction
with HRES-1/Rab4 expression

Decrease in BILAG and in total dose of corticoid in patients
with persistent SLE activity in a single-arm trial.

MitoQ Mitochondrial antioxidant Reduced NET formation, serum IFN-I, reduced immune
complex deposit in kidneys in a murine model.

Idebenone Analogue of coenzyme Q10 Decreased glomerular inflammation and fibrosis and decreased
NET formation in murine model.

UMI-77 Inducer of mitophagy by interacting with
the BAK/BAX pathway

Reduced glomerular inflammation, notably by decreasing T cell
infiltration in the kidney in a murine model of LN.

BILAG: British Isles Lupus Assessment Group. IFN: interferon. LN: lupus nephritis.

6. Conclusions

LN stands as a complex disease, currently hindered by a limited array of new treat-
ments. Its characterization is marked by the absence of non-invasive biomarkers, which are
crucial for diagnosing active disease or assessing treatment response. The emerging role of
mitochondria as a pivotal nexus for various essential mechanisms in the pathophysiology
of LN represents an area yet to be fully explored and understood. Research in this do-
main holds the promise of eventually paving the way for more personalized and precisely
tailored therapies in LN.
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Abstract: The pathogenesis of systemic lupus erythematosus (SLE) is linked to the differential
roles of toll-like receptors (TLRs), particularly TLR7, TLR8, and TLR9. TLR7 overexpression or
gene duplication, as seen with the Y-linked autoimmune accelerator (Yaa) locus or TLR7 agonist
imiquimod, correlates with increased SLE severity, and specific TLR7 polymorphisms and gain-
of-function variants are associated with enhanced SLE susceptibility and severity. In addition,
the X-chromosome location of TLR7 and its escape from X-chromosome inactivation provide a
genetic basis for female predominance in SLE. The absence of TLR8 and TLR9 have been shown
to exacerbate the detrimental effects of TLR7, leading to upregulated TLR7 activity and increased
disease severity in mouse models of SLE. The regulatory functions of TLR8 and TLR9 have been
proposed to involve competition for the endosomal trafficking chaperone UNC93B1. However,
recent evidence implies more direct, regulatory functions of TLR9 on TLR7 activity. The association
between age-associated B cells (ABCs) and autoantibody production positions these cells as potential
targets for treatment in SLE, but the lack of specific markers necessitates further research for precise
therapeutic intervention. Therapeutically, targeting TLRs is a promising strategy for SLE treatment,
with drugs like hydroxychloroquine already in clinical use.

Keywords: systemic lupus erythematosus; toll-like receptor; mouse models

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune systemic disease that affects
various organs in the body. The disease is complex with heterogenous manifestations, and
both genetic and environmental factors such as ultraviolet radiation, viral infections, and
exposure to certain chemicals have been implicated in disease etiology. Characteristic of this
disease are autoantibodies against DNA and an increased production of type I interferons
(IFNs). The innate immune system is the first responder to infections and damage and
is responsible for the interferon response. Most cells can produce type I IFNs. However,
plasmacytoid dendritic cells (pDCs) are the most potent producers of these cytokines.
In contrast, antibody production involves the adaptive immune response. Cells such as
dendritic cells (DCs), T cells, and B cells are the main players in this response.

Several anti-nuclear autoantibodies (ANAs), such as anti-double-stranded DNA
(dsDNA), anti-nucleosome (nuc), anti-Sm, anti-small nuclear riboprotein (snRNP), anti-
Sjogrens syndrome antigen A (SSA/Ro), anti-Sjogrens syndrome antigen B (SSB/La), anti-
phospholipid (PL), and anti-C1q antibodies have been implicated in SLE, but anti-dsDNA
and anti-Sm are the only antibodies that are considered specific for SLE [1]. Immunoglobu-
lin isotypes such as IgA, IgM, IgG, IgG1, igG2, IgG3, and IgG4 have all been observed in
SLE, but only the IgG isotype is used in the classification criteria for diagnosis (reviewed
in [1,2]).
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Autoantibodies cause inflammation and may form immune complexes that can be
deposited in organs and cause local inflammation and organ damage. In SLE, the kidneys
are often affected, and patients may develop lupus nephritis (LN), which is a serious com-
plication that can lead to kidney failure [3]. The predominance of nucleic acid-associated
autoantigens in SLE is noteworthy and is probably due to the ability of these antigens to
also bind to members of the toll-like receptor (TLR) family of pattern recognition recep-
tors. Other nucleic acid sensors such as cytosolic dsRNA sensors, including melanoma
differentiation-associated protein 5 (MDA5) and retinoic acid-inducible gene I (RIG-1), and
DNA sensors such as cyclic GMP-AMP synthase (cGAS), interferon-gamma inducible 16
(IFI16), absent in melanoma 2 (AIM2), and DNA-dependent activator of IRFs (DAI) may
also be involved in SLE.

TLRs are involved in shaping the immune response by recognizing pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Several
TLRs have been identified, including TLR1-TLR10 in humans, and TLR1-TLR13 in mice.
However, the Tlr10 gene is not functional in mice [4]. TLR1–TLR2, TLR2–TLR6, and possi-
bly TLR2–TLR10 form heterodimers [5]. The TLRs can be divided by their localization in
the cell, either on the cell surface or in endosomes, and by which ligand they bind (Figure 1).

Figure 1. TLR signaling and expression in immune cells. TLRs are a class of proteins that are involved
in immune responses upon recognizing molecules such as pathogen-associated molecular patterns
(PAMPs), lipopolysaccharide (LPS), profilin, flagellin, ssDNA, dsDNA, ssRNA, and dsRNA. TLR1-
TLR13 is found in mice, and TLR1-TLR10 is found in humans. The signaling pathways downstream
of TLR activation are complex but can be roughly divided into MyD88-dependent and TIR domain-
containing adapter-inducing IFN-β (TRIF)-dependent pathways. The myeloid differentiation factor
88 (MyD88)-dependent pathway is utilized by all TLRs except TLR3, while TLR4 can activate both
pathways. Nuclear factor-kB (NFkB) comprises a family of transcription factors regulating genes
involved in immune and inflammatory responses. Interferon regulatory factors (IRFs) regulate the
transcription of interferons (IFNs), primarily type I IFNs. In the figure, the size of the TLR7-TLR9
letters in the different immune cells indicate their expression levels in these cells. Created with
BioRender.com. DC, dendritic cell; pDC, plasmacytoid dendritic cell; NK, natural killer cell; ss,
single-stranded; ds, double-stranded; IFN, interferon.
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Due to their diversity, TLRs can bind to diverse ligands, making them important
sensors of environmental stimuli such as bacterial and viral infections. In addition, other
cellular pathways may interact with the TLR pathways in an autoimmune setting. For
example, both MDA5 and cGAS were upregulated in in vitro maturated splenic B cells
from a TLR7 agonist-induced lupus model, while the MDA5 pathway was also activated
without additional stimulation with CD40L [6].

Upon ligand binding, TLRs undergo conformational changes leading to the recruit-
ment of adaptor proteins such as myeloid differentiation factor 88 (MyD88) and TIR
domain-containing adapter-inducing IFN-β (TRIF). This recruitment initiates downstream
signaling cascades, ultimately resulting in the activation of transcription factors like nuclear
factor-kB (NFkB) and interferon regulatory factors (IRFs). These transcription factors in-
duce the expression of inflammatory chemokines, cytokines, type I interferons (IFNs), and
antimicrobial peptides [5]. Due to their role in sensing and regulating immune reactions,
TLRs can have various implications in autoimmunity and SLE.

In this review, we focus on TLRs’ role in human SLE and SLE mouse models, and their
possible involvement in tolerance breakage. TLRs are expressed by different immune cells
involved both in the innate and adaptive immune system, as well as platelets and epithelial
cells. TLRs are well-known for their central role in autoimmunity and SLE.

2. Animal Mouse Models of SLE and LN and the Involvement of TLRs

Existing spontaneous mouse models of SLE and LN have been extensively reviewed
during the past 10 years [7–12]. In addition, several genetically modified mice or other
models with a lupus-like disease have been studied to determine the mechanism of SLE and
LN in mice [7]. The genetically modified mouse models include knockout (KO), knock-in
(KI), knock-down (KD), and transgenic (tg) mouse models.

2.1. Spontaneous Mouse Models of SLE and LN

The most common spontaneous mouse models used in research on the development
of SLE and LN include the strains (NZBxNZW)F1 (NZBW), MRL/MpJ-Faslpr (MRL/lpr),
BXSB/Yaa, and several congenic strains [13,14]. The MRL/lpr model contains a sponta-
neous lymphoproliferation (lpr) mutation caused by an alteration in the Fas gene causing
a defect in FAS signaling and reduced cell death leading to lymphadenopathy. Several
genetic modifications of this lupus model have been used to study the impact of TLRs on
the development of autoimmune disease and are discussed later. The NZBW model, a hy-
brid of a New Zealand black (NZB) and a New Zealand white (NZW) mouse, developed a
kidney disease resembling human LN with the development of glomerulonephritis [13,14].
Both NZB and NZW mice carry genes and develop an immunological phenotype with
increased autoantibody production. However, it is only the hybrid that developed protein-
uria. Several other recombinant inbred strains with an NZB or NZW background, called
New Zealand mixed (NZM), have been developed to study the genetic background of
murine lupus [15]. In addition, the crossing of NZB mice with several clinically normal
mouse strains like SWR (SNF1 model) or SJL (NSF1 model), and the crossing of NZW
with BXSB (WBF1 model), led to development of a clinical disease similar or milder to the
NZBW model (reviewed in [11]). Common for most of the models is the production of
autoantibodies to dsDNA and active proliferative nephritis, with a few exemptions like
mild proliferative nephritis in SNF1 and WBF1 mice.

Other spontaneous mouse models include BXSB, BXD2, and (SWRxSJL)F1 mice that
develop anti-dsDNA antibodies and Sm/U1snRNP antibodies. The (SWRxSJL)F1 mice may
develop proteinuria at 20 weeks old with increased levels of IgG and IgA [16]. The BXSB
and BXD2 models are recombinant inbreds derived from a mix of SB/Le and DBA/2J males
with C57BL/6 (B6) females, respectively [17]. However, the BXSB model is unique as it
mainly affects the males because of the presence of the Y-chromosome-linked autoimmune
accelerator (Yaa). Mice with the Yaa locus have a duplication of the Tlr7 gene. The Yaa is
also important for the autoimmune phenotype in the Fc gamma receptor 2B (FcgrIIB)−/−Yaa
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mice [18]. The mice develop a more severe disease than FcgrIIB−/− without the Yaa, but with
less ANA production [18]. In addition, FcgrIIb−/− mice on a B6 background develop sponta-
neous and fatal glomerulonephritis [19]. The 564Igi strain (B6.129S4(Cg)-Igktm1(Igk564)Tik
Ightm1(Igh564)Tik/J)) mice have heavy and light chain genes encoding the 564 immunoglob-
ulin (derived from an autoimmune SWRxNZB hybridoma) targeted to the heavy and light
chain loci of C57BL/6 mice [20]. These mice produce anti-RNA antibodies.

2.2. Other Genetic Mice Models Mimicking the Pathogenesis of SLE and LN

The development of Tlr7 tg mice confirmed that the Yaa gene is essential for develop-
ing an autoimmune phenotype in some spontaneous models of lupus [21]. The protein
tyrosine phosphatase nonreceptor 22 (PTPN22) gene encodes the lymphoid tyrosine phos-
phatase (LYP) in humans, and the PEST domain-enriched tyrosine phosphatase (PEP) is the
homologue in mice. The LYP protein is important in regulating the function of adaptive
immunity cells, and polymorphism in this gene is associated with several autoimmune
diseases including SLE [22]. PTPN22 expression in myeloid cells is important for regulation
of multiple pattern recognition receptors [23]. Mouse models of Pep KO, Pep KI, Pep KD, or
Pep tg mice show varying degrees of autoimmunity, and this is based on the selected strain
used (reviewed in [24]).

DNase1l3 deficiency has been shown in both MRL/lpr and NZBW mice, as both
strains are homozygous for a missense of this enzyme in the macrophages [25]. In a recent
study of conditional knockout of Dnase1l3 in macrophages, autoantibody production and
mild kidney affection were observed [26]. Systemic KO models of Dnase1l3 on either B6
or 129SvEv backgrounds induce ANAs, specifically anti-dsDNA antibodies in addition
to anti-chromatin antibodies [27,28]. A double KO of Dnase1l3- and FcgrIIb-deficient mice
showed early production of anti-dsDNA antibodies [28], while Siglecg−/− x Dnase1l3−/−

double KO mice, but not Siglecg−/− x Dnase1−/− KO mice, produced autoantibodies only
later in life [29]. However, Dnase1−/− mice produced ANAs, had glomerular immune
complex deposits, and developed glomerulonephritis, demonstrating the importance of
chromatin degradation to maintain tolerance against nuclear antigens [30,31].

LYN is an Src kinase associated with SLE. Lyn−/− mice showed increased levels
of IgG and immune complex deposition and developed glomerulonephritis [32]. Other
SLE symptoms included anemia, leukopenia, and thrombocytopenia. LYN is an inhibitor
of IRF5 and thereby regulates signaling through TLRs [33]. Mice with a B-cell-specific
deletion of CR6-interacting factor 1 (CRIF1), a nuclear transcriptional regulator and a
mitochondrial inner membrane protein, had a lupus-like phenotype with anti-dsDNA
antibody production and development of LN [34]. Depletion of CRIF1 has been shown
to enhance activation trough TLR7 and TLR9 [35]. Deficiency in B-lymphocyte-induced
maturation protein (BLIMP)-1 in dendritic cells (DCs) (Prdm1) led to a lupus-like phenotype
with increased subsets of T follicular helper (Tfh) cells and plasma cells [36–38]. Another
study showed that Blimp-1 directly suppressed interleukin-1 receptor-associated kinase 3
(Irak3) [39]. In a recent KI tg model, the gene ERN1 encoding inositol-requiring enzyme 1α
(IRE1α) carrying a heterozygous mutation led to a defect in IRE1α ribonuclease activity on
X-box binding protein 1 (XBP1) splicing; the mice developed a broad panel of autoantibodies
including antibodies against chromatin, Scl-100, or Sm/RNP [40].

Transcription factor E2F2-deficient mice with a mixed 129/sv x B6 background showed dif-
fuse late onset SLE with systemic inflammatory infiltrates in the lung and liver, splenomegaly,
immune complex deposition, and varying anti-dsDNA antibody titers [41]. However, back-
crossing the original E2f2−/− mice into a pure B6 background eliminated the autoimmunity.
Introducing an overexpression of the anti-apoptotic Bcl-2 protein in the B cells of these mice
induced increased anti-DNA antibodies and development of mild glomerulonephritis [42].
Another study showed that E2F2 directly regulated the expression of MyD88, the adaptor of
most of the TLRs, by binding to its promoter [43]. Phospholipase D family member 4 (PLD4)
mutant mice (BALB/c Pld4 thss/thss) developed anti-dsDNA and ANAs [44,45]. PLD4 is a
5′ exonuclease important for the degradation of single-stranded (ss) DNA in the endolyso-
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somes, regulating ssDNA signaling through TLRs [46]. A gain-of-function mutation of another
phospholipase Cγ2 (PLCγ2) in mice leads to an autoimmune phenotype [47].

Wiskott–Aldrich Syndrome (WAS) is a rare disease that is caused by WAS protein
(WASP) deficiency and is characterized by diverse immune aberrations, including the
production of autoantibodies. A mouse model has been developed where B cells, but not
any other hematopoietic lineages, fail to express WASP [48]. This model has been termed
BWAS−/−, and the mice develop high titers of anti-DNA and anti-RNA antibodies [49]. The
mechanism behind development of autoimmunity in this model has been related to the
hyperresponsiveness of WAS−/− B cells to both BCR and TLR signals.

Taken together, there are several different genes that are either directly or indirectly
linked to TLR signaling and are thus important for immune homeostasis. Figure 2 summa-
rizes some of the most central genes and gene products linked to TLR signaling that may
cause a lupus-like phenotype if mutated or knocked out.

Figure 2. Overview of single-gene knockout (KO), knock-in (KI), or mutations in mice causing a
lupus-like phenotype by influencing toll-like receptor (TLR) signaling and gene expression. Normal
signaling pathways are shown with single-gene KO or mutations marked in red. Tlr7 duplications
in both spontaneous lupus models carrying the Yaa gene and in TLR7 transgenic mice induce
spontaneous autoimmunity. Dnase1l3 and Dnase1 KO mice have reduced clearance of circulating
chromatin, thus increasing the antigens for TLRs. PLD4 mutant mice have increased signaling
through TLRs due to reduced degradation of ssDNA in endosomes. CRIF1 deficiency influences
CDK2-induced DNA repair, NRF2 binding, and formation of the ETC complex [50]. BLIMP1 normally
controls the binding of IRF1, 2, and 4 and increases IL-10 expression. It also suppresses the expression
of IRAK3 an inhibitor of IRF7 signaling [51]. PTPN22 inhibits various signaling pathways but
acts as a selective promoter of type I interferon by promoting autoubiquitination of TRAF3 and
phosphorylation of IRF3 and IRF7 [23]. LYN phosphorylates ITAM and PLCγ2 and inhibits IRF5
activation [52]. PLCγ2 activation via tyrosine kinases like LYN leads to increased Ca2+ signaling and
a gain-of-function mutation, which was shown to cause hyperreactive external calcium entry [53].
WASP affects many parts of the BCR signaling pathways [54] and B-cell-specific WAS deficient mice
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develop autoantibodies against both DNA and RNA [48]. IRE1α is an ER membrane protein important
for transducing signals of misfolded protein accumulation in ER to the nucleus by splicing X-
box binding 1 (XBP1) mRNA and leading to the production of stable transcription factor XBP1
(XBP1s) [55]. XBP1s targets various genes involved in multiple cellular functions [56]. Created
with BioRender.com. KI, knock-in; KO, knockout; PLD4, phospholipase D family member 4; UPR,
unfolded protein response; ssDNA, single-stranded DNA; ETC, electron transport chain; BCR, B-cell
receptor; WAS, Wiskott–Aldrich syndrome; ER, endoplasmatic reticulum; IRF, interferon regulatory
factors; CRIF, CR6-interacting factor 1; IRAK, interleukin-1 receptor-associated kinase; PTPN, protein
tyrosine phosphatase nonreceptor 22; XBP1, X-box binding 1; PLCγ2, phospholipase Cγ2; BLIMP,
B-lymphocyte-induced maturation protein.

2.3. Inducible SLE Mouse Models

Pristane (2,6,10,14 tetramethylpentadecane) has been used since the 1980s as an in-
ducible model of LN in various healthy mice strains like BALB/c, SJL/J, and C57BL/6, as
it results in immune complex-mediated glomerulonephritis (reviewed in [57]). It is also a
good model for SLE in general since the mice may develop erosive arthritis, skin rash and,
in more severe cases, pulmonary vasculitis and haemorrhage [58]. However, the choice of
strain used is important as they show huge differences in their autoantibody profiles [59].
In addition, pristane may induce ANAs, anti-dsDNA, and anti-SnRNP antibodies and
show an overproduction of type I IFN, which makes it very suitable as a model for SLE
since high amounts of type I IFN are observed in 50% of SLE patients [60]. The model
relies on the expression of TLR7 [61] and has been used to determine the role of other TLRs
like TLR2 [62], TLR4 [63], and TLR9 [63,64], in addition to induction factors like BAFF [65]
and tonicity-responsive enhancer-binding protein (TonEBP) [66] and signaling molecules
and sensors like IRF7 [67], cGAS-STING pathway [68], and IRAK4 [69] in murine lupus.
Pristane has also been used to accelerate the disease in NZBW and the SNF1 model [70,71].
Using pristane treatment in normal B6 and B6/lpr and B6/gld mice demonstrated the
contribution of defects in the Fas or Fas ligand [72].

A newer inducible lupus model involved topical treatment with resiquimod or im-
iquimod creams containing TLR-7/8 or TLR7 ligand/agonist in wild-type (WT) mice. When
applied three times a week for 4-8 weeks, it induced anti-dsDNA antibodies, glomeru-
lonephritis, hepatitis, carditis, and photosensitivity in these mice [73]. The application of
imiquimod to the skin is a prerequisite for inducing the disease, as oral administration and
injection of imiquimod do not lead to the same immune cell activation. In graft-versus-host
disease (GVHD) and chronic GVHD (cGVHD), donor lymphocytes are injected into a
semi-allogenic recipient to induce a lupus-like syndrome [74]. Autoantibody-mediated
(lupus-like) cGVHD in mice is caused by alloantibody secretion and deposition, in addition
to B- and T-cell infiltrations in the affected tissues [75]. A recent study showed increased
expression of TLR7 in mice with cGVHD [76]. Garimella et al. (2021) used syngeneic
apoptotic cells to break B-cell tolerance in C57Bl and UNC93B1 mutant mice that lacked
signaling through TLR3, TLR7, and TLR9 [77]. They found reduced responses against
known autoantigens in the mutant mice, showing the importance of endosomal TLR in
tolerance breakage against lupus autoantigens.

2.4. Acceleration of Spontaneous Lupus Models and Humanized Mouse

Some of the spontaneous models develop SLE and LN over a long time (5–12 months)
and the disease manifestations are very heterogenic with some mice never developing
proteinuria, making the models difficult to use in treatment strategies to prevent LN.
To solve this, several different compounds have been used to study the mechanism of
SLE by accelerating different processes in spontaneous mouse models. This has also
included the use of pristane and imiquimod, accelerating the development of proteinuria in
NZBW and MRL/lpr mice [78]. Recently, resiquimod treatment of B6.Sle1.Sle2.Sle3 triple
congenic mice induced an increased leaky gut, and this was shown to be due to TLR7/8
activation [79]. Other compounds normally not inducing SLE in healthy mice include
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poly IC [80], IFNα [81,82], mercury [81,82], respirable crystalline silica dust particles [83],
LPS [83], and CpG [84] and these have also been used for this purpose.

Humanized mouse models of SLE involve transferring PBMC from SLE patients to
immunodeficient mice or transferring human hematopoietic stems cells to immunodeficient
mice with subsequent induction of lupus via intraperitoneal injection of pristane (reviewed
in [85]). Other studies have introduced human genes into mice strains, like human TLR8 in
an SLE1.Yaa strain that induced fatal anemia [86]. In a recent study by Cakan et al. (2023)
to study the role of TLR7 and TLR9 in induction of B-cell tolerance, they used NOD-scid-
common gamma chain (γc) knockout (NSG) immunodeficient mice with CD34+ human
fetal hematopoietic stem cells (HSCs) transduced with GFP-tagged lentivirus expressing
shRNA to inhibit the expression of MYD88, TLR7, and TLR9 [87]. It was shown that
TLR9 is important for maintaining central B-cell tolerance, as both TLR9 and MYD88
silencing resulted in increased polyreactive or ANA-producing B cells. In addition, the
study demonstrated that CXCL4 production sequestered TLR9 ligands away from the late
endosomes and thus inhibited TLR9 function in B cells.

3. TLR Signaling in SLE—An Update on Recent Findings

TLRs may contribute to the chronic activation of the immune system in patients
with SLE or in lupus-prone or -induced mice. High mobility group box 1 (HMGB1) is a
typical DAMP and can be released by apoptotic and necrotic cells. Higher levels of serum
HMGB1 and anti-HMGB1 antibodies correlating with disease activity have been found in
SLE patients [88–91]. HMGB1 can be recognized by TLR2, TLR4, and TLR5 [92,93]. Ma
et al. (2018) identified TLR4+CXCR4+ plasma cells in peripheral blood and kidney tissue,
correlating with anti-dsDNA levels in SLE patients and lupus-prone mice, and showed that
TLR4 blockade in vitro reduced anti-dsDNA IgG secretion from these cells [94]. Also, in
MRL/lpr mice, the expression of TLR4+CXCR4+ plasma cells was significantly increased.
Interestingly, this cell population decreased upon Nrf2 overexpression [95], indicating a
potential role in LN disease progression and revealing this pathway as a possible target
for treatment. An investigation into the expression and interplay of HMGB1 and TLR4 in
patients with neuropsychiatric SLE (NPSLE), found either protein or mRNA expression to
be increased in serum and PBMCs, respectively, but did not observe significant correlation
between HMGB1 and TLR4 expression and NPSLE-related seizures [96]. Several studies
have also investigated the genetic association between TLR2 and TLR4 polymorphisms
and SLE susceptibility [97–99]. However, the results from those studies have not provided
evidence for TLR2 and TLR4 gene polymorphisms and SLE.

TLR5 recognizes bacterial flagellin. A recent study by Alajoleen et al. (2024) using
TLR5-deficient MRL/lpr mice demonstrated a worsening of the disease, possibly due to
an increased germinal center reaction and suppression of regulatory lymphocytes [100].
There have been very few studies on the role of TLR5 in SLE and LN. Both increased and
decreased levels of TLR5 expression have been shown in different organs during murine
lupus disease progression [101]. In addition, several studies on polymorphisms in SLE have
indicated no association with TLR5 polymorphisms even though an increase in TLR5 gene
expression was observed in LN biopsies [98,102,103]. However, Hou et al. (2023) recently
identified a mutation in TLR5 in early-onset pediatric SLE with renal, hematological, and
central nervous system involvement [104]. The new findings indicate that TLR5 influences
important regulatory functions of the immune system, and more studies on its role in
autoimmune diseases are required.

Among the TLRs, TLR3, TLR7, TLR8, TLR9, TLR10, and TLR13 (Figure 1) are specific
for nucleic acids and perhaps most relevant to SLE. TLR3 recognizes dsRNA, while TLR7
and TLR8 recognize ssRNA. TLR9 identifies unmethylated CpG DNA. TLR13 is specific for
rRNA regions, particularly certain 23S rRNA motifs found in bacteria [105,106]. Human
TLR10 has been shown to bind to dsRNA in vitro at acidic pH, suggesting it has an
endosomal location [107] in addition to having a plasma membrane localization [108].
The exact mechanisms of TLR10 are somewhat unclear and it is suspected to have both pro-
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and anti-inflammatory properties (reviewed in [108]). Interestingly, in relation to SLE, Lee
et al. (2018) showed that the binding of TLR10 to dsRNA activated the MyD88 signaling
pathway and suppression of IRF7-dependent type I IFN expression as well as inhibition
of TLR3 signaling through sequestering dsRNA from this receptor [107]. Engagement of
TLRs is important in the pathogenesis of SLE, contributing to the production of type I IFNs
and the activation of autoreactive B cells (reviewed in [109]).

Platelets also express TLRs. In SLE, platelets are activated, and their abnormal expres-
sion in blood can mirror disease activity. Platelets express FcγRs and TLRs TLR1-TLR4,
TLR7, and TLR9 [110], indicating that different PAMPs, DAMPs, immune complexes, and
nucleic acids can activate platelets (reviewed in [110–113]). When activated, platelets ex-
press CD40L and P-selectin on the cell surface, contributing to interaction with immune
cells [113]. In addition, activated platelets release extracellular vesicles, leading to con-
stituents such as HMGB1 and P-selectin being accessible to other cells not normally in
contact with these components [110–113]. Activated platelets and extracellular vesicles
can stimulate neutrophils to undergo neutrophil extracellular trap (NET)osis, pDCs to pro-
duce IFNα, B cells to produce autoantibodies, regulatory T cells to downregulate FOXP3,
and maturation of monocytes to APCs [111], all factors that can contribute to disease
progression in SLE. A recent study by Baroni Pietto et al. (2024) showed that platelets
could contribute to inflammation in SLE patients [114], and similar findings are reviewed
in [111]. Interestingly, Tay et al. (2024) found TLR7 expression in platelets to be important
for platelet–low-density neutrophil (LDN) complexes. LDNs are a subset of neutrophils
associated with SLE, while platelet-neutrophil complexes have been observed after platelet
activation and are formed during inflammation.

The nucleic acid-sensing TLRs TLR7, TLR8, and TLR9 (Figure 1) have been well
studied in relation to SLE. All three are located intracellularly in endosomes, but their
expression varies between different subsets of immune cells, which in turn affects how they
are implicated in SLE. T cells and natural killer cells express low amounts of all of them,
while B cells and pDCs express both TLR7 and TLR9 [115]. Monocytes express low levels
of TLR7 and TLR9, but instead express TLR8, which is absent in B cells and pDCs. DCs and
macrophages express TLR7, TLR8, and TLR9 [116,117]. TLR7 and TLR9 have homologous
ligands and functions in mice and humans, whereas TLR8 is not bound by ssRNA in mice
and its murine ligand is yet to be identified [118]. For a while, it was thought that TLR8
may not be functional in mice. For this reason, many of the studies on TLR function in SLE
have focused on TLR7 and TLR9. Still, it has been demonstrated that murine TLR8 could
have regulatory functions that may be independent of ligand binding [116].

2.5. TLR Driven Autoantibody Production and Tolerance Breakage

In addition to stimulating a general inflammatory response by causing the produc-
tion of inflammatory cytokines, TLRs can also be directly involved in the production of
autoantibodies. An accepted description of how this may occur is through a specific form
of T-independent B-cell activation where self-DNA or self-RNA binds to the BCR of a naïve
B cell that expresses a BCR specific to DNA or RNA (Figure 3) [119,120]. This leads to
internalization of the BCR-DNA/RNA complex in the endosome, which may fuse with
another endosome containing TLRs. In this way, the internalized DNA or RNA may also
bind to and activate TLR9 or TLR7, respectively. It has been demonstrated that this co-
engagement of the BCR and a TLR is enough to activate B cells without help from T cells,
in turn leading to the maturation of plasma cells producing antibodies that bind to DNA
or RNA [121–125]. Likewise, proteins bound to DNA or RNA may also be internalized
via binding to a BCR that is specific for that protein and bring with them DNA or RNA
into an endosome, activating TLRs and causing the maturation of plasma cells producing
autoantibodies like anti-Sm, anti-RNP, and anti-nucleosome. Normally, T-independent
B-cell activation results only in the production of IgM antibodies. However, CpG binding
to TLR9 on B cells can also activate antibody class switching to the Th1-like isotypes IgG2a,
IgG2b, and IgG3, which are commonly seen in SLE [126,127]. One study even found that
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class switching of anti-DNA antibodies to IgG2a and IgG2b isotypes was impaired in
TLR9-deficient mice [128]. Several studies have demonstrated the concept of TLR-BCR
co-engagement, for instance by immunizing mice with protein antigens linked to CpG
DNA, chromatin-containing immune complexes, or RNA-containing immune complexes,
with subsequently enhanced production of antigen-specific antibodies [122,125,129]. They
also confirmed the involvement of TLR9 or MyD88 in these results by knocking out or
inhibiting them. This was recently confirmed by Cakan et al. (2023), as described above [87].
Furthermore, a recent study on the same concept investigating TLR4 and TLR5 also demon-
strated that B-cell activation mediated by TLR-BCR co-engagement is T-cell independent,
through performing similar studies using a mouse model which was devoid of T cells [130].

Figure 3. TLR-driven autoantibody production. Recognition of extracellular nucleic acids or proteins
bound to nucleic acids by naïve B cells via the B-cell receptor (BCR) causes internalization of the BCR–
antigen complex, which ends up in an endosome. Endosomal toll-like receptors (TLRs) like TLR7
and TLR9 may then also encounter the internalized nucleic acid-containing antigens. Co-engagement
of BCR and TLR via antigens can lead to activation of the B cell and induce isotype switching to IgG.
Consequently, a large number of autoantibody secreting plasma cells can be generated. Created with
BioRender.com. RBP, RNA-binding protein.

Upon the initial discovery of TLR9, it was stated that TLR9 was able to discriminate
between bacterial DNA and self-DNA because its ligand, unmethylated CpG DNA, is quite
scarce in mammalians. However, unmethylated CpG DNA does exist in mammalian DNA
as well, and several studies have demonstrated a dependence on TLR9 signaling to produce
anti-DNA antibodies associated with SLE [49,124,131]. A more accepted notion today is
that the intracellular location of the nucleic acid-sensing TLRs is the main mechanism
of discriminating self from non-self. Indeed, since B cells generally do not endocytose
extracellular material unless the BCR is bound, host-derived DNA or RNA, for instance
originating from dead cells, would not normally come into contact with TLR9 or TLR7 in
B cells and therefore would not activate them. In contrast, B cells carrying a nucleic acid-
binding BCR naturally endocytose nucleic acids, possibly breaking self-tolerance in these
cells [131]. Moreover, engagement of TLR9 can protect B cells from spontaneous or BCR-
mediated apoptosis, contributing to tolerance breakage [132–134]. Further supporting the
notion that TLR-BCR dual engagement is a key mechanism for the maturation of plasma
cells producing nucleic acid-specific antibodies is the fact that global or B-cell-specific
deletion of MyD88 in lupus-prone mice has been shown to suppress the production of all
antinuclear antibodies [125,135–137]. More specifically, several studies have demonstrated
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that the specific deletion of TLR7 or TLR9, either globally or in B cells only, abrogated
production of anti-RNA and anti-DNA antibodies, respectively [49,117,124,131,135,138].

2.6. Diverse Effects of Different TLRs on SLE Pathogenesis—TLR7 As the Main Driver of Disease

Despite the direct influence of both TLR7 and TLR9 on autoantibody production, as
well as the fact that TLR7, TLR8, and TLR9 all activate the same signaling pathways, their
roles in the pathogenesis of SLE are not equivalent. Numerous studies have implicated
TLR7 as the main driver of SLE disease, while both TLR8 and TLR9 have been shown
to have more regulatory roles where they contribute to dampening TLR7 signaling and
thereby prevent autoimmunity [116,124,139]. This is demonstrated by the fact that knock-
ing out either Tlr8 or Tlr9 in healthy C57BL/6 mice induced SLE-like autoimmune disease,
while additional knockout of Tlr7 eliminated disease symptoms, indicating that the disease
development was dependent on TLR7 [116,140]. Single knockout of Tlr7 in lupus-prone
mice also ameliorated disease [124]. Moreover, gene duplication of Tlr7, as seen in mice
bearing the Y-linked autoimmune accelerator (Yaa) locus, contributed to accelerating au-
toimmune disease. In addition, topical treatment of mice with the TLR7 agonist imiquimod
also induced SLE-like disease [73].

Strong evidence supports the disease-promoting role of TLR7 in humans as well. The
Tlr7 gene is located on the X chromosome and the risk of developing SLE correlates with the
number of X chromosomes an individual carries, demonstrated by the female predominance
and increased incidence in men with Klinefelter syndrome (47, XXY) [141]. X-chromosome
inactivation normally contributes to the silencing of one arbitrary X chromosome, but not
all genes are affected, and it has been shown that Tlr7 escapes X-chromosome inactivation
in B cells, monocytes, and pDCs in both women and Klinefelter syndrome men [142].
Recently, it was demonstrated that the gene encoding TLR8, which is closely located to
Tlr7, also escapes X-chromosome inactivation in immune cells in women and Klinefelter
syndrome men [143]. Increased expression of TLR7, independent of gene copy number,
has also been associated with more severe SLE disease in humans [144]. A specific Tlr7
polymorphism (rs3853839-G) has been demonstrated to cause increased expression of TLR7
and is associated with SLE in humans [145–147]. Recently, a never-before-seen Tlr7 gain-of-
function gene variant (Tlr7Y264H) was identified in a young girl suffering from SLE [148].
This variant of TLR7 was shown to have increased affinity to guanosine present in RNA
and enhanced NF-κB activation. When introduced into C57BL/6 mice, the Tlr7Y264H gene
induced an SLE-like disease.

2.7. Regulatory Functions of TLR8 and TLR9

As previously mentioned, global knockout of Tlr9 induces or worsens lupus-like
disease in several mouse models. This concept has been demonstrated in a number of
different mouse models, including MRL/lpr, MRL/+, B6-lpr/lpr, B6.Nba2, FcγRIIB−/−,
Plcg2Ali5/+, and pristane-treated BALB/c [64,124,149–153]. Similar to TLR9, TLR8 has also
been implicated to have regulatory functions on TLR7 [116]. Thus, C57BL/6 mice who are
deficient in both Tlr8 and Tlr9 suffered from more pronounced disease compared with mice
lacking only one of these genes [140]. However, the same study demonstrated that TLR8
and TLR9 exerted their regulatory effects in different cell types. TLR8 seemed to mainly act
in DCs, whereas TLR9 mainly exerted its regulatory functions in B cells [140].

An extensive amount of work has been conducted to study the relationship between
TLR7 and TLR9 in B cells. It has been demonstrated that B-cell-specific knockout of
Tlr7 is enough to ameliorate disease in lupus-prone mice, while B-cell-specific knockout
of Tlr9 exacerbates disease [49,117]. One study showed that absence of TLR9 in B cells
caused exacerbated nephritis, while overexpression of TLR9 in B cells caused reduction of
both nephritis and proteinuria [117]. The latter was demonstrated in both MRL/lpr and
FcγRIIB−/−.Yaa mice [117]. In contrast, deletion of TLR9 in cDCs, pDCs, macrophages, or
neutrophils had no effect on SLE disease parameters, further supporting the notion that it
is the B-cell-intrinsic TLR9 which is protective in SLE. In line with this, deletion of TLR7 in
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CD11c+ cell populations mainly comprising DCs had no impact on SLE disease parameters
in MRL/lpr mice [154]. However, B-cell-specific deletion of TLR7 did ameliorate disease,
especially in TLR9-deficient mice.

Since exacerbation of SLE disease in Tlr9−/− mice depends on TLR7, it has been
hypothesized that TLR9, either directly or indirectly, negatively regulates TLR7 activity.
In that case, deletion of TLR9 would increase TLR7 activity and, in turn, cause worsened
disease. In line with this, several studies have demonstrated higher expression of TLR7 and
increased response to TLR7 ligands in Tlr9 knockout models [140,151,155]. For instance,
B cells from Tlr9−/− and Tlr8−/−Tlr9−/− C57BL/6 mice responded more strongly to
the TLR7 ligand R848 than B cells from WT or Tlr8−/− mice [140]. B cells from Tlr9−/−

B6.Nba2.Yaa mice also responded more strongly to imiquimod and expressed higher levels
of TLR7 than B cells from Tlr9+/+ mice [151].

One popular hypothesis explaining how TLR9 may indirectly regulate TLR7 activity
suggests that deletion of TLR9 causes increased trafficking of TLR7 to late endosomes
because TLR7 and TLR9 compete for the same shuttle mechanism [156]. UNC93B1 is
an endoplasmatic reticulum (ER)-resident chaperone that controls trafficking of nucleic
acid-sensing TLRs as well as TLR5, TLR11, and TLR12 from the ER to their respective
locations in endosomes or on the cell surface [157,158]. Upon viral infection or TLR
signaling, nucleic acid-sensing TLRs are transported to endosomes. TLR7 and TLR9
both bind to UNC93B1, which has the strongest affinity for TLR9 [159]. However, a
mutation in UNC93B1 (D34A) causes enhanced affinity for TLR7 and, thus, enhanced
trafficking of TLR7 to endolysosomes, which in turn induces TLR7-dependent systemic
inflammation [156]. Based on these findings, it has been suggested that when TLR9 is
absent, this causes less competition for binding to UNC93B1 and, thus, increased trafficking
of TLR7 to endosomes, which could be the mechanism that drives the worsened disease
seen in Tlr9−/− mice [156]. The same hypothesis has also been proposed for Tlr8−/−

mice, as TLR8 is also shuttled to endosomes by UNC93B1 [140]. However, this theory has
recently been challenged as it was demonstrated that the localization of TLR7 was the
same in WT and Tlr9−/− mice, probably because the mere absence of TLR9 (or TLR8) does
not increase the affinity of UNC93B1 for TLR7 [160]. TLR7 and TLR9 were also largely
located in separate compartments, indicating that they should not compete with each other
for binding to UNC93B1. Interestingly, unlike previously mentioned findings, the current
study did not identify differences in expression and signaling of TLR7 between WT and
Tlr9−/− mice. Instead, it was explored whether TLR9 could regulate TLR7 activity through
other mechanisms. Point-mutated versions of TLR9 that lacked either ligand or MyD88
binding were expressed in MRL/lpr mice [160]. Both mutated versions of TLR9 increased
survival compared with Tlr9−/− mice, suggesting that simply the presence of TLR9, despite
being “dysfunctional”, is protective. Furthermore, the TLR9 version that could bind ligand
but did not signal through MyD88 was the most protective, suggesting that TLR9 has
protective effects that are ligand-dependent but MyD88-independent. This also indicates
that TLR9 signaling through MyD88 does promote disease, as would be expected [156].

Despite TLR8 not being so well studied as TLR9, several studies support the notion
that TLR8 also has regulatory functions on TLR7. For instance, TLR8-deficient C57BL/6
mice showed increased expression of TLR7 in DCs, which was accompanied by increased
responses to TLR7 agonists and increased NF-κB activation [116]. These mice also had
elevated levels of both anti-RNA and anti-DNA antibodies. In contrast, TLR7−/− and
Tlr8−/−Tlr7−/− mice did not produce autoantibodies. The Tlr8−/− mice also had increased
numbers of plasma cells, and Tlr8−/− DC had increased cytokine production compared
with WT DCs. However, there was no difference in cytokine production by macrophages,
supporting the fact that the effect of TLR8 on TLR7 is cell-type-specific. Another study, also
based on C57BL/6, supported the finding that DCs express higher levels of TLR7 when
TLR8 is knocked out [140]. These Tlr8−/− DCs also responded more strongly to the TLR7
ligand R848 compared with DCs from WT mice, and the same pattern was observed for
pDCs. One study found that a high-fat diet exacerbated SLE in Tlr8 knockout mice, an
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effect which was dependent on TLR7 since it was abrogated in Tlr7/8 KO mice [161]. Again,
that study also found that Tlr8 knockout mice expressed higher levels of TLR7 than WT
mice in DCs as well as macrophages. Interestingly, in a human setting, a mutation in TLR8
was recently described and found to cause severe autoimmune disease in the monozygotic
twins who carried it [162]. The mechanism behind the development of autoimmunity was
found to be reduced ability of TLR8 to regulate TLR7 signaling, as well as increased binding
of TLR8 to TLR7 ligands, which increased TLR7 signaling.

2.8. Regulation of TLR Signaling—Endosomal Trafficking and Glycosylation

In addition to TLR8 and TLR9 having regulatory functions affecting TLR7, several
other proteins and signaling pathways can influence the levels of signaling by these TLRs
in a cell (reviewed in [163]). One such protein is the previously mentioned UNC93B1,
which has gained much attention during recent years and can influence TLR signaling
in different ways. As mentioned, UNC93B1 is required for the trafficking of nucleic acid-
sensing TLRs to endosomes. One study found that UNC93B1 must be glycosylated at
a specific asparagine residue in order to recruit MyD88 and signal properly upon TLR9
activation. This glycosylation was not necessary for TLR7 signaling to function [164].
Another study identified a mutation in UNC93B1 (S282A) that abolished signaling in
TLR9, but did not affect other TLRs [165]. The mutation did not alter TLR9 trafficking,
but inhibited binding of TLR9 to its ligand. It was demonstrated that TLR9 needs to be
released from UNC93B1 to be able to signal properly. Recently, Ni et al. (2024) showed
that this release depended on the removal of a palmitoylation, initially added to TLR9
in the Golgi and necessary for its trafficking to endosomes [166]. Conversely, TLR7 does
not need to be released in order to function. Indeed, another study discovered a different
mutation in UNC93B1 (530-PKP/AAA-532) that caused enhanced signaling through TLR7
without affecting TLR7 trafficking [167]. Under normal conditions, the protein syntenin-1
binds to UNC93B1 after stimulation of TLR7 (but not other TLRs) and causes TLR7 to be
taken up into intraluminal vesicles and exosomes, which is likely to dampen continued
TLR7 signaling. K63-linked ubiquitinylation, which normally marks cargo for sorting into
intraluminal vesicles, was markedly reduced in the mutated version of UNC93B1 and
reduced ubiquitinylation correlated with enhanced TLR7 signaling. Phosphorylation of
UNC93B1 at specific sites was required for recruitment of syntenin-1. Mice carrying the
530-PKP/AAA-532 mutation in UNC93B1 developed severe systemic inflammation and
produced ANAs. However, upon knockout of Tlr7, the mice were rescued from disease,
supporting the hypothesis that the mutation specifically affected TLR7 signaling [167].
In humans, a few different mutations in UNC93B1 that cause increased TLR7 signaling
through various mechanisms have been identified in SLE patients and underscore the
importance of a functional UNC93B1 [168,169].

Glycosylation of TLRs represents another way to regulate their signaling. One study
using a CRISPR/Cas9 screening method identified the oligosaccharide transferase complex
(OSTC) as indispensable for TLR5, TLR7, and TLR9 responses [170]. OSTC glycosylates
proteins in the ER and its absence inhibits cell surface expression of TLR5. Although it
has not been conclusively demonstrated, it was hypothesized that glycosylation by OSTC
induces maturation and trafficking of TLR5, TLR7, and TLR9 from the ER. The activity of
TLR3 has also been found to depend on glycosylation [171]. In addition, Neu1 sialidase,
which cleaves sialic acid residues from glycosylated sites of TLRs, has been shown to be
important for the activity of TLR2, TLR3, and TLR4 [172]. Overall, defects in glycosylation
of a variety of immune cell-related proteins have been associated with SLE in both mice
and humans [173].

2.9. Diverse Effects of TLR Signaling on Autoantibody Repertoire in Different Mouse Models of SLE

As previously mentioned, TLR7 and TLR9 have been specifically linked to the pro-
duction of anti-RNA and anti-DNA antibodies, respectively. For instance, this has been
shown in both the MRL/lpr mouse model and the BWAS−/− model. Interestingly, in
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both models, deletion of Tlr9 not only suppressed the production of anti-DNA antibodies
but also increased the production of anti-RNA antibodies [49,135]. One study using the
MRL/lpr mouse model found that B-cell-specific deletion of TLR9 more or less completely
inhibited the production of anti-DNA antibodies, while B-cell-specific overexpression
of TLR9 increased the anti-DNA-to-anti-RNA antibody ratio [117]. However, the same
study did not report this effect in the FcγRIIB−/−.Yaa model. Indeed, results regarding
the type and amount of antibodies produced in TLR knockout models vary considerably
between different genetic backgrounds. For instance, Plcg2Ali5/+-Tlr9−/− mice were shown
to produce similar amounts of anti-DNA auto-antibodies as Plcg2Ali5/+-Tlr9+/+ mice, while
anti-nucleosome antibodies were significantly decreased and anti-nucleolar antibodies
were increased in Tlr9−/− mice [153]. Similarly, another study also found that development
of anti-nucleosome antibodies was abrogated in B6-lpr/lpr mice when TLR9 was knocked
out, whereas the anti-dsDNA antibody titer was significantly higher [150]. Increased levels
of anti-dsDNA antibodies and decreased levels of anti-chromatin antibodies upon knockout
of Tlr9 have also been reported in B6.Nba2.Yaa mice [151]. One study that looked at the
effect of diet on SLE pathogenesis in Tlr8−/− mice found that additional knockout of Tlr7
significantly decreased the amount of anti-DNA antibodies, indicating that the production
of anti-DNA antibodies depended on TLR7 [161]. Furthermore, treatment of mice with
the TLR7 agonist imiquimod led to the production of both anti-DNA and anti-RNA anti-
bodies, and production of anti-DNA antibodies was not abrogated by knocking out Tlr9
in imiquimod-treated mice [73]. Taken together, these results suggest that TLR9 is not the
only potential driver of anti-DNA antibody production in SLE.

2.10. Age-Associated B Cells as the Main Source of TLR Driven Autoantibody Production

A specific subset of B cells, referred to as age-associated B cells (ABCs), are highly de-
pendent on TLR signaling and are also strongly associated with SLE (reviewed in [174,175]).
Several studies have linked ABCs to SLE in both mice and humans, where they are thought
to be the precursor cells to autoantibody-secreting cells [176]. In humans, ABCs are some-
times also referred to as atypical memory B cells or double-negative (DN) cells [174,177].
Large numbers of ABCs are found both in human SLE patients and several different murine
SLE models. For instance, ABCs accumulate drastically in NZBW, MRL/lpr, SLC−/−,
and Mer−/− mice with disease onset [178,179]. Previously, it was shown that ABCs in-
creased in individuals with enhanced TLR7 expression [148]. Differentiation of ABCs
occurs upon engagement of TLR7 or TLR9, together with the BCR [175]. Dai et al. (2024),
found the transcription factor ZEB2 to be essential for ABC differentiation in vitro and
vital for ABC formation in TLR7-induced lupus disease, while mice deficient in Zeb2 and
ZEB2 haploinsufficient persons had reduced numbers of ABCs [180]. In addition, cytokine
signaling through IFNγ and IL-21, as well as stimulation of CD40, is necessary for differen-
tiation of ABCs [175,177,181]. B cells that express a BCR specific for DNA, RNA, or nucleic
acid-associated proteins are probably inclined to follow this differentiation program, as
BCR-TLR co-engagement naturally occurs in these cells. Indeed, a recent study found that
3H9+ mice, whose BCRs mainly bind to nucleosomes or dsDNA, had increased numbers
of ABCs compared with control animals, suggesting the ABCs originated from the DNA-
binding B cells [182]. Also, when Tlr9 was knocked out in these mice, the ABC population
decreased. The same study demonstrated that ABCs are a dynamic B-cell population that
can develop into plasma cells or have a more memory-like phenotype and probably go
through multiple rounds of reactivation. One of the hallmarks of ABCs is expression of
the T-box transcription factor (T-bet). TLR9-BCR crosslinking has been found to stimulate
activation of T-bet, which is involved in class switching to IgG2a and 2b isotypes [128,183].
Interestingly, a distinct feature of ABCs is their germinal center-independent extrafollicular
response [148,180]. In a study by Caielli et al. (2018), it was found that the levels of IgG, IgA,
and ABCs in the blood of SLE patients correlated with an increase in CD4 Th10 cells [109].
CD4 Th10 cells have been shown to be equally effective in inducing differentiation in B cells
as Tfh cells [109] and have been identified in response to COVID-19 vaccines [184]. These
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cells induce differentiation of naïve and memory B cells into plasma cells with the help
of IL-10 and succinate. Another study using human blood samples showed that a higher
percentage of B cells from SLE patients expressed cell surface PLD4 compared with B cells
from healthy donors [185]. Interestingly, these PLD4+ B cells largely overlapped with the
ABC population, and it was found that stimulation of TLR7 or TLR9 could upregulate cell
surface PLD4, indicating that PLD4+ B cells are probably TLR-stimulated autoreactive cells.

2.11. Targeting TLRs in the Treatment of SLE

Given the central role of TLR signaling in SLE disease, the past few decades have
seen great interest in the development of drugs targeting the different TLRs [186,187].
Intriguingly, SLE drugs that are currently in clinical use in humans may also partly exert
their effects by affecting TLR signaling. For instance, hydroxychloroquine, whose effect
in cells is to increase the pH in acidic organelles, has been shown to prevent endosomal
cleavage of TLR7, which in turn inhibits its function [188]. TLR9 is also cleaved in lysosomes
and may likewise be inhibited by chloroquine [189]. Hydroxychloroquine has also been
postulated to be able to inhibit presentation of autoantigens on MHC class II molecules
through interfering with the formation of autoantigens in lysosomes [190]. In contrast,
TLR signaling has been shown to dampen the effects of glucocorticoids, which are also
commonly used to treat SLE patients [191]. Dual treatment with glucocorticoids and TLR
antagonists may therefore be a promising strategy. Indeed, a recent preclinical study
demonstrated that TLR7/8 inhibition increased the effect of glucocorticoids in lupus-prone
mice and sensitized human PBMC against glucocorticoid treatment [192].

TLR antagonists also show potential as single agents. The targeting of TLR7/8 seems
to be especially effective, and inhibitors of TLR7/8 are currently being tested in humans
(NCT05638802, NCT05278663) [193]. Several other TLR-modulating drug candidates are
also currently being developed and tested in murine models of SLE [194–196]. For in-
stance, anti-TLR7 and anti-TLR9 antibodies have been tested in the NZBW model, where
it was demonstrated that targeting TLR7 protected against LN while targeting of TLR9
had no effects [197]. In addition, a peptide derived from the core β sheet from TIRAP
and conjugated to penetratin (a cell-penetrating peptide) was shown to block TLR4 sig-
naling and subsequent cytokine response via inhibiting the MyD88 and TRIF-dependent
pathways [198]. Clinical data from human trials with TLR antagonists are still relatively
scarce, meaning that available reports on side effects are also limited. However, existing
data imply that TLR antagonists are well tolerated and cause only mild side effects [193].
Inhibiting TLR activity has immunosuppressive effects. Thus, TLR antagonists may cause
similar side effects to those of other immunosuppressive drugs, such as causing users to
be more prone to infectious diseases and cancer [199]. Indeed, TLR agonists, including
imiquimod, are used in cancer treatment [200], suggesting that TLR antagonism could
instead have tumor-promoting effects. Hydroxychloroquine is considered safe and does not
abrogate TLR signaling completely [190]. However, it can cause gastrointestinal problems
like vomiting and diarrhea [201].

In addition, studies targeting pathways related to TLRs have been performed. For
example, silencing HMGB1 expression in ovalbumin-induced asthmatic mice decreased
expression of IgE and inflammatory factors [202]. In a review by Xue et al. (2021), different
isoforms of HMGB1 are described with distinct physiological functions when released into
the extracellular matrix, making it challenging to therapeutically target this protein [203].
The association between ABCs and autoantibody production in SLE has made these cells
an interesting target for treatment of SLE. However, the markers currently used to identify
this cell type are also shared by other immune cells and are therefore not specific enough to
be used for targeting only ABCs [182]. Future work should therefore aim to identify ways
of specifically targeting both ABCs and TLRs.
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3. Conclusions and Future Directions

Due to its heterogenous nature, SLE is difficult to diagnose and treat efficiently, and
animal models are invaluable for studying disease mechanisms and for testing novel
therapeutics. Here, we have described various SLE mouse models, including spontaneous,
genetically modified, inducible, and humanized models. Such models have contributed
greatly to our knowledge about SLE and there are pronounced advantages to using mouse
models when studying complex diseases.

The genetic and biological similarities between mice and humans are high as the
genome of mice is 99% similar to the human genome, and the immune, endocrine, ner-
vous, cardiovascular, and skeletal systems share similar complexity to the human systems.
The reproducibility of mice and ease of breeding them, together with the use of modern
sequencing and genomic engineering technologies to generate genetic alterations, allows
us to utilize mouse models to research specific genetic targets of disease. However, mouse
models do have limitations when compared with human SLE. Even though humans and
mice are quite similar, we do not share the same immune system, and it is thus not possible
to directly transfer results from mice to humans. The same goes for tolerance and response
to treatment.

Current treatment of SLE often involves anti-inflammatory and immunosuppressive
drugs, making the patients susceptible to infections. Environmental factors such as viruses
and chemical elements resembling TLR ligands that can bind to and activate TLR and
downstream signaling pathways may all contribute to SLE disease initiation and progres-
sion. As shown in an imiquimod-induced setting, both RNA and DNA sensing pathways
may be activated in a TLR7-induced way without viral infection, indicating that other envi-
ronmental stimuli such as chemicals can induce activation of cellular pathways involved in
SLE. Evolutionarily developed bacterial and viral immune evasion strategies targeting TLR
pathways may identify new compounds that can be used to stop or dampen any signaling
aggravating the autoimmune disease.

The expression and interaction between the different TLRs, especially TLR7, TLR8,
and TLR9, have a role in disease development in SLE. TLR7 acts as a disease-promoting
factor, while TLR8 and TLR9 might have more regulating functions. Understanding these
dynamics offers potential therapeutic targets for modulating immune responses in SLE and
other autoimmune diseases. In addition, the dynamics between TLRs and other immune
cells such as ABCs are important for disease etiology. Challenges remain in identifying the
most appropriate targets for diagnosis, disease monitoring, and treatment. The fact that
some of the TLRs have a tolerogenic function, such as TLR9, which may be responsible for
the establishment of central B-cell tolerance, makes it an important target to restore B-cell
tolerance in SLE and other autoimmune diseases. Thus, it is possible that dual inhibitors
of TLR7 and TLR8 or TLR9 may be less effective than those that target only TLR7. It
is therefore highly important to acquire more knowledge about the specific functions of
individual TLRs.

In summary, understanding the interplay between environmental factors and pathway
signaling and their involvement in SLE is necessary to provide insights into the mechanisms
underlying disease flares and progression, potentially leading to the development of
targeted therapies. Future studies using new technology and humanized mouse models
have the potential to increase our knowledge of complex diseases such as SLE. However,
while mouse models offer valuable insights and facilitate the exploration of specific genetic
and molecular aspects of SLE, careful selection and interpretation of these models are
crucial for advancing our understanding and treatment of SLE, exemplified by the different
results regarding autoantibody repertoire in different SLE mouse models, both before and
after knockout of TLRs.
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Abstract: Systemic lupus erythematosus (SLE) is a multifactorial autoimmune disease characterized
by self-immune tolerance breakdown and the production of autoantibodies, causing the deposition of
immune complexes and triggering inflammation and immune-mediated damage. SLE pathogenesis
involves genetic predisposition and a combination of environmental factors. Clinical manifestations
are variable, making an early diagnosis challenging. Heat shock proteins (Hsps), belonging to the
chaperone system, interact with the immune system, acting as pro-inflammatory factors, autoantigens,
as well as immune tolerance promoters. Increased levels of some Hsps and the production of
autoantibodies against them are correlated with SLE onset and progression. The production of
these autoantibodies has been attributed to molecular mimicry, occurring upon viral and bacterial
infections, since they are evolutionary highly conserved. Gut microbiota dysbiosis has been associated
with the occurrence and severity of SLE. Numerous findings suggest that proteins and metabolites of
commensal bacteria can mimic autoantigens, inducing autoimmunity, because of molecular mimicry.
Here, we propose that shared epitopes between human Hsps and those of gut commensal bacteria
cause the production of anti-Hsp autoantibodies that cross-react with human molecules, contributing
to SLE pathogenesis. Thus, the involvement of the chaperone system, gut microbiota dysbiosis, and
molecular mimicry in SLE ought to be coordinately studied.

Keywords: systemic lupus erythematosus; chaperone system; gut microbiota; leaky gut; autoimmu-
nity; molecular mimicry; chaperonopathy; chaperonotherapy

1. Introduction

The chaperone system (CS) is composed of molecular chaperones, some of which are
heat shock proteins (Hsps), co-chaperones, chaperone co-factors, and chaperone interactors
and receptors [1]. The canonical functions of the CS are directed to the maintenance of
protein homeostasis and, for these functions, it interacts with the ubiquitin-proteasome
system (UPS) and with the chaperone-mediated autophagy (CMA) machinery [2–4]. Chap-
erones perform their canonical functions not alone, as monomers, but in teams, which are
oligomers made up of identical subunits, e.g., Hsp60, or constituted of non-identical but
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similar subunits, e.g., CCT [5–7]. Furthermore, the teams interact between themselves and
form functional networks, e.g., Hsp70/DnaK-Hsp40/DnaJ-Prefoldin [8,9].

In the last few years, increasing evidence has pointed out the “other side of the coin” of
the CS. In fact, when abnormal in structure/function/location/concentration, its members may
become etiopathogenetic factors, causing diseases known as the chaperonopathies [10–12].

The involvement of Hsps in autoimmunity has been investigated for many years,
and autoimmune diseases (ADs) can be classified into the group of chaperonopathies
by mistake or collaborationism, i.e., acquired chaperonopathies in which a chaperone
functions to favor the pathogenic mechanism and leads to disease [5,10–15]. However,
their role is still under investigation. They may either promote immune cell activation and
pro-inflammatory cytokine production and act as autoantigens eliciting autoantibodies,
or perform a pro-immune tolerance restoring activity [16,17]. Depending on the role,
Hsps have been proposed for the development of novel therapeutic strategies (positive or
negative chaperonotherapy) [18–20]. Among the ADs in which the CS members, especially
the Hsps, are believed to play a role is systemic lupus erythematosus (SLE) [21]. SLE is a
chronic, multisystemic autoimmune/inflammatory disease affecting almost every organ
and tissue of the body, with multiple clinical manifestations ranging from milder symptoms,
such as skin rashes or non-erosive arthritis, to more serious and potentially life-threatening
complications mostly affecting the kidney and the central nervous system [22–25]. SLE can
affect persons of all ages and ethnic groups and both sexes. However, more than 90% of
newly diagnosed cases are women in their childbearing years, with a female-to-male ratio
of 9–10:1 [26]. On the contrary, men are diagnosed at a more advanced age and often show a
more severe phenotype, with an overall higher risk for progression into SLE complications
such as lupus nephritis (LN) and end-stage renal disease (ESRD) [26,27].

A distinctive hallmark of SLE is the breakdown of self-tolerance and the production
of various autoantibodies, including antinuclear antibodies (ANAs) [28]. The interaction
between autoantibodies and self-antigens produces immune complexes, which occur in
circulation or localize in multiple tissues, triggering inflammation and complement activa-
tion causing immune-mediated organ damage [29]. SLE etiopathogenesis and molecular
mechanisms remain largely unknown. However, numerous findings suggest a genetic
predisposition to SLE development acting together with a combination of immunological,
endocrine, and environmental factors [30–33].

In the last few years, the role of the gut microbiota has been investigated in the
etiopathogenesis of SLE and other ADs. A normal/healthy gut microbiota contributes to
the development of a functioning immune system [34]. On the contrary, gut microbiota al-
teration (dysbiosis) can result in the breakdown of immune tolerance, the over-activation of
T cells, and the production of pro-inflammatory cytokines. All these events, in turn, can ac-
tivate autoimmune responses, leading to the development of ADs [34]. Numerous findings
suggest that the reason for this relationship may reside in the bacterial metabolites/products
translocation from the intestinal lumen into the circulation because of increased intestinal
permeability [35].

Here, we provide an overview of the involvement of the CS and gut microbiota
dysbiosis in SLE pathogenesis, suggesting molecular mimicry as a potential link between
them. A detailed understanding of the relationship between these three factors will likely
contribute to the identification of novel promising biomarkers and therapeutic targets.

2. The Chaperone System and SLE

The role of the CS in SLE etiopathogenesis is multifaceted and not yet fully under-
stood. Three conditions have elicited particular interest: (i) Hsps’ overexpression; (ii) the
production of anti-Hsp autoantibodies, and (iii) Hsps’ presence on the surface of peripheral
blood mononuclear cells (PBMCs), which correlates with high disease activity [36,37].

Higher levels of Hsp90 were found in PBMCs of patients with active SLE compared
to patients with inactive disease, age- and sex-matched healthy controls, or patients who
suffered from rheumatoid arthritis [38,39]. Similarly, Hsp70 levels were found to be elevated

66



Int. J. Mol. Sci. 2024, 25, 5608

in PBMCs from SLE patients compared with those from healthy age- and sex-matched
volunteers [38]. However, there was no correlation between the two Hsps, and only Hsp90
levels positively correlated with disease activity and onset [40]. The early increased levels
of Hsp90 in some SLE patients is primarily dependent upon the enhanced transcription
of the HSP90β gene, suggesting the activation of a specific gene program underlying
the pathogenic mechanism of the disease [40–42]. On the contrary, the later elevation of
Hsp70 levels is attributed to a stress response against the ongoing disease process [40,42].
Similarly to Hsp70, Hsp27 levels are also associated with disease activity. Both Hsp70 and
Hsp27 levels were investigated in the renal tissue of patients with different forms of LN
(diffuse proliferative, focal proliferative, and membranous) and were found within the
cytoplasm of tubular epithelial cells of all patients [40]. A significant positive correlation
was found between Hsp27 levels and disease severity in patients with diffuse proliferative
nephritis [43].

PBMCs (lymphocytes and monocytes) from SLE patients not only had elevated intra-
cellular levels of Hsp90, but also elevated levels on their surface, suggesting its role as an
autoantigen leading to the production of autoantibodies [44,45]. Autoantibodies (IgM and
IgG) against Hsp90 were found in the sera from a significant proportion of patients with
SLE, both adults and children, compared to healthy controls [46–48]. Adults carrying higher
antibody levels were more likely to have renal disease following an intense deposition of
the protein in subepithelial, subendothelial, and mesangial areas of the glomeruli [47,49].

Higher levels of Hsp90 and anti-Hsp90 autoantibodies in the sera from SLE patients were
also associated with higher levels of IL6 [50]. Both IL6 and IL10 have been found to be higher
in SLE patients and positively correlated with disease activity and complications [51–53]. Both
cytokines induce the transcription of the HSP90β gene in cultured PBMCs [54,55]. Elevation of
these cytokines in SLE patients may induce an increase in Hsp90 levels, both intracellularly and
on the surface of cells, which, in turn, leads to autoantibody production [55,56]. These results
suggest that Hsp90 contributes to disease onset and progression, and to the establishment
of inflammation. Therefore, targeting Hsp90 to diminish its levels may be a promising
therapeutic treatment to delay disease progression [57]. For instance, in an SLE mouse model,
it was observed that chemical treatment targeting the surface translocation of gp96 diminished
and alleviated SLE-associated manifestations, like glomerulonephritis, proteinuria, and levels
of antinuclear and DNA antibodies. All of this was accompanied by a reduction in the
maturation of dendritic cells (DCs) and antigen-presenting cells, and by the activation of B
and T cells [58]. The administration of a DNA vaccine encoding Hsp90 induced tolerogenic
immune responses, with a reduction in anti-dsDNA autoantibody production, that limited
SLE manifestations (e.g., renal disease) and extended the survival in lupus-prone mice [59].
Similar outcomes were obtained using a DNA vaccine encoding Hsp70 [60].

All these results suggest that chaperonotherapy may be effective, namely, a treat-
ment strategy consisting of inhibiting/eliminating (negative chaperonotherapy) or boost-
ing/replacing (positive chaperonotherapy) the pathogenic chaperone. For instance, it has
been reported that the small heat shock protein (sHsp), alpha-B crystallin (HSPB5; CRYAB),
attenuates the severity and disease progression of LN in lupus-prone mice (positive chaper-
onopathy) [18,61].

3. The Gut Microbiota in SLE

The gut microbiota is a complex population composed of a large number of commensal
microorganisms (some estimates reach 100 trillion) residing in the gastrointestinal tract,
which has co-evolved with its host and provides benefits to it in multiple ways, including
digestion, the production of nutrients, and detoxification, ensuring a complex and mu-
tual beneficial relationship [62]. The gut microbiota plays a key role in the biology and
homeostasis of cells of the innate and adaptive immune system. Therefore, an imbalance
in the quantity and/or quality of its composition, including a loss of beneficial bacteria,
an excessive growth of potentially harmful bacteria, or a loss of overall bacterial diver-
sity, i.e., dysbiosis, may trigger autoimmunity [34,63–65]. Dysbiosis has been primarily
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associated with inflammatory bowel diseases (IBDs), such as Crohn’s disease (CD) and
ulcerative colitis (UC) [66]. Several studies have demonstrated the association between
an imbalance of the gut microbiota and the etiopathogenesis of extra-intestinal diseases,
including autoimmune diseases such as SLE [67–70].

The dynamics of the gut microbiota has been investigated in a murine lupus-prone
model, and differences in the composition and overall diversity were found compared to
healthy controls [71]. The gut microbiota was different in males as compared to females,
with an over-representation of Lachnospiraceae in females that was associated with an earlier
onset and more severe manifestation of SLE [71,72]. This was taken as evidence that sex
affects the disease course, likely because of the control exerted by sex hormones in the
regulation of the immune system. The use of probiotic lactobacilli and retinoic acid as
dietary supplements improved symptoms, suggesting that this type of treatment could be
efficacious in relieving inflammatory flares in lupus patients [71].

In a mouse LN model, the lack of Lactobacillus occurred before (not after) disease onset,
suggesting its involvement in disease pathogenesis, and conversely, restoration of the
Lactobacillus population enhanced the gut mucosal barrier, suppressed gut inflammation,
and attenuated LN, prolonging mice survival [73]. However, Lactobacillus played an
opposite role in studies performed with different lupus mouse models. For instance,
the gut microbiota changed before and after disease onset in lupus-prone mice, with an
increase in specific genera during disease progression [74]. A positive correlation between
the abundance of Lactobacillus species and poorer renal function and higher-level systemic
autoimmunity was observed.

The association between gut microbiota dysbiosis and SLE pathogenesis has a genetic
basis, since fecal microbiome transplantation from SLE mice induced significant changes in
immune cell distribution and overall changes in their genetic profiles, with an upregulation
of certain lupus susceptibility genes [75]. Similarly, in humans, clear differences in the
composition and richness of the gut microbiota were also observed between SLE patients
and healthy controls, and numerous findings have suggested that gut microbiota dysbiosis
is one of the mechanisms underlying SLE pathogenesis (Figure 1) [76–83].

A human healthy gut microbiota primarily consists of the phyla Firmicutes, Bac-
teroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia, with Firmi-
cutes and Bacteroidetes being the most abundant [84–87]. The Firmicutes/Bacteroidetes
ratio is altered in various disorders [88,89] and is affected by the diet [90]. In SLE patients,
marked dysbiosis was observed, with a significant decrease in the Firmicutes/Bacteroidetes
ratio as compared with healthy controls (HCs) [76–78,83], and with the enrichment of the
phylum Proteobacteria [74,77,80,82]. The reduced Firmicutes/Bacteroidetes ratio in SLE
patients was correlated with lymphocyte activation and Th17 differentiation from naïve
CD4(+) lymphocytes, favoring inflammatory mechanisms [78]. Conversely, the enrichment
of the gut microbiota with bacterial strains belonging to the Firmicutes phylum reduced the
IL-17/IFNγ balance and prevented the over-activation of CD4+ lymphocytes. This suggests
that supplementation with probiotics containing Treg-inducer strains able to restore the
Treg/Th17/Th1 balance would be a beneficial treatment for SLE patients [78]. An imbal-
ance of pro-inflammatory and anti-inflammatory T cells in SLE patients was observed that
was correlated to changes in the intestinal microbial population [82].

Differences in gut microbiota dysbiosis were observed in SLE patients with active
disease compared to those with inactive disease. For instance, an abundance of the genera
Streptococcus, Campylobacter, and Veillonella and a decrease in the genus Bifidobacterium were
observed [79]. Other authors have reported increased Desulfovibrio piger, Bacteroides thetaio-
taomicron, and Ruminococcus gnavus species and decreased Bacilli class and Ruminococcaceae
and Lactobacillaceae families in active SLE patients compared to inactive SLE patients [83].
However, one study found no significant differences in the Firmicutes/Bacteroidetes ratio
between SLE patients and healthy controls [74], confirming the high variability in the
human gut microbiota already observed in mouse models and the impossibility to outline
a universally valid profile that would distinguish SLE patients from healthy controls.
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Figure 1. An overview of the role of the gut microbiota in SLE. Gut microbiota dysbiosis in SLE pa-
tients shows a significant reduction in both the richness and diversity of the gut microbiota, including
a lower Firmicutes/Bacteroidetes ratio (1). Gut microbiota dysbiosis may cause an increase in intesti-
nal permeability (leaky gut) and favor the translocation of pathogens and their products/metabolites
from the intestinal lumen to the systemic circulation and thereby to other organs (2), resulting
in inflammation and antigenic cross-reactivity via the mechanism of molecular mimicry (3). The
translocation of the gut commensal autoantigen-mimicking peptides induces the production of au-
toantibodies, such as anti-Ro60, anti-Sm, anti-dsDNA, anti-Rib-P, anti-Fas, and anti-Ub, as shown (4).
These antibodies cross-react with self-antigens, forming immune complexes that deposit in periph-
eral tissues (5), exacerbating SLE conditions (7). This event could explain the increase in the Hsp
and anti-Hsp antibody levels observed both in the circulation and in the peripheral tissues of SLE
patients (6). Abbreviations: AutoAbs, autoantibodies; Anti-dsDNA, anti-double-stranded DNA; Anti-
Fas, Anti- FS-7-associated surface antigen; Anti-Rib-P, anti-ribosomal-P; Anti-Ro60, RNA-binding
60 kDa Ro; Anti-Sm, anti-Smith; AntiUb, anti-ubiquitin; LPS, lipopolysaccharide; SLE, systemic
lupus erythematosus.

4. Molecular Mimicry, Hsps, and Gut Microbiota Dysbiosis in SLE

The breakdown of self-tolerance plays a critical role in the occurrence and develop-
ment of SLE, leading to the production of autoantibodies and the formation of cytotoxic
immune complexes triggering immune and inflammatory responses [28]. All these events
are common among different autoimmune conditions and may be triggered by an infection
via the molecular mimicry mechanism [91]. The term molecular mimicry describes the
sharing of antigens between a parasite and its host, which facilitates the evasion of the
host’s immune response and the establishment of immunological tolerance [92]. In recent
years, the phenomenon was often associated with autoimmunity. Amino acid sequence
or structural similarities between foreign antigens and self-antigens may favor the activa-
tion of autoreactive T or B cells, resulting in autoimmune responses in some susceptible
individuals [93]. The hypothesis of post-infection pathogenic events caused by molecular
mimicry has been proposed to explain SLE etiopathogenesis, and various pathogens have
been identified as possible culprits [94–98].

The evolutionary conservation of Hsps in prokaryotes and eukaryotes suggests the
involvement of a molecular mimicry mechanism in the production of anti-Hsp autoanti-
bodies in a variety of autoreactive disorders, including SLE [99,100]. For instance, high
cross-reactivity was reported between isolated SLE IgGs and Hsp70 and other intracellular
proteins from Mycobacterium tuberculosis [101]. The sera from SLE patients contain IgGs
that bind to Hsp60 present on the surface of epithelial cells, favoring phosphatidylserine
exposure and cell apoptosis [102]. Also, proteins and metabolites of commensal bacteria of
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the gut can mimic autoantigens and induce autoimmunity through molecular mimicry [35].
The impairment of the barrier function of the intestinal epithelium, which augments in-
testinal permeability (leaky gut), may favor the translocation of bacteria and bacterial
components, such as lipopolysaccharides (LPSs) and endotoxins, from the intestinal lu-
men to the systemic circulation which thereby reach other organs [103]. These bacterial
components, in turn, may act as cross-reactive autoantigens and trigger autoimmune re-
sponses in hosts carrying high-risk human leukocyte antigen (HLA) genes [35,103]. For
instance, numerous findings have suggested that gut commensal microbes may mimic
retinal antigen(s), favoring the production of autoreactive T cells, triggering autoimmune
uveitis [104]. In synovia and PBMCs from patients affected by rheumatoid arthritis, two
autoantigens, N-acetylglucosamine-6-sulfatase and filamin A, targeted by T and B cells
have been found [105]. Both antigens show high sequence homology with epitopes of some
gut commensals, suggesting that immunological triggers at mucosal sites, such as the gut
microbiota, may promote autoimmunity that affects joints, likely via the molecular mimicry
mechanism [100]. A microbial peptide shared by several major classes of bacteria including
Escherichia coli, which is one of the most common commensal bacteria of the human gut
microbiota, can induce multiple sclerosis (MS)-like disease in humanized mice by cross-
reacting with a T cell receptor that recognizes a peptide from myelin basic protein acting as
candidate MS autoantigen [106]. Similarly, a peptide from E. coli has been demonstrated to
induce autoimmune pancreatitis, likely by mimicking some self-antigens [107].

Increasing evidence suggests that a leaky gut is present in some, if not all, SLE pa-
tients, allowing pathogens and their products/metabolites to leak out from the gut lumen
and penetrate the blood stream, reaching other organs and triggering inflammation and
autoimmunity through the mechanism of molecular mimicry (Figure 1) [108]. The earliest
anti-nuclear autoantibodies detected in SLE patients target the RNA-binding 60 kDa Ro
protein and their production may be driven by Ro60 orthologs produced by commensal bac-
teria from different niches in genetic susceptible individuals through aberrant cross-reactive
immune responses [109]. This hypothesis is supported by the observation that colonization
of germ-free mice with Bacteroides thetaiotaomicron containing Ro60 ortholog caused T and
B cell responses against human Ro60 and glomerular immune complex deposition [109].
The gut of SLE patients has an overall higher representation of Ruminococcus gnavus [83].
Anti-dsDNA autoantibodies cross-react with antigens from a Ruminococcus gnavus strain,
contributing to the immune pathogenesis of LN, which suggests the possibility of de-
veloping a biomarker assay with diagnostic and prognostic value to assess the risk of
LN [110]. In the sera from SLE patients, a significant positive correlation between higher
titers of anti-Enterococcus gallinarum IgGs and the presence of autoantibodies, including
anti-Ribosomal P (anti-Rib-P), anti-dsDNA, and anti-Smith (anti-Sm) autoantibodies, has
been observed [111]. Moreover, E. gallinarum was detected in liver biopsies from lupus and
autoimmune hepatitis patients, demonstrating that a gut pathobiont can translocate and
promote autoimmunity in genetically predisposed hosts [112]. In a cohort of untreated SLE
patients, numerous autoantigen-mimicking microbial peptides have been identified [81]. A
peptide-mimicking human Fas antigen from Akkermansia muciniphila was found to bind to
the IgGs produced by memory B cells from a subgroup of SLE patients, but not those from
healthy controls [81]. Bacteroides fragilis is a Gram-negative obligate anaerobic bacterium of
the normal human gut microbiota. B. fragilis ubiquitin (BfUb) shares 63% identity and more
than 99% structural similarity with human ubiquitin (hUb) [113]. It has been reported that
the sera from patients suffering from various ADs, including SLE and RA, contain higher
levels of antibodies to BfUb compared to healthy volunteers, suggesting that molecular
mimicry of hUb by BfUb could be a trigger for autoimmunity [113].

To date, no definitive data exist in the literature proving that the autoimmune response
against endogenous Hsps in SLE patients may be caused by dysbiosis of the gut microbiota,
accompanied by leaky gut, mediated by a molecular mimicry mechanism. However, this
hypothesis is plausible because of the high similarity between human and bacterial Hsps.
Moreover, numerous findings have demonstrated that the cross-reactivity between human
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and gut microbial Hsps is involved in the development of other autoimmune conditions.
For example, IgG autoantibodies against human mitochondrial Hsp60 were significantly
higher in the sera of patients with rheumatic autoimmune diseases, including SLE, than
in healthy controls, and it was suggested that the antibodies were produced because
GroEL, the E. coli Hsp60, shares immunogenic–antigenic epitopes with the mitochondrial
chaperonin [114,115]. Microorganisms isolated from the jejunal mucosa of individuals
affected by Kawasaki disease produce large amounts of Hsp60 and elicit the production
of endogenous Hsp60 [116]. In turn, both bacterial and human Hsp60 molecules induce
the activation of the immune system, triggering an inflammatory response against blood
vessels typical of the disease [116]. It has been suggested that T cells specific to gut bacterial
Hsps could cross-react against endogenous Hsps overexpressed in retinal ganglion cells
and axons from glaucomatous mice and human glaucoma patients in response to elevated
intraocular pressure, leading to progressive neurodegeneration in the eye [117].

A similar cross-reactivity mechanism between bacterial and human Hsps could cause
the production of the autoantibodies against Hsp90 and Hsp70 found in SLE patients. The
two chaperones occur both in bacteria and in humans with a high sequence similarity and
are known to be immunogenic [118,119].

5. Conclusions and Future Perspectives

The SLE clinical manifestations can vary widely from individual to individual, rang-
ing from milder symptoms to more severe and life-threatening ones. Because of this
heterogenicity in phenotypes and clinical manifestations, which often mimic those of other
conditions, and the lack of clear and robust diagnostic criteria, the diagnosis of SLE is still
challenging, and the consequent diagnostic delay often prevents the timely choice of ap-
propriate treatment, worsening both short- and long-term outcomes [120–122]. Therefore,
identification of novel, strong, and unique biomarkers for early and accurate diagnosis
could improve disease management and lead to personalized therapeutic interventions
with tolerable side effects and curative results. To identify these biomarkers, knowledge of
the factors involved in SLE pathogenesis is necessary.

Autoantibodies circulating in body fluids or forming immune complexes in peripheral
tissues have been used as valuable diagnostic and prognostic biomarkers in SLE for pre-
dicting pathogenic pathways and for guiding therapeutic treatments [123,124]. Therefore,
in recent years, several efforts have been made to improve the detection of autoantibod-
ies. Synthetic peptides mimicking post-translationally modified autoantigens have been
successfully used for the development of specific in vitro diagnostic/prognostic assays
of autoimmune diseases, including SLE [125]. Moreover, the use of post-translationally
modified peptides has allowed identification of autoantibodies associated with the most
severe phenotypes [126].

Another way to make progress in this area is to research the immune mechanisms
underlying the SLE pathogenesis. Here, we offer an overview of the involvement of two ap-
parently independent and not interconnected factors in SLE etiopathogenesis, i.e., the CS
and gut microbiota dysbiosis. Molecular mimicry could be the link between these two fac-
tors, whose pathogenicity in SLE is currently under scrutiny. Therefore, a comparison of
primary and higher-order structures of components of the CS in human and gut microbes,
which for instance may be facilitated by in silico analysis [127], could allow us to further
elucidate the role of molecular mimicry in SLE. In this way, it may be possible to obtain new
insights into disease pathogenesis and to develop novel and more efficacious therapeutic
interventions that, for instance, could be based on the inhibition of the activity of the
pathogenic Hsp(s) (negative chaperonotherapy).
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Abstract: Renal flares constitute major determinants of poor prognosis in people living with systemic
lupus erythematosus (SLE). The aim of the present study was to investigate changes in B cell subsets
in relation to renal flares upon initiation of standard therapy (ST) plus belimumab or placebo in
patients with SLE. Using data from the BLISS-76, BLISS-SC, and BLISS Northeast Asia trials, we
investigated associations of relative to baseline rapid (through week 8) and early (through week 24)
percentage changes in circulating CD19+ B cell subsets characterised through flow cytometry, anti-
dsDNA antibodies, and complement levels with the occurrence of renal flares over one year. Patients
who developed renal flares showed more prominent rapid decreases in CD19+CD20+CD138+ short-
lived plasma cells (−50.4% vs. −16.7%; p = 0.019) and CD19+CD20-CD27bright plasmablasts (−50.0%
vs. −29.9%; p = 0.020) compared to non-flaring patients, followed by a subsequent return. Less
prominent rapid reductions in CD19+CD27-CD24brightCD38bright transitional B cells (−42.9% vs.
−75.0%; p = 0.038) and CD19+CD20-CD138+ peripheral long-lived plasma cells (−11.3% vs. −29.2%;
p = 0.019) were seen in belimumab-treated—but not placebo-treated—patients who developed
renal flares compared to belimumab-treated patients who did not. Rapid and early changes in
anti-dsDNA or complement levels showed no clear association with renal flares. In summary, a
rapid drop followed by a subsequent return in circulating short-lived plasma cells and plasmablasts
upon treatment for active extra-renal SLE portended renal flares, indicating a need for therapeutic
adjustments in patients showing such B cell patterns. Rapid decreases in transitional B cells and
peripheral long-lived plasma cells upon belimumab therapy commencement may signify a greater
protection against renal flares. B cell kinetics may prove useful in early drug evaluation.

Keywords: systemic lupus erythematosus; biomarkers; renal flares; B cells; plasma cells; B lymphocyte;
belimumab; biologics

1. Introduction

Renal flares constitute major determinants of poor prognosis in patients with systemic
lupus erythematosus (SLE) since they contribute to renal and overall organ damage accrual
as well as to increased disease- and treatment-related morbidity and costs [1–4]. Renal
flares are coupled with increases in proteinuria and/or serum creatinine levels as well
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as substantial nephron loss, eventually resulting in irreversible worsening of renal func-
tion [5,6]. Risk factors for renal flares in SLE include persistently active extrarenal disease,
low complement levels, and positive anti-U1RNP and anti-dsDNA antibodies [7,8], yet
patient monitoring is mainly based on fluctuations in proteinuria and serum creatinine,
abnormalities in the urinary sediment, and changes in serological markers, which are often
subject to inconsistencies owing to different assays and timings of sample collection [9–11].

Belimumab blocks the soluble counterpart of B cell activating factor (BAFF; also known
as B lymphocyte stimulator, BLyS) and has been used for the treatment of SLE for over
a decade [12]. It has shown ability to induce durable disease control and reduce the risk
of disease flares, including renal flares, in clinical trials and several real-life observational
studies [13–18], and after a recent phase III lupus nephritis (LN)-specific clinical trial [19],
belimumab received approval from regulatory agencies for use as an add-on therapy in
addition to standard immunosuppressive therapy (mycophenolate mofetil or low-dose
intravenous cyclophosphamide) in patients with SLE and active renal involvement [20].
Still, some patients may develop renal flares during belimumab therapy, including de
novo LN, as exemplified in a recent report [21], mandating identification of patient profiles
with susceptibility to develop renal flares despite immunosuppressive therapy, including
therapy with belimumab, as an urgent need towards determination of individualised
therapeutic modifications required to prevent renal flares in the short term and kidney
function loss over the longer term.

In this regard, identification of reproducible biological changes occurring soon after
treatment initiation that are associated with renal flares could introduce a novel concept in
surveillance upon commencement of a new therapy, early evaluation of its effectiveness,
and evaluation of the need for treatment modification in selected patients. Hence, in
this study, we aimed at investigating early changes in B cell and plasma cell subsets in
relation to the development of renal flares during non-biological standard therapy (ST)
plus belimumab or placebo within the frame of three phase III clinical trials of belimumab
in SLE.

2. Results
2.1. Patient Characteristics

Demographics and clinical and serological data of the patients, including compar-
isons between patients who developed and patients who did not develop renal flares
through week 52, are reported in Table 1. Patients who developed renal flares were
younger at baseline (34.6 ± 11.6 years vs. 39.5 ± 11.9 years; p = 0.001). Higher pro-
portions of patients among those who developed renal flares were on glucocorticoids
at baseline (93.8% vs. 81.5%; p = 0.012) and were of Asian ancestry (42.2% vs. 14.7%;
p < 0.001) compared to patients who did not develop renal flares, while lower propor-
tions of patients among those who developed renal flares were White/Caucasian (35.9%
vs. 63.5%; p < 0.001). A total of 633/1715 patients (36.9%) had a history of or current
renal SLE at baseline (renal BILAG A–D), and 152 patients (8.9%) had active renal disease
(renal BILAG A or B). A higher proportion of patients with renal BILAG A–B developed
renal flares through week 52 compared to patients who did not (28.1% vs. 8.1%; p < 0.001).
Detailed information about BILAG-based organ involvement at baseline is presented in
Supplementary Table S1.

The corresponding results from comparisons between patients who developed renal
flares through the end of follow-up—i.e., week 52 in BLISS-SC and BLISS-NEA but week 76
in BLISS-76—are presented in Supplementary Table S2. Table 2 shows baseline B cell and
plasma cell counts as well as comparisons between patients who developed renal flares
through week 52 and patients who did not. In Table 2, results are stratified by study to
account for batch variations in cell analyses across studies, and the corresponding results
for renal flares through the end of follow-up are detailed in Supplementary Table S3.
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2.2. Associations with Renal Flares Occurring during Follow-Up

In the pooled datasets, 64/1715 patients (3.7%) developed at least one renal flare
through week 52, and 69/1715 patients (4.0%) developed at least one renal flare through
the end of the study period, i.e., including the follow-up period of week 52–76 in BLISS-76.
Among patients who developed renal flares, the first renal flare through week 52 occurred
after a mean time of 160.9 ± 102.9 days from baseline, and the first renal flare throughout
the entire follow-up was documented after a mean time of 181.7 ± 124.5 days from baseline.

2.3. B Cell Changes

In the entire cohort (all treatment arms), patients who developed at least one renal
flare through week 52 showed a more profound rapid decrease in CD19+CD20+CD138+

short-lived plasma cells (−50.4% vs. −16.7%; p = 0.019) and CD19+CD20-CD27bright plas-
mablasts (−50.0% vs. −29.9%; p = 0.020) compared with patients who did not develop renal
flares in logistic regression analysis after adjustment for potential confounders, as described
in the Methods. In patients who developed renal flares, this initial drop in the aforemen-
tioned cell subsets was followed by a subsequent increase, while in patients who did not
develop renal flares, these lymphocyte subsets continued the declining trend, as detailed
in Supplementary Tables S4–S6. In contrast, patients who flared showed less prominent
CD19+CD20-CD138+ peripheral long-lived plasma cells through week 24 compared to
patients who did not (−10.4% vs. −38.8%; p = 0.028).

Among patients who received add-on belimumab, patients who developed at least
one renal flare showed a less profound rapid decrease from baseline through week 8 in
CD19+CD20-CD138+ peripheral long-lived plasma cells (−11.3% vs. −29.2%; p = 0.019)
compared to patients who did not develop renal flares (Figure 1). Among patients who
received standard therapy alone, no differences were seen in rapid or early changes in B
cell or plasma cell subsets between patients who developed renal flares through week 52
and patients who did not.

Results from analysis in the entire cohort and analysis stratified by treatment arm for
renal flares throughout the entire follow-up (baseline through week 52 in BLISS-SC and
BLISS-NEA and through week 76 in BLISS-76) are detailed in Supplementary Tables S7–S9.
Supplementary Tables S4–S9 also detail comparisons of changes in B cell and plasma cell
subsets between patients who received ST plus belimumab and patients who received ST
plus placebo.

In a subgroup analysis of the CD19+CD20+CD27- B cell subset in the BLISS-SC trial, a
less prominent rapid decrease in CD19+CD27-CD24brightCD38bright transitional B cells was
seen in belimumab-treated patients who developed at least one renal flare through week 52
compared with belimumab-treated patients who did not (−42.9% vs. −75.0%; p = 0.038), as
illustrated in Figure 2. In contrast, no differences were seen regarding rapid or early changes
in transitional B cells between patients who developed renal flares and patients who did
not among patients who were exposed to non-biological ST alone (Figure 2). Moreover,
no differences were observed regarding changes in CD19+CD27-CD24lowCD38low naïve
B cells between flaring and non-flaring patients. Detailed results from this analysis are
presented in Supplementary Table S10.

2.4. Serological Markers

In the entire cohort (all treatment arms) patients who developed at least one re-
nal flare through week 52 had higher baseline anti-dsDNA levels (median; IQR: 256.0;
97.5–632.0 IU/mL vs. 90.0; 29.0–275.3 IU/mL; p < 0.001) and lower C3 (median; IQR: 75.0;
57.3–91.5 mg/dL vs. 96.0; 75.0–119.0 mg/dL; p < 0.001) and C4 levels (median; IQR: 11.0;
7.0–16.0 mg/dL vs. 15.0; 9.0–22.0 mg/dL; p < 0.001) compared to patients who did not
develop renal flares. Rapid and early changes of anti-dsDNA antibody levels, C3 levels, and
C4 levels did not differ between patients who developed renal flares through week 52 and
patients who did not. Similar patterns were seen in analysis stratified by treatment arms
(Figure 3). The results are detailed in Supplementary Tables S4–S6, and the corresponding
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results for renal flares through week 76 are detailed in Supplementary Tables S7–S9. These
tables also detail comparisons of changes in serological markers between patients who
received ST plus belimumab and patients who received ST plus placebo.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 1. B cell alterations in relation to renal flares. The graphs delineate relative to baseline per-
centage changes in selected B cell and peripheral plasma cell subsets in patients who developed at 
least one renal flare during the study period (continuous lines) and patients who did not (dashed 
lines). Comparisons between patients who flared and patients who did not were conducted using 
multivariable logistic regression analysis to account for potential confounders and are illustrated 
for patients who received non-biological standard therapy plus belimumab (red lines) and patients 
who received non-biological standard therapy alone (blue lines). Comparisons between treatment 
arms were conducted using non-parametrical Mann–Whitney U tests. Whiskers indicate the inter-
quartile range of distributions. The number of patients with available data at each time point is 
indicated for each patient subgroup. 
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Figure 1. B cell alterations in relation to renal flares. The graphs delineate relative to baseline
percentage changes in selected B cell and peripheral plasma cell subsets in patients who developed at
least one renal flare during the study period (continuous lines) and patients who did not (dashed
lines). Comparisons between patients who flared and patients who did not were conducted using
multivariable logistic regression analysis to account for potential confounders and are illustrated for
patients who received non-biological standard therapy plus belimumab (red lines) and patients who
received non-biological standard therapy alone (blue lines). Comparisons between treatment arms
were conducted using non-parametrical Mann–Whitney U tests. Whiskers indicate the interquartile
range of distributions. The number of patients with available data at each time point is indicated for
each patient subgroup.
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Figure 2. Transitional and naïve B cell alterations in relation to renal flares. The graphs delineate
relative to baseline percentage changes in transitional and naïve B cell subsets in patients who
developed at least one renal flare during the study period (continuous lines) and patients who did
not (dashed lines) in a subanalysis of data from the BLISS-SC trial. Comparisons between patients
who flared and patients who did not were conducted for patients with available data, stratified into
patients who received non-biological standard therapy plus belimumab (red lines) and patients who
received non-biological standard therapy alone (blue lines). P values are derived from non-parametric
Mann–Whitney U tests. Whiskers indicate the interquartile range of distributions. The number of
patients with available data at each time point is indicated for each patient subgroup.

2.5. Analyses in Relation to the First Documented Renal Flare

To further understand the observed kinetics of B cell and plasma cell subsets, anti-
dsDNA antibody levels, and complement levels, we investigated absolute cell counts and
anti-dsDNA, C3, and C4 levels in relation to the time of the first documented renal flare.
More specifically, we compared the distributions of absolute cell counts and anti-dsDNA,
C3, and C4 levels measured at the most adjacent timepoint before (median time: −7.9; IQR:
−15.4–−4.1 weeks) and after (median time: 10.9; IQR: 3.9–12.7 weeks) the first renal flare.
In this analysis, absolute CD19+CD20+CD138+ short-lived plasma cell counts displayed a
decrease between the last available measurement prior to the first documented renal flare
(median: 422.5 cells/mL; IQR: 274.5–567.9 cells/mL) and the first available measurement
after the renal fare (median: 183.0 cells/mL; IQR: 130.4–301.0 cells/mL; p = 0.035). In
contrast, C4 levels displayed an increase from the first available measurement prior to
renal flare (median: 9.5 mg/dL; IQR: 7.0–13.8 mg/dL) to the first measurement after the
renal flare (median: 12.5 mg/dL; IQR 7.3–18.0 mg/dL; p = 0.011). All other cell subsets,
anti-dsDNA antibody levels, and C3 levels showed no statistically significant change before
and after the first documented renal flare (p > 0.05 for all comparisons).
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Figure 3. Changes in serological markers in relation to renal flares. The graphs delineate relative
to baseline percentage changes in anti-dsDNA, C3, and C4 levels in patients who developed at
least one renal flare during the study period (continuous lines) and patients who did not (dashed
lines). Comparisons between patients who flared and patients who did not were conducted using
multivariable logistic regression analysis to account for potential confounders and are illustrated
for patients who received non-biological standard therapy plus belimumab (red lines) and patients
who received non-biological standard therapy alone (blue lines). For anti-dsDNA levels, a separate
analysis for patients with positive anti-dsDNA levels (≥30 IU/mL) at baseline is also demonstrated.
Comparisons between treatment arms were conducted using non-parametrical Mann–Whitney U
tests. Whiskers indicate the interquartile range of distributions. The number of patients with available
data at each time point is indicated for each patient subgroup. Anti-dsDNA: anti-double-stranded
DNA antibodies; C3: complement component 3; C4: complement component 4.

3. Discussion

In this study, we investigated alterations across different circulating B cell subsets
upon treatment for active SLE and their association with occurrence of renal flares. We
showed that a course in short-lived plasma cells and plasmablasts characterised by a rapid
decrease followed by a subsequent return was associated with the occurrence of renal
flares; this pattern may thus signify a need for treatment modifications in selected patients.
While this drop–return pattern was seen both in patients treated with add-on belimumab
and patients treated with non-biological ST alone, the drop in plasmablasts was more
prominent in belimumab-treated patients irrespective of the development of renal flares. It
is worth noting that belimumab was herein shown to induce declining trends in plasma cell
subsets early on upon treatment initiation, while in previous research, data on the effect
of belimumab on plasma cells have been conflicting [22–24]. This may be due to the large
study population in the present work and the resulting power amplification in statistical
calculations as well as the detailed characterisation of peripheral plasma cells into different
subsets. A similar pattern of an initial drop and subsequent return in memory B cells
discriminated patients on non-biological ST who flared from those who did not flare in
unadjusted analysis, which, however, did not reach statistical significance after adjustment
for confounders. In contrast, circulating memory B cells showed a rapid increase upon
belimumab treatment regardless of the occurrence of renal flares. This increase in circulating
memory B cells occurring short time after commencement of belimumab therapy has been
described in previous research [22–24] and has been speculated to be related to a secondary
defect in their trafficking receptors [25]. Albeit not unexpected in light of its mode of
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action, belimumab was shown to induce a rapid and sustained decline in transitional B
cells, which was less prominent in belimumab-treated patients who developed renal flares.
This finding is novel and suggests that transitional B cell kinetics may be an early indicator
of successful treatment with belimumab, with pronounced rapid reductions signifying a
better protection against renal flares. Lastly, while high levels of anti-dsDNA antibodies
and low levels of C3 and C4 at baseline were associated with renal flare development, rapid
or early changes in these traditional serological markers were not.

While renal flares constitute a major contributing factor of poor long-term prognosis
in patients with SLE [26–28], traditional biomarkers do not satisfactorily predict their occur-
rence [10], especially when evaluating the likelihood of renal flare-up upon commencing
therapy for active SLE. In conformity with the above, early changes in anti-dsDNA or
complement levels did not discriminate between patients who developed renal flares and
patients who did not in the present study. Moreover, while several studies have shown that
attainment of low proteinuria levels at one year of therapy for lupus nephritis is coupled
with a better long-term renal prognosis, failure to attain this target was not clearly pre-
dictive of poor outcome [27,29,30], and another study found no clear association between
proteinuria levels at one year of therapy and subsequent renal flares [31]. In contrast, this
latter study revealed that active glomerular inflammatory lesions in per-protocol repeat kid-
ney biopsies after the initial phase of therapy were predictive of subsequent renal flares [31].
Although direct examination of the kidney biopsy is considered the gold standard for
determination of therapeutic need, its invasiveness makes it inappropriate in several cases,
especially when the purpose is to predict future events rather than confirmation of activity
and justification of therapy upon clinical indications. Moreover, while several theories exist,
the exact mechanisms underlying inflammatory kidney injury in patients with SLE are
not fully elucidated, and it is still unclear whether immune activation preceding nephritis
starts in the periphery or in situ [5].

Various functions of B cells have been implicated in the pathogenesis of LN, including
the production of inflammatory mediators or potentially nephritogenic autoantibodies
and cytotoxicity mediated by interactions with components of the complement system.
Studies of murine lupus have shown that B cells infiltrating the kidney tissue secrete
antibodies with various antigen specificities and contribute to in situ immune complex
formation [32–34]. Also in human studies, germinal-centre-like structures and T and B
cell aggregates in the kidney have been shown to promote in situ secretion of pathogenic
antibodies and immune complexes [35,36]. Moreover, in response to evidence that B cell
depletion prevents or delays the onset of glomerulonephritis in lupus-prone mice [37,38]
and induces complete or partial clinical remission in patients with lupus nephritis [39–41],
B cell modulation with the BAFF inhibiting monoclonal antibody belimumab was recently
shown successful in a lupus-nephritis-specific phase III clinical trial [19] and received
approval for the treatment of this lupus manifestation. Moreover, the B-cell-depleting
agent obinutuzumab has entered a phase III protocol after promising results in a phase II
trial [41]. It is, however, worth noting that where the ability of B cells to secrete antibodies is
impeded, lupus-prone mice have also been shown to develop nephritis [42], implying that
B cell functions other than antibody production, such as antigen presentation or cytokine
production, may also contribute to inflammatory kidney injury. Altogether, investigation
of biological events in the periphery that can be anticipated to reflect the inflammatory
activity in the kidney preceding renal flares has merit, and we hypothesised that kinetics
of peripheral B cell and plasma cell subsets might prove to be a useful surveillance tool in
this regard.

A kinetics pattern of a rapid drop in short-lived plasma cells and plasmablasts with
a subsequent return was associated with the development of renal flares, while patients
who did not develop renal flares showed more gradual decreases. Interestingly, this
drop–return pattern was prominent in patients who received non-biological ST alone
while the returning trend in these cell subsets was less pronounced or absent among
patients who received add-on belimumab. It is worth noting that belimumab was herein
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shown to induce declining trends in certain plasma cell subsets early on upon treatment
initiation, in part contrasting previous conflicting data [22–24], potentially owing to the
large study population and resulting power amplification in statistical calculations as well
as the detailed characterisation of peripheral plasma cells into different subsets. Another
point of striking interest was the rapid decrease in peripheral long-lived plasma cells in
belimumab-treated patients who did not develop renal flares, which was more prominent
than in belimumab-treated patients who flared. In contrast, no such discriminative ability
was observed for long-lived plasma cell kinetics in patients who were on non-biological
ST alone. While the origin of long-lived plasma cells found in the periphery is unclear,
this finding is in an intuitive direction and may prove useful in the early evaluation of
belimumab therapy, signifying a better response and thus a protection against renal flare
development in patients showing rapid reductions.

A similar pattern of an initial drop and subsequent return in memory B cells was seen
in patients on non-biological ST who developed renal flares, while circulating memory
B cells showed a rapid increase upon belimumab treatment regardless of renal flare oc-
currence. This increase in circulating memory B cells seen short time after initiation of
belimumab treatment has been described in previous research [22–24], and it has been
speculated to be related to a secondary defect in their trafficking receptors [25]. Thus, it
may be argued that gradual decreases in selected B cell subsets may signify a durable
response to treatment in terms of protection against renal flares, while return trends may be
indicative of a rebound B cell enrichment or relative enrichment of certain subsets within
the B cell pool.

While the difference did not reach statistical significance after adjustments, changes
in activated B cells displayed numerically prominent differential patterns within the
belimumab-treated population, with patients who developed renal flares showing in-
creasing trends and patients who did not flare showing declines. The separation trend was
seen at week 8, yielding an absolute difference of 23.9%, but was more prominent in the
comparison of week 24, yielding an absolute difference of 70.7%. Despite the lack of statisti-
cal significance, the direction of this observation is intuitive, with B cells carrying activation
markers accumulating towards a renal flare and decreasing activated B cells signifying
favourable response to belimumab and protection against renal flares, warranting further
study of this B cell subset in relation to responses to belimumab therapy.

In a subgroup analysis aiming at a better characterisation of the naïve and transitional
B cells, transitional B cells showed rapid and sustained reductions in belimumab-treated
patients, which were more prominent in patients who did not develop renal flares. In
contrast, patients treated with non-biological ST alone showed less prominent decreases in
transitional B cells, which did not distinguish flaring from non-flaring patients. Based on
its mode of action, belimumab is expected to impact transitional and naïve B cells [43,44],
while the more prominent decline in transitional B cells in belimumab-treated patients
who were protected against renal flares may be speculated to be due to an augmented
BAFF effect on transitional B cells in an environment of declining numbers of naïve B cells.
Supportive of the latter may also be considered the previously documented increase in
BAFF levels upon exposure to belimumab therapy [17].

While high levels of anti-dsDNA antibodies and low levels of C3 and C4 at baseline
signified patients at risk for renal flares during follow-up, their rapid and early kinetics in
response to therapy were not found to have any predictive value. Lastly, the higher levels
of C4 and lower levels of short-lived plasma cells measured after the first documented renal
flare compared with the last available measurement prior to the flare may be due to an effect
of the glucocorticoid and/or immunosuppressive rescue therapy given to treat the observed
flare. It is important to underline that our findings are rather hypothesis-generating and
not intended to suggest the substitution of traditional serological markers with B cell and
peripheral plasma cell kinetics. They are rather intended to suggest the use of both in a
complemental fashion while monitoring drug efficacy, especially belimumab or other B
cell targeting therapies, to obtain a better insight into the biological drug response and
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facilitate early treatment evaluation based on evidence-based expectations for subsequent
clinical outcomes.

It is important to acknowledge that this study included a selected SLE population
mainly displaying musculoskeletal and mucocutaneous activity at baseline; in total, 36.9%
of the study participants had current or past renal involvement at baseline. Together with
the short follow-up time, this explains the overall low incidence of renal flares during the
study period and limits the generalisability of the findings in real-world SLE populations of
higher percentages of renal involvement [1,5]. On the other hand, the study encompassed
a large number of patients that commenced therapy for active, autoantibody-positive
extrarenal disease, who are expected to be at a certain risk for developing renal flares [7]
and were followed up in a structured manner which allowed for the detection of patterns
of lymphocyte alterations over time after treatment commencement.

While SLE populations more enriched in active renal disease might yield a higher
renal flare rate, it is of clinical relevance to also investigate renal flare development in a
population commencing therapy for active extrarenal disease for several reasons. Firstly,
because treatment given for extrarenal disease is not necessarily protective against develop-
ment of renal activity and understanding how to prevent this is warranted. Secondly, a
proportion of the study participants had active renal SLE (8.9%), and many had a history
of renal involvement, albeit quiescent (5.7%), or stable (22.3%) renal disease at baseline.
Thirdly, cases of de novo lupus nephritis development after commencement of belimumab
therapy in patients with no prior renal SLE have been reported [21,45]. Hence, especially
in light of the recent approval of add-on belimumab for active lupus nephritis [19], it is
important to understand which patient subgroups are protected against renal flares during
belimumab therapy and which patients are not. In the present investigation, the proportion
of individuals who developed renal flares differed from those who did not in favour of beli-
mumab only within patients treated with the low dose of i.v. belimumab (1 mg/kg). While
the approved dose of add-on i.v. belimumab is 10 mg/kg, this dose was tested in patients
with active LN and high levels of proteinuria, resulting in an increased drug clearance [19].
Altogether, the dose of belimumab in SLE patients with low-grade or no proteinuria may
still require investigation in relation to drug effects on B cells with regulatory properties, as
previously postulated [21], and indirectly supported by the prominent reductions of IL-10
upon belimumab therapy commencement for active extrarenal SLE [46].

4. Materials and Methods
4.1. Study Population

We analysed prospectively collected longitudinal data from patients with active SLE
who participated in three multicentre, randomised, double-blind, placebo-controlled trials
comparing belimumab (administered intravenously or subcutaneously) with placebo—
i.e., BLISS-76 (NCT00410384; n = 819) [47], BLISS-SC (NCT01484496; n = 836) [48], and
BLISS Northeast Asia (NEA; NCT01345253; n = 60) [49]—in a post hoc manner. The study
population (n = 1715) was selected based on the a priori flow cytometry analysis plan for
each one of the BLISS trials and therefore based on the availability of data on B cell subset
counts, selected serological markers, and clinical data needed to determine renal flares. In
the BLISS programmes, belimumab or placebo was administered on top of ST, including
antimalarial agents, glucocorticoids, immunosuppressive agents, or combinations thereof.

In terms of design, the three trials were similar. Briefly, all patients were required to
have a Safety of Estrogens in Lupus Erythematosus National Assessment-Systemic Lupus
Erythematosus Disease Activity Index (SELENA-SLEDAI) [50] score ≥6 (BLISS-76) or ≥8
(BLISS-SC and BLISS-NEA) and had to be autoantibody-positive (antinuclear antibody
titres ≥1:80 and/or anti-double stranded (ds)DNA levels ≥30 IU/mL) at the screening
visit. All patients had received stable dosages of ST for at least 30 days prior to baseline.
For BLISS-76 and BLISS-NEA, belimumab or placebo were administered intravenously
on days 0, 14, and 28, and every 4th week thereafter through week 48 (NEA) or week 72
(BLISS-76). In BLISS-SC, belimumab 200 mg or placebo was administered subcutaneously
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weekly through week 52, on top of non-biological ST. Progressive restrictions were imposed
during the trial periods on concurrent immunosuppressive and antimalarial medications,
as well as glucocorticoid intake. The primary endpoint in all trials was the proportion of
responders at week 52, with response being determined using the composite SLE Responder
Index (SRI)-4 [51]. The similar trial design and endpoints allowed pooling of the data to
increase power during statistical analyses.

4.2. Clinical Definitions

Renal flare was defined as the occurrence of one or more of the following features
on two or more consecutive visits during the study period: (i) a reproducible increase in
24 h urine protein equivalent levels to >1 g if the baseline value was <0.2 g, >2 g if the
baseline value was 0.2 g to 1 g, or >2 times the baseline value if the baseline value was >1 g;
(ii) a reproducible increase in serum creatinine by ≥20% or ≥0.3 mg/dL, accompanied by
proteinuria (equivalent to >1 g/24 h), haematuria (≥4 red blood cells per high power field)
and/or red blood cell casts; (iii) treatment-emergent reproducible haematuria (≥11 to 20
red blood cells per high power field) or a reproducible increase in haematuria by 2 grades
compared to baseline associated with 25% dysmorphic red blood cells, glomerular in origin,
exclusive of menses, and accompanied by either an ≥0.8 g increase in 24 h proteinuria (or
equivalent amount measured by other means, such as the urinary protein to creatinine
ratio) or new red blood cell casts [18]. Occurrence of renal flare was determined every
fourth week during the study period.

History of or current renal involvement was defined as a renal score of A–D in the
classic British Isles Lupus Assessment Group Index (BILAG) [52], while no history of
renal involvement was defined a renal classic BILAG E. Active renal SLE was defined as
a renal classic BILAG A or B. Organ damage was determined with the Systemic Lupus
International Collaborating Clinics (SLICC)/American College of Rheumatology (ACR)
Damage Index (SDI) [53].

4.3. Determination of B Cell Subsets and Serological Markers

Peripheral B cell and plasma cell subsets were determined via flow cytometry, and
the gating strategy for cell separation was employed within the frame of the BLISS study
programmes [47–49]. Flow cytometry was performed on samples captured at weeks 8,
24, and 52 in BLISS-76 and BLISS-SC, and at weeks 8, 12, and 52 in BLISS-NEA. The cell
subsets were classified into total peripheral CD19+CD20+ B cells, CD19+CD20+CD69+

activated B cells, CD19+CD20+CD27- naïve B cells, CD19+CD20+CD27+ memory B cells,
CD19+CD20-CD27bright plasmablasts, CD19+CD20+CD138+ short-lived plasma cells,
CD19+CD20-CD138+ long-lived plasma cells, and CD19+CD38brightCD27bright SLE-
associated plasma cells based on previous works deriving from the BLISS trials and other lit-
erature [23,54–56]. In a subgroup analysis to better characterise the CD19+CD20+CD27- cell
subset performed in the population from the BLISS-SC trial, which encompassed a more de-
tailed gating strategy, CD19+CD27-CD24brightCD38bright designated transitional B cells, and
CD19+CD27-CD24lowCD38low designated a befitting naïve B cell subset [57]. Levels of anti-
dsDNA, C3, and C4 were determined within the frame of the BLISS programmes [47–49]
and were made available through the Clinical Study Data Request (CSDR) consortium.

We analysed changes in B cell subsets and serum levels of anti-dsDNA, C3, and C4
that occurred through weeks 8, 24, and 52 relative to baseline (i.e., treatment initiation).
The changes in B cell subsets between baseline and week 12 in the 60 patients from the
BLISS-NEA trial were pooled with changes in B cell subsets between baseline and week 24
in the rest of the study population and were thus collectively termed changes through
week 24. Changes occurring through week 8 were deemed rapid, and changes occurring
through week 24 were deemed early; further changes were referred to as delayed. We next
investigated associations between changes in B cell or plasma cell subsets or changes in
serological markers and renal flares occurring until week 52 in a first analysis; throughout
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the entire follow-up, i.e., through week 52, for BLISS-SC and BLISS-NEA; and through
week 76 for BLISS-76 in a subsequent analysis.

4.4. Ethics

Data from the BLISS trials were made available by GlaxoSmithKline (Uxbridge, UK)
through the CSDR consortium. The trial protocols were approved by regional ethics
review boards for all participating centres and complied with the ethical principles of the
Declaration of Helsinki. Written informed consent was obtained from all study participants
prior to enrolment. The present study was approved by the Swedish Ethical Review
Authority (reference: 2019-05498).

4.5. Statistical Analysis

Descriptive statistics are reported as means and standard deviations or medians
and interquartile ranges for continuous variables, while frequencies and percentages are
reported for categorical variables. For comparisons of patient characteristics between
patients who developed renal flares and patients who did not, non-parametrical Mann–
Whitney U tests were used for continues variables, and chi-squared (χ2) or Fisher’s exact
tests were used for binomial variables as appropriate. Comparisons of distributions of
relative to baseline changes between flaring and non-flaring patients were conducted using
multivariable logistic regression models; apart from the main exposure under investigation
(i.e., relative to baseline percentage changes through week 8, week 24, or week 52 in B
cell subset counts or serum levels of serological markers), other covariates in the models
included age, ethnicity, glucocorticoid use, and belimumab use. Adjustment for belimumab
use was not applicable in models stratified by treatment arm. Results from the logistic
regression analyses are presented as the coefficient, odds ratio (OR), 95% confidence
interval (CI), and P value for the main exposure in the respective multivariable logistic
regression model.

In subgroup analyses from the BLISS-SC for a more in-depth characterisation of
naïve and transitional B cells, the corresponding comparisons were performed using non-
parametrical Mann–Whitney U tests due to the lack of a sufficient number of events (renal
flares) limiting us from performing multivariable logistic regression analysis. Taking the
randomisation in the clinical trials into consideration, comparisons between treatment arms
were derived from non-parametrical Mann–Whitney U tests. Comparisons of distributions
of related (paired) samples before and after the occurrence of the first recorded renal flare
were conducted using the non-parametrical Wilcoxon signed-rank test. p values below 0.05
were deemed statistically significant. All analyses were performed using the R version 4.01
software (R Foundation for Statistical Computing, Vienna, Austria). The GraphPad Prism
software version 9 (La Jolla, CA, USA) was used for the preparation of graphs.

5. Conclusions

To summarise, we showed that changes in the circulating B cell compartment in
patients undergoing immunosuppressive treatment for active extra-renal SLE may help
identify patients at risk for impending development of a renal flare and might hence have
a place in disease surveillance as a complement to traditional parameters. Our findings
provide implications that B cell kinetics with ability to inform about imminent renal flares
differ between patients treated with non-biological standard therapy and patients receiving
add-on belimumab owing to the effects of BAFF inhibition on the B cell compartment;
this renders identification of therapy-specific patterns of B cell alterations of particular
importance. The most striking results from the present study suggested that prominent
rapid decreases in transitional B cells and peripheral long-lived plasma cells may signify a
more favourable response to belimumab therapy and protection against renal flares.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms232213941/s1.
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Abstract: Lupus nephritis (LN) is a serious complication for many patients who develop systemic
lupus erythematosus, which primarily afflicts women. Our studies to identify biomarkers and the
pathogenic mechanisms underlying LN will provide a better understanding of disease progression
and sex bias, and lead to identification of additional potential therapeutic targets. The glycosphin-
golipid lactosylceramide (LacCer) and N-linked glycosylated proteins (N-glycans) were measured in
urine and serum collected from LN and healthy control (HC) subjects (10 females and 10 males in
each group). The sera from the LN and HC subjects were used to stimulate cytokine secretion and
intracellular Ca2+ flux in female- and male-derived primary human renal mesangial cells (hRMCs).
Significant differences were observed in the urine of LN patients compared to HCs. All major LacCers
species were significantly elevated and differences between LN and HC were more pronounced in
males. 72 individual N-glycans were altered in LN compared to HC and three N-glycans were signifi-
cantly different between the sexes. In hRMCs, Ca2+ flux, but not cytokine secretion, was higher in
response to LN sera compared to HC sera. Ca2+ flux, cytokine secretion, and glycosphingolipid levels
were significantly higher in female-derived compared to male-derived hRMCs. Relative abundance
of some LacCers and hexosylceramides were higher in female-derived compared to male-derived
hRMCs. Urine LacCers and N-glycome could serve as definitive LN biomarkers and likely reflect
renal disease activity. Despite higher sensitivity of female hRMCs, males may experience greater
increases in LacCers, which may underscore worse disease in males. Elevated glycosphingolipid
metabolism may poise renal cells to be more sensitive to external stimuli.

Keywords: glycosylation; N-glycan; glycosphingolipid; lupus nephritis; mesangial cell; sex bias;
biomarker

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease in which the immune
system can attack a variety of organs. Nephritis is a major complication of lupus that occurs
in greater than 50% of SLE patients. SLE also exhibits a strong sex bias occurring 9–10 times
more frequently in females than males [1]. The underlying mechanisms involved in the
development of nephritis in SLE patients are not completely known, nor is the sex bias in
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disease understood. While many studies have focused on understanding changes in the
levels of genes or proteins, few have investigated the changes in lipids or glycosylation
with respect to disease or sex bias.

Glycosphingolipids (GSLs) are neutral lipids synthesized from ceramide by the addi-
tion of galactose or glucose to generate galactosylceramides (GalCers) or glucosylceramides
(GlcCers), which together make up hexosylceramides (HexCers). Lactosylceramides (Lac-
Cers) are generated from GlcCers. These GSLs are involved in a wide array of functions
in most cell types, including proliferation, apoptosis, and signal transduction [2–6]. We
previously demonstrated in a small cohort of subjects that LacCers were significantly el-
evated in the urine of lupus patients with nephritis compared to lupus patients without
nephritis or healthy subjects [7]. Differences in these GSLs were not observed in the serum.
While sex differences of the circulating lipidome were recently reported, GSLs (GlcCers and
LacCers) were not included [8]. To our knowledge, quantification of circulating or urine
GSLs with respect to sex in healthy subjects, or to sex and disease in SLE patients, has not
been reported.

Similar to GSLs, N-linked glycosylation of lipids and proteins plays an important
role in mediating many different cellular functions including cell interactions and signal
transduction. N-linked glycosylation can modulate the activity of proteins including IgG
effector function [9]. While changes in the N-glycome are observed in many inflammatory
or autoimmune diseases [10,11] including lupus [12–17], global changes in the N-glycome
associated with disease or with biologic sex in lupus nephritis are unknown.

In this study, we analyzed differences in the levels of LacCers and N-glycosylated
proteins (N-glycans) in urine and serum with respect to disease status and biologic sex.
We show that all major LacCers in the urine, but only two major LacCers in the serum,
were significantly elevated in LN patients compared to HC subjects in this study cohort.
Although no differences were observed in overall levels of urine or serum LacCers with
respect to biologic sex, a greater increase in urine LacCers was observed in males when
comparing LN to HC. We observed that 75% of the urine N-glycans and 30% of the
serum N-glycans were associated with disease status. Three of the urine N-glycans were
associated with biologic sex. Activation of primary human renal mesangial cells (hRMCs)
to the human sera was observed by measuring intracellular Ca2+ flux and cytokine release.
Ca2+ flux was significantly higher in response to serum from LN patients compared to
HC subjects. Intracellular Ca2+ flux in hRMCs derived from a female donor was more
sensitive and the cells released two-fold to ten-fold higher levels of cytokines in response
to sera compared to hRMCs derived from a male donor. Interestingly, the GSLs levels were
higher in the female-derived hRMCs compared to the male-derived hRMCs and this may
contribute in part to the hyper-response of the female-derived hRMCs.

2. Results
2.1. Comparison of LacCers and N-Linked Glycosylation in Urine of Lupus Nephritis Patients
Compared to Healthy Controls and between Sexes

The study population comparing lupus nephritis (LN) patients to healthy controls
(HCs) included 20 subjects in each group with equal sex distribution (50% female for each
group). LN patients and HCs were similar in age but a larger proportion of LN patients
were black relative to HCs. The eGFR and urine creatinine levels were similar in the two
groups. Significant differences between LN patients and HCs were observed for UPCr, C3
complement, and C4 complement. Participant demographics by disease status are shown in
Table 1. We previously demonstrated that levels of LacCers in the urine of LN patients were
significantly higher compared to lupus patients without nephritis and compared to HCs [7].
Similarly, in this study cohort, the levels of the major chain lengths of LacCer (C16, C22,
C24:1, and C24), as well as the total of all LacCer chain lengths, were significantly higher in
LN patients compared to HCs (Figure 1A). To determine if LacCers levels differed based
on biologic sex, we compared LacCers levels in the two groups. Although the differences
did not reach statistical significance in this small cohort, the urine LacCers levels tended to
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be higher in females compared to males in the HC group (Figure 1B). This trend was not
observed in the LN group. Thus, the relative increases in LN urine LacCers (C16, C24:1,
C24, and total) compared to HC urine was approximately twofold higher in LN males
than in LN females (Figure 1C). This suggests that while both sexes with LN experience
increases in urine LacCers, males may have a larger increase than females.

Table 1. Demographics and clinical measures of healthy controls (HC) and lupus nephritis (LN) patients.

HC (N = 20) LN (N = 20) p

Sex, male, n (%) 10 (50) 10 (50) 1.000
Age, mean (SD) 34.0 (10.3) 33.2 (11.2) 0.824
Race, n (%) 0.041

Black 10 (50) 16 (80)
White 10 (50) 3 (15)
Other 0 (0) 1 (5)

Estimated Glomerular Filtration
Rate, mean (SD) 103.9 (23.9) 93.0 (51.9) 0.455

Urine Creatinine, mg/mL (SD) 1.46 (1.14) 1.24 (0.82) 0.484
Urine Protein: Creatinine,
median (IQR) 0.055 (0.033) 1.69 (3.48) <0.001

Nephritis Class, n (%) N/A
I N/A 2 (10)
II N/A 2 (10)
III, IV N/A 8 (40)
III + V, IV + V N/A 3 (15)
V N/A 3 (15)
No biopsy/missing N/A 2 (10)

SLEDAI, mean (SD) N/A 11.85 (5.6) N/A
Anti-dsDNA, n positive (%) N/A 15 (75) N/A
Anti-Sm, n positive (%) N/A 10 (56) N/A
Anti-RNP, n positive (%) N/A 11 (61) N/A
C3 Complement, mean (SD) 151.0 (16.1) 85.8 (21.5) <0.001
C4 Complement, mean (SD) 33.9 (11.5) 23.0 (8.18) 0.034
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Figure 1. Urine LacCers levels were significantly higher in LN compared to HC. LacCer chain 

lengths of C14 to C26 were quantified in urine samples of healthy controls (HC) and lupus nephritis 
Figure 1. Urine LacCers levels were significantly higher in LN compared to HC. LacCer chain
lengths of C14 to C26 were quantified in urine samples of healthy controls (HC) and lupus nephritis
patients (LN) and included 10 females and 10 males in each group. (A) Levels of the major LacCer
chain lengths detected in the urine and the total of all LacCers chain lengths (Total) are shown in the
graphs for all HC (n = 20) compared to all LN (n = 20) subjects. (B) Levels of the major LacCer chain
lengths by sex in the HC and LN groups. (C) Ratio of LacCers levels in LN to HC by sex.

Ninety-six individual N-glycans (peaks) in urine were detectable in most of the sam-
ples, summarized in Supplemental Table S2. Nine classes of glycans, which used the sum
of the relative frequencies for those peaks in that class, were also considered: mannose,
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hybrid, biantennary, triantennary, tetrantennary, bisecting, fucosylated, sialylated, and
sulfonated. Seven of the N-glycan classes differed significantly between LN patients and
HCs after FDR correction (Figure 2A). Of the 96 individual N-glycans detected, the relative
abundance of 72 of the N-glycans differed significantly between LN patients and HCs after
FDR correction. The top 10 significantly different individual N-glycans are presented in
Figure 2C. We also examined sex differences in the relative frequencies of the glycans in
these data. The interaction between biologic sex and disease status was not significant
in any of the statistical models. Thus, results for disease status are reported across males
and females and results for biologic sex are reported across disease status. None of the
N-glycan classes differed significantly by sex (Figure 2B) and only three of the individual
N-glycans (peaks 2361, 2339, and 2289, Figure 2D) differed significantly by sex after FDR
correction. There was a significant increase in the degalactosylated (and desialylated, peak
1485) glycan shown to be associated with IgG that exhibits a more pro-inflammatory func-
tion, and significant decreases in the biantennary galactosylated (peaks 1663 and 1809) and
sialylated (peaks 2122 and 2435) glycans that are associated with a more anti-inflammatory
IgG (Figure 2E). Supplemental Figure S1A shows a heatmap of the 72 glycans found to
be associated with disease status and Supplementary Table S2 shows the mean difference
and 95% confidence interval in the relative frequencies of all the N-glycan classes and
individual peaks between LN patients and HCs as well as between males and females.

We then examined if inclusion of the individual N-glycans in a model that included total
urine LacCers level and biologic sex improved discrimination between LN patients and HCs
for those N-glycans identified as differing between LN and HC. Models with one N-glycan
added were compared to the baseline model for improvements in fit based on the likelihood
ratio test. Of the 72 N-glycans identified to be associated with disease, 27 were significant in a
model including total urine LacCers and biologic sex (although none retained significance
after FDR correction). The primary metric for evaluating discrimination of cases was the AUC
statistic. The baseline model including only urine total LacCers and biologic sex had an AUC
(95% CI) of 0.87 (0.75, 0.99). Models including one additional N-glycan from among those
associated with SLE status improved the AUC relative to the baseline model by between 0 and
0.118 units (i.e., increasing the AUC from 0.870 to between 0.870–0.992). The AUCs, likelihood
ratio test p-values (for comparison of a model including the N-glycan versus excluding the
N-glycan), and difference in AUCs are shown in Table 2.

Table 2. AUCs, likelihood ratio test (LRT) p-values, and differences in AUC of adding urine N-glycans
to a “null” model. The null model included only total urine LacCers and biologic sex. Urine LacCers
was natural log transformed prior to fitting the models to meet statistical assumptions. * Inclusion of
this glycan yielded perfect separation of the cases and controls.

AIC LRT p-Value AUC (95% CI) ∆ AUC (95% CI)

Null Model 43.12 0.0020 0.870 (0.748, 0.992)
2669 * 8 0.9970 1 (1, 1) 0.13 (0.008, 0.252)
1419 * 8 0.9976 1 (1, 1) 0.13 (0.008, 0.252)
1581 * 8 0.9987 1 (1, 1) 0.13 (0.008, 0.252)
Mannose * 8 0.9987 1 (1, 1) 0.13 (0.008, 0.252)

1485 33.92 0.0081 0.932 (0.859, 1.00) 0.062 (−0.031, 0.156)
1853 30.1 0.0081 0.945 (0.866, 1.00) 0.075 (−0.025, 0.175)
2174 32.47 0.0085 0.943 (0.876, 1.00) 0.073 (−0.036, 0.181)
1866 31.85 0.0095 0.948 (0.88, 1.00) 0.078 (−0.023, 0.178)
2122 33.54 0.0107 0.943 (0.872, 1.00) 0.073 (−0.047, 0.192)
2158 28.28 0.0108 0.958 (0.903, 1.00) 0.088 (−0.023, 0.198)
1996 31.62 0.0111 0.948 (0.887, 1.00) 0.078 (−0.026, 0.181)
2377 25.13 0.0119 0.970(0.923, 1.00) 0.100 (−0.019, 0.219)
2361 34 0.0124 0.938 (0.860, 1.00) 0.068 (−0.018, 0.153)
Tetraantennary 33.13 0.0130 0.938 (0.860, 1.00) 0.068 (−0.054, 0.189)
2012 34.74 0.0131 0.917 (0.830, 1.00) 0.047 (−0.062, 0.157)
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Table 2. Cont.

AIC LRT p-Value AUC (95% CI) ∆ AUC (95% CI)

2967 31.54 0.0159 0.943 (0.861, 1.00) 0.073 (−0.042, 0.187)
2289 36.13 0.0170 0.915 (0.828, 1.00) 0.045 (−0.059, 0.149)
Sialylation 35.54 0.0182 0.948 (0.874, 1.00) 0.078 (−0.018, 0.173)
1831 34.34 0.0212 0.932 (0.846, 1.00) 0.062 (−0.014, 0.139)
2056 37.2 0.0225 0.915 (0.829, 1.00) 0.045 (−0.025, 0.115)
1704 33.24 0.0242 0.955 (0.886, 1.00) 0.085 (−0.011, 0.181)
1809 37.7 0.0250 0.917 (0.833, 1.00) 0.047 (−0.036, 0.131)
3770 37.38 0.0264 0.902 (0.805, 1.00) 0.032 (−0.062, 0.127)
2632 38.17 0.0289 0.907 (0.813, 1.00) 0.037 (−0.035, 0.110)
2487 38.8 0.0311 0.897 (0.806, 0.989) 0.027 (−0.065, 0.120)
2267 37.86 0.0314 0.915 (0.830, 1.00) 0.045 (−0.038, 0.128)
1257 20.36 0.0346 0.985 (0.959, 1.00) 0.115 (−0.005, 0.235)
2245 38.88 0.0363 0.902 (0.807, 0.998) 0.032 (−0.034, 0.099)
2852 38.39 0.0367 0.912 (0.823, 1.00) 0.042 (−0.068, 0.153)
1079 39.5 0.0372 0.900 (0.793, 1.00) 0.030 (−0.067, 0.127)
2221 39.48 0.0389 0.902 (0.807, 0.998) 0.032 (−0.047, 0.112)
2638 38.44 0.0406 0.910 (0.809, 1.00) 0.040 (−0.040, 0.120)
3333 38.94 0.0412 0.897 (0.800, 0.995) 0.027 (−0.070, 0.125)
2287 38.33 0.0445 0.902 (0.808, 0.997) 0.032 (−0.040, 0.105)
1663 39.57 0.0477 0.885 (0.774, 0.996) 0.015 (−0.032, 0.062)
1891 19.61 0.0557 0.988 (0.965, 1.00) 0.118 (−0.001, 0.236)
1743 19.12 0.0567 0.985 (0.957, 1.00) 0.115 (0.005, 0.225)
2945 40.2 0.0586 0.897 (0.801, 0.994) 0.027 (−0.032, 0.087)
1905 21.5 0.0604 0.983 (0.954, 1.00) 0.113 (0.001, 0.224)
1444 37.27 0.0657 0.920 (0.831, 1.00) 0.05 (−0.038, 0.138)
2465 41.09 0.0714 0.890 (0.792, 0.988) 0.02 (−0.053, 0.093)
1960 41.41 0.0741 0.887 (0.774, 1.00) 0.017 (−0.038, 0.073)
2523 37.65 0.0813 0.907 (0.809, 1.00) 0.037 (−0.024, 0.099)
3144 40.32 0.0826 0.897 (0.800, 0.995) 0.027 (−0.05, 0.105)
1647 41.44 0.0864 0.895 (0.798, 0.992) 0.025 (−0.04, 0.09)
3646 41.69 0.0948 0.887 (0.787, 0.988) 0.017 (−0.043, 0.078)
2654 41.54 0.1038 0.887 (0.779, 0.996) 0.017 (−0.059, 0.094)
1954 42.03 0.1056 0.892 (0.790, 0.995) 0.022 (−0.036, 0.081)
2610 41.41 0.1125 0.885 (0.777, 0.993) 0.015 (−0.038, 0.068)
2028 42.3 0.1158 0.893 (0.778, 1.00) 0.023 (−0.024, 0.069)
sulfation 42.4 0.1233 0.900 (0.793, 1.00) 0.03 (−0.016, 0.076)
2163 42.2 0.1234 0.882 (0.774, 0.991) 0.012 (−0.062, 0.087)
2923 42.01 0.1353 0.880 (0.774, 0.986) 0.01 (−0.052, 0.072)
1814 42.61 0.1363 0.885 (0.786, 0.984) 0.015 (−0.061, 0.091)
2304 42.78 0.1480 0.887 (0.784, 0.991) 0.017 (−0.057, 0.092)
3092 42.8 0.1579 0.873 (0.754, 0.991) 0.003 (−0.034, 0.039)
1850 42.93 0.1609 0.88 (0.771, 0.989) 0.01 (−0.059, 0.079)
3193 42.38 0.1649 0.885 (0.778, 0.992) 0.015 (−0.042, 0.072)
3113 42.56 0.1651 0.882 (0.769, 0.996) 0.012 (−0.017, 0.042)
3004 42.8 0.1815 0.878 (0.760, 0.995) 0.008 (−0.03, 0.045)
2435 43.22 0.1838 0.875 (0.769, 0.981) 0.005 (−0.06, 0.07)
3093 43.2 0.1933 0.865 (0.740, 0.990) −0.005 (−0.039, 0.029)
2393 43.16 0.2030 0.880 (0.769, 0.991) 0.010 (−0.042, 0.062)
fucosylation 43.35 0.2073 0.885 (0.780, 0.990) 0.015 (−0.044, 0.074)
2100 43.33 0.2168 0.870 (0.754, 0.986) 0.00 (−0.048, 0.048)
3384 43.18 0.2193 0.873 (0.755, 0.99) 0.003 (−0.044, 0.049)
triantennary 43.7 0.2642 0.870 (0.747, 0.993) 0.00 (−0.052, 0.052)
bisect 43.82 0.2776 0.882 (0.774, 0.991) 0.012 (−0.045, 0.07)
2319 43.58 0.2828 0.882 (0.772, 0.993) 0.012 (−0.036, 0.061)
1875 44.09 0.3257 0.882 (0.769, 0.996) 0.012 (−0.017, 0.042)
2383 44.55 0.4570 0.882 (0.767, 0.998) 0.012 (−0.019, 0.044)
2413 44.69 0.5224 0.863 (0.739, 0.986) −0.007 (−0.041, 0.026)
1773 44.75 0.5600 0.875 (0.756, 0.994) 0.005 (−0.016, 0.026)
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Table 2. Cont.

AIC LRT p-Value AUC (95% CI) ∆ AUC (95% CI)

1611 44.83 0.5933 0.877 (0.762, 0.993) 0.007 (−0.02, 0.035)
2594 44.87 0.6229 0.877 (0.759, 0.996) 0.007 (−0.019, 0.034)
2339 44.89 0.6393 0.875 (0.752, 0.998) 0.005 (−0.019, 0.029)
2341 44.97 0.7073 0.875 (0.758, 0.992) 0.005 (−0.019, 0.029)
2391 45.1 0.9027 0.873 (0.750, 0.995) 0.003 (−0.004, 0.009)
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Figure 2. The urine N-glycome was significantly different in LN compared to HC; some differed
by sex. N-glycans were quantified in the same urine samples as in Figure 1 of 20 healthy controls
(HC) and 20 lupus nephritis patients (LN) and included 10 females and 10 males in each group. N-
glycan classes: high mannose (High Man), tetra-antennary (Tetra), sialylated (Sial), tri-antennary (Tri),
fucosylated (Fucos), sulfated (Sulf), bisected (Bisect), bi-antennary (Bi), or Hybrid were compared
in all HC vs. all LN (A) or by sex in each group (B). * Significant difference between HC and LN.
Specific Q-values are provided in Table S1. Individual N-glycans were compared in all HC vs. all LN
(C) or by sex in each group (D). Of the 72 individual N-glycans that differed significantly between
HC and LN, the top 10 are presented in (C). Only three N-glycans differed significantly between
females and males (D). (E) N-glycans associated with IgG are significantly different between HC
and LN. N-glycan structures shown below the m/z peak values. See Table S2 for a list of all urine
N-glycans detected and the adjusted Q values and Table S1 for N-glycans structure information.

99



Int. J. Mol. Sci. 2023, 24, 16490

2.2. Comparison of LacCers and N-Linked Glycosylation in Serum of Lupus Nephritis Patients
Compared to Healthy Controls and between Sexes

Serum samples were analyzed from the same LN patients and HCs from whom
urine samples were analyzed above. As we reported previously in a different cohort of
subjects [7], we did not observe a significant difference in C16 LacCer levels between LN
patients and HCs in this cohort, nor did we observe a difference in the levels of total
LacCers (Figure 3A). However, we did observe significant differences in C22 and C24
LacCers between LN patients and HCs. As in the urine LacCers analyses, we did not
observe any differences in serum LacCers based on biological sex regardless of disease
status (Figure 3B).
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Figure 3. Two serum LacCer species were significantly higher in serum from LN compared to HC.
LacCer chain lengths of C14 to C26 were quantified in serum samples of the same HC and LN subjects
as in Figure 1 (10 females and 10 males in each group). (A) Levels of the major LacCer chain lengths
detected in the serum and the total of all LacCers chain lengths (Total) are shown in the graphs for all
HC (n = 20) compared to all LN (n = 20) subjects. (B) Levels of the major LacCer chain lengths by sex
in the HC and LN groups.

Seventy individual N-glycans (peaks) were detectable in serum in most of the sam-
ples. Five N-glycan classes differed significantly between LN patients and HCs after FDR
correction (Figure 4A). Of the 70 detected individual N-glycans, the relative abundance
of 21 of the N-glycans groups differed significantly between LN patients and HCs after
FDR correction. The top 10 significantly different individual N-glycans are shown in
Figure 4B. We also examined sex differences in the relative frequencies of the N-glycans
in these data; however, none of the N-glycan classes (Figure 4C) or individual N-glycans
differed significantly by sex after FDR correction. Only one of the IgG-associated N-glycan
peaks, 1809 (desialylated containing a core fucose), in the serum was highly significantly
different between the two groups with it being decreased in the LN group (Figure 4D).
The mono-sialylated form was also decreased with the difference only just significant
at Q = 0.0449. Supplementary Figure S1B shows a heatmap of the 26 serum N-glycans
(21 individual and 5 classes) associated with disease status. Supplementary Table S3 shows
the mean difference and 95% confidence interval in the relative frequencies of the different
N-glycan classes or individual N-glycans between LN patients and HCs, and between
males and females.
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Figure 4. The serum N-glycome was significantly different in LN compared to HC. N-glycans
were quantified in the same serum samples as in Figure 3 of 20 healthy controls (HC) and 20 lupus
nephritis patients (LN) and included 10 females and 10 males in each group. N-glycan classes:
high mannose (High Man), tetra-antennary (Tetra), sialylated (Sial), tri-antennary (Tri), fucosylated
(Fucos), sulfated (Sulf), bisected (Bisect), bi-antennary (Bi), or Hybrid were compared in all HC vs.
all LN (A) or by sex in each group (C) * Q < 0.05 (see Table S3 for calculated adjusted Q-values).
(B) Individual N-glycans were compared in all HC vs. all LN and the top 10 of the 21 individual
N-glycans that differed significantly between HC and LN are presented. (D) N-glycans associated
with IgG (ns, not significant).. N-glycan structures shown below the m/z peak values. See Table
S3 for a list of all serum N-glycans detected and the calculated adjusted Q-values and Table S1 for
N-glycans structures.

We then examined if inclusion of the individual serum N-glycans in a model including
total urine LacCers level and biologic sex improved discrimination between LN and HC
for those N-glycans identified as differing between LN patients and HCs. Models with
one N-glycan added were compared to the baseline model for improvements in fit base
on the likelihood ratio test. Of the 21 individual or 5 classes of N-glycans associated with
SLE status, 20 were significant in a model including total urine LacCers and biologic sex
(although none retained significance after FDR correction). The baseline model including
only urine total LacCers and biologic sex had an AUC (95% CI) of 0.87 (0.75, 0.99). Models
including one additional N-glycan from among those identified to be associated with LN
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status improved the AUC relative to the baseline model by between 0.005 and 0.085 units.
The AUCs, likelihood ratio test p-values (for comparison of a model including the serum
N-glycan versus excluding the N-glycan), and difference in AUCs are shown in Table 3.

Table 3. AUCs, likelihood ratio test (LRT) p-values, and differences in AUC of adding serum N-
glycans to a “null” model (same null model as in Table 2).

AIC LRT p-Value AUC (95% CI) D AUC

Null Model 43.12 0.002 0.870 (0.748, 0.992)
mannose 29.08 0.012 0.955 (0.900, 1.00) 0.085 (−0.016, 0.186)
1743 29.71 0.013 0.953 (0.897, 1.00) 0.083 (−0.013, 0.178)
1581 30.74 0.008 0.950 (0.887, 1.00) 0.080 (−0.024, 0.184)
sulfation 32.53 0.006 0.945 (0.875, 1.00) 0.075 (−0.031, 0.181)
1419 32.62 0.006 0.943 (0.876, 1.00) 0.073 (−0.030, 0.175)
triantennary 32.94 0.013 0.935 (0.867, 1.00) 0.065 (−0.041, 0.171)
1809 33.3 0.009 0.938 (0.868, 1.00) 0.068 (−0.039, 0.174)
2275 33.33 0.016 0.927 (0.852, 1.00) 0.057 (−0.041, 0.156)
2540.1 33.69 0.007 0.935 (0.864, 1.00) 0.065 (−0.023, 0.153)
2028 34.96 0.02 0.917 (0.834, 1.00) 0.047 (−0.052, 0.147)
1444 35.96 0.028 0.917 (0.834, 1.00) 0.047 (−0.044, 0.139)
1905 36.12 0.015 0.935 (0.855, 1.00) 0.065 (−0.009, 0.139)
1136 36.24 0.019 0.910 (0.823, 0.997) 0.040 (−0.054, 0.134)
tetraantennary 36.79 0.015 0.915 (0.830, 1.00) 0.045 (−0.049, 0.139)
1257 36.87 0.014 0.920 (0.831, 1.00) 0.050 (−0.044, 0.144)
2319 37.69 0.026 0.900 (0.809, 0.991) 0.030 (−0.072, 0.132)
2122 38.32 0.024 0.910 (0.826, 0.994) 0.040 (−0.053, 0.133)
2633.1 39.17 0.043 0.900 (0.809, 0.991) 0.030 (−0.060, 0.120)
2523.1 39.2 0.036 0.895 (0.799, 0.991) 0.025 (−0.059, 0.109)
2231 40.01 0.053 0.897 (0.803, 0.992) 0.027 (−0.050, 0.105)
2393 40.16 0.04 0.905 (0.813, 0.997) 0.035 (−0.045, 0.115)
2341 40.65 0.066 0.895 (0.799, 0.991) 0.025 (−0.050, 0.100)
biantennary 40.83 0.053 0.897 (0.788, 1.00) 0.027 (−0.036, 0.091)
1647 41.87 0.091 0.890 (0.780, 1.00) 0.020 (−0.037, 0.077)
2968.1 42.67 0.15 0.880 (0.774, 0.986) 0.010 (−0.059, 0.079)
2655.1 42.75 0.158 0.875 (0.767, 0.983) 0.005 (−0.071, 0.081)

2.3. Influence of Disease and Biologic Sex in the Response of Mesangial Cells to Human Sera

The above results showed significant differences in the levels of 21 different N-glycans
between LN and HC serum. To determine if renal cells would exhibit differential responses
to these sera, primary human renal mesangial cells (hRMCs) were used for the following
studies. A preliminary experiment was performed to identify cytokines that may be
differentially secreted in response to LN compared to HC sera (see Supplemental methods).
We first measured the release of IL-6 and MCP-1 in response to 10% sera collected from
12 HCs, 12 LN patients with active disease, and 12 LN patients with inactive disease (not the
same subjects included the LacCers and N-glycan analyses) based on our prior studies in
mice. [18,19]. No differences across the three groups were observed in IL-6 or MCP-1 release
(Figure S2A). The media from this experiment was then pooled to generate two samples
per group and a cytokine array screened to identify cytokines that may be differentially
released in response to HC vs. LN Active vs. LN Inactive sera. Results from this array
(Figure S2B) suggested that higher levels of CCL5 and CXCL5 were released in response to
LN Active sera compared to LN Inactive or HC sera.

To evaluate hRMC response to the sera from the HC subjects and LN patients ana-
lyzed in Figures 3 and 4, release of CCL5 and CXCL5 was measured after incubation with
5% serum from each subject. For these studies, we also examined if responses were im-
pacted by the biologic sex from which the hRMCs were derived. No significant differences
were observed between HC and LN sera treatments in the levels of CXCL5 (Figure 5A) or
CCL5 (Figure 5B) released from the female-derived hRMCs. No significant differences in
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the release of CXCL5 (Figure 5C) were present in response to sera with respect to biologic
sex. However, a trend towards higher levels of CCL5 released in response to female HC
compared to male HC sera was observed but not in response to female LN vs. male LN
sera (Figure 5D). Similar results were obtained in the male-derived hRMCs (Figure 5E–H),
including a trend towards release of higher levels of CCL5 in response to female HC vs.
male HC sera (Figure 5G). Interestingly, we observed that the levels of CXCL5 and CCL5
released were ~twenty-fold and ~two-fold higher, respectively, from the female-derived
hRMCs (Figure 5A–C) compared to the male-derived hRMCs (Figure 5E–H). These differ-
ences were significant (p < 0.001 for both CXCL5 and CCL5). These results suggest that the
female-derived cells are pre-disposed to be hyper responsive to stimuli compared to the
male-derived cells.
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Figure 5. Cytokine release was higher in female-derived compared to male-derived hRMCs in
response to sera. hRMCs were treated with 5% serum from 10 female or 10 male HC or from
10 female or 10 male LN subjects. (A–D): female-derived hRMCs; and (E–H): male-derived hRMCs.
(A,C,E,G): CXCL5; and (B,D,F,H): CCL5 levels in media of sera-treated hRMCs. (A,B,E,F): compares
HC sera-treated to LN sera-treated (both female- and male-derived sera). (C,D,G,H): compares
female- and male-derived sera for each group (HC vs. LN). Statistical analyses were performed using
unpaired t-tests for comparing HC vs. LN or one-way Anova for comparing female vs. male across
the two groups. No significant differences were observed after correcting for multiple comparisons.

To further assess the response of hRMCs to LN versus HC sera and the effect of
biological sex of the cells, we measured intracellular calcium [Ca2+]i flux in response to acute
sera applications. Calcium transients in female- or male-derived hRMCs were observed in
response to pooled same-sex HC or LN serum. The transient Ca2+ response was detected
in the range of serum concentrations of 0.001%, 0.01%, 0.1%, 1%, or 5% in 2 mM Ca2+

extracellular solution. The lowest concentration of sera 0.001% promotes Ca2+ transients
with the amplitude around 20% from the saturated values reached at the concentration of
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0.01% sera for all groups. Figure 6A illustrates representative confocal fluorescent (Fluo
8 AM) images of intracellular Ca2+ levels before and after acute application of 0.001%,
0.01%, or 1% sera. Examples of intracellular Ca2+ flux in response to acute application of
5% LN or HC sera in male hRMCs are shown in Figure 6B. Female-derived hRMCs exhibited
significantly higher intracellular Ca2+ flux in response to LN compared to HC sera in all
range of concentrations (Figure 6C), and male-derived cells showed a similar pattern only
at the highest tested sera concentrations (5%). This data together with the results presented
in Figure 5 suggest that the female-derived hRMCs are more sensitive and respond more
robustly to serum stimulation than the male-derived hRMCs.
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tokines in an immortalized mouse mesangial cell line [19]. We also showed that LacCers 
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increased in the renal cortex of lupus prone mice with nephritis [7], and that lupus patients 

with nephritis that did not respond to therapy had significantly higher levels of LacCers 

Figure 6. LN sera elicited a higher intracellular Ca2+ flux compared to HC sera in hRMCs. Sera
was pooled from 10 female or 10 male HC (Control) or from 10 female or 10 male LN subjects and
used to stimulate human primary hRMCs. Female-derived hRMCs were treated with HC or LN
sera from females. Male-derived hRMCs were treated with HC or LN sera from males. (A) Confocal
fluorescent images of intracellular Ca2+ (Fluo-8 AM) in female hRMCs before and after addition
of 0.01%, 0.01%, or 1% female HC sera. Scale bar 50 µm. (B) Example of intracellular Ca2+ flux in
response to acute application of 5% LN or HC sera in male hRMCs. (C) Statistical analyses of maximal
amplitude of intracellular Ca2+ flux in response to acute sera application.
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2.4. Differences in LacCers and HexCers Levels and the N-Glycome in Female-Derived and
Male-Derived hRMCs

We reported previously that increasing LacCers along with another glycosphingolipid,
glucosylceramides (GlcCers), resulted in increased message levels of several cytokines in an
immortalized mouse mesangial cell line [19]. We also showed that LacCers and GlcCers (or
hexosylceramides, a combination of GlcCers and galactosylceramides) are increased in the
renal cortex of lupus prone mice with nephritis [7], and that lupus patients with nephritis
that did not respond to therapy had significantly higher levels of LacCers and HexCers
prior to beginning treatment [20]. Thus, we measured LacCers and hexosylceramides
(HexCers) in our female- and male-derived hRMCs. The levels of both LacCers (Figure 7A)
and HexCers (Figure 7B) are higher in the female-derived compared to the male-derived
hRMCs prior to any stimulation. The GSLs levels in the cells in Figure 7 were measured in
the serum-starved vehicle-treated wells from the experiments in Figure 5. The observed
differences in GlcCers and LacCers between the female- and male-derived hRMCs were
verified in unmanipulated cells maintained in serum-containing medium at passages 5 and
6 (Figure S3).
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Figure 7. GSL levels were higher in female-derived compared to male-derived hRMCs. LacCers
(A) and HexCers (B) were measured in female-derived and male-derived hRMCs and normalized
to cell viability. The major chain lengths expressed in the hRMCs and the total of all chain lengths
are shown in the graphs. The vehicle-treated female- or male-derived cells from the respective
experiments presented in Figure 5 were scraped and combined to measure GLSs. GlcCers and
LacCers levels were normalized to the cell viability determined prior to scraping. (C) N-glycans
were measured by MALDI-FTICR in female- or male-derived hRMCs plated in duplicate. Individual
glycans are presented as the relative peak intensity of the total glycans measured in the individual
wells. Means + SD shown on graphs. Statistical analyses were not performed for the GSL or
glycan analyses since the measures were performed in hRMCs from only one female donor and
one male donor.
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We also investigated differences in the N-glycome between the female-derived and
male-derived hRMCs. The 17 most abundant N-glycans detected in both the female-
and male-derived hRMCs are shown in Figure 7C. The ten most abundant N-glycans
comprised >60% of all N-glycans detected in these cells. In comparing the female- and
male-derived cells, the type of N-glycans present and relative overall abundance of each
of the N-glycans were similar. While several glycans showed trends of being more highly
abundant (1743, 3486, 2853, 2393, and 1995) or less abundant (1809, 2122, and 2057) in
the female-derived cells relative to the male-derived hRMCs, these differences were not
as large as those observed for the GSLs in Figure 7A,B. Thus, the analyses of GSLs and
N-glycans in the hRMCs suggest that higher levels of LacCers and HexCers may contribute
to a more robust response (higher cytokine release and increased intracellular Ca2+ flux) by
the female-derived hRMCs following stimulation with sera.

3. Discussion

Given the ~9:1 female:male sex bias in lupus, most studies have focused largely on
biologically female subjects (human and mouse studies). While men develop lupus less
often than females, men were shown to have more severe disease and a higher risk of
progressing to end stage renal disease [21,22]. However, the pathophysiologic mechanisms
underlying sex differences are not fully understood. In this study, we determined that
the significantly elevated LacCers and altered N-glycome in the urine can discriminate
LN patients from HC subjects and could serve as noninvasive definitive markers of LN.
Alterations in the serum N-glycome may also be useful in discriminating LN from HC, but
ultimately is less informative than the urine N-glycome in this respect. While we observed
a few differences in the urine N-glycome in females compared to males, the levels of urine
LacCers may be more informative with respect to sex differences. A recent study reported
that men with SLE develop disease at a later age [23]. Our results suggest that LN males
may experience a greater increase in LacCers than females when comparing the change in
LacCers levels from HC to LN. LacCers levels measured in the urine likely are derived from
the kidney [24]. Therefore, we hypothesize that lower levels of LacCers may be protective in
males and contribute to the later disease onset, but once tolerance is broken and males begin
to develop LN, the large increase in LacCers (or possibly glycosphingolipid metabolism in
general) may contribute to worse disease.

This hypothesis is supported by our results in primary human mesangial cells (hRMCs)
in which the response to stimuli seems to be more dependent on cellular differences rather
than on the source of circulating stimuli. hRMCs released significant levels of CXCL5
and CCL5 and exhibited significant increases in intracellular Ca2+ in response to human
sera. The female-derived hRMCs, which we demonstrated expressed higher levels of the
glycosphingolipids (GSLs) LacCers and HexCers, also released significantly more CCL5
and CXCL5 compared to the male-derived hRMCs in response to human serum (regardless
of the source). At the lower concentrations of LN or HC sera, the female-derived cells had a
higher intracellular Ca2+ flux indicating that the female-derived hRMCs have an increased
sensitivity to serum stimulation. GSLs modulate cellular functions such as proliferation,
apoptosis, migration, and signaling, including Ca2+ signaling [6], and defects in GSL
metabolism are associated with a variety of human diseases. GSLs expressed on the cell
surface form clusters and are widely believed to play roles in the formation and stabilization
of lipid domains (“lipid rafts”) required to propagate extracellular signals. LacCers were
shown to play a role in Lyn-mediated signaling in neutrophils [25–27] and MAPK signaling
in cardiomyocytes [28], which leads to superoxide production, phagocytosis, migration,
or hypertrophy. In mesangial cells, elevated LacCers and HexCers due to hyperglycemia
resulted in hypertrophy, extracellular matrix production, and fibrosis [29]. Our previous
studies demonstrated that LN patients that failed to respond to treatment had significantly
higher levels of HexCers and LacCers prior to beginning treatment [20]. Together, these
observations suggest that renal GSL metabolism plays an important role in the scope
(i.e., sensitivity or magnitude) of the initial renal response to stimuli and possibly resistance
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to therapeutic intervention. Thus, the elevated levels of LacCers and HexCers may poise the
female-derived hRMCs to respond more robustly to external stimuli than the male-derived
hRMCs. We speculate that altered GSL levels or ratios in the membranes of the hRMCs
may contribute in part to the increased response by the female-derived cells since these
lipids play important roles in cell signaling. The increased levels in the female-derived cells
may be due to differences in expression of the enzymes that modulate GSL metabolism that
are regulated in part by ERα as shown in MCF cell lines [30]. Future studies designed to
interrogate the expression of GSL metabolic enzymes are needed to address this question.

Post-translational N-linked glycosylation plays an important role in the function of
proteins, impacting a variety of cellular functions including discriminating self from non-
self. Similar to GSLs, they can play key roles in mediating cell function. Modifications
of N-glycosylation, or an altered N-glycome, is associated with several human diseases
including lupus [15,31–33]. A recent study showed an abnormal N-glycome in renal biopsy
sections of LN patients compared to renal biopsies from healthy tissue or from patients
with other types of kidney conditions [16]. Here, we observed a significantly altered N-
glycome in the urine of LN patients compared to HC subjects. This included seven of the
nine classes and 75% of the individual N-glycans (72 of the 96) detected in urine. Overall,
the urine glycan profiles were more informative in regard to disease status as compared
with the N-glycans determined in the patient matched serum samples. In the previous
study of kidney biopsies, the largest difference was observed in the abundance of mannose-
enriched N-glycans, which was higher in the kidneys of LN patients [16]. Conversely, we
demonstrated a significant decrease in high mannose-containing N-glycans in the urine of
LN patients in this study. The increase in mannose-containing N-glycans reported in the
kidney [16] and the decrease we observed in high mannose-containing N-glycans in the
urine may be due to differences in how the mannose-containing N-glycans were defined
or grouped in the two analyses. Alternatively, differences in levels may be due to tissue
versus secreted (into the urine). Future studies with matched urine and renal biopsies to
compare levels within the same individuals using the same method of defining N-glycan
classes are needed to address this question.

Age, sex, and body mass index (BMI) were associated with changes in the N-
glycome [34–39]. Sex differences in the N-glycome reported in the literature are largely
associated with IgG glycosylation. Pregnant women were reported to have higher levels of
galactosylated and sialylated (anti-inflammatory) forms of IgG, which correlated with es-
trogen levels [34]. In a lupus study, estrogen was shown to alter IgG sialylation and induce
an enzyme that adds sialic acid to N-glycans [40]. In our study, we observed that individual
N-glycans in the urine at peaks 2361, 2289, and 2339 differed by sex, with higher levels of all
three observed in males compared to females regardless of disease status. However, none
of these peaks are associated with IgG. Although we also demonstrated differences in the
serum N-glycome between LN and HC, no sex differences were observed. Identifying the
proteins from which the three urine N-glycans were derived that differed between sexes is
a future goal. Identifying the proteins from which these three N-glycans were derived may
lead to a better understanding of sex bias mechanisms in LN. Importantly, inclusion of four
of the urine N-glycans associated with LN in a model including total urine LacCers and
biologic sex improved the AUC to 1.0, providing perfect separation of LN from HC. Thus,
measuring GSLs and N-glycans in the urine could serve as biomarkers of disease. Similarly,
inclusion of the serum N-glycans improved the AUC in this model in distinguishing LN
patients from HC subjects. Future studies using longitudinal serum samples to survey
N-glycans in lupus patients who have not or have developed nephritis to determine if
specific serum N-glycans can predict which lupus patients are likely to develop nephritis
are of interest.

As mentioned above, many of the differences in glycosylation previously reported
relate to IgG. Fc N-linked glycosylation influences the pathogenicity of IgG. Loss of sialic
acid and galactose residues from the IgG N-glycome is associated with pro-inflammatory
effector functions and autoimmune diseases [9]. Changes in glycosylation of serum IgG
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autoantibodies in lupus including decreased sialylation and galactosylation were reported
previously and an altered IgG glycome was associated with disease status [14]. Here,
we observed significant differences in five N-glycans associated with IgG in the urine,
and only two of those in the serum, of LN patients. In the urine, there was a significant
increase in the degalactosylated (desialylated) glycans associated with pro-inflammatory
IgG functions. This was coupled with a corresponding significant decrease in the glycan
associated with anti-inflammatory IgG functions, resulting in extensive skewing towards
more pro-inflammatory IgG effector functions. Interestingly, we did not observe a skewing
to this extent in the serum. Since the serum and urine samples were collected from the same
patient at the same visit, it is possible that in LN the more pro-inflammatory forms of IgG
are deposited in the kidney (or other target organs), reducing their levels in the circulation.
We hypothesize that LN patients with a more skewed pro-inflammatory IgG repertoire
may have worse disease or may be more likely to develop nephritis and measuring these
glycans could help inform treatment decisions. Longitudinal studies in SLE patients
without nephritis that eventually develop nephritis may address whether IgG N-glycans
could be used to monitor SLE patients to identify those who will eventually develop kidney
disease. Moreover, identification of the individual N-glycans present in the urine may lead
to a better understanding of disease mechanisms in LN since most of the proteins present
in the urine are likely derived from the kidney.

There were some limitations to this study. The in vitro hRMC studies were performed
using cells derived from one female donor and one male donor. Thus, it is possible that the
differences observed are due to individual differences that are unrelated to the biologic sex
of the donors. Additional analyses will need to be performed in a larger number of female
and male donor-derived hRMCs to determine if there is a correlation between biologic
sex and GSL metabolism (or N-glycome) and with pathological response. In addition, the
female-derived hRMCs showed a significantly higher sensitivity in intracellular Ca2+ flux
in response to LN sera, specifically at the low concentrations, which was similar to the
higher release of CXCL5 and CCL5 in response to sera by the female-derived cells. Thus,
future studies are needed to assess differences more globally (i.e., proliferation, apoptosis,
or release of other cytokines, growth factors, or extracellular matrix proteins) in the effect of
LN vs. HC serum. Another limitation is the small cohort size. GSLs and the N-glycome can
vary based on age or can be influenced by ethnicity or environmental factors. The HC and
LN groups in this study were matched closely in average age, but the groups were too small
to adjust for age, ethnicity, race, or external/environmental factors. In particular, the LN
group is 80% Black while the HC group is only 50% Black which may have impacted results
since Blacks tend to have worse disease. Thus, the generalizability of our observations is
limited. Future studies with a larger cohort will be needed to confirm our observations.

4. Materials and Methods
4.1. Human Samples and Ethics Statement

All results, except those in Supplemental Figure S2, analyzed stored urine and serum
samples collected from the same subject at the same visit and included 20 healthy subjects
(10 female and 10 male) and 20 lupus nephritis patients (10 female and 10 male). Lupus
nephritis (LN) patients met the American College of Rheumatology classification for sys-
temic lupus erythematosus (SLE) with nephritis and samples were collected during active
disease. All except two LN patients had biopsy-confirmed nephritis. Healthy subjects
(healthy controls, HC) did not have documented autoimmunity, renal disease, an active
infection, or an ongoing pregnancy at the time of sample collection. Patient demographics
and relevant clinic measures are provided in Table 1. Urine Protein:Creatinine ratio (UPCr),
eGFR, C3, and C4 measures were missing for twelve of the HC subjects. The reported
values in Table 1 are representative of the eight for whom measures were available. For
the autoantibodies, LN patients are reported in Table 1 as having ever been positive for
anti-Sm and anti-RNP and positive for anti-dsDNA at the time of sample collection for the
samples used in this study. Anti-Sm and anti-RNP measures were not available for two
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LN patients. For analyses in Supplemental Figure S2, stored serum samples from 12 HC,
12 LN patients at the time of inactive disease, and 12 LN patients at the time of active
disease were used to stimulate mesangial cells as described below. Inclusion and exclusion
criteria for HC and LN subjects were the same as described above.

4.2. Cell Culture

Two lots of primary human renal mesangial cells (hRMCs) were commercially ob-
tained from ScienCell (Carlsbad, CA, USA). Each lot was derived from one individual, a
21-week gestation female (referred to as “female-derived”) and a 22-week gestation male
(referred to as “male-derived”) who presumably did not have disease. Cells were negative
for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast, and fungi. hRMCs were maintained
on poly-l-lysine coated flasks in complete growth mesangial cell media (MCM) (1% peni-
cillin/streptomycin and 1% mesangial cell growth supplement) that was supplemented
with 2% FBS in a humidified 5% CO2 atmosphere at 37 ◦C according to manufacturer’s
recommendations (ScienCell). Cells at passages 5 or 6 were used for experiments.

4.3. Lipid Analyses

Glycosphingolipids hexosylceramides (HexCers) and lactosylceramides (LacCers)
of individual chain lengths C16, C18, C18:1, C20, C20:1, C22, C22:1, C24, C24:1, C26,
and C26:1 were quantified by the Lipidomics Core Facility at MUSC as we described
previously [7,20,41]. The most highly expressed (“major”) chain lengths in urine, serum,
and hRMCs were C16, C22, C24, and C24:1 and quantified levels of these four chain lengths
are provided on the graphs. The reported “total” HexCers or LacCers are the sum measures
of all 11 chain lengths listed above. For urine, equivalent volumes of urine from each
subject were provided and lipid measures were normalized to urine creatinine. Creatinine
levels in all urine samples were measured in our laboratory in the same assay by the Jaffe
picric acid method [42]. For serum, equivalent volumes of serum from each subject were
provided to the core facility and lipids are presented as pmol of lipid per ml of serum.
For the hRMCs, lipids were measured in cell pellets and are presented as pmol of lipids
normalized to relative cell viability as measured by alamar blue just prior to collecting
the cells.

4.4. N-Glycan Analyses

The N-glycan analysis of urine and serum was performed as previously described [43,44].
Serum was diluted 1:2 in 100 mM sodium bicarbonate pH 8.0 and 1 µL spotted on a
Nexterion Slide H amine-reactive hydrogel-coated glass slide from Applied Microarrays
(Tempe, AZ, USA). Urine samples were buffer exchanged in phosphate buffered saline and
concentrated using a 0.5 mL Amicon 10,000 MW centrifugation tube prior to spotting [43].
After a 1-h incubation, salts and lipids were removed using a Carnoy’s solution (10% glacial
acetic acid, 30% chloroform, 60% ethanol) wash. The samples were then sprayed with the
enzyme peptide N-glycosidase F (PNGase F PRIME, N-Zymes Scientific, Doylestown, PA,
USA) and incubated for 2 h to cleave N-glycans from the captured glycoproteins. Finally,
an α-cyano-4-hydroxycinnamic acid (CHCA) matrix was sprayed onto the slides before
performing MALDI-IMS using a Bruker 7T SolariX MALDI-FTICR mass spectrometer for
serum and a Bruker MALDI-QTOF timsTOF fleX mass spectrometer for urine.

For cells, N-glycans were quantified as we previously described [18,45]. Briefly, female-
or male-derived hRMCs cells were seeded at 6000 cells per well in duplicate wells on 8-well
LabTekII chamber slides (Electron Microscopy Sciences, Hatfield, PA, USA). Wells with
no cells (media only) were used to determine background levels from media. Cells were
washed with PBS, fixed for 30 min in 10% buffered formalin, washed, and stored in PBS
until analysis. N-glycans released by PNGase F digestion were detected by MALDI-FTICR
as previously reported [18,45].

N-glycan peaks were analyzed using SCiLS Lab (v. 2021b) software (Bruker, Billerica,
MA, USA) as previously reported [43]. Mass spectra were normalized to total ion current.
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Peaks were selected for N-glycans based on theoretical and established mass values, and
maximum mean values for each peak were included in subsequent analyses. Background
signal in the blank well was subtracted from each N-glycan measurement to obtain an
absolute intensity. Relative intensities of N-glycans were calculated (absolute intensity
divided by the intensity of all N-glycans detected in each sample). This accounted for
protein concentration differences that could lead to higher signal intensities from sample to
sample and allow for detection of low-abundance N-glycans. The sum of relative intensities
of the individual N-glycans in a specific class was used to calculate each N-glycan classes
(Bi-, Tri-, or Tetra-antennary, bisecting, and hybrid). In addition, each N-glycan was placed
into a group based on the absence or presence of mannose, sulfate, sialic acid, or fucose.
The sum of relative intensities in these classes/groups were then compared. Sialylated or
sulfated N-glycans with multiple sodiated species were included together when comparing
the intensities of individual N-glycans across samples. A cumulative peak and structure
list of N-glycans used in the statistical analyses is provided in Supplemental Table S1.

4.5. Cytokine Release Experiments

Female-derived or male-derived hRMCs described above were serum-starved for three
hours in serum-free complete MCM (without FBS supplementation) when ~80% confluent.
Human sera were then added to a final concentration of 5%, incubated for three hours, and
refed with fresh serum-free complete MCM. Serum from a single individual was used for all
experiments. All treatments were performed in duplicate or triplicate. Media was collected
from hRMCs following incubation with human sera. Cell viability was then measured
using the Alamar Blue assay (Invitrogen/ThermoFisher, Waltham, MA, USA) following the
manufacturer’s instructions. ELISA kits from Biolegend (San Diego, CA, USA) were used
to measure CCL5 (RANTES) or CXCL5 according to the manufacturer protocol. Relative
cell viability (per well) with respect to untreated cells was used to normalize measured
cytokine levels per well. For the individual serum analyses, replicates for each serum
donor were averaged. The averages for each serum donor are shown on the graphs as
individual points.

4.6. Intracellular Ca2+ Analyses

The male- and female-derived hRMCs described above were used in confocal fluores-
cent experiments. The experiments were performed similarly to the previously described
protocol [46]. Briefly, cells were grown on glass-bottom dishes (#0 glass, Mattek, Ash-
land, MA, USA) and loaded with fluorescent Ca2+ indicator Fluo-8 AM (AAT Bioquest,
Pleasanton, CA, USA). After loading, cells were rinsed and media was replaced with an
extracellular solution containing in mM: 2 CaCl2, 145 NaCl, 2 MgCl2, 4.5 KCl, 10 HEPES,
pH 7.4 adjusted by NaOH. Confocal imaging was performed using the Leica TCS SP5 laser
scanning microscope equipped with an HCX Plan Apochromat 40× 1.25 NA oil objective
(Leica Microsystems Inc., Deerfield, IL, USA). Maximum amplitude of intracellular Ca2+

transient in individual hRMCs was obtained in response to the application of human
sera from LN or HC patients in concentrations from 0.01 to 5% (at least three separate
experiments per group). The data were analyzed using ImageJ (NIH) and summarized in
OriginPro 2021b software (OriginLab, Northampton, MA, USA).

4.7. Statistical Analyses

Descriptive statistics were determined for participant characteristics by LN status.
Differences in patient characteristics for categorical variables were examined using Fisher’s
exact tests and for continuous or ordinal variables were examined using 2-sample t-tests or
Wilcoxon rank sum tests as appropriate.

Comparisons of LacCers or N-glycans in urine and serum by disease status and by
biologic sex were examined for associations using a series of linear mixed models. Fixed
effects in the models included disease status and biologic sex. We also considered the
disease status by biologic sex interaction but only retained if it was statistically significant.
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For the N-glycans, all models also included a random batch effect to control for correlation
between samples run in the same batch. p-values for the associations between LacCers or
N-glycans with disease status or with sex were adjusted using FDR to control for multiple
testing. All FDR q-values < 0.05 are considered meaningful. We also evaluated if including
individual N-glycans improved prediction of disease status in a model including total urine
LacCers and biologic sex using the likelihood ratio test to determine if inclusion of glycans
improved prediction and area under the receiver operating characteristics curve (AUC) to
examine improvement in ability to discriminate between LN patients and HC subjects.

Differences in CXCL5 and CCL5 production between hRMCs treated with sera from
healthy controls versus lupus nephritis were also examined. Additional factors considered
included serum source (male or female donors) and cell line biologic sex. Differences be-
tween groups in CXCL5 or CCL5 expression were evaluated using a linear model approach.
Models included main effects for disease status of the serum donor (HC vs. LN), sex of
the serum donor, and sex of the hRMC donor. Two-way interactions between cell type,
derived sex, and serum sex were considered but were not significant and thus only main
effects were considered. Differences by disease status, serum sex, and derived cell sex were
estimated using linear contrasts. p-values were Bonferroni adjusted for the three pairwise
comparisons. Model assumptions were checked graphically and transformations were
considered as needed.

5. Conclusions

This study demonstrates that altered GSLs and N-glycosylation could serve as effective
biomarkers of LN, particularly in urine, and that elevated cellular GSLs levels in the female-
derived hRMCs were associated with a greater response (higher levels of cytokine secretion
and intracellular Ca2+ flux) to human sera. GSLs and N-glycans also warrant further
investigation as potential predictive biomarkers of LN and future studies are needed to
determine if the elevated levels of GSLs in the female-derived cells are due to sex differences
or other individual donor differences. Elucidating the mechanisms by which GSLs and
an altered N-glycome contribute to disease, and specifically the response of renal cells to
external stimuli, could provide a better understanding of disease pathology.
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Abstract: Patients with systemic lupus erythematosus (SLE) are at an increased risk of cardiovascular
disease. We aimed to evaluate whether antibodies to oxidized low-density lipoprotein (anti-oxLDL)
were associated with subclinical atherosclerosis in patients with different SLE phenotypes (lupus
nephritis, antiphospholipid syndrome, and skin and joint involvement). Anti-oxLDL was measured
by enzyme-linked immunosorbent assay in 60 patients with SLE, 60 healthy controls (HCs) and
30 subjects with anti-neutrophil cytoplasmic antibody-associated vasculitis (AAV). Intima-media
thickness (IMT) assessment of vessel walls and plaque occurrence were recorded using high-frequency
ultrasound. In the SLE cohort, anti-oxLDL was again assessed in 57 of the 60 individuals approx-
imately 3 years later. The levels of anti-oxLDL in the SLE group (median 5829 U/mL) were not
significantly different from those in the HCs group (median 4568 U/mL), while patients with AAV
showed significantly higher levels (median 7817 U/mL). The levels did not differ between the SLE
subgroups. A significant correlation was found with IMT in the common femoral artery in the SLE
cohort, but no association with plaque occurrence was observed. The levels of anti-oxLDL antibodies
in the SLE group were significantly higher at inclusion compared to 3 years later (median 5707 versus
1503 U/mL, p < 0.0001). Overall, we found no convincing support for strong associations between
vascular affection and anti-oxLDL antibodies in SLE.

Keywords: SLE; anti-oxidized low-density lipoprotein; biomarkers; intima-media thickness;
cardiovascular disease

1. Introduction

Despite pronounced advances in treatment, cerebrovascular and cardiovascular dis-
ease (CVD), e.g., coronary heart disease and stroke, still constitute leading causes of death
worldwide. Atherosclerosis remains as a key role in CVD. The initial process involves
the trapping of low-density lipoproteins (LDL) in the sub-endothelial space of medium-
and large-sized arteries [1]. Apolipoprotein-B-containing lipoproteins (e.g., LDL) become
oxidized and internalized by macrophages which transform the macrophages into foam
cells [2]. Induction of foam cells later leads to plaque lipid core development, foam cell
apoptosis/necrosis, and inflammation with cytokine production [3]. Ultimately, advanced
lesions may cause stenosis with ischaemic symptoms or plaque rupture and infarction
of the affected area [1]. The atherosclerotic process is regarded as a slowly progressing
inflammatory disease [2].
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Increased intima-media thickness (IMT) in arteries signifies the first stages of atheroscle-
rosis. Carotid artery IMT measured by ultrasound is a common method to assess early
atherosclerosis [2,4]. Depending on the cause of vascular affection, the vessel wall will
have different appearances and high-frequency ultrasound (US) can distinguish vessel
wall atherosclerosis from inflammation caused by arteritis [5]. Detection of plaques by US
indicates more advanced atherosclerosis [4].

In general, the risk of CVD is increased in patients with rheumatic diseases [6]. The risk
is particularly high in systemic lupus erythematosus (SLE), where the overall relative risk of
CVD is increased by 2- to 10-fold. Younger patients with SLE have been estimated to have
an up to 50-fold higher relative risk of stroke and myocardial infarction [7,8]. Accelerated
atherosclerosis is considered one of the primary causes of increased CVD risk in SLE [7].

Recently, antibodies targeting oxidized LDL (oxLDL) have attracted increased interest
in relation to CVD [9]. Assessment of anti-oxLDL antibodies has been suggested to aid in
the stratification of CVD risk [3] and as a potential pharmaceutical target [10]. However,
contradictory data have been reported [1,3,11]. Previous studies have demonstrated in-
creased levels of anti-oxLDL antibodies in patients with SLE [12,13] and associations with
biological markers of disease activity as well as with anti-cardiolipin antibodies [13–15].

The aims of the current study were to evaluate whether the plasma levels of IgG
anti-oxLDL antibodies associate with (i) the signs of CVD detected with US, (ii) traditional
risk factors for atherosclerosis and CVD, and (iii) SLE disease phenotypes, disease activity,
or antinuclear antibody (ANA) fine specificities. To pursue this, we included 60 well-
characterized patients with SLE, 60 matched healthy controls (HC), and 30 patients with
antineutrophil cytoplasmic antibody-associated (ANCA) vasculitis (AAV). Blood samples
from patients with SLE and matched controls were collected at the same time-point as the
US examinations were performed. Approximately 3 years later, another blood sample was
collected and analyzed for anti-oxLDL antibodies.

2. Results
2.1. Anti-oxLDL Antibodies in the SLE, AAV, and HC Groups

The demographics, laboratory data, and ongoing medical therapies of patients with
SLE and HC are detailed in Table 1. The levels of anti-oxLDL antibodies did not differ
significantly between the SLE group (median 5829 U/mL, interquartile range (IQR) 5025)
and the HCs (median 4568 U/mL, IQR 2973). AAV showed significantly higher anti-oxLDL
levels (median 7817 U/mL, IQR 15186) compared to the HCs (p = 0.0013), but not compared
to the SLE group (Figure 1A). In addition, no clear differences were observed between
the SLE subgroups: antiphospholipid syndrome (APS) (median 6283 U/mL, IQR 4624),
lupus nephritis (LN) (median 5122 U/mL, IQR 5180), and skin and joint involvement only
(median 5519 U/mL, IQR 5845) (Figure 1B).

2.2. Anti-oxLDL Antibodies over Time

A total of 57 of the 60 patients with SLE provided a second blood sample approxi-
mately 3 years after the first sample was drawn. The levels of anti-oxLDL antibodies were
significantly higher on the first occasion (median 5707 U/mL, IQR 4950) compared to the
second occasion (median 1503 U/mL, IQR 745), p < 0.0001 (Figure 1C). No significant dif-
ferences were observed between the SLE subgroups on the second occasion: APS (median
1503 U/mL, IQR 741), LN (median 1314 U/mL, IQR 666), and skin and joint involvement
only (median 1536 U/mL, IQR 855) (Figure 1D). During the 3-year follow-up visit, the
anti-oxLDL levels in patients with SLE were significantly lower than in the HCs assessed
on the first occasion (p < 0.0001). None of the patients on immunosuppressive therapy,
daily glucocorticoid doses, or statins were different between the sampling occasions.
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Table 1. Characteristics of the included patients with SLE and the HCs.

SLE: All
(Inclusion)

(n = 60)

SLE: APS
(n = 20)

SLE: LN
(n = 20)

SLE: Skin and
Joint (n = 20)

Healthy Controls
(n = 60)

SLE: All
3 Years Later

(n = 57)

Background variables median (range)

Age at examination (years) 44 (23–63) 47.5 (24–63) 41 (25–63) 43.5 (23–58) 43 (23–63) 48 (27–67)

Female gender, n (%) 52 (87) 15 (75) 18 (90) 19 (95) 52 (87) 50 (88)

Duration of SLE (years) 8 (1–35) 14 (1–35) 8 (1–27) 7 (1–19) N/A 12 (5–39)

SLEDAI-2K (score) 2 (0–10) 2 (0–10) 2 (0–4) 1 (0–8) N/A 2 (0–22)

SDI (score) 0 (0–4) 1 (0–4) 0 (0–3) 0 (0–1) N/A 1 (0–5)

Traditional risk factors and laboratory data, median (range)

Body mass index (kg/m2) 25.0 (19.7–38) 25.1 (19.7–35.5) 26.1 (22.4–33.2) 24.5 (20.1–38) 23.3 (16.8–35.1) 26.6 (19.6–40.5)

Waist circumference (cm) 90 (71–123) 90 (71–116) 90 (79–119) 88.5 (76–123) 83 (64–117) 87 (73–129)

Ever smoker (former or current),
n (%) 14 (23) 3 (15) 4 (20) 7 (35) 0 20 (35)

Diabetes, n (%) 1 (2) 1 (5) 0 0 0 0

eGFR (mL/min/1.73 m2) 86.5 (35–100) 77.5 (35–100) 87 (53–100) 88.5 (61–100) N/A 88.0 (31–100)

Total cholesterol (mmol/L) 4.6 (3–7) 4.8 (3.6–6.8) 4.4 (3–6.8) 4.8 (3.2–7) 4.7 (2.9–8.3) 4.7 (2.7–7.4)

Triglycerides (mmol/L) 0.93 (0.33–4.7) 1.0 (0.39–4.7) 1.15 (0.52–3.3) 0.80 (0.33–1.8) 1.15 (0.45–2.9) 1.1 (0.6–6.9)

HDL (mmol/L) 1.5 (0.87–2.8) 1.7 (0.87–2.8) 1.35 (1–2.7) 1.5 (1.2–2.8) 1.6 (1–2.8) 1.6 (0.93–2.9)

LDL (mmol/L) 2.4 (1–4.8) 2.3 (1.7–4.8) 2.4 (1–3.9) 2.65 (1.6–4.2) 2.4 (1–6) 2.5 (1.1–4.1)

CRP (mg/L) 1.2 (0.08–15) 1.3 (0.08–14) 1 (0.08–4.1) 1.7 (0.5–15) 0.95 (0.2–24) 1.3 (0.08–26)

Complement protein C3 (g/L) 0.94 (0.63–1.7) 0.92 (0.67–1.4) 0.96 (0.63–1.4) 0.95 (0.69–1.7) N/A 0.96 (0.59–1.7)

Complement protein C4 (g/L) 0.15 (0.05–0.55) 0.16 (0.06–0.55) 0.14 (0.05–0.29) 0.16 (0.07–0.32) N/A 0.16 (0.04–0.41)

Anti-dsDNA (positive), n (%) 21 (35) 7 (35) 10 (50) 4 (20) N/A 22 (39)

Anti-dsDNA (IU/mL) 40 (40–1366) 40 (40–352) 40 (40–494) 40 (40–1366) N/A 40 (40–2510)

IL-6 (above cut-off), n (%) 33 (55) 9 (45) 13 (65) 11 (55) 16 (27) 28 (49)

IL-6 (ng/L) 1.6 (0.75–34) 0.75 (0.75–6) 1.6 (0.75–34) 1.6 (0.75–7.1) 0.75 (0.75–12) 0.75 (0.75–18)

Medical treatment, ongoing, n (%)

Antimalarials 54 (90) 16 (80) 20 (100) 18 (90) 0 50 (88)

Antihypertensives 20 (33) 6 (30) 11 (55) 3 (15) 0 21 (37)

Glucocorticoids 31 (52) 9 (45) 12 (60) 10 (50) 0 25 (44)

Daily prednisolone dose (mg) 2.5 (0–10) 0 (0–5) 4.5 (0–10) 1.25 (0–5) 0 0 (0–135)

Warfarin 11 (18) 10 (50) 1 (5) 0 0 15 (26)

Antiplatelet 11 (18) 6 (30) 5 (25) 0 0 11 (19)

Statins 5 (8) 3 (15) 2 (10) 0 0 8 (14)

Mycophenolate mofetil 16 (27) 4 (20) 11 (55) 1 (5) 0 11 (19)

Methotrexate 5 (8) 1 (5) 0 4 (20) 0 5 (9)

Leflunomide 0 0 0 0 0 1 (2)

Azathioprine 3 (5) 2 (10) 0 1 (5) 0 4 (7)

Sirolimus 2 (3) 1 (5) 0 1 (5) 0 2 (4)

Dehydroepiandrosterone 1 (2) 0 1 (5) 0 0 2 (4)

Bortezomib 1 (2) 0 1 (5) 0 0 1 (2)

Rituximab 2 (3) 0 1 (5) 1 (5) 0 0 (0)

Belimumab 2 (3) 1 (5) 1 (5) 0 0 5 (9)

AAV = anti-neutrophil cytoplasmic antibody-associated vasculitis, ANCA = anti-neutrophil cytoplasmic antibody,
APS = antiphospholipid syndrome, BVAS = Birmingham Vasculitis Activity Score, CRP = C-reactive protein,
dsDNA = double stranded deoxyribonucleic acid, eGFR = estimated glomerular filtration rate, HCs = healthy
controls, HDL = high-density lipoproteins, IL = interleukin, LDL = low-density lipoprotein, LN = lupus nephritis,
MPO = myeloperoxidase, N/A = not assessed, PR3 = proteinase 3, SDI = Systemic Lupus International Collab-
orating Clinics/American College of Rheumatology damage index, SLE = systemic lupus erythematosus, and
SLEDAI-2K = systemic lupus erythematosus disease activity index 2000.
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tosus (SLE), anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV), and 
healthy controls (HC). (B) Subgroups of SLE with antiphospholipid syndrome (APS), lupus nephri-
tis (LN), or the skin and joint disease phenotype. (C) Patients with SLE at study inclusion and after 
approximately 3 years. (D) Subgroups of SLE after approximately 3 years. ** p < 0.01; **** p < 0.0001. 
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Figure 1. Plasma anti-oxidized LDL antibody levels in (A) patients with systemic lupus erythemato-
sus (SLE), anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV), and healthy
controls (HC). (B) Subgroups of SLE with antiphospholipid syndrome (APS), lupus nephritis (LN), or
the skin and joint disease phenotype. (C) Patients with SLE at study inclusion and after approximately
3 years. (D) Subgroups of SLE after approximately 3 years. ** p < 0.01; **** p < 0.0001.

2.3. Anti-oxLDL Antibodies versus the IMT and Plaque Occurrence

All patients with SLE and the HCs underwent US examination. Atherosclerotic
plaques were verified by US in 15 out of 60 patients with SLE, but no significant difference
in the levels of anti-oxLDL was found between those with and without plaques. The
correlations between anti-oxLDL and IMT are demonstrated in Table 2. A weak inverse
correlation between anti-oxLDL levels was observed for IMT of the common femoral artery
(CFA) (rho −0.29, p = 0.026) among the HCs. A univariate general linear model was used to
evaluate the association between anti-oxLDL levels and the IMT in the different vessel, but
no significant associations were found. All p-values were >0.1 and thus, it was not possible
to proceed with a multiple regression analysis.
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Table 2. Spearman’s correlations between the levels of anti-oxLDL antibodies (Units/mL) and
background variables, traditional CVD risk factors, laboratory data, IMT measurements, and ongoing
medication in patients with SLE and the HCs.

Variables
All SLE:

Inclusion
(n = 60)

Healthy
Controls
(n = 60)

All SLE:
3 Years Later

(n = 57)

rho p-Value rho p-Value rho p-Value

Background variables

Age at evaluation (years) −0.091 0.45 −0.24 0.064 0.15 0.26

SLE duration (years) 0.024 0.86 N/A N/A 0.17 0.21

SLEDAI-2K 0.15 0.24 N/A N/A 0.38 0.004

SDI −0.066 0.62 N/A N/A 0.19 0.15

Traditional risk factors for CVD and laboratory data

BMI (kg/m2) −0.056 0.67 −0.071 0.59 −0.085 0.53

Waist circumference (cm) −0.10 0.44 −0.071 0.59 −0.010 0.94

eGFR (mL/min/1.73 m2) 0.081 0.54 N/A N/A −0.043 0.75

Total cholesterol (mmol/L) 0.075 0.57 −0.16 0.23 −0.14 0.30

Triglycerides (mmol/L) −0.11 0.40 −0.17 0.20 −0.13 0.34

HDL (mmol/L) −0.078 0.56 −0.061 0.64 −0.067 0.62

LDL (mmol/L) 0.12 0.35 −0.097 0.46 −0.049 0.72

CRP (mg/L) 0.12 0.36 0.16 0.24 0.018 0.90

IL-6 (ng/L) 0.092 0.49 0.093 0.48 0.035 0.80

C3 (g/L) −0.19 0.14 N/A N/A −0.22 0.10

C4 (g/L) −0.25 0.054 N/A N/A −0.33 0.01

Anti-dsDNA (IU/mL) 0.16 0.21 N/A N/A 0.34 0.01

High frequency ultrasound

IMT CCA, mean 0.14 0.28 −0.22 0.091 N/A N/A

IMT ICA, mean −0.05 0.71 −0.15 0.26 N/A N/A

IMT SCA, mean 0.034 0.80 −0.13 0.33 N/A N/A

IMT AxA, mean 0.092 0.48 −0.029 0.83 N/A N/A

IMT CFA, mean −0.10 0.46 −0.29 0.026 N/A N/A

IMT SFA, mean −0.029 0.83 −0.064 0.63 N/A N/A

IMT aortic arc 0.023 0.86 −0.19 0.14 N/A N/A

Medical treatment

Daily glucocorticoid dose (prednisolone; mg) −0.083 0.53 N/A N/A −0.053 0.69

AxA = axillary artery, BMI = body mass index, C = complement protein, CCA = common carotid artery,
CFA = common femoral artery, CRP = C-reactive protein, CVD = cardiovascular disease, dsDNA = double
stranded deoxyribonucleic acid, eGFR = estimated glomerular filtration rate, HDL = high-density lipoproteins,
ICA = internal carotid artery, IL = interleukin, IMT = intima-media thickness, LDL = low-density lipopro-
tein, SCA = subclavian artery, SDI = Systemic Lupus International Collaborating Clinics/American College
of Rheumatology damage index, SFA = superficial femoral artery, SLE = systemic lupus erythematosus, and
SLEDAI-2K = systemic lupus erythematosus disease activity index 2000. Rho and p in bold format are statisti-
cally significant.

2.4. Anti-oxLDL versus Background Variables and Pharmacotherapy

No significant correlations were obtained between age and anti-oxLDL levels in either
the SLE group or the HCs (Table 2). Women showed a non-significant tendency towards
higher levels of anti-oxLDL, both in the SLE group (women 5961 U/mL, IQR 4946; men
median 4532 U/mL, IQR 7214), the AAV group (women median 8458 U/mL, IQR 15276;
men median 7442 U/mL, IQR 16166), and the HCs (women median 4638 U/mL, IQR 3967;
men median 4428 U/mL, IQR 3749). The duration of SLE (years) showed no significant
correlation with the levels of anti-oxLDL (Table 2).
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No significant correlation was found between anti-oxLDL levels and SLE disease
activity index 2000 (SLEDAI-2K) nor for global organ damage (Systemic Lupus International
Collaborating Clinics/American College of Rheumatology Damage Index: SDI). We further
separately examined the presence of organ damage in the cardiovascular, neuropsychiatric,
and peripheral vascular domains of SDI, without detecting any significant differences in
the levels of anti-oxLDL (Figure 2). For the AAV group, neither myeloperoxidase (MPO) or
proteinase-3 (PR3) ANCA levels (rho = 0.09, p = 0.63 and rho = −0.035, p = 0.85, respectively)
nor the Birmingham Vasculitis Activity Score (BVAS) (rho = 0.017, p = 0.93) significantly
correlated with anti-oxLDL antibody levels.
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Figure 2. Plasma anti-oxidized LDL levels in patients with SLE at inclusion with or without global
organ damage according to the SLICC/ACR Damage Index (SDI), as well as specifically in the
neuropsychiatric, cardiovascular, and peripheral vascular domains.

Ongoing medical treatments are detailed in Table 1. By comparing anti-oxLDL anti-
body levels in the different treatment groups, no significant differences were found for the
SLE group. Patients with SLE who had received B-cell targeted therapies (e.g., rituximab,
belimumab and cyclophosphamide [16]) did not have lower levels of anti-oxLDL (median
3443 U/mL, IQR 14086) than the others (5832 U/mL, IQR 4978), p = 0.47. In contrast, pa-
tients with AAV without ongoing immunosuppressive therapy showed higher anti-oxLDL
levels (median 10,551 U/mL, IQR 17769) compared to patients with ongoing immunosup-
pression (median 4453 U/mL, IQR 6752), p = 0.028. The mean glucocorticoid dose did not
correlate to the anti-oxLDL levels, neither in the SLE group, nor in the AAV group.

The cut-off level for positive tests based on the 95th percentile results from the HCs was
determined to be 11,178 U/mL. Approximately 10 patients with SLE (16.7%) and 12 patients
with AAV (40%) were then judged to be anti-oxLDL antibody positive. By applying the
cut-off level, no additional associations were observed for the positive patients.

2.5. Anti-oxLDL Antibodies versus Traditional Risk Factors and Laboratory Data

Anti-oxLDL did not correlate with body mass index (BMI) (Table 1), and no significant
difference in anti-oxLDL levels was found when comparing the two patient groups with
a BMI above or below 25. The estimated glomerular filtration rate (eGFR) showed no
correlation with anti-oxLDL levels in either the SLE group or the AAV group. Among the
patients with SLE, ‘ever smokers’ showed a higher median anti-oxLDL (6550 U/mL, IQR
9718) compared to ‘never smokers’ (5767 U/mL, IQR 4739), but this was not statistically
significant (p = 0.15).
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2.6. Anti-oxLDL Antibodies during the 3-Year Follow-Up

During the visit 3 years after inclusion, anti-oxLDL levels correlated significantly with
SLEDAI-2K (rho = 0.38, p = 0.004). SLEDAI-2K was slightly increased on the second sample
occasion (mean 2.3, median 2, range 0–22) compared to the first sample occasion (mean
2, median 2, range 0–10). An inverse correlation was found for complement protein C4
(rho = −0.33, p = 0.012), but not for C3. Anti-oxLDL antibody levels correlated positively
with anti-dsDNA (rho = 0.34, p = 0.01). During this visit, we also had access to ANA fine
specificities. However, anti-oxLDL levels did not coincide with any specific ANA specificity
(Figure 3).
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(ANA) fine specificities during the second visit (approximately 3 years after inclusion).

3. Discussion

CVD continues to be a leading cause of morbidity and mortality in the general popula-
tion and especially among patients with SLE. Therefore, it is of upmost importance to find
and treat possible risk factors for the development of atherosclerosis, and new biomarkers
are wanted. In the present study, it was evaluated whether IgG anti-oxLDL levels are
associated with subclinical atherosclerosis in SLE with different disease phenotypes. Anti-
oxLDL antibody levels were essentially similar between the SLE and HC groups, as well as
between groups with different SLE manifestations. Only one weak association was found
with IMT, but none with the occurrence of plaque.

Ultrasonography-determined IMT is used for atherosclerosis detection. Svensson et al.
showed that thicker IMT was found in several vessels in patients with SLE compared to HC,
but the pathogenetic mechanisms beyond increased IMT in SLE remains unclear [4]. In the
current study, we found a weak negative correlation between anti-oxLDL levels and mean
IMT values for the common femoral artery in the HCs group, but no other associations. A
total of 15 out of the 60 patients with SLE (25%) had US-verified atherosclerotic plaques,
but no significant difference was shown in anti-oxLDL levels with or without plaques. In
the current study, we could not find any significant correlation between anti-oxLDL and
traditional risk factors such as BMI, hypertension, age, and glucocorticoid therapy. Statin
therapy did not influence the anti-oxLDL levels, in line with a recent meta-analysis [17].

The median levels of anti-oxLDL were similar between individuals with SLE during
the first visit and the controls, even though the range was larger among patients with
SLE and AAV compared to the HCs. Elevated anti-oxLDL titres have previously been
shown in SLE [18,19]. Unexpectedly, we observed no differences in anti-oxLDL between
the SLE disease phenotypes at any timepoint. However, we cannot exclude that this could
be related to low statistical power. Both primary APS and secondary APS in SLE have
previously shown elevated anti-oxLDL [20,21]. Hayem et al. reported high anti-oxLDL
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in patients with deep venous thrombosis but not with arterial thrombosis [21]. We could
not find any association with organ damage (all domains) or when we analyzed the pres-
ence of damage in the cardiovascular and neuropsychiatric domains separately. Previous
studies have shown contradictory results regarding the value of anti-oxLDL in CVD risk
determination [1,3,11]. Associations between anti-oxLDL antibodies and the extent of CVD
has been shown, while experimental data on the other hand indicate a possible protective
role of the antibodies [19,22]. In our study, IgG anti-oxLDL antibodies were measured. The
isotype appears important since IgM antibodies indicate protection from CVD whilst IgG
shows divergent results [3]. Moreover, different subclasses of IgG have different effector
functions which could also contribute to heterogeneous results [19,23].

The presence of antibodies against Ro/SSA and La/SSB has previously been shown to
be associated with the development of anti-oxLDL by others [24]. However, in our study,
anti-oxLDL levels did not discriminate between ANA fine specificities.

Unexpectedly, anti-oxLDL levels were considerably lower among patients with SLE
during the second visit compared to the first visit. The reason for this finding is not en-
tirely clear, but the overall disease activity was in fact slightly higher during the second
visit and we cannot exclude that this might have affected the anti-oxLDL results. As
a reflection of this, we observed associations of anti-oxLDL with low complement and
higher disease activity (only for the second visit) which is in line with previous stud-
ies [13,14]. Increased SLE disease activity is often a consequence of increased immune
complex formation. Hence, circulating autoantibodies may seemingly decrease but still
exist in immune complexes [25,26]. Furthermore, the antibody-mediated removal of oxLDL
may limit inflammation in atherosclerotic lesions and decreased antibody levels could thus
contribute to accumulation of antigen, loss of tolerance, and increased inflammation in
vascular tissues [23,27].

Interestingly, recombinant human oxLDL antibodies mediate the uptake of oxLDL
in monocytes via Fc receptors in both healthy individuals [28] as well as in patients with
SLE [10], suggesting atheroprotective properties. From that perspective, high levels of
anti-oxLDL could be atheroprotective. Similarly, patients with SLE have lower levels of
apolipoprotein B antibodies compared to controls, and patients with manifest CVD have
lower levels of apolipoprotein B antibodies than patients without CVD [23]. Whether the
decreased levels of anti-oxLDL among the patients with SLE examined herein will lead to
an increased risk of future myocardial infarction and stroke will be assessed during the
future clinical follow-up. Further prospective studies measuring anti-oxLDL in relation to
CVD risk in SLE are warranted.

The main strength of our study is the inclusion of healthy controls age- and sex-
matched to the SLE group and well characterized populations. We also included a disease
control group, AAV, to compare with another rheumatic disease. Many of the included
patients were newly diagnosed with AAV, as compared to the SLE cohort where the median
disease duration was 8 years during the first visit. In addition, samples from patients with
AAV were not similar in terms of the sample matrix and were not examined after overnight
fasting which was a limitation. Although the SLE study population was well characterized,
the number of included subjects overall was relatively low. This limits the statistical power
and decreases the possibilities to draw firm conclusions.

To conclude, the levels of anti-oxLDL antibodies were similar in the SLE group in
comparison to the healthy and diseased controls, and no differences were found between
the SLE disease phenotypes. Compared to 3 years later, the levels of anti-oxLDL antibodies
in the SLE group were significantly higher at inclusion. Nevertheless, we could not find
any strong correlations with increased IMT, the occurrence of plaque, or to traditional CVD
risk factors. Further studies are needed to determine the use of anti-oxLDL as a possible
biomarker in CVD risk stratification, especially in SLE populations.
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4. Material and Methods
4.1. Study Population and Sampling

The study population, consisting of subjects with SLE and HCs based at the University
Hospital of Linköping, Sweden, has previously been described in detail [29]. In short,
60 patients (52 women and 8 men) with SLE as well as 60 healthy age- and sex-matched
controls were included. The diagnosis of SLE was based on fulfilment of the 1982 American
College of Rheumatology (ACR) and/or the 2012 Systemic Lupus International Collab-
orating Clinics (SLICC) classification criteria [30]. Patients above 63 years of age were
excluded due to the higher risk of age-related atherosclerosis and those below 23 years of
age were excluded due to short SLE duration. The 60 patients with SLE were divided into
3 subgroups based on disease phenotypes. These subgroups were matched with each other
according to age and sex and included: 20 patients with LN, meeting the ACR criterion
for renal disorder in the absence of APS; 20 patients had SLE with APS without LN; and
20 patients with primarily skin and joint involvement without LN or APS.

Blood samples were collected after 12 h overnight fasting immediately after the US
examination, peripheral venous blood was drawn from everyone, and plasma was prepared
and stored at −70 ◦C until analyzed. A total of 57 of the 60 patients with SLE (95%) provided
a second blood sample 45 months (range 43–47) after the first sample was drawn.

In addition, 30 patients with AAV serving as disease controls were included from the
regional vasculitis register based at the University Hospital of Linköping, Sweden [31]. The
patients were recruited between 2013 and 2020, had a clinical diagnosis of either microscopic
polyangiitis (MPA) or granulomatosis with polyangiitis (GPA) and were classified according
to the European Medicined Agency algorithm [32]. Disease activity was assessed using the
BVAS [33].

4.2. High Frequency Ultrasound (US)

A GE Logic E9 US system (LOGIQ E9 XD clear 2.0 General Electric Medical Systems
US, Wauwatosa, Wisconsin, USA) was used for the US measurements. IMT was measured
in the common carotid artery (CCA), the internal carotid artery (ICA), the subclavian
artery (SCA), the axillary artery (AxA), the common femoral artery (CFA), the superficial
femoral artery (SFA), and the aortic arc. Both the right and left side were measured,
and each side was measured twice to gain a mean IMT. All individuals went through a
standardized examination procedure and the same vascular sonographer performed all of
the examinations and measurements [4]. The mean IMT values of the right and left were
used. US measurements were determined during the first visit.

4.3. Variables

For the subjects with SLE and the HCs, we had access to data regarding length, weight,
waist circumference, age, sex, smoking habits, ongoing pharmacotherapy, blood pressure,
and laboratory measurements (total cholesterol, triglycerides, high density lipoproteins
(HDL), low LDL, high sensitivity C-reactive protein (hsCRP), and interleukin (IL)-6). For
patients with SLE, we also had access to plasma creatinine, serological data (complement
protein C3 and C4 as well as anti-dsDNA antibodies), SLE duration, SLEDAI-2K, and
SDI divided into separate organ domains [4]. During the second sampling occasion,
ANA fine specificities using addressable laser bead immunoassay (ALBIA) and FIDIS™
Connective profile Solonium software ver. 1.7.1.0 (Theradiag, Croissy-Beaubourg, France)
were analyzed at the Clinical Immunology Laboratory, Linköping [34]. For anti-dsDNA
antibody levels (cut-off level for a positive test = 80 IU/mL) and IL-6 (cut-off = 1.5 ng/L);
all results below the cut-offs were given half the cut-off value.

For patients with AAV, we had access to sex, age at inclusion in the cohort, creatinine
levels at inclusion, ongoing pharmacotherapy, levels of MPO- and PR3-ANCA, AAV
duration, and disease activity assessed by the Birmingham Vasculitis Activity Score (BVAS).
Levels of IgG ANCA (MPO and PR3) were analyzed at the Clinical Immunology Laboratory,
Linköping, using flouroenzyme immunoassays [35].
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4.4. Anti-oxLDL Antibodies

An enzyme-linked immunosorbent assay (ELISA) kit (Immundiagnostik AG, Ben-
sheim, Germany) [36,37] was used for the quantitative determination of IgG ox-LDL
antibodies in plasma (K7809; lot number K7809-200928). The samples were analyzed in
duplicate according to the manufacturer’s specifications. Briefly, samples diluted at a
ratio of 1:10,000 were added to ELISA plates pre-coated with oxLDL and incubated 2 h
in room temperature (RT) at 500 rpm shaking. After washing, the peroxidase-labelled
conjugate was added and incubated for 1 h in RT at 500 rpm shaking. After additional
washing, tetramethylbenzidine was added and incubated in the dark at RT for 20 min.
The reaction was terminated with acidic stop solution, and the optical density was read at
450 nm. To avoid interassay variation between the two sample occasions, all samples were
adjusted according to the recovery of an assay control sample with a known anti-oxLDL
concentration (supplied by the manufacturer).

4.5. Statistical Methods

The statistical analyses were performed using SPSS statistics V.27 (IBM, Armonk, New
York, NY, USA), and GraphPad Prism, V.9 (GraphPad Software, La Jolla, CA, USA) was
used for the graphical illustrations. Correlations were calculated using Spearman’s test.
Possible differences between two groups were analyzed using the Mann–Whitney U test.
The Kruskal–Wallis test with Dunn’s multiple comparison test was applied when analyzing
three or more groups. The chi-squared test was used for analyzing two dichotomous
variables. The Wilcoxon matched pairs signed rank test was used to test differences in
anti-oxLDL levels between the two time points. The univariate general linear model was
used to evaluate the impact of anti-oxLDL levels on the IMT in the different vessels. All
variables with a p-value of 0.1 or less were combined in a multiple regression analysis. A
two-sided p-value < 0.05 was considered significant.
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Abstract: Advanced glycation end-products (AGEs) may play a relevant role as inducers in the
chronic inflammatory pathway present in immune-mediated diseases, such as systemic lupus ery-
thematosus (SLE). AGEs concentrations have been associated, with discrepant results to date, with
some parameters such as disease activity or accrual damage, suggesting their potential usefulness
as biomarkers of the disease. Our objectives are to confirm differences in AGEs levels measured by
cutaneous autofluorescence between SLE patients and healthy controls (HC) and to study their corre-
lation with various disease parameters. Cross-sectional study, where AGEs levels were measured by
skin autofluorescence, and SLE patients’ data were compared with those of sex- and age-matched
HC in a 1:3 proportion through a multiple linear regression model. Associations of AGEs levels with
demographic and clinical data were analyzed through ANOVA tests. Both analyses were adjusted
for confounders. AGEs levels in SLE patients were significantly higher than in HC (p < 0.001). We
found statistically significant positive associations with SLE disease activity index (SLEDAI) and
damage index (SDI), physician and patient global assessment, C-reactive protein, leukocyturia, com-
plement C4, IL-6 and oral ulcers. We also found a negative statistically significant association with
current positivity of anti-nuclear and anti-Ro60 antibodies. AGEs seem to have a contribution in LES
pathophysiology, being associated with activity and damage and having a role as a new manage-
ment and prognosis biomarker in this disease. The association with specific antibodies and disease
manifestations may indicate a specific clinical phenotype related to higher or lower AGEs levels.

Keywords: systemic lupus erythematosus; advanced glycation end products; cardiovascular
disease; biomarkers

1. Background

Advanced glycation end-products (AGEs) are a set of compounds whose formation is
a complicated molecular process resulting from the non-enzymatic interaction of reducing
sugars and associated metabolites with peptides, proteins, and amino acids [1]. AGEs can
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accumulate under hyperglycaemic and pro-oxidative conditions, and it has been postulated
that they have a role in inflammation.

The mechanisms of toxicity of AGEs are mainly related to two facts. On the one hand,
glycation favors cross-links between the modified proteins, causing structural alterations
and resulting in gradual deterioration in cell and tissue function and the generation of new
immunological epitopes [2]. On the other hand, AGEs are recognized by their own receptor
(RAGE), which is expressed in multiple cells from the immune system [3]. RAGE is divided
into extracellular, transmembrane, and intracellular segments [4]. The interaction of AGEs
with RAGE can activate the downstream nuclear factor kappa-B (NF-κB) signaling pathway
and promote the secretion of several cytokines.

Soluble RAGE (sRAGE is variant of RAGE, a positively charged 48-kDa cleavage
product from RAGE that keeps the ligand binding site but loses the other two domains [5].
sRAGE binding to ligands terminates intracellular signal transduction due to the loss of the
transmembrane and intracellular fragments and inhibits the proinflammatory processes
mediated by RAGE and its ligands by acting as a decoy which competitively binds to RAGE
ligands [6]. sRAGE and not RAGE levels have been studied and linked to inflammation [7]
as sRAGE is soluble and easy measurable, while RAGE is a cell–bound receptor and hence
tissues are required for its measurement.

So far, more than 20 AGEs have been described in tissues [8]. Due to their stability,
the most measured AGEs are serum or plasmatic Nε-(carboxymethyl)lysine (CML) and
pentosidine. However, a part of the AGEs has the characteristic of being fluorescent, so
it is possible to quantify them in a single measurement using an autofluorescence reader.
This technique that measures accumulated AGEs in the skin, makes this assessment more
appropriate to quantify the concentration of AGEs in an individual throughout their life
than that of a single specific moment in relation to an acute process. So that, skin AGEs may
better correlate with disease control, duration, and complications than serum AGEs [9]. As
a validation method, it has been described that this autofluorescent measurement correlates
with the concentration of AGEs, both fluorescent and not fluorescent, measured in skin
biopsies [10]. Some of the advantages of measuring skin AGEs vs serum or plasmatic ones
consist of having non-invasive, real-time data, easily available and affordable.

In systemic autoimmune diseases, such as systemic lupus erythematosus (SLE), in-
creased AGEs formation can be expected, as inflammation is one of the hallmarks of the
disease. Chronic inflammation in SLE appears to be associated with an intensified glycation
process and the formation of AGEs, having higher values compared to healthy controls
(HC) been demonstrated in some studies [11–15]. At the same time, AGEs are also involved
in the generation of more inflammation and reactive oxygen species, creating positive
feedback that enhances inflammation and AGEs levels.

Regarding atherosclerosis, AGEs have been linked to increased vascular rigidity and
atherosclerosis [16–18]. In SLE, the presence of accelerated atherosclerosis that cannot be
fully explained by traditional risk factors for cardiovascular disease is a well-recorded
phenomenon [19]. Some studies have suggested that increased levels of AGEs might
contribute to the development of this accelerated atherosclerosis in SLE and, therefore,
could be used as early markers for cardiovascular disease in this pathology [14,15].

Lately, there has been increased attention on the potential of RAGE and AGEs to
target chronic inflammatory diseases such as SLE. Some studies have expounded on their
usefulness as biomarkers of SLE diagnosis and prognosis, their relationship with accelerated
atherosclerosis, as well as their potential place as targets for new treatments. However, we
find some controversial results in the literature, showing that more and better studies are
needed to fully elucidate their role in SLE.

Taking into account that the relation between skin AGEs and SLE has only been
reported in one previous paper, the purpose of this work is to try to elucidate the role of
AGEs in SLE as potential biomarkers of the disease, as well as their application in routine
clinical practice as a tool for improving the diagnosis, monitoring, and/or prognosis of
the disease, or as surrogate markers for the assessment of cardiovascular risk in this
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population. Our study involved describing AGEs concentrations in SLE and comparing
them to age- and sex-matched HC; searching for correlations between AGEs concentrations
and SLE characteristics such as specific manifestations, indexes of activity or accrual
damage, or patient reported outcomes (PROs); and finally, exploring AGEs relationship
with cardiovascular disease and cardiovascular risk factors (CVRF).

2. Results
2.1. Characteristics of Patients and Controls

The differences between the 189 HC and 62 cases are shown in Table 1: HC had a
higher BMI and a higher incidence of dyslipidemia (both in total cholesterol and low-
density lipoprotein values), obesity, hypertension, and active smoking. Patients with SLE
had higher AGEs values and creatinine concentrations.

Table 1. Descriptive characteristics of cases and healthy controls and bivariate analysis between both
groups. As we are exploring confounding variables p-value was widened and considered statistically
significant if <0.1 (highlighted in bold in the text). AGEs: advanced glycation end products; HDL:
High-density lipoprotein; LDL: Low-density lipoprotein.

Controls Cases p-Value

N = 189 N = 62

Ethnicity <0.001
Caucasian 189 (100%) 46 (74.2%)
Other 0 (0.00%) 16 (25.8%)

Age 56.0 [52.0; 62.0] 55.0 [51.0; 61.8] 0.193

Sex: Female 180 (95.2%) 58 (93.5%) 0.748

Hypertension 73 (38.6%) 14 (22.6%) 0.032

Obesity 61 (32.3%) 12 (19.4%) 0.075

Dyslipidemia 85 (45.0%) 9 (14.5%) <0.001

Smoking 0.054
Never 79 (41.8%) 24 (38.7%)
Former (>1 year) 54 (28.6%) 27 (43.5%)
Active 56 (29.6%) 11 (17.7%)

Body mass index 28.9 (5.98) 25.6 (4.65) <0.001

Creatinine 0.70 [0.61; 0.77] 0.74 [0.64; 0.90] 0.006

Uric acid 4.90 (1.27) 4.70 (1.62) 0.365

Cholesterol 210 (37.5) 187 (39.5) <0.001

HDL 61.9 (14.0) 65.9 (15.7) 0.125

LDL 138 (29.3) 112 (34.6) <0.001

Triglycerides 123 [95.8; 160] 92.0 [70.0; 159] 0.003

Antidyslipidemics 27 (14.3%) 11 (17.7%) 0.649

Antihypertensives 61 (32.3%) 16 (25.8%) 0.424

AGEs 1.98 (0.45) 2.71 (0.56) <0.001

AGEs in tertiles <0.001
[1.0, 1.9) 83 (43.9%) 3 (4.84%)
[1.9, 2.4) 74 (39.2%) 13 (21.0%)
[2.4, 4.2] 32 (16.9%) 46 (74.2%)

2.2. Comparison of AGEs in SLE Patients vs. Healthy Controls

According to all of the data explored, the multivariate model was adjusted with age,
smoking, dyslipidemia, creatinine. The model reported a statistically significant difference
between SLE and HC in AGEs values, showing that AGEs values in SLE patients were 0.721
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(95% confidence interval (CI) [0.566; 0.876]) units higher (p < 0.001) than HC. See Table 2 for
the analysis of covariance of fixed effects and Supplementary Figure S3 for the effects graphic.

Table 2. Fixed-effects analysis of covariance (ANCOVA) model to study differences in AGEs levels
between cases and healthy controls. y: years.

Est. 2.5% 97.5% t Val. p-Value

Intercept 1.9418 1.8450 2.0385 39.5252 <0.0001
Group: Cases 0.7210 0.5660 0.8759 9.1645 <0.0001

Age (57.5 years) 0.0168 0.0081 0.0254 3.8359 0.0002
Smoking (Yes) 0.3265 0.1945 0.4585 4.8724 <0.0001

Creatinine (0.72 mg/dL) 0.2110 −0.1763 0.5983 1.0732 0.2843
Dyslipidemia (Yes) −0.1240 −0.2544 0.0065 −1.8720 0.0624

(Group: Cases) + (Dyslipidemia (Yes)) 0.1286 −0.2227 0.4799 0.7211 0.4715

2.3. Characteristics of SLE Patients According to AGEs Levels: Bivariate Analysis

A total of 122 SLE patients were included. All of the variables that showed statistically
significant differences according to AGEs tertiles in the bivariate analysis are depicted in Table 3,
adjusted by age (p-value M1) and by both age and smoking (p-value M2). The demographic
characteristics and other SLE variables of interest are detailed in Supplementary Table S3.

Table 3. Variables that showed statistically significant differences according to AGEs tertiles in the
bivariate analysis. M1: adjusted by age, M2: adjusted by age and smoking. “c” indicates variables
which have been categorized as stated in Section 4. Bold indicates p-value < 0.1 and * indicates values
according to the blood test performed in the study. p-val: p-value; SLEDAI: SLE disease activity
index; SDI: systemic Lupus International Collaborating Clinics/American College of Rheumatology
(SLICC/ACR) Damage Index; PGA: Physician global assessment; FACIT: Functional Assessment of
Chronic Illness Therapy—Fatigue Scale; PtGA: Patient global assessment; GPT: Glutamic-pyruvic
transaminase; CRP: C-reactive protein; IL-6: interleukin-6; ANA: antinuclear antibodies; C4: com-
plement C4; GC: glucocorticoids; IS: Immunosuppressants (includes treatment with methotrexate,
leflunomide, tacrolimus, mycophenolic acid or mycophenolate mofetil, azathioprine, cyclophos-
phamide, cyclosporine, rituximab or belimumab).

Variables All 1st Tertile
[1.2, 2.3)

2nd Tertile
[2.3, 2.8)

3rd Tertile
[2.8, 4.6]

p-Val
M1

p-Val
M2

N = 122 N = 44 N = 41 N = 37

Age 50.4 (14.9) 41.8 (13.8) 49.9 (12.2) 61.2 (11.9) <0.001

Smoker 32 (26.2%) 10 (22.7%) 11 (26.8%) 11 (29.7%) <0.001

cDisease duration (years) 0.082 0.090
0–5 50 (41.0%) 19 (43.2%) 18 (43.9%) 13 (35.1%)
6–10 16 (13.1%) 7 (15.9%) 6 (14.6%) 3 (8.11%)
11–20 33 (27.0%) 13 (29.5%) 11 (26.8%) 9 (24.3%)
>20 23 (18.9%) 5 (11.4%) 6 (14.6%) 12 (32.4%)

Classificatory Criteria and Other Clinical and Serological Data
Oral ulcers ever 50 (41.0%) 13 (29.5%) 18 (43.9%) 19 (51.4%) 0.022 0.033
Arthritis ever 92 (75.4%) 31 (70.5%) 32 (78.0%) 29 (78.4%) 0.070 0.092
Renal disease ever 8 (6.56%) 2 (4.55%) 1 (2.44%) 5 (13.5%) 0.067 0.054

cNumber of manifestations 0.032 0.069
[3, 7) 58 (47.5%) 19 (43.2%) 21 (51.2%) 18 (48.6%)
7 24 (19.7%) 10 (22.7%) 8 (19.5%) 6 (16.2%)
[8, 12] 40 (32.8%) 15 (34.1%) 12 (29.3%) 13 (35.1%)

Disease Activity Indexes
SLEDAI 4.00 [2.00; 6.00] 4.00 [0.00; 6.00] 4.00 [2.00; 6.00] 6.00 [2.00; 8.00] 0.016 0.041
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Table 3. Cont.

Variables All 1st Tertile
[1.2, 2.3)

2nd Tertile
[2.3, 2.8)

3rd Tertile
[2.8, 4.6]

p-Val
M1

p-Val
M2

N = 122 N = 44 N = 41 N = 37

cSLEDAI 0.003 0.008
Remission/Mild 71 (58.7%) 29 (67.4%) 25 (61.0%) 17 (45.9%)
Moderate 39 (32.2%) 11 (25.6%) 14 (34.1%) 14 (37.8%)
Severe 11 (9.09%) 3 (6.98%) 2 (4.88%) 6 (16.2%)
SDI 0.00 [0.00; 1.00] 0.00 [0.00; 1.00] 0.00 [0.00; 1.00] 1.00 [0.00; 2.00] 0.026 0.007

cSDI_3 0.052 0.017
0–2 110 (90.9%) 41 (95.3%) 38 (92.7%) 31 (83.8%)
3–4 8 (6.61%) 2 (4.65%) 2 (4.88%) 4 (10.8%)
5–6 3 (2.48%) 0 (0.00%) 1 (2.44%) 2 (5.41%)
PGA 2.00 [1.00; 3.00] 1.50 [1.00; 2.00] 2.00 [1.00; 3.00] 2.00 [1.00; 2.00] 0.083 0.051

cPGA 0.051 0.029
<1 18 (14.9%) 7 (16.3%) 6 (14.6%) 5 (13.5%)
1–2 69 (57.0%) 27 (62.8%) 19 (46.3%) 23 (62.2%)
>2 34 (28.1%) 9 (20.9%) 16 (39.0%) 9 (24.3%)

Patient Reported Outcomes
FACIT 17.5 [10.0; 27.0] 14.0 [9.00; 23.0] 22.0 [13.0; 30.0] 18.0 [10.0; 28.0] 0.099 0.138
PtGA 2.75 [1.00; 5.00] 2.00 [1.00; 3.00] 3.00 [2.00; 5.00] 3.00 [1.00; 5.00] 0.028 0.042

cPtGA 0.112 0.121
[0.0, 2.5) 57 (46.7%) 26 (59.1%) 14 (34.1%) 17 (45.9%)
[2.5, 4.5) 28 (23.0%) 9 (20.5%) 12 (29.3%) 7 (18.9%)
[4.5, 8.0] 37 (30.3%) 9 (20.5%) 15 (36.6%) 13 (35.1%)

Serological variables
GPT * 17.0 [13.0; 22.0] 16.0 [12.0; 22.5] 16.0 [13.0; 20.0] 18.0 [15.0; 23.0] 0.095 0.068
Total cholesterol * 181 (37.7) 172 (29.6) 174 (38.0) 201 (39.5) 0.046 0.093

cCRP * 0.058 0.053
[0.03, 0.12) 45 (37.2%) 24 (55.8%) 8 (19.5%) 13 (35.1%)
[0.12, 0.28) 36 (29.8%) 11 (25.6%) 17 (41.5%) 8 (21.6%)
[0.28, 3.92] 40 (33.1%) 8 (18.6%) 16 (39.0%) 16 (43.2%)

cIL-6 * 0.049 0.025
[0.63, 1.88) 36 (33.3%) 18 (48.6%) 12 (31.6%) 6 (18.2%)
[1.88, 3.33) 36 (33.3%) 11 (29.7%) 14 (36.8%) 11 (33.3%)
[3.33, 144.10] 36 (33.3%) 8 (21.6%) 12 (31.6%) 16 (48.5%)
ANA+ * 112 (92.6%) 43 (100%) 38 (92.7%) 31 (83.8%) 0.027 0.036
Anti-Ro60+ * 45 (37.8%) 17 (40.5%) 19 (47.5%) 9 (24.3%) 0.183 0.164
C4 * 19.8 (8.23) 18.5 (7.97) 18.7 (7.09) 22.4 (9.23) 0.025 0.017
Leukocyturia * 0.00 [0.00; 1.00] 0.00 [0.00; 0.00] 0.00 [0.00; 1.00] 1.00 [0.00; 2.00] 0.004 0.001
Hematuria * 0.00 [0.00; 0.00] 0.00 [0.00; 0.00] 0.00 [0.00; 0.00] 0.00 [0.00; 1.00] 0.031 0.067

cLeukocyturia * 0.052 0.024
0 72 (60.0%) 33 (78.6%) 24 (58.5%) 15 (40.5%)
1 25 (20.8%) 6 (14.3%) 11 (26.8%) 8 (21.6%)
[2, 5] 23 (19.2%) 3 (7.14%) 6 (14.6%) 14 (37.8%)

Treatments
GC 30 (24.6%) 7 (15.9%) 11 (26.8%) 12 (32.4%) 0.004 <0.001
Current dose of GC 5.00 [2.50; 10.0] 7.50 [3.75; 10.0] 5.00 [2.50; 12.5] 5.00 [2.50; 6.25] 0.050 0.029
Tacrolimus 1 (0.82%) 0 (0.00%) 0 (0.00%) 1 (2.70%) 0.147 0.083

cTreatment2 0.077 0.092
No IS 66 (54.1%) 27 (61.4%) 20 (48.8%) 19 (51.4%)
IS 56 (45.9%) 17 (38.6%) 21 (51.2%) 18 (48.6%)
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2.4. Correlations between AGEs and SLE Characteristics: Multivariate Analysis

After adjustment for confounding variables, several SLE characteristics showed
associations with AGEs levels. First of all, two of the most important SLE disease indexes,
SLE disease activity index (SLEDAI) and SLE damage index (SDI), were significantly
associated with AGEs levels. While for the SLEDAI we found a progressive increase in
AGEs values as the SLEDAI activity escalated (AGEs values in patients with moderate
and severe activity were 0.2 (95% CI [0.0006; 0.4], p = 0.0493) and 0.52 (95% CI [0.177;
0.86], p = 0.003) units higher than patients in remission/mild, respectively, we only found
differences in SDI between those with low (0–2) and high scores (5, 6) (AGEs values
0.717 (95% CI [0.139; 1.295], p = 0.0156) units higher). This association with disease
activity is also reflected in both the physician global assessment (PGA) and the patient
global assessment (PtGA). In those cases, values higher than 1 (PGA) or 3 (PtGA) were
associated with an AGEs increase. PGA score of 1–2 and a PGA score higher than 2
had AGEs levels 0.033 (95% CI [0.058; 0.61], p = 0.018) and 0.39 (95% CI [0.094; 0.694],
p = 0.01) units higher than patients with a PGA of 0, respectively; and patients with a
PtGA score >3 had AGEs levels 0.26 (95% CI [0.063; 0.46], p = 0.01) units higher than
patients with PtGA score ≤3.

Regarding serum biomarkers, we observed an increment in AGEs levels as C-reactive
protein (CRP) and IL-6 increased, but significant differences were only detected between
the 3rd and 1st tertile: 0.259 (95% CI [0.035; 0.48], p = 0.02) units higher for CRP and 0.352
(95% CI [0.1; 0.6], p = 0.006) for IL-6. The same tendency was observed in the level of
leukocyturia (0.369, 95% CI [0.112; 0.626], p = 0.005) and C4 complement, although in this
last one, significant differences with the 2nd tertile were also observed (0.25 (95% CI [0.02;
0.48], p = 0.0335) units higher for the 2nd tertile; and 0.28 (95% CI [0.056; 0.514], p = 0.015)
for the 3rd one).

With reference to autoantibodies, a negative association was found between AGEs
levels and both the presence of ANA or anti-Ro60 antibodies in the blood test performed
for the study, where AGEs values were 0.496 (95% CI [0.937; 0.054], p = 0.028) and 0.26 (95%
CI [0.5; 0.017], p = 0.035) units lower, respectively.

Finally, patients which had ever presented oral ulcers, a prevalent SLE manifestation,
had AGEs values 0.216 (95% CI [0.02; 0.41], p = 0.03) units higher than patients who had
never. All of these data are depicted, according to the prediction of each model, in
Figures 1 and 2 which graphically represent the mean and its corresponding 95%
CI of AGEs for each category of variables. p-values < 0.05 indicate significant dif-
ferences between the categories and the reference level of each variable. Also, the
fixed-effects ANCOVA model between AGEs and each of the variables are provided
Supplementary Table S4.
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Figure 1. Statistically significant associations between AGEs levels and SLE characteristics and
indexes. p-values < 0.05 (bold) indicate significant differences between the categories and the
reference level of each variable; p-values not in bold indicate associations not statistically significant.
PtGA: patient global assessment; PGA: physician global assessment; SDI: SLE damage index; SLEDAI:
SLE disease activity index.
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Figure 2. Statistically significant correlations between AGEs levels and SLE serological parameters.
The change in AGEs values is depicted according to the reference category of each variable. p-value
is considered significant if <0.05 (bold). IL-6: interleukin 6 (pg/mL); C4: complement 4 (mg/dL);
CRP: C-reactive protein (mg/dL).
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3. Discussion

We observed statistically significant differences between AGEs values measured by
skin autofluorescence in SLE patients vs. HC. This difference has only been studied in two
previous works [14,15] with small sample sizes (55 and 30 cases respectively, matched 1:1
with HC), and our research builds upon these studies in the following ways. First, we
have increased the sample size, especially the HC sample, by matching cases with HC
in a 1:3 proportion instead of a 1:1 proportion, making the study more robust. Secondly,
we selected HC that had at least one CVRF, so they would be more comparable to our
patients who at least have one CVRF, being that the disease itself. This is based on the
well-reported knowledge that AGEs are related to inflammation and cardiovascular risk on
the one hand and, on the other, that patients with autoimmune diseases such as rheumatoid
arthritis, have an increased risk of cardiovascular disease that makes necessary to add a
fixed multiplier of 1.5 to 2 to the established cardiovascular disease prediction general
algorithms in order to adjust for the increased risk due to the disease [20]. Nienhuis
et al. [14] selected a second control population with essential hypertension (EH), apart from
the one conformed by HC. They found statistically significant differences in AGEs levels
between SLE patients and HC but not between the SLE and the EH cohort, suggesting
that finding differences when selecting HC with at least one CVRF could traduce a higher
statistical power and a reduced probability of committing a type I error. Furthermore, they
selected an SLE population with inactive disease, which might not reflect the reality of
SLE patients in terms of disease characteristics in the way our patients might, which were
included independently of their disease activity.

Additionally, we carefully examined all possible confounding factors to avoid drawing
premature conclusions. Two controversial points were raised during the analysis. First,
we observed only a positive trend shown by creatinine in the bivariate analysis of AGEs
levels in the whole sample [21]. We discussed if that trend could have a fictitious origin
since patients with SLE had higher creatinine levels (although in normal range) and were
mostly located in the third AGEs tertile, and also since the trend was not observed when
we analyzed the two groups separately. However, we finally decided to include creatinine
in the model since there is ample evidence of a higher accumulation of AGEs in patients
with renal failure [22] and lupus nephritis [12], and a difference could exist between groups
since renal disease was an exclusion criterion in the HC group. Secondly, we found a
negative association between dyslipidemia and AGEs, which was observed both in the
combined analysis of the whole sample and in the HC separately (suggesting that such
association comes from the HC group). The only data in the literature that could explain
this negative association comes from the reported effect of lipid-lowering drugs in reducing
AGEs levels [23]. Among HC, only 27 of the 85 with dyslipidemia (32%) were being treated
with lipid-lowering agents, so we hypothesized that the rest could be controlling it with a
lower-fat diet, which has also been associated with reduced AGEs levels [24]. Hence, we
ended up including dyslipidemia in the model.

As for the interaction term between the main effect and dyslipidemia, although it was
not found to be significant in the model, graphically the interaction seemed clear, especially
in the group of SLE patients (Supplementary Figure S2). This could be due to a lack of
statistical power, since in the group of SLE patients there were only 8 dyslipidemic cases,
unlike the 85 dyslipidemic HC. Therefore, the statistical power to detect this difference
was much lower in the patient group, generating a less precise CI to reject the alternative
hypothesis and leading to a lack of significance.

Regarding the study of AGEs relationship with SLE characteristics, we have found
associations between AGEs levels and some disease activity indexes: SLEDAI, PGA, PtGA,
CRP, and IL-6. As reflected in Section 2, the rise of AGEs levels with the increase of SLEDAI,
which is the activity index most frequently used for SLE in clinical practice nowadays,
showed a robust correlation. This association was also observed with other markers of
activity commonly used to assess the disease state: PGA, PtGA, and IL-6. PGA is a part of
the main indexes used currently to define remission or low disease activity in SLE. PtGA
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may be a more subjective parameter which can be influenced by external factors but that is
clearly related to quality of life in SLE patients. IL-6 is not used routinely in the follow-up
of SLE patients but its role in inflammation it is widely known generally and in rheumatic
diseases in particular.

In the case of CRP, a significant association was only found between the upper tertile
(0.28–3.92 mg/dL) and the first (<0.12), suggesting that the highest levels of AGEs were
found among the patients with higher CRP values, both with values considered normal
and abnormal (normal reference values in our laboratory <0.5 mg/dL). However, this
correlation is only supported up to CRP values < 0.7 (R2 = 0.42, p < 0.0001), as graphically
reflected in Supplementary Figure S4. No correlation was found with higher CRP levels,
which could be justified by a small number of patients with abnormal CRP levels. There
was also a positive association with higher C4 levels, which draws attention since low C4
levels are the ones traditionally associated with high disease activity. However, although
a decrease in complement levels is included in SLE classificatory criteria, there is wide
controversy in the literature about the limited usefulness of the current techniques and
types of complement measured in SLE and their ability to reflect disease activity [25]. Other
uncertainties about complement are whether low levels should be persistent or combined
(both C3 and C4) to be significant [26,27]. In our study, C3 levels showed a statistically
significant direct correlation with C4 values (p ≤ 0.001) but not with AGEs levels. There
was no association between having normal C4 levels at the moment of the study and not
having had hypocomplementemia ever: 43% of the patients with current normal C4 levels
had history of hypocomplementemia and 57% did not, while 77% of the patients with
history of low C4 had now normal levels. This could traduce either fluctuant titers or
normalized levels of C4 in response to treatment/lower disease activity and a need for
further studies to elucidate the relation between complement and AGEs.

We also found a relationship between AGEs and indexes of accrual damage, the SDI.
There is only a previous work in the literature that analyzed this association [15]. They
found a correlation between AGEs and SDI in the univariate analysis that was lost after
adjusting for age as well as in the multivariate analysis. In our case, the association persisted
after adjusting for age and smoking status and any other possible confounding factor in
the multivariate analysis. Considering this association, measuring AGEs levels could have
a high impact in the prognosis of the disease helping to identify a subtype of patients with
a more serious disease marked by higher accrual damage, which would be susceptible of a
stricter follow-up and intensive treatment regimen, and subsequently allowing to improve
these patients’ outcomes.

Specific manifestations (oral ulcers) or autoantibodies profile (less frequent anti-Ro60+
antibodies), could indicate a different clinical phenotype in SLE patients with less inflam-
mation and thus, with lower AGEs levels. In clinical practice, it is very common to find
overlaps of autoimmune diseases in the same patient, being especially frequent in SLE
its overlap with Sjögren syndrome (SjS). It is known that both diseases have different
inflammatory profiles [28], which could explain why there could be differences in AGEs
levels between patients anti-Ro60 positive and negative. AGEs concentrations have been
scarcely studied in SjS and efforts have not been directed to skin AGEs but RAGE and
sRAGE with conflicting results [29–31], so more studies are needed to investigate AGEs
levels in SjS and their differences both with SLE patients and with patients with a SLE-SjS
overlap. Unfortunately, we could not validate this hypothesis in our study as the presence
of SjS was recorded together with other autoimmune diseases as presence of overlapping
syndrome in general, making studying the association only in SjS not possible. Further-
more, some patients had ongoing diagnostic SjS tests at the moment of our work. Similarly,
oral ulcers are much more frequent in SLE than other autoimmune disease, potentially
traducing a more typical SLE disease than in those without, which might justify differences
in AGEs levels.

Regarding the negative relation found between AGEs and ANA antibodies, all patients
were ANA+ at SLE diagnosis but 10 of them (8.2%) converted during disease follow-up
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and were ANA− at the moment of the study. It has been reported that the reduction
of ANA responses might reflect the natural history of the disease as well as the effects
of therapy [32]. Accordingly, these patients could have increased AGEs levels due to
longer disease duration or more intense need for therapy due to more severe disease,
and consequent more accrual damage and potentially higher AGEs levels. In our cohort,
currently ANA− patients showed higher disease duration (15 vs. 10 years) and higher SDI
(same levels of p25 and p50 but differences in p75: 1.56 vs. 0.68) although the differences
were not statistically significant, probably due to lack of statistical power on account of
the small sample size, also shown by the wide CI of this variable Supplementary Table S4.
We didn’t observe differences in terms of taking immunosuppressants in the moment of
the study between ANA+ and ANA− patients, but we did not retrieve data of the therapy
history of patients, so we cannot rule out differences in the number of immunosuppressants
or time taking therapy between both groups.

Despite the known relationship between AGEs and atherosclerosis, we did not find
any correlation between AGEs levels and either CVRF or cardiovascular events (CVE).
However, the p-value in the bivariate analysis was <0.1 and, considering that we have
a small number of patients with CVE (N = 9), it is likely that our results are limited by
a lack of statistical power which prevents us from drawing conclusions about the role
of AGEs in cardiovascular risk. Furthermore, we assessed cardiovascular disease only
through traditional CVRF or CVE and did not perform additional tests such as the intima-
media thickness of the common carotid artery measured by ultrasound [15] or the small
artery elasticity measured by pulse-wave analysis using tonometric recordings of the radial
artery [14], both of which have been associated with AGEs levels in previous works. We
also reassessed the correlation between AGEs and SDI excluding all variables related to
cardiovascular disease (expressed as CVE in our study) as De Leeuw et al. do in their
work [15]. They found a correlation in the bivariate analysis between skin AGEs and SDI,
also after correction for the damage caused by CV disease. This association was not seen
after adjusting for age or in the multivariate analysis. In our cohort, this new analysis did
not alter the statistical correlation between SDI and AGEs, indicating that the association is
not attributable to AGEs being associated to CV damage.

Only one of the two previous works studying skin AGEs in SLE have analyzed their
association with disease characteristics, finding an association with age, creatinine, disease
duration, the intima-media thickness of the common carotid artery, and the SDI in the
univariate analysis, and only with age and disease duration in the multivariate one [15].
Our work has carried out a much more extensive analysis considering a great amount of
demographic and clinical variables and performing a more complex statistical analysis
considering all possible confounding factors, which provides a much deeper knowledge
into these relationships and opens the door to the feasibility of using AGEs as a clinical
tool for SLE management and prognosis.

Our study presents several limitations. Firstly, due to the retrospective nature of the
study some data could not be retrieved such as the cumulative glucocorticoid (GC) dose
that the patients had taken throughout the disease, and we could only assess the impact of
GC through the current dose at the moment of the study. Likewise, the design makes it
impossible to assess causality, which warrants future prospective studies. Secondly, and in
order to clarify the effect on longstanding disease and therapy in AGEs levels, studies in
newly diagnosed patients should be performed. Another limitation is that we did not check
for all of the factors that have been described to influence AGEs levels such as diet [24].

To our knowledge, this is the second work to study and the first to find an association
between SLE activity parameters and skin AGEs. We have found a correlation with, not one,
but several SLE activity biomarkers and, also, with damage indexes. Furthermore, we have
described, for the first time, skin AGEs associations with specific serological and clinical
parameters that could define more precisely a specific type of patients in whom AGEs
could have a particularly meaningful contribution. Therefore, our results are innovative
and indicative of the promising role of AGEs and the AGEs skin reader as a tool to be
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implemented in daily clinical practice as a noninvasive, fast, real-time surrogate biomarker
of SLE disease activity, damage, and specific manifestations.

4. Methodology
4.1. Subjects

This was a cross-sectional study conducted at the Hospital del Mar where patients of
all ages who were visited at the SLE outpatient clinic, met the 1997 American College of
Rheumatology (ACR) [33] or the 2012 Systemic Lupus International Collaborating Clinics
(SLICC) classificatory criteria [34] for SLE, accepted to participate and signed the informed
consent were randomly included. The exclusion criteria were pregnancy, diabetes mellitus
(DM), treatment with corticosteroids at a dose equivalent to prednisone >20 mg/day, active
malignancy, and fibromyalgia. Patients and the public were not involved in the design,
conduct, reporting, or dissemination of this work.

4.2. Healthy Controls

The control population was selected from the ILERVAS cohorts (Vascular and Renal
Translational Research Group, IRBLleida), which includes HC selected from primary care
health centers, with at least one traditional CVRF and aged between 50 and 70 years if
women or between 45 and 65 years if men. The traditional CVRF included were arterial
hypertension (AHT) and/or dyslipidemia (DLP) and/or obesity (defined as a body mass
index (BMI) > 30 kg/m2), and/or history in first-degree relatives of premature cardiovas-
cular disease (men before 65-year-old and women before 60 years-old) and/or smokers
and former smokers (<10 years since quitting). Exclusion criteria were as follows: his-
tory of cardiovascular disease (angina, myocardial infarction, cerebrovascular accident,
peripheral arterial disease, intestinal ischemia or ischemia of some other territory), history
of carotid surgery or surgery of arteries from other territories, DM and/or chronic renal
disease (CRD), institutionalized population, population on long-term home-care, active
neoplastic processes, life expectancy < 18 months [35]. AGEs levels were measured by
autofluorescence in all of the HC.

4.3. Assessment of AGES Accumulation

In all patients, accumulated AGEs were measured non-invasively in the skin by
an autofluorescence reader (Age Reader Mu Connect®, DiagnOptics Technologies BV,
Groningen, The Netherlands) as described previously in the literature [10]. A light source
emitting light at a wavelength of 320 to 400 nm excites fluorescent moieties in compounds in
the skin to produce fluorescence at a wavelength of 420 to 600 nm (peak 440 nm). The output
represents the ratio between autofluorescence in the range 420 to 600 nm and excitation
light in the range 320 to 400 nm and is reported in arbitrary units (AU). Three consecutive
AGEs measurements were taken from the ventral (anterior) surface of the forearm of each
participant 10 cm below the elbow fold, avoiding any tattoos or heavily pigmented areas of
skin. Measurements were performed at room temperature, while patients were in a seated
position [36] (see Supplementary Figure S1). The mean value of the three measures was
calculated and compared with AGEs values from age-matched HC obtained from previous
works [10].

4.4. Statistical Methods
4.4.1. Comparison of Accumulated AGEs between Patients and Controls

A random sample of 60 individuals with systemic lupus erythematosus and of
183 healthy controls was calculated to be sufficient to estimate, with 95% confidence,
a beta risk of 0.2 in a two-sided test, and an accuracy of ±0.25 units, the population mean
of values (with an expected standard deviation of about 0.6 units [15]). HC were sex- and
age-matched with a factor of approximately 3:1 to each of the SLE patients and selected
according to the common variables between both groups. Due to the limited age range
of our control group, some of the SLE patients had to be excluded as it was not possible
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to age-match them with HC. In addition, SLE patients with cardiovascular disease could
not be included in the analysis due to it being an exclusion criterion in the HC sample.
Difference of AGEs between SLE cases and HC was assessed through a fixed-effects analysis
of covariance (ANCOVA) model adjusted for the confounding factors.

In order to identify potentially confounding variables, in addition to a bibliographic re-
view about previously reported factors related to AGEs, a bivariate analysis was performed
separating by cases and HC, and by tertiles of AGEs. Categorical data were described with
absolute and relative frequencies, whereas continuous variables were displayed as mean
(standard deviation), or as median (interquartile range) if non-normally distributed. In the
case of categorical variables, we employed the Fisher’s exact test for variables with small
frequencies and the χ2 test for the rest. For normal continuous variables, the Student’s
t-test was used when analyzing two groups and the analysis of variance (ANOVA) when
there were more than two. For non-normal continuous variables, the test used was the
Mann-Whitney U test to compare two groups and the Kruskal-Wallis’ test to compare more
than two. The significance level for these explorative analyses of confounding variables
was taken to be <0.1.

Variables with statistically significant differences both between groups and with
the AGEs response variable were considered potential confounders and were examined
through interaction graphs before including them in the final model.

In the specific case of comparing AGEs levels between cases and controls and, as all
of the HC were Caucasian, we performed a sensitivity analysis to assess the influence of
ethnicity, testing only Caucasian patients against HC. We did not find any differences, so
we kept all of the ethnicities in the final analysis.

Later on, we explored the associations between AGEs levels (stratified in tertiles)
and data of all of the participants of the study (both SLE patients and HC), in order to
evaluate possible confounding factors. The bivariate analysis showed a significant positive
relationship between smoking and AGEs levels, while creatinine showed a trend in that
same direction. On the contrary, the presence of dyslipidemia was associated with lower
values of AGEs (Supplementary Table S1).

According to these results and the differences found between SLE patients and HC,
interaction graphs were created to visually assess smoking, age, dyslipidemia, and creati-
nine as cofounding variables. We found differences in the slopes of age and dyslipidemia
(Supplementary Figure S2) which were then evaluated in the fixed-effects analysis of co-
variance model (Supplementary Figure S3). Smoking was also added to the model due
to extensive literature linking it to AGEs values. Furthermore, in the smoking interaction
graph we observed that the slopes of non-smokers and former smokers behaved similarly,
with only a slight increase in mean cumulative AGEs in non-smokers with SLE, but appar-
ently insignificant, so we unified non-smokers and former smokers in the same group vs.
active smokers to increase statistical power (Supplementary Figure S2a).

According to all of the data explored, the multivariate model was adjusted with age,
smoking, dyslipidemia, creatinine, and the interaction terms. None of the interaction
terms were statistically significant so they were finally removed from the model except
for the interaction between dyslipidemia and group (SLE or HC). This one, was not omit-
ted since it allowed us to observe the effect (p = 0.062) of dyslipidemia, granting a better
estimation of the AGEs value (Table 2). This was verified by adjusting it without the
interaction, where the main effect of dyslipidemia was lost. Dyslipidemia was also ad-
justed for age and smoking (since HC with dyslipidemia were younger and smoked less),
and its effect remained unchanged, ruling out that it was confused by other variables
(Supplementary Table S2).

4.4.2. Relation between Characteristics of SLE and Accumulated AGEs

An exploratory analysis was conducted using ANOVA tests adjusted for both age and
current smoking status to investigate the association between SLE patient characteristics
and the level of accumulated AGEs, including all patients from the cross-sectional study.
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For a better analysis, skewed variables of interest were categorized into tertiles or accord-
ing to non-linear patterns, evaluated with general additive models. Associations with a
p value < 0.1 were considered significant and, if consistent, were examined individually.
First of all, the identification of potentially confounding variables was performed as de-
scribed in the previous analysis (D.1.). Then multiple lineal regression models studying
association between AGEs levels and each variable of interest were fitted considering
the corresponding confounding factors, to avoid spurious associations. In this case, the
significance level was taken to be <0.05.

In both analysis, continuous variables included in the final models were mean centered
to facilitate interpretation. The assumptions of linearity, homoscedasticity and normality
of the residuals were verified and the presence of influential points in each model was
evaluated. All statistical work was carried out4 using R version 4.1.2.

5. Conclusions

SLE patients present higher skin AGEs levels than HC, supporting the hypothesis of
the association between AGEs and SLE. Furthermore, the correlation observed between
skin AGEs levels and SLE activity and damage markers indicate that AGEs seem to have a
role as a new biomarker in this disease related to management and prognosis, which would
have enormous implications in a field currently uncovered in SLE. The association with
specific antibodies and disease manifestations may indicate a particular clinical phenotype
related to higher AGEs levels, unveiling another potential clinical use of these products.
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Abstract: Interleukin-6 (IL-6) is a proinflammatory cytokine that mediates pleiotropic functions in
immune responses and inflammatory diseases. The literature lacks studies, with a clinical perspective,
on the relationship between IL-6 serum levels and the characteristics of the disease in patients with
systemic lupus erythematosus (SLE). In the present work, we aimed to analyze the association
between circulating IL-6 and disease manifestations in a well-characterized series of patients with
SLE. Serum IL-6 levels and disease activity (SLEDAI-2K), severity (Katz) and damage index (SLICC-
DI), complete lipid profile, and subclinical carotid atherosclerosis were evaluated in 284 patients
with SLE. In addition, a complete characterization of the complement system was performed in
samples from patients with SLE. A multivariate linear regression analysis was carried out to study
the relationship between clinical and laboratory characteristics of the disease and IL-6 levels. Age
(beta coef. 0.07 [95%CI 0.01–0.1] pg/mL, p = 0.014), C-reactive protein (beta coef. 0.21 [95%CI
0.16–0.25] pg/mL, p < 0.01), and male gender (beta coef. 2 [95%CI 0.3–0.5] pg/mL, p = 0.024),
were positively associated with higher IL-6 levels in SLE patients. Most disease characteristics
and damage and activity indices did not show significant relationships with IL-6. However, after
multivariate analysis, IL-6 was associated with lower serum levels of HDL cholesterol (beta coef.
−0.04 [95%CI −0.08–(−0.1)] pg/mL, p = 0.011), and apolipoprotein A1 (beta coef. −0.02 [95%CI
−0.04–(−0.001)] pg/mL, p = 0.035). In contrast, the alternative complement cascade, C1inh, and
C3a were all positively and independently associated with higher serum levels of IL-6. Moreover,
stratification of the Systematic Coronary Risk Assessment 2 (SCORE2) results according to different
categories of cardiovascular risk was associated with higher circulating serum IL-6 levels (beta coef.
0.2 [95%CI 0.02–0.4], pg/mL, p = 0.028). In conclusion, in a large series of SLE patients, IL-6 was
not associated with disease-related features of SLE, including damage, severity, or activity indices.
However, an association was found between serum IL-6 levels and circulating C3a and cardiovascular
risk. Our study emphasizes the importance that IL-6 could have in cardiovascular disease and
complement system disruption of SLE patients. Therapies targeting IL-6 could have a role in these
two clinical manifestations of patients with SLE.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by
various manifestations, frequent flare-ups, and the involvement of multiple organs. Patients
display a wide range of clinical symptoms, ranging from mild joint and skin problems to
severe complications involving the kidneys, blood, and central nervous system [1,2]. The
etiology of SLE remains unknown but is clearly multifactorial, with many observations
suggesting a role for genetic [3], hormonal [4], immunologic [5,6], and environmental
factors [7]. Furthermore, SLE is primarily a disease with abnormalities in immune regula-
tion, including the formation of autoantibodies and immune complexes [8]. Phagocytosis
and clearance of immune complexes, apoptotic cells, and necrotic cell-derived material
are defective in SLE, allowing the persistence of antigens and immune complexes. This
leads to abnormal cell persistence, autophagy, and cytokine production [9]. Furthermore,
accelerated atherosclerosis and increased risk of cardiovascular disease have been identified
as major causes of morbidity and mortality in patients with SLE [10].

Interleukin-6 (IL-6) is a proinflammatory cytokine that plays a crucial role in var-
ious immunological processes associated with host infection, inflammatory disorders,
hematopoiesis, and oncogenesis. IL-6 functions as a regulator of the immune response,
influencing the proliferation and differentiation of T cells, as well as the final maturation of
B cells [11]. Additionally, IL-6 activates macrophages and osteoclasts and is considered a
key stimulator of acute phase reactants [12]. Working in conjunction with tumor necrosis
factor-alpha and IL-1, IL-6 promotes the production of vascular endothelial growth factor
and metalloproteinases. In addition, IL-6, together with transforming growth factor beta,
also plays a key role in the generation of subsets of peripherally induced CD4+ and CD8+
cytokine-producing suppressor cells [13]. Furthermore, the role of IL-6 in autoimmunity
has been suggested [14]. This has been attributed to the idea that the immune system
tightly regulates Th17/Treg cell homeostasis through the IL-6 axis, and the disturbance of
this balance causes autoimmunity [15]. However, the role of IL-6 in the pathogenesis of
SLE is not fully understood.

The literature lacks studies with a large number of SLE patients in which the relation-
ship between a complete characterization of disease features and serum levels of IL-6 has
been studied. In the present work, we studied a considerable and well-characterized series
of patients with SLE. In addition to the comprehensive evaluation of clinical and laboratory
features, including lipid profile and assessment of insulin resistance, we also analyzed
all three complement pathways. In addition, we estimated the cardiovascular risk using
the Systematic Coronary Risk Assessment 2 (SCORE2) algorithm and carotid ultrasound
to determine subclinical atherosclerosis. After this, we set out to study the relationship
between all these characteristics and the serum levels of IL-6. If the expression of IL-6 was
found to be associated with specific disease features, then the potential use of therapies
targeting this interleukin in SLE could be suggested.

2. Results
2.1. Demographics and Disease-Related Data on Systemic Lupus Erythematosus Patients

The median (IQR) serum level of IL-6 in SLE patients was 3.5 (IQR 2.3–5.4) pg/mL.
Table 1 provides an overview of the characteristics of the 284 patients included in this
study. Most of the participants were women (92%), with a mean age ± SD of 50 ± 12 years.
The average body mass index was 28 ± 6 kg/m2, and the abdominal circumference was
92 ± 14 cm. Classic cardiovascular risk factors included current smoking in 24% of patients,
hypertension in 39%, and obesity in 30%. Additionally, 25% of the patients were taking
statins and 29% were taking aspirin (Table 1).
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Table 1. Characteristics of patients with SLE included in this study.

SLE Patients
(n = 284)

Interleukin-6, pg/mL 3.5 (2.3–5.4)
Age, years 50 ± 12

Female, n (%) 261 (92)
Body mass index, kg/m2 28 ± 6

Abdominal circumference, cm 93 ± 14
Hip circumference, cm 103 ± 12

Waist-to-hip ratio 0.90 ± 0.07
Systolic pressure, mmHg 127 ± 20
Diastolic pressure, mmHg 79 ± 11

Cardiovascular co-morbidity

Smoking, n (%) 69 (24)
Diabetes, n (%) 18 (6)

Hypertension, n (%) 111 (39)
Obesity, n (%) 85 (30)
Statins, n (%) 72 (25)
Aspirin, n (%) 80 (29)

SLE related data

Disease duration, years 16 (7–24)
CRP, mg/dl 2.0 (0.8–4.4)
SLICC-DI 1 (0–2)

SLICC-DI ≥ 1, n (%) 191 (68)
Katz Index 2 (1–4)

Katz ≥ 3, n (%) 126 (44)
SLEDAI-2K 2 (0–4)

SLEDAI-2k categories, n (%)

No activity, n (%) 109 (40)
Mild, n (%) 107 (39)

Moderate, n (%) 41 (15)
High, n (%) 10 (4)

Very High, n (%) 4 (1)
Auto-antibody profile

Anti-DNA positive, n (%) 151 (67)
Anti-ENA positive, n (%) 164 (69)

Anti-SSA, n (%) 55 (35)
Anti-SSB, n (%) 36 (21)
Anti-RNP, n (%) 64 (28)
Anti-Sm, n (%) 24 (10)
Anti-ribosome 13 (9)

Anti-nucleosome 32 (22)
Anti-histone 22 (15)

Antiphospholipid syndrome, n (%) 43 (16)
Antiphospholipid autoantibodies, n (%) 61 (32)

Lupus anticoagulant, n (%) 51 (28)
ACA IgM, n (%) 22 (11)
ACA IgG, n (%) 39 (20)

Anti beta2 glycoprotein IgM, n (%) 19 (10)
Anti beta2 glycoprotein IgG, n (%) 28 (15)

Current prednisone, n (%) 140 (50)
Prednisone, mg/day 5 (5–7.5)

Hydroxychloroquine, n (%) 194 (69)
Methotrexate, n (%) 31 (11)
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Table 1. Cont.

SLE Patients
(n = 284)

Mycophenolate mofetil, n (%) 31 (11)
Azathioprine, n (%) 43 (15)

Rituximab, n (%) 8 (3)
Belimumab, n (%) 8 (3)

Data represent mean ± SD or median (interquartile range) when the data were not normally distributed. BMI:
body mass index; C3 C4: complement; CRP: C reactive protein; LDL: low-density lipoprotein. DMARD: disease-
modifying antirheumatic drug; ACA: anticardiolipin. HDL: high-density lipoprotein; ANA: antinuclear antibodies;
Anti-ENA: extractible nuclear antibodies. SLEDAI: Systemic Lupus Erythematosus Disease Activity Index.
SLEDAI categories were defined as 0, no activity; 1–5 mild; 6–10 moderate; >10 high; >20 very high activity.
SLICC: Systemic Lupus International Collaborating Clinics/American College of Rheumatology Damage Index.
IL-6: interleukin-6.

The median disease duration was 16 (IQR 7–24) years. The majority of SLE patients
had no activity (40%) or mild to moderate activity (39%), as indicated by the SLEDAI-2K
score. The SLICC-SDI and Katz indices were 1 (IQR 0–2) and 2 (IQR 1–4), respectively.
A SLICC-SDI score of 1 or higher was found in 68% of the patients. Half of the patients
(50%) were taking prednisone, with a median daily dose of 5 mg/day (IQR 5–7.5). At
the time of recruitment, 67% of patients tested positive for anti-DNA antibodies, and 69%
tested positive for anti-ENA antibodies, where anti-SSA was the most detected antibody
(35%). Hydroxychloroquine was being used by 69% of the patients at the time of this study.
Other less frequently used disease-modifying antirheumatic drugs included methotrexate
(11%) and azathioprine (15%). Additional data on SLE-related information can be found in
Table 1.

2.2. Demographic and Disease Characteristics in Relation to Serum IL-6 Levels

In the univariate analysis, age, waist-hip ratio, and serum CRP levels had a positive
and significant relationship with IL-6. Furthermore, the female gender was associated
with significantly lower circulating levels of IL-6 compared with male patients (beta coef.
−2 [95%CI −5–(−0.03)] pg/mL, p = 0.024) (Table 2). Regarding disease-related data, the
presence of lupus anticoagulant was the only disease feature that showed a significant
association with IL-6 (beta coef. 2 [95%CI 0.3–3] pg/mL, p = 0.016). In contrast, the
autoantibody profile, the use of various therapies, and the SLICC-DI, SLEDAI-2K, and Katz
indices did not reveal any association with serum IL-6 levels.

Table 2. Relationship between demographics and disease characteristics with IL-6 serum levels.

IL-6 pg/mL
Beta Coef. (95%), p

Age, years 0.07 (0.01–0.1) 0.014
Female −2 (−5–(−0.03)) 0.024

Body mass index, kg/m2 0.07 (−0.04–0.2) 0.20
Abdominal circumference, cm 0.04 (−0.005–0.08) 0.078

Hip circumference, cm 0.02 (−0.03–0.08) 0.36
Waist-to-hip ratio 9 (0.04–17) 0.041

Systolic pressure, mmHg 0.03 (−0.004–0.06) 0.084
Diastolic pressure, mmHg 0.04 (−0.02–0.09) 0.19

Cardiovascular co-morbidity

Smoking 0.5 (−0.9–2) 0.47
Diabetes 0.9 (−2–3) 0.47

Hypertension 0.8 (−0.4–2) 0.19
Obesity 0.1 (−1–1) 0.86
Statins 0.8 (−0.6–2) 0.26
Aspirin 0.6 (−0.7–2) 0.37

SLE-related data
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Table 2. Cont.

IL-6 pg/mL
Beta Coef. (95%), p

Disease duration, years 0.06 (−0.004–0.1) 0.065
CRP, mg/dl 0.2 (0.2–0.3) <0.001
SLICC-DI 0.2 (−0.2–0.5) 0.35

SLICC-DI ≥ 1, n (%) 1 (−0.3–2) 0.12
Katz Index −0.2 (−0.5–0.2) 0.33
Katz ≥ 3 −0.6 (−2–0.6) 0.34

SLEDAI-2K −0.01 (−0.2–0.1) 0.87
SLEDAI-2k categories

No activity - -
Mild −0.2 (−2–1) 0.83

Moderate to very high −0.5 (−2–1) 0.60
Auto-antibody profile

Anti-DNA positive 0.2 (−1–2) 0.75
Anti-ENA positive 0.3 (−1–2) 0.73

Anti-SSA 1 (−0.8–3) 0.23
Anti-SSB 0.6 (−3–5) 0.78
Anti-RNP −0.6 (−2–0.9) 0.43
Anti-Sm 1 (−1–3) 0.42

Anti-ribosome −0.6 (−4–3) 0.73
Anti-nucleosome 0.7 (−2–3) 0.56

Anti-histone −0.7 (−3–2) 0.62
Antiphospholipid syndrome −1 (−3–0.5) 0.17

Antiphospholipid
autoantibodies

Lupus anticoagulant 2 (0.3–3) 0.016
ACA IgM 2 (−1–4) 0.23
ACA IgG −1 (−3–0.6) 0.18

Anti beta2 glycoprotein IgM 0.5 (−2–3) 0.71
Anti beta2 glycoprotein IgG 0.5 (−2–3) 0.65

Current prednisone 0.6 (−0.6–2) 0.32
Prednisone, mg/day −0.05 (−0.3–0.2) 0.74
Hydroxychloroquine −0.4 (−2–0.9) 0.56

Methotrexate 1 (−0.8–3) 0.26
Mycophenolate mofetil −0.5 (−3–1) 0.60

Azathioprine −0.8 (−3–1) 0.37
Rituximab −1 (−4–4) 0.94
Belimumab −2 (−6–2) 0.35

In this analysis, IL-6 was considered the dependent variable. ANA: antinuclear antibodies; Anti-ENA: extractible
nuclear antibodies, ACA: anticardiolipin. SLEDAI-2k: Systemic Lupus Erythematosus Disease Activity Index.
SLEDAI-2k categories were defined as 0, no activity; 1–5 mild; 6–10 moderate; >10 high activity, >20 very high
activity. SLICC-DI: Systemic Lupus International Collaborating Clinics/American College of Rheumatology
Damage Index. Significant p-values are depicted in bold.

Since the activity score and the damage and disease severity indices are a sum of
different aspects of SLE, we analyzed the relationship between each item of these scores
and IL-6 (Table 3). Regarding the Katz index, no associations were found between the items
of this score and IL-6.
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Table 3. Relationship between individual disease score items and serum IL-6 levels.

IL-6, pg/mL
n % Beta Coef. (95%) p

Katz index

History of cerebritis (seizure or organic brain syndrome) 12 6 −0.2 (−2–1) 0.77
History of pulmonary disease 10 5 0.4 (−1–2) 0.64

Biopsy proven diffuse proliferative glomerulonephritis 23 12 −1 (−2–0.1) 0.080
Four to six ARA criteria for SLE satisfied to date 139 73 0.3 (−1–2) 0.76

Seven or more ARA criteria for SLE satisfied to date 23 12 −0.88 (−2–0.4) 0.18
History of proteinuria (two or more) 62 32 −0.1 (−2–1) 0.87

Lowest recorded hematocrit to date = 30–37% 88 46 −0.1 (−2–1) 0.87
Lowest recorded hematocrit to date < 30% 47 25 −0.7 (−2–0.2) 0.12
Highest recorded creatinine to date = 1.3–3 28 15 0.7 (−1–3) 0.52

Highest recorded creatinine to date > 3 3 2 −1 (−5–2) 0.46
SLEDAI

Seizures 1 0 1 (−9–11) 0.84
Psychosis 1 0 8 (−2–17) 0.12

Organic brain syndrome 0 0 -
Visual disturbance 1 0 0.05 (−10–10) 0.99

Cranial nerve disorder 1 0 −3 (−12–7) 0.58
Lupus headache 1 0 -

ACVA 0 0 -
Vasculitis 1 0 6 (−4–15) 0.24
Arthritis 9 3 −2 (−5–2) 0.37
Myositis 0 0 -

Urinary cylinders 7 3 3 (−1–8) 0.13
Hematuria 16 6 2 (−1–5) 0.23
Proteinuria 5 2 −2 (−7–4) 0.54

Pyuria 11 4 4 (0.8–8) 0.017
Rash 21 8 0.9 (−1–3) 0.46

Alopecia 11 4 −2 (−6–1) 0.18
Mucosal ulcers 14 5 −1 (−4–2) 0.37

Pleurisy 3 1 −2 (−11–8) 0.74
Pericarditis 1 0 −1 (−11–9) 0.84

Low complement 76 28 −0.6 (−2–0.8) 0.38
Elevated antiDNA 85 31 −0.6 (−2–0.7) 0.36

Fever 2 1 −0.2 (−7–7) 0.96
Thrombopenia 10 4 −1 (−4–2) 0.52

Leukopenia 19 7 −0.7 (−3–2) 0.58
SLICC domains

Ocular 63 22 0.6 (−0.8–2) 0.40
Neuropsychiatric 40 14 −0.4 (−2–1) 0.69

Renal 28 10 −1 (−3–1) 0.30
Pulmonary 19 7 0.2 (−2–3) 0.86

Cardiovascular 23 8 1 (−1–3) 0.36
Peripheral vascular 34 12 −0.04 (−2–2) 0.97

Gastrointestinal 28 10 0.2 (−2–2) 0.85
Musculoskeletal 89 31 0.2 (−1–2) 0.81

Skin 39 14 1 (−0.3–3) 0.095
Premature gonadal failure 19 7 −0.2 (−3–2) 0.89

Diabetes (regardless of treatment) 18 6 0.9 (−1–3) 0.45
Malignancy (excluded dysplasia) 11 4 −0.5 (−3–2) 0.73

In this analysis, IL-6 was considered the dependent variable. Significant p-values are depicted in bold. History
of pulmonary disease refers to the presence of lupus pneumonitis, pulmonary hemorrhage, or pulmonary
hypertension. ARA: American Rheumatism Association; ACVA: acute cerebrovascular accident. SLEDAI:
Systemic Lupus Erythematosus Disease Activity Index; SLE: systemic lupus erythematosus. SLICC: Systemic
Lupus International Collaborating Clinics/American College of Rheumatology Damage Index. The presence of a
SLICC domain involvement was shown if points in the domain were ≥1. See Table A1.
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Similarly, SLEDAI-2K score items were generally not related to circulating IL-6. In
this regard, only the presence of pyuria, which was present in 11 patients (4%), was the
item that showed a significant relationship with higher levels of circulating IL-6. With
respect to SLICC-SDI areas, only the cataract (n = 29, 11%), pleural fibrosis (n = 1, 0%), and
skin ulceration (n = 4, 1%) items were significantly related to higher values of serum IL-6
(Tables 3 and A1).

2.3. Multivariate Analysis of the Relationship between Cardiovascular-Related Factors and IL-6

Values for lipid-related molecules, insulin resistance indices, cIMT, the presence of
carotid plaque, and the SCORE2 in SLE patients are shown in Table 4.

Table 4. Association between factors related to the cardiovascular system and IL-6 in patients
with SLE.

IL-6 pg/mL

Beta Coef. (95%), p

Univariate Multivariate

Lipid profile

Cholesterol, mg/dL 198 ± 36 −0.02
(−0.04–(−0.003)) 0.024 −0.02

(−0.04–(−0.002)) 0.026

Triglycerides, mg/dL 130 ± 78 0.007 (−0.002–0.02) 0.12 0.005 (−0.004–0.01) 0.32
LDL cholesterol, mg/dL 111 ± 29 −0.02 (−0.04–0.0008) 0.059 −0.02 (−0.04–0.003) 0.097

HDL cholesterol, mg/dL 61 ± 19 −0.05
(−0.08–(−0.01)) 0.008 −0.04

(−0.08–(−0.01)) 0.011

LDL:HDL cholesterol ratio 1.96 ± 0.75 0.4 (−0.5–1) 0.40
Non-HDL cholesterol, mg/dL 137 ± 33 −0.01 (−0.03–0.009) 0.32

Lipoprotein (a), mg/dL 39 (12–108) 0.005 (−0.002–0.01) 0.16 0.004 (−0.003–0.01) 0.25

Apolipoprotein A1, mg/dL 173 ± 35 −0.02
(−0.04–(−0.0008)) 0.040 −0.02

(−0.04–(−0.001)) 0.035

Apolipoprotein B, mg/dL 95 ± 23 −0.001 (−0.03–0.03) 0.92
ApoB:Apo A ratio 0.57 ± 0.17 2 (−1–6) 0.19 3 (−1–6) 0.16
Atherogenic index 3.5 ± 1.1 0.4 (−0.1–1) 0.14 0.4 (−0.2–1) 0.21

Insulin resistance indices *

Glucose, mg/dL 91 ± 9 0.02 (−0.05–0.08) 0.65
Insulin, µU/mL 6.6 (4.4–9.8) 0.07 (−0.006–0.1) 0.073 0.05 (−0.02–0.1) 0.16

C-peptide, ng/mL 2.2 (1.5–3.3) 0.1 (−0.08–0.3) 0.22
HOMA2-IR 0.86 (0.59–1.127) 0.5 (−0.04–1) 0.066 0.4 (−0.1–1) 0.14

HOMA2-S% 116 (79–172) −0.005
(−0.01–0.0008) 0.091 −0.004 (−0.01–0.002) 0.16

HOMA2-B%-C-peptide 156 ± 89 0.006 (−0.0008–0.01) 0.085 0.004 (−0.003–0.01) 0.28
Carotid ultrasound

cIMT, mm 0.628 ± 0.109 6 (0.4–11) 0.035 4 (−3–10) 0.26
Carotid plaque 99 (36) 1 (0.05–3) 0.041 1 (−0.4–2) 0.15

SCORE2 calculator

SCORE 2 2.1 (0.9–3.9) 0.2 (0.02–0.4) 0.028
SCORE2 categories, n (%)

Low to moderate 224 (79) ref.
High 50 (18) 1 (−0.5–3) 0.17

Very high 18 (4) −0.7 (−4–3) 0.68

In this analysis, IL-6 was considered the dependent variable. IL-6: interleukin-6. Significant p-values are depicted
in bold. LDL: low-density lipoprotein, HDL: high-density lipoprotein, cIMT: carotid intima thickness. HOMA:
homeostatic model assessment, SCORE: Systematic Coronary Risk Assessment. * In this analysis, the relationship
between insulin resistance indices and IL-6 was only performed in non-diabetes patients and glucose < 110 mg/dL
(n = 221). Multivariate analysis was adjusted for age, gender, abdominal circumference, and hypertension. The
relationship between SCORE2 and IL-6 was not adjusted for covariables because this score was calculated using
several composite variables.

Regarding lipid profile molecules, after the multivariate analysis, serum levels of
total and HDL cholesterol (beta coef. −0.04 [95%CI −0.08–(−0.1)] pg/mL, p = 0.011) and
apolipoprotein A1 (beta coef. −0.02 [95%CI −0.04–(−0.001)] pg/mL, p = 0.035) were
significantly associated with lower IL-6 values. The presence of carotid plaque and cIMT
and the insulin resistance indices were unrelated to IL-6 after multivariate adjustment.
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However, SCORE2 results, considered as a continuous variable, were associated with
significantly higher serum IL-6 levels (beta coef. 0.2 [95%CI 0.02–0.4], pg/mL, p = 0.028)
(Table 4).

2.4. Multivariate Analysis of the Relationship between the Pathways and Components of the
Complement System and IL-6

A full characterization of the complement system using an assessment of serum values
for C1q, C2, C3, C3a, factors H and D, and C1-inhibitor, as well as functional assays of
the three classical, alternative, and lectin pathways is listed in Table 5. After multivariate
analysis, the alternative complement cascade and C1inh and C3a were found to be positively
and independently associated with higher serum levels of IL-6 (Table 5).

Table 5. Multivariate analysis of the relationship between the pathways and components of the
complement system and IL-6.

IL-6, pg/mL
Beta Coef. (95%CI), p

Univariate Multivariate

Classical pathway
Functional assay, % 91 ± 38 0.01 (−0.006–0.03) 0.21

C1q, mg/dL 34 ± 11 −0.03 (−0.09–0.03) 0.32
Lectin pathway

Functional assay, % 10 (1–41) −0.0005
(−0.02–0.01) 0.95

Common elements of the classic and lectin pathways
C2, mg/dL 2.5 ± 1.2 −0.01 (−0.5–0.5) 0.96
C4, mg/dL 21 ± 12 0.03 (−0.02–0.08) 0.27

C1 inhibitor, mg/dL 32 ± 9 0.07 (0.003–0.1) 0.040 0.07 (−0.0004–0.1) 0.049
Alternative pathway
Functional assay, % 41 (12–79) 0.01 (−0.001–0.03) 0.071 0.02 (0.0002–0.03) 0.047

Factor D, ng/mL 2593 ± 1836 0.0002
(−0.0002–0.0006) 0.41

Common elements of the three pathways
C3, mg/dL 130 ± 40 0.01 (−0.005–0.03) 0.20
C3a, mg/dL 39 ± 10 0.1 (0.05–0.2) <0.001 0.1 (0.05–0.2) <0.001

Factor H, ng/mL × 10−3 389 (281–564) −0.0003
(−0.001–0.0005) 0.46

Complement routes and elements are considered the independent variable. Significant p-values are depicted in
bold. The multivariate analysis was adjusted for age, gender, abdominal circumference, and hypertension.

3. Discussion

To date, our work represents the most comprehensive characterization of IL-6 serum
levels in patients with SLE. According to our findings, IL-6 levels do not show a relationship
with most of the characteristics directly related to the disease when this association is
studied cross-sectionally. However, other characteristics such as the lipid profile and the
SCORE2 cardiovascular risk algorithm did show a relationship with IL-6. Of note, the
alternative pathway of the complement system and C3a were also positively related to IL-6.

A recent meta-analysis reviewed the relationship between serum IL-6 levels and
disease activity in SLE [16], which included 17 previous studies on this topic. According
to the meta-analysis, IL-6 levels were significantly higher in SLE than in healthy controls.
Furthermore, it showed a significant positive correlation between IL-6 levels and disease
activity scores. In contrast, in our largest fully characterized series, we did not observe
a relationship between various disease scores, including activity, damage, or severity,
and IL-6.

A possible explanation for our findings could tight disease control since most of our
patients were in the mild or no disease activity categories when SLEDAI-2k was applied.
The literature is scarce regarding the relationship between IL-6 and specific manifestations
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of the disease. In this sense, urinary IL-6 levels in 29 patients with active class IV lupus
nephritis were significantly higher than in patients with other classes of lupus nephritis [17].
After treatment, urinary levels of IL-6 decreased significantly. Furthermore, IL-6 was shown
to be increased in the cerebrospinal fluid of patients with lupus psychosis [18,19] and to
have an inverse correlation with hemoglobin levels in 171 patients with SLE [20]. However,
the number of patients recruited in these studies was less than in our series, and none of
the studies performed multivariate adjustments.

Remarkably, IL-6 and CRP highly correlated in our study. Hepatocytes are responsible
for producing significant amounts of CRP, primarily triggered by IL-6 [21]. Due to this, this
association is expected to occur. However, it is believed that autoimmune diseases where
the type I interferon gene signature predominates, such as SLE, deviate from the usual
pattern where CRP levels typically correlate with the degree of inflammation [22]. Two old
previous reports, with a small number of patients, described the lack of association of CRP
and IL-6 in patients with SLE [23,24]. This was not the case of our study. Moreover, CRP
has been linked with cardiovascular disease in general population [25]. For this reason, the
fact that there is a relationship between IL-6 and cardiovascular disease in our work could
be mediated by the interrelation between both IL-6 and CRP.

Emerging research has provided substantial evidence indicating that IL-6 expres-
sion exhibits varying degrees of elevation in cardio-cerebrovascular conditions, such as
atherosclerosis, myocardial infarction, heart failure, and ischemic stroke [26]. This cytokine
actively contributes to the onset and progression of cardiovascular disease, particularly in
response to triggers like ischemia, hypoxia, oxidative stress, inflammation, and vascular
occlusion. This was supported by two large meta-analyses that confirmed the crucial role
played by a variant allele of the IL6R gene encoding the IL-6 receptor in the generation
of inflammation and the associated risk of coronary heart disease [27,28]. Furthermore,
the hypothesis that IL6 is a potential target in cardiovascular disease is being currently
tested in the ZEUS trial, which is being conducted to determine if ziltivekimab (a human
anti-IL-6 monoclonal antibody) reduces the risk of cardiovascular events in people with
cardiovascular disease, chronic kidney disease, and inflammation. In our study, we found
a positive relationship between the SCORE2 cardiovascular risk calculation algorithm and
IL-6. In addition, after adjusting for covariates, IL-6 was associated with lower levels of
HDL cholesterol and apolipoprotein A1. Therefore, we believe that in patients with SLE,
IL-6 may retain the deleterious role in cardiovascular disease that has been shown in the
general population.

Our study is the first in the literature to evaluate the relationship between a complete
characterization of the complement system and serum IL-6 levels. In this regard, after
multivariate adjustment, we observed a relationship between IL-6 and the complement
particles C3a and C1inh and the alternative complement pathway. Cytokines, such as
IL-6, are typically released in sites of inflammation and then travel via circulation to the
liver, where they increase the hepatic synthesis of complement proteins. C1inh is a known
regulator of the complement system. It prevents excessive complement activation on a
target as well as in plasma. This function is performed by binding to each C1r and C1s
subcomponent of the C1 complex. Furthermore, the complement system promotes the
inflammatory response primarily through the liberation of C3a anaphylatoxin. The positive
association described in our work between IL-6 and these two complement elements
matches with the pro-inflammatory role of IL-6 and its role in the stimulation of complement
protein synthesis. The relationship with the alternative cascade, and not with the classic
one, is notable. The alternative pathway is dominant over the classical pathway and the
lectin pathway under normal physiological conditions. The continued activation of C3
by the alternative pathway is called “tick over”, which generates low levels of C3a and is
amplified if necessary [29]. It is possible that IL-6 could be more related to this production
of complement and not to the activation/consumption that occurs in the disease.
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4. Limitations

We acknowledge that we did not include healthy controls in our study. However,
the comparison with controls was studied in previous work [13]. In addition, the design
of our study was cross-sectional and, therefore, causality cannot be inferred from our
results. Furthermore, because SLE is characterized by complexities in disease phases, flares,
pathological states, treatment effects, etc., the cross-sectional design of our work did not
allow us to identify how IL-6 varies during the disease progression.

5. Conclusions

In conclusion, IL-6 is not related to the damage, activity, or severity produced by
SLE. However, certain abnormalities in complement system cascades are associated with
IL-6. Furthermore, a positive relationship between cardiovascular risk and IL-6 exists.
These findings are relevant since they could support the use of anti-IL-6 therapies for
certain manifestations of the disease, such as complement system disruption, as well as the
cardiovascular disease that frequently accompanies SLE.

6. Materials and Methods
6.1. Study Participants

Two hundred and eighty-four patients with SLE were assessed in a cross-sectional
study. All patients were 18 years or older and met ≥ 4 American College of Rheumatology
(ACR) classification criteria for SLE [30]. A diagnosis of SLE was performed by rheumatol-
ogists, and all the patients were regularly followed up in rheumatology outpatient clinics.
Patients taking a prednisone dose equal to or lower than 10 mg/day were allowed to
participate in this study since glucocorticoids are often used in the management of SLE.
The research was conducted in accordance with the Declaration of Helsinki. The study
protocol was approved by the Institutional Review Committee at Hospital Universitario
de Canarias and at Hospital Universitario Doctor Negrín (both in Spain), and all patients
provided informed written consent (Approval Number 2015_84).

6.2. Data Collection

The patients included in this study completed a questionnaire on cardiovascular risk
factors and medication use and underwent a physical examination. Weight, height, body
mass index, abdominal circumference, and systolic and diastolic blood pressure (measured
with the participant in a supine position) were assessed under standardized conditions.
Information regarding smoking status and hypertension treatment was obtained from the
questionnaire. Medical records were reviewed to verify specific diagnoses and medications.
SLE disease activity and damage were assessed using the Systemic Lupus Erythematosus
Disease Activity Index−2000 (SLEDAI-2K) [31] and the Systemic Lupus International
Collaborating Clinics/American College of Rheumatology (SLICC/ACR Damage Index
-SDI-) [32], respectively. For the present study proposal, the SLEDAI-2k index was divided
into none (0 points), mild (1–5 points), moderate (6–10 points), high (11–19), and very
high activity (>20), as previously described [33]. The severity of the disease was measured
using the Katz index [34]. In addition, carotid ultrasonography was performed to assess
carotid intima-media wall thickness (cIMT) in the common carotid artery and to identify
focal plaques in the extracranial carotid according to Mannheim consensus definitions [35].
In this study, HOMA2, the updated computer HOMA model, was utilized [36]. Also,
the SCORE2 risk prediction algorithm, an updated model to estimate the 10-year risk of
cardiovascular disease in Europe, was assessed in this cohort of patients [37]. Human
IL-6 was measured using the electrochemiluminescence immunoassay method (Roche
Diagnostics, Indianapolis, IN, USA).

6.3. Complement System Assessment

The SVAR functional complement assays under the Wieslab® brand (Sweden) were
used to assess classical, alternative, and lectin pathways activity. These tests combine
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principles of the hemolytic assay for complement function with the use of labeled antibodies
specific for the neoantigen produced as the result of C activation. The amount of neoantigen
generated is proportional to the functional activity of C pathways. Microtiter strip wells are
coated with classical, alternative, or lectin pathway-specific activators. The patient’s serum
is diluted in a diluent containing a specific blocker to ensure that only the studied pathway
is activated. The specific coating activates C during the incubation of the diluted patient
serum in the wells. The wells are then washed, and C5b-9 is detected with an alkaline
phosphatase-labeled specific antibody against the neoantigen expressed during membrane
attack complex (MAC) formation. After an additional washing step, the detection of
specific antibodies is obtained using incubation with an alkaline phosphatase substrate
solution. The amount of C activation correlates with the intensity of the color and is
measured in terms of absorbance (optical density). The amount of formed MAC (neo-
epitope) reflects the activity of the C cascade. The result is expressed semi-quantitatively
using the optical density ratio between a positive control and the sample. The classical,
alternative, and lectin cascade values should be interpreted as the lower the level, the
greater the activation of the pathway. Wieslab® has validated these functional assays by
studying their correlation and concordance with the classical CH50 and AH50 hemolytic
tests (https://www.svarlifescience.com/ accessed on 15 April 2023). C2, C3, C3a, C4,
and C1q were analyzed using turbidimetry (Roche), the C1-inhibitor was analyzed using
nephelometry (Siemens), and factor D and factor H were assessed using an enzyme-
linked immunosorbent assay (ELISA Duoset, R&D). Both the intra- and inter-coefficients of
variability were <10% for these assays.

6.4. Statistical Analysis

Demographic and clinical characteristics in patients with SLE were described as mean
± standard deviation (SD) or percentages for categorical variables. For non-normally
distributed continuous variables, data were expressed as the median and interquartile
range (IQR). The relationship between disease characteristics and circulating IL-6 was
evaluated using multivariate linear regression analysis. Univariate relations with a p-value
less than 0.20 were adjusted for covariates. In the analysis of the association between
the complement system, cardiovascular risk factors, and IL-6, confounders were selected
from demographics if they had a relationship with both the independent and dependent
variables and a p-value less than 0.20. All the analyses used a 5% two-sided significance
level and were performed using Stata software, version 17/SE (StataCorp, College Station,
TX, USA). p-values < 0.05 were considered statistically significant.
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Appendix A

Table A1. Relationship between SLICC score items and, IL-6.

IL-6, pg/mL
n % Beta Coef. (95%) p

Ocular

Any cataract ever 29 11 2 (0.02–4) 0.048
Retinal change or optic atrophy 33 12 −0.2 (−2–2) 0.84

Points ≥ 1 in the domain 63 22 0.6 (−0.8–2) 0.40
Neuropsychiatric

Cognitive impairment 7 3 −0.6 (−5–3) 0.78
Seizures requiring therapy for 6 months 15 5 −1 (−4–2) 0.41

Cerebrovascular accident ever 13 5 −0.8 (−3–2) 0.57
Cranial or peripheral neuropathy 5 2 4 (−1–9) 0.12

Transverse myelitis 1 0 −1 (−11–9) 0.82
Points ≥ 1 in the domain 40 14 −0.4 (−2–1) 0.69

Renal

Estimated or measured glomerular filtration rate < 50% 13 5 −0.7 (−4–3) 0.68
Proteinuria 3.5 gm/24 h 7 3 −2 (−7–3) 0.34
End-stage renal disease 4 1 −0.4 (−2–1) 0.67

Points ≥ 1 in the domain 28 10 −1 (−3–1) 0.30
Pulmonary

Pulmonary hypertension 4 1 3 (−1–8) 0.21
Pulmonary fibrosis 4 1 −1 (−6–4) 0.70

Shrinking lung 2 1 −3 (−12–7) 0.61
Pleural fibrosis 1 0 10 (0.9–20) 0.033

Pulmonary infarction 1 0 −3 (−12–7) 0.57
Points ≥ 1 in the domain 19 7 0.2 (−2–3) 0.86

Cardiovascular

Angina or coronary artery bypass 4 1 1 (−4–6) 0.60
Myocardial infarction ever 2 1 −0.2 (−7–7) 0.96

Cardiomyopathy 2 1 7 (−3–16) 0.17
Valvular disease 9 3 2 (−0.8–6) 0.14

Pericarditis for 6 months, or pericardiectomy 2 1 0.06 (−10–10) 0.99
Points ≥ 1 in the domain 23 8 1 (−1–3) 0.36

Peripheral vascular

Claudication for 6 months 3 1 −0.2 (−6–5) 0.95
Minor tissue loss (pulp space) 5 2 −0.5 (−6–5) 0.85

Significant tissue loss ever 0 0 -
Venous thrombosis 14 5 0.8 (−2–4) 0.55

Points ≥ 1 in the domain 34 12 −0.04 (−2–2) 0.97
Gastrointestinal

Infarction or resection of bowel 22 8 0.5 (−2–3) 0.66
Mesenteric insufficiency 1 0 −3 (−13–6) 0.49

Infarction or resection of bowel below duodenum, spleen, liver, or
chronic peritonitis 1 0 −3 (−13–7) 0.55

Stricture or upper gastrointestinal tract surgery ever 0 0 -
Pancreatic insufficiency 0 0 -

Points ≥ 1 in the domain 28 10 0.2 (−2–2) 0.85
Musculoskeletal
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Table A1. Cont.

IL-6, pg/mL
n % Beta Coef. (95%) p

Muscle atrophy or weakness 3 1 −2 (−9–5) 0.60
Deforming or erosive arthritis 40 15 −0.5 (−2–1) 0.62

Osteoporosis with fracture or vertebral collapse 23 9 2 (−0.6–4) 0.14
Avascular necrosis 7 3 −0.5 (−5–4) 0.82

Osteomyelitis 1 0 0.06 (−10–10) 0.99
Tendon rupture 4 2 3 (−2–8) 0.19

Points ≥ 1 in the domain 89 31 0.2 (−1–2) 0.81
Skin

Scarring chronic alopecia 16 6 0.7 (−2–3) 0.63
Extensive scarring or panniculum 10 4 −0.06 (−3–3) 0.97

Skin ulceration 4 1 11 (6–16) <0.001
Points ≥ 1 in the domain 39 14 1 (−0.3–3) 0.095

Premature gonadal failure 19 7 −0.2 (−3–2) 0.89

Diabetes (regardless of treatment) 18 6 0.9 (−1–3) 0.45

Malignancy (exclude dysplasia) 11 4 −0.5 (−3–2) 0.73

SLICC items and domains represent the independent variable. SLICC: Systemic Lupus International Collaborating
Clinics/American College of Rheumatology Damage Index. Significant p-values are depicted in bold.
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Abstract: The aim of this study was to analyze the relationship between the serum levels of soluble
transferrin receptor (sTfR) and interleukin 4 (IL-4), and the disease activity and organ manifestations
in SLE patients. We studied 200 SLE patients and 50 controls. We analyzed disease activity, organ
involvement, serum sTfR, IL-4 and interleukin-6 (IL-6) levels, and antinuclear and antiphospholipid
antibody profiles. The median serum levels of sTfR (p > 0.000001) and IL-4 (p < 0.00001) were higher in
the study group than in the controls. SLE patients, compared to the controls, had significantly lower
HGB levels (p < 0.0001), a lower iron concentration (p = 0.008), a lower value of total iron-binding
capacity (TIBC) (p = 0.03), and lower counts of RBC (p = 0.004), HCT (p = 0.0004), PLT (p = 0.04),
neutrophil (p = 0.04), and lymphocyte (p < 0.0001). Serum sTfR levels were negatively correlated with
lymphocyte (p = 0.0005), HGB (p = 0.0001) and HCT (p = 0.008), and positively correlated with IL-4
(p = 0.01). Elevated serum sTfR > 2.14 mg/dL was associated with an increased risk of myocardial
infarction (OR: 10.6 95 CI 2.71–464.78; p = 0.001), ischemic heart disease (OR: 3.25 95 CI 1.02–10.40;
p = 0.04), lung manifestations (OR: 4.48 95 CI 1.44–13.94; p = 0.01), and hematological manifestations
(OR: 2.07 95 CI 1.13–3.79; p = 0.01), and with a reduced risk of neuropsychiatric manifestations
(OR: 0.42 95 CI 0.22–0.80; p = 0.008). Serum IL-4 was negatively correlated with CRP (p = 0.003),
and elevated serum IL-4 levels > 0.17 mg/L were associated with a reduced risk of mucocutaneous
manifestations (OR: 0.48 95 CI 0.26–0.90; p = 0.02). In SLE patients, elevated serum levels of sTfR were
associated with an increased risk of cardiovascular, pulmonary, and hematological manifestations,
and with a decreased risk of neuropsychiatric manifestations. In contrast, elevated serum IL-4 levels
were associated with a decreased risk of mucocutaneous manifestations.

Keywords: systemic lupus erythematosus; serum soluble transferrin receptor; interleukin 4; or-
gan manifestations

1. Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease. The clinical
picture of the disease varies from a mild course to a life-threatening disease [1]. In the course
of the disease, skin, mucosal, hematological, musculoskeletal, cardiovascular, neurological,
gastrointestinal, pulmonary, and renal organ manifestations may develop. In addition,
SLE patients have an increased risk of accelerated atherosclerosis and cardiovascular
complications, the development of which may be influenced by both the disease itself and
the treatment used [1,2].
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Hematologic disorders associated with abnormal iron metabolism are common in SLE.
A lack of normal regulation in iron homeostasis can cause anemia of chronic disease (ACD)
or iron deficiency anemia (IDA) [3]. Anemia in the course of SLE occurs in approximately
50% of patients [3,4]. The incidence of anemia is influenced by many factors such as
inflammation, renal failure, gastrointestinal complications, and hemolysis. Numerous
studies in SLE patients have reported that the prevalence of ACD ranges from 30% to
80% [4,5]. In many SLE patients, the differentiation of ACD and IDA is difficult. The
determination of soluble transferrin receptor (sTfR), which is the plasma-soluble form of
the transferrin receptor and an indicator of tissue iron deficiency, is helpful in differentiating
between ACD and IDA. Elevated sTfR concentrations are indicative of an existing iron
body deficiency or IDA. In ACD, sTfR concentrations are unchanged [6].

The dysregulation of iron homeostasis has been associated with several diseases
including cardiovascular, neurodegenerative, depression, epilepsy, and respiratory tract
diseases [7–11].

Interleukin 4 (IL-4) is an anti-inflammatory cytokine with a broad spectrum of effects.
IL-4 stimulates the proliferation and differentiation of B lymphocytes and Th2 lymphocytes,
inactivates the differentiation of Th1 lymphocytes and regulatory T cells (Treg), affects the
production of IgE and IgG4, and is involved in granulopoiesis and erythropoiesis [12,13].
The role of IL-4 in SLE patients is ambiguous [13,14]. The available literature lacks a com-
prehensive analysis of the serum concentrations among sTfR and IL-4 and iron metabolism
parameters, as well as organ manifestations in SLE patients.

The aim of this study was to analyze the relationship among serum sTfR and IL-4
levels, disease activity, and organ manifestations in SLE patients.

2. Results

The characteristics of the study group are shown in Table 1.
The median concentration of sTfR was higher in the study group than in the control

group (p > 0.000001). The median serum IL-4 concentration was higher in the study group
than in the control group (p < 0.00001) (Table 2).

The analysis of the hematological parameters showed that SLE patients, compared
to the control group, had a significantly lower count of red blood cells (RBC) (p = 0.004),
hematocrit (HCT) (p = 0.0004), platelets (PLT) (p = 0.04), neutrophil (p = 0.04), and lympho-
cytes (p < 0.0001), a lower HGB concentration (p < 0.0001), and significantly lower values of
indices including the mean corpuscular hemoglobin (MCH) (p = 0.03) and mean corpus-
cular hemoglobin concentration (MCHC) (p < 0.0001). There was no significant difference
between the study group and the control group regarding the white blood cell (WBC) count,
the mean corpuscular volume (MCV) index value, and the number of reticulocytes (Ret)
(all p > 0.05) (Table 2).

The analysis of the iron metabolism parameters showed that SLE patients, compared
to the control group, had significantly lower iron (Fe) concentrations (p = 0.008) and lower
total iron-binding capacity (TIBC) values (p = 0.03). There was no significant difference
regarding the unsaturated iron-binding capacity (UIBC) value, nor in the ferritin, transferrin
(Tf), and transferrin saturation (TfS) concentrations between the study and the control
group (all p > 0.05) (Table 2).

The SLE patients showed a positive correlation between serum sTfR and IL-4 levels
(p = 0.01). There was no significant correlation between sTfR levels and the patients’ age,
disease duration, and IL-6 levels (all p > 0.05).

In SLE patients, a negative correlation was found between serum sTfR levels and HGB
levels (p = 0.0001), HCT (p = 0.008), MCV (p = 0.0001), MCH (p < 0.00001), and MCHC
indexes (p < 0.00001), and the lymphocyte count (p = 0.0005). A positive correlation was
found between the sTfR and WBC count (p = 0.03), Ret count (p = 0.001), and neutrophil
count (p = 0.002). There was no significant correlation between the serum sTfR and RBC,
PLT, monocytes, and eosinophils levels (all p > 0.05) (Table 3).
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Table 1. Clinical characteristics of systemic lupus erythematosus patients and healthy controls.

Assessed Parameters

Study Group
n = 200

Mean ± SD
Number (%)

Control Group
n = 50

Mean ± SD
Number (%)

p

Sex F: 181 (90.5); M: 19 (9.5) F: 44 (88.0); M: 6 (12.0) 0.6

Age (years) 46.97 ± 13.73 42.72 ± 12.48 0.5

Disease duration
(years) 10.40 ± 9.10 - -

SLEDAI 10.07 (5.81) - -

Constitutional 52 (26.50) - -

Mucocutaneous - -
Any change 135 (68.90)
Malar rash 115 (57.50)

Discoid rash 12 (6.00)
Oral ulcerations 44 (22.00)

Arthritis 155 (77.50) - -

Heart 80 (40.4) - -

Myocardial infarction 10 (5.0)

Ischemic heart disease 17 (9.6) - -

Hypertension 65 (32.5) - -

Lung - -
Any change 12 (10.0)

Interstitial changes 6 (3.0)
Nodular lesions 4 (2.0)
Pleural effusion 2 (1.0)

Haematologic
involement

Any change 139 (69.50) - -
Hemolytic anemia 10 (8.50)
Deficiency anemia 82 (43.40)

Leucopenia 75 (37.69)
Lymphopenia 87 (43.50)

Trombocytopenia 42 (21.11)

Vascular system 29 (14.8) - -

Neuropsychiatric 68 (34.34) - -

Renal lupus 43 (21.50) - -

Treatment
Antimalarials 154 (77) - -

Cs 162 (81) - -
Azathioprine 30 (15) - -

Cyclophosphamide 43 (21.5) - -
MMF 10 (5) - -

Methotrexate 7 (3.5) - -
Cyclosporin A 4 (2) - -

Immunoglobulins 12 (6) - -
Epratuzumab 2 (1) - -

n: number; F: female; M: men; SLEDAI: Systemic Lupus Erythematosus Activity Index; Cs: corticosteroids, MMF:
mycophenolate mofetil.
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Table 2. Laboratory characteristics of systemic lupus erythematosus patients and healthy controls.

Assessed Parameters

Study Group
n = 200

Mean ± SD
Median (Q1, Q3)

Number (%)

Control Group
n = 50

Mean ± SD
Median (Q1, Q3)

Number (%)

p

Sex F: 181 (90.5); M: 19 (9.5) F: 44 (88.0); M: 6 (12.0) 0.6

IL-4 (pg/mL) 0.00 (0.00, 1.58) 0.00 (0.00, 0.00) <0.00001

sTfR [mg/L] 2.15 (1.6, 2.83) 1.51 (1.22, 2.04) <0.00001

IL-6 (pg/mL) 2.50 (0.89, 5.40) 0.84 (0.30, 1.26) <0.00001

ESR (mm/h) 16.00 (8.00, 30.00) 6.00 (4.00, 10.00) <0.0001

CRP (mg/L) 1.89 (1.00, 5.83) - -

Complement factor C3 (mg/dL) 97.45 ± 25.2 - -

Complement factor C4 (mg/dL) 16.86 ± 7.52 - -

Fibrinogen (mg/dL) 349.5 ± 108.4 280.0 ± 65.5 0.0001

Positive direct Coombs test 25 (27.17) - -

False positive syphilis test (VDRL) 2 (1.90) - -

Hematological parameters
WBCs (103/µL) 5.71 (4.36, 7.46) 5.97 (4.73, 6.65) 0.7

Lymphocytes (103/µL) 1.36 (0.99, 1.82) 1.81 (1.57, 2.17) <0.0001
Neutrofils (103/µL) 3.65 (2.55, 5.31) 3.33 ± 1.33 0.04

HGB (g/dL) 12.67 ± 1.70 13.85 ± 1.08 <0.0001
RBCs (mln/µL) 4.39 ± 0.53 4.65 ± 0.40 0.004

HGB (g/dL) 12.67 ± 1.70 13.85 ± 1.08 <0.0001
HCT (%) 38.05 ± 4.51 40.49 ± 3.03 0.0004
MCV (fl) 86.93 ± 6.55 87.32 ± 4.24 0.7

MCH (pg) 28.97 ± 2.74 29.87 ± 1.67 0.03
MCHC (g/dL) 33.26 ± 1.32 34.21 ± 0.89 <0.0001
PLTs (103/µL) 227.4 ± 78.2 251.2 ± 55.6 0.04

Ret (‰) 10.00 (7.00, 14.00) 10.99 ± 5.07 0.5

Iron metabolism parameters
Ferritin (ng/mL) 55.3 (23.6, 133.6) 43.1 (20.4, 109.6) 0.2

Tf (mg/dL) 260.0 ± 53.3 275.8 ± 54.6 0.06
Fe ug/dL 81.5 ± 46.2 100.7 ± 43.4 0.008

TIBC (ug/dL) 309.8 ± 64.6 331.0 ± 51.4 0.03
UIBC ug/dL 227.4 ± 84.0 230.3 ± 67.6 0.8

TfS (%) 27.40 ± 16.45 31.15 ± 13.01 0.14

Immunological assessment
ANA IgG 198 (99.00) 1 (2) -

Anti-dsDNA IgG 86 (45.70) - -
Anti-NuA IgG 57 (32.90) - -
Anti-Sm IgG 9 (5.10) - -

Anti-SS-A/Ro IgG 68 (39.10) - -
Anti-SS-B/La IgG 25(14.90) - -
Anti-SS-A/Ro IgG 68 (39.10) - -
Anti-SS-B/La IgG 25(14.90) - -
Anti-ARPA IgG 6 (3.50) - -

Anti-histones IgG 24(14.00) - -
Anti-U1-snRNP IgG 22 (12.60) - -

Anti-CL IgG 49 (28.00) - -
Anti-CL IgM 66 (37.70) - -

Anti-ß2-GPI screen IgA, IgG, IgM 61 (35.30) - -

IL-4: interleukin 4; IL-6: interleukin 6; sTfR: soluble transferrin receptor; ESR: erythrocyte sedimentation rate; CRP:
C-reactive protein; WBCs: white blood cells; HGB: hemoglobin; RBCs: red blood cells; PLT: blood platelets; HCT:
hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular
hemoglobin concentration; PLTs: platelets; Ret: reticulocytes; Tf: transferrin; Fe: iron; TIBC: total iron-binding
capacity; UIBC: unsaturated iron-binding capacity; TfS: transferrin saturation; VDRL: Venereal Diseases Research
Laboratory; ANA: anti-nuclear antibodies; Anti-dsDNA: anti-double-stranded DNA antibodies; Anti-NuA:
anti-nucleosome antibodies; Anti-Sm: anti-Smith antibodies; Anti-SS-A/Ro: anti-Rose antibodies; Anti: ARPA:
anti-ribosomal P protein antibodies; Anti-CL: anticardiolipin antibodies; Anti-B2GP-I: β2-glycoprotein I antibodies;
Ig A: immunoglobulin A; Ig G: immunoglobulin G; Ig M: immunoglobulin M.
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Table 3. The results of correlation analysis between sTfR and IL-4 levels and hematological, and iron
metabolism parameters in patients with systemic lupus erythematosus.

Assessed Parameters Levels of sTfR [mg/L] Levels of IL-4 [pg/mL]

Spearman’s Rank
Correlation

Coefficient, R
p

Spearman’s Rank
Correlation

Coefficient, R
p

WBCs (tys/µL) 0.15 0.03 −0.11 0.1

RBCs (mln/µL) 0.00 1.0 −0.07 0.3

HGB (g/dL) −0.28 0.0001 −0.04 0.6

HCT (%) −0.19 0.008 −0.04 0.5

MCV (fl) −0.28 0.0001 0.01 0.9

MCH (pg) −0.36 <0.00001 −0.01 0.9

MCHC (g/dL) −0.40 <0.00001 0.00 1.0

Ret (‰) 0.23 0.001 0.01 0.8

PLTs (tys/µL) 0.04 0.6 −0.06 0.4

Neutrofils (103/µL) 0.21 0.002 −0.03 0.6

Lymphocytes (103/µL) −0.24 0.0005 −0.06 0.4

Monocytes (103/µL) 0.02 0.8 0.04 0.6

Basophils (103/µL) −0.15 0.04 −0.01 0.9

Eosinophils (103/µL) −0.07 0.3 0.08 0.3

Ferritin (ng/mL) −0.29 <0.00001 −0.04 0.5

Tf (mg/dL) 0.24 0.001 −0.09 0.2

TIBC (µg/dL) 0.24 0.0007 −0.09 0.2

Fe (µg/dL) −0.39 <0.00001 −0.03 0.7

TfS (%) −0.42 <0.00001 0.00 1.0

UIBC(µg/dL) 0.38 <0.00001 −0.05 0.5

sTfR (nmol/L) 0.17 0.01

Folic acid (ng/mL) −0.02 0.8 −0.08 0.3

Vitamin B12 (pg/mL) −0.07 0.3 0.00 1.0

CRP (mg/L) 0.08 0.3 −0.22 0.003

ESR (mm/h) 0.09 0.2 −0.07 0.3

SLEDAI −0.02 0.7 −0.12 0.1

IL-4: interleukin 4; sTfR: soluble transferrin receptor; WBCs: white blood cells; RBCs: red blood cells; HGB:
hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC:
mean corpuscular hemoglobin concentration; Ret: reticulocytes; PLTs: blood platelets; Tf: transferrin; TIBC:
total iron-binding capacity; Fe: iron; TfS: transferrin saturation; UIBC: unsaturated iron-binding capacity; CRP:
C-reactive protein; ESR: erythrocyte sedimentation rate; SLEDAI: Systemic Lupus Erythematosus Activity Index.

The study group showed a negative correlation between the serum sTfR and ferritin
concentration (p < 0.00001), Fe concentration (p < 0.00001), and TfS index (p < 0.00001). In
SLE patients, there was a positive correlation between the serum sTfR and Tf concentration
(p = 0.001), TIBC (p = 0.007), and UIBC (p < 0.00001). There was no significant correlation
between serum sTfR levels and CRP levels, fibrinogen levels, ESR values, and folic acid
and vitamin B12 levels (all p > 0.05) (Table 3).

The comparison of SLE patients with and without different organ involvement, and
with different severities of organ manifestations, showed elevated serum sTfR levels in
SLE patients with myocardial infarction (p = 0.003), ischemic heart disease (p = 0.03), lung
involvement (p = 0.02), and hematological manifestations (p = 0.002). SLE patients with
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heart lesions (p = 0.01), myocardial infarction (p < 0.00001), pericardial effusion (p = 0.01),
and ischemic heart disease (p < 0.00001) were older compared to SLE patients without these
lesions (Table 4). However, there was no correlation between the age of the SLE patients
and the serum concentration of sTfR (R = −0.06, p = 0.3). Only one SLE patient had the
coexistence of pericardial effusion with myocardial infarction and heart failure.

Table 4. Comparison of serum sTfR and IL-4 levels in SLE patients with and without different organ
involvement.

Organ Manifestations Number of
Patients

Age (Years) p
Levels sTfR [mg/L] Levels of IL-4 pg/mL
Median
(Q1, Q3) p Median

(Q1, Q3) p

Mucocutaneous - 61 46.43 0.5 30.34 0.34
+ 135 47.36 28.34 0.12 0.00 0.01

Malar rash 115 47.76 0.2 29.13 0.33 0.00 0.34
Oral

ulcerations 44 47.93 0.5 23.54 0.04 0.00 0.45

Heart - 120 45.16 0.01 28.66 0.87 0.00 0.64
+ 80 49.98 29.45 0.00

Myocardial infarction - 173 45.96 <0.00001 28.62 0.0003 0.00 0.28
+ 10 67.20 43.02 0.00

Number of
myocardial infarctions 1 7 66.29 0.0002 51.29 0.0008 0.00 0.28

>2 3 69.33 39.93 0.00

Pericardial effusion - 120 45.16 0.01 28.52 0.90 0.00 0.81
+ 73 49.98 29.45 0.00

Ischemic heart disease - 160 44.80 <0.00001 28.83 0.03 0.00 0.04
+ 17 66.82 38.04 0.00

Lung - 155 46.06 0.02 28.13 0.002 0.00 0.86
+ 12 56.92 36.82 0.00

Type of lung lesions Interstinal
changes 6 46.43 0.08 33.44 0.46 0.00 0.75

Other 6 52.75 34.01 0.00

Haematological - 107 47.48 0.09 23.71 0.002 0.00 0.66
+ 92 42.15 31.29 0.00

Anemia Haemolytic 10 37.50 0.05 32.40 0.003 0.00 0.84
deficiency 82 47.33 18.27 0.00

Thrombocytopenia - 157 46.72 0.8 28.00 0.09 0.00 0.34
+ 42 47.64 32.02 0.00

PLT (tys/µL) <100 30 49.77 0.5 27.77 <0.00001 0.00 0.89
≥100 <400 163 46.45 32.04 0.00

>400 7 47.14 61.13 0.00

Leucopenia - 124 48.02 0.1 28.67 0.37 0.00 0.54
+ 75 45.17 29.61 0.00

Neuropsychiatric - 131 46.66 0.5 30.27 0.27 0.00 0.56
+ 68 47.99 27.39 0.00

Number of TIA or
strokes 0 136 46.73 0.7 30.25 0.16 0.00 0.22

1 51 48.22 23.71 0.00
>2 13 44.62 28.34 0.00

Renal lupus - 157 47.84 0.09 28.72 0.96 0.00 0.87
+ 43 43.79 30.29 0.00

IL-4: interleukin 4; sTfR: soluble transferrin receptor; -: absence of organ involvement; +: presence of organ
involvement; PLT: blood platelets; TIA: transient ischemic attack.
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A multivariate logistic regression analysis and stepwise analysis showed that in SLE
patients, elevated serum sTfR > 2.14 mg/dL was associated with an increased risk of
myocardial infarction (OR: 10.6 95 CI 2.71–464.78; p = 0.001), ischemic heart disease (OR:
3.25 95 CI 1.02–10.40; p = 0.04), lung involvement (OR: 4.48 95 CI 1.44–13.94; p = 0.01), and
hematological manifestations (OR: 2.07 95 CI 1.13–3.79; p = 0.01), and with a reduced risk
of neuropsychiatric manifestations (OR: 0.42 95 CI 0.22–0.80; p = 0.008) (Table 5). In SLE
patients, there was no significant correlation between serum IL-4 levels and IL-6 levels (all
p > 0.05). In the study group, there was no significant correlation between serum IL-4 levels
and the patients’ age, disease duration, and the blood count parameters WBCs, neutrophils,
lymphocytes, RBCs, HGB, HCT, MCV, MCH, MCHC, PLTs, and Ret (all p > 0.05) (Table 3).
There were no significant correlations between serum IL-4 levels and other indicators of
iron metabolism (all p > 0.05) (Table 3). No significant correlation was found between serum
IL-4 levels and vitamin B12 or folic acid levels (all p > 0.05) (Table 3). In SLE patients, there
was a negative correlation between serum IL-4 and CRP levels (p = 0.003) (Table 3). There
was no significant correlation between serum IL-4 and fibrinogen levels or ESR values (all
p > 0.05) (Table 3).

Table 5. A logistic regression model of the OR of the increased serum sTfR and IL-4 levels, and organ
involvement in patients with systemic lupus erythematosus.

Organ Manifestations Levels sTfR > 2.14 mg/L Levels of IL-4 > 0.17 pg/mL

OR 95% CI p OR 95% CI p

Constitutional 0.79 0.42–1.49 0.4 0.78 0.41–1.52 0.4

Mucocutaneous 0.74 0.40–1.35 0.3 0.48 0.26–0.90 0.02

Arthritis 0.74 0.38–1.42 0.3 0.76 0.39–1.47 0.4

Heart 1.14 0.65–2.02 0.6 1.04 0.58–1.86 0.8

Myocardial infarction 10.60 2.71–464.78 0.001 0.36 0.07–1.74 0.2

Ischemic heart disease 3.25 1.02–10.40 0.04 0.29 0.08–1.05 0.05

Hypertension 0.93 0.51–1.71 0.8 0.59 0.31–1.10 0.09

Lung 4.48 1.44–13.94 0.01 1.06 0.41–2.72 0.9

Haematological 2.07 1.13–3.79 0.01 0.96 0.53–1.77 0.9

Vascular system 1.47 0.66–3.26 0.3 1.34 0.61–2.97 0.4

Neuropsychiatric 0.42 0.22–0.80 0.008 0.59 0.31–1.13 0.1

Renal lupus 1.16 0.59–2.29 0.6 1.00 0.50–2.00 0.9

OR: Odds ratio, adjusted for gender and age; 95% CI: confidence interval; IL-4: interleukin 4; sTfR: soluble
transferrin receptor.

In a multivariate logistic regression analysis model and stepwise analysis, elevated
serum IL-4 and elevated serum sTfR were not associated with the presence of antibodies in
SLE patients (all p > 0.05).

The comparison of SLE patients with and without different organ involvement, and
with different severities of organ manifestations, showed elevated serum IL-4 levels in SLE
patients with mucocutaneous manifestations (p = 0.01) (Table 4).

In a multivariate logistic regression analysis model and stepwise analysis, elevated
serum IL-4 levels > 0.17 mg/L in SLE patients were associated with a reduced risk of
mucocutaneous manifestations (OR: 0.48 95 CI 0.26–0.90; p = 0.02) (Table 5).

3. Discussion

Based on our knowledge, our work represents the first comprehensive study of SLE
patients, and we revealed that elevated serum sTfR levels are associated with an increased
risk of cardiovascular, pulmonary, and haematological manifestations, and a decreased risk
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of neuropsychiatric manifestations. Additionally, elevated serum IL-4 levels showed an
association with a reduced risk of skin and mucosal lesions.

Systemic lupus erythematosus is an autoimmune disease, during the course of which
the occurrence of hematological and other organ manifestations is a significant clinical
problem, and a variety of cytokines, such as IL-4, IL-6, and interleukin 10 (IL-10), can have
a significant impact on this.

We conducted a study of SLE patients in whom serum levels of sTfR and IL-4 were
evaluated in association with selected markers of disease activity, namely, hematological
and other organ manifestations, iron metabolism parameters, and antibodies.

SLE patients have hematologic abnormalities which can either appear as an indepen-
dent symptom or accompany other clinical manifestations [3]. Tomczyk-Socha et al. [15]
compared the prevalence of hematologic manifestations in 71 SLE patients with short and
long disease duration in a Caucasian population. They found the presence of hematological
disorders in 53.5% of SLE patients at the time of diagnosis. In SLE patients with short and
long disease duration, they found anemia in 33.8% and 42.3%, respectively, leukopenia in
32.4% and 33.8%, respectively, and thrombocytopenia in 18.3% and 12.7%, respectively. In
another study of SLE patients from Turkey, the presence of hematologic symptoms was
found in 67.3% of the subjects, of which AIHA was present in 6.5% and thrombocytopenia
in 18.0% of the patients [16]. In SLE patients from Morocco, Zian et al. [17] found hema-
tologic disorders in 46.0% of patients, including AIHA in 16.0%, lymphopenia in 30.0%,
leukopenia in 8.0%, and thrombocytopenia in 8.0%. In our study, hematological symptoms
were present in 69.5% of SLE patients, including AIHA in 8.5%, anemia of other types
(ACD, IDA and ACD with IDA) in 43.4%, lymphopenia in 43.5%, leukopenia in 37.7%, and
thrombocytopenia in 21.1%. These results are in agreement with data presented by other
investigators [15–17]. This confirms the influence of iron metabolism disturbances on the
development of hematological changes in SLE patients.

Soluble transferrin receptor is the plasma-soluble form of the transferrin receptor and
is an indicator of tissue iron deficiency. Elevated sTfR concentrations are indicative of an
existing iron deficiency or IDA. In ACD, the concentration of sTfR is unchanged [6]. In our
study, we found significantly higher serum sTfR concentrations in the study group com-
pared to the control group. Elevated serum sTfR levels in SLE patients may be indicative of
impaired iron metabolism, suggesting an iron deficiency or increased erythropoiesis. In
SLE patients, elevated serum sTfR levels may suggest the presence of IDA [18–20]. In our
study, we demonstrated a positive correlation between serum sTfR levels and IL-4 levels in
SLE patients. In the available literature, we did not find any studies showing a direct asso-
ciation between sTfR levels and IL-4 levels in SLE patients. In Kuvibidila et al.’s [21] study
conducted on an animal model, it was found that serum IL-4 was positively correlated with
Fe, the HGB concentration, and the HCT value. The hemoglobin level is an anemia marker
with low-sensitivity and low-specificity, and it is unable to distinguish the type of anemia.
HCT is an unreliable indicator in the diagnosis of anemia [19]. Reduced serum Fe levels
stimulate sTfR synthesis. Our results suggest that IL-4 may have a stimulatory effect on the
development of iron deficiency anemia in SLE patients.

IL-4 is a monomeric glycoprotein produced by Th2 lymphocytes, NK cells, mast cells,
and basophils [22,23]. Interleukin 4 is an anti-inflammatory cytokine that inhibits the
production of pro-inflammatory cytokines and acute-phase proteins such as haptoglobin,
CRP, and albumin [20]. Observations of the results of IL-4 concentrations in SLE patients
obtained by different investigators are divergent [13,24–26]. Zhou et al. [25] obtained com-
parable results regarding serum IL-4 concentrations in SLE patients and controls. On the
other hand, Guimarães et al. [24] showed significantly reduced serum IL-4 concentrations
in SLE patients compared to healthy subjects. In contrast, other researchers showed that
IL-4 serum levels in SLE patients were significantly higher compared to the controls, which
is in agreement with our results [15]. The discrepancy in these studies indicates that further
research into the role of IL-4 in the pathogenesis of SLE is required.
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Arora et al. [26] found a negative correlation between serum IL-4 levels and disease
activity, as measured using the SLEDAI scale, and linked this to the anti-inflammatory
and immunosuppressive effects of IL-4. In our study, we found no significant correlation
between serum IL-4 levels and patient age, disease duration, and disease activity, as
measured using the SLEDAI scale, but we demonstrated a negative correlation between
serum IL-4 and CRP levels, confirming the anti-inflammatory effect of this cytokine in SLE
patients. This confirms the inhibitory effect of IL-4 on disease activity in SLE patients.

In a study by Zhou et al. [25], it was shown that patients with positive anti-double-
stranded DNA antibodies (anti-dsDNA) had lower IL-4 levels compared to patients with
negative results regarding anti-dsDNA antibodies. Thus, serum IL-4 is likely to have an
inhibitory effect on anti-dsDNA antibodies formation. In our study, no such relationship
was confirmed.

The determination of blood count and Iron metabolism parameters is crucial in di-
agnosing the type of anemia. Determining the type of anemia in SLE patients using
conventional laboratory parameters is often difficult. The analysis of iron metabolism
parameters in our study showed that SLE patients had significantly lower Fe and TIBC
levels compared to the controls, which is in line with previous findings [4,27]. The results
of a study conducted by Kunireddy et al. [4] in SLE patients showed significantly lower Fe,
TIBC, and Tf levels compared to the controls, as well as elevated ferritin and hepcidin levels.
In another study of SLE patients, elevated ferritin and reduced Tf and TIBC levels were
observed compared to the controls [28]. In our study, there was no significant difference
in the UIBC, Tf, or ferritin levels, nor in the TfS index between the study group and the
control group. However, we showed that reduced ferritin levels were correlated with the
risk of IDA, which is consistent with previous studies [4].

In the course of SLE, patients may develop lesions in multiple organs, but we do not
have markers to predict that.

Iron disturbance is associated with abnormal cardiomyocyte function. Myocardial
manifestations are most often accompanied by iron deficiency and/or anemia, which appear
to be important factors contributing to a patient’s deterioration. Recently, sTfR levels were
proposed as a potential new marker of iron metabolism in cardiovascular diseases. In
the AtheroGene study, increased serum sTfR levels were strongly associated with future
myocardial infarction and cardiovascular death [7]. In our study, when comparing SLE
patients with and without different organ involvement, as well as varying severities of
organ manifestations, we found that SLE patients with myocardial infarction and ischemic
heart disease exhibited elevated serum sTfR levels. Additionally, we showed that elevated
serum sTfR levels (>2.14 mg/dL) were associated with an increased risk of cardiovascular
manifestations, such as myocardial infarction and ischemic heart disease, in patients with
SLE. This confirms the influence of iron metabolism disturbances on the development of
cardiovascular changes in SLE patients.

The mechanisms causing alterations in iron metabolism in the development of lung
disorders are incompletely understood [8]. An increased accumulation of pulmonary iron is
considered to play a key role in the pathogenesis of idiopathic pulmonary fibrosis and lung
function decline [8,10]. In the available literature, we found no data on iron homeostasis
dysregulation in SLE patients with pulmonary involvement. In our study, the comparison
of SLE patients with and without different organ involvement, and with different severities
of organ manifestations, showed elevated serum sTfR levels in SLE patients with lung
lesions. Additionally, we demonstrated that elevated serum sTfR levels (>2.14 mg/dL)
were associated with an increased risk of pulmonary manifestations in SLE. Therefore, we
can conclude that in SLE patients, iron deficiency in conjunction with the autoimmune
process may influence the occurrence of pulmonary lesions. Conducting further studies
to identify the role of iron metabolism in the development of lung changes in SLE would
be necessary.

Abnormal iron metabolism is associated with several neurological disorders. Iron
deficiency anemia is associated with severe neurological impairments such as mental,
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neurophysiological, and emotional dysfunctions [11]. On the other hand, iron overload
is one of the common causes of refractory epilepsy in patients with hemorrhagic stroke.
However, the correlation between epilepsy and iron metabolism is not yet clarified and
needs further exploration [10]. In our study, elevated serum sTfR levels (>2.14 mg/dL)
were associated with a decreased risk of neuropsychiatric manifestations in SLE. However,
we did not observe a significant difference in serum sTfR levels in the comparison of
patients with and without neurological changes. In our opinion, these results confirm the
ambiguous role of iron metabolism in the pathogenesis of neuropsychiatric changes in SLE
patients. Further research on this problem is needed.

The results of Kalkan et al.’s [29] study suggested that there is a possible association be-
tween the functional IL4 VNTR genetic polymorphism and oral mucosal diseases of Turkish
SLE patients. In our study, we showed that elevated serum IL-4 levels (>0.17 pg/mL) are
associated with a reduced risk of skin and mucosal lesions in SLE patients. This confirmed
the influence of IL-4 on the development of mucocutaneous changes in SLE patients.

Conducting further studies to identify the cytokines involved in organ manifestation
may be helpful in personalized immunotherapy for SLE patients.

The fact that we found an association between sTfR levels and the occurrence of
organ changes in SLE patients, without a correlation of this parameter with disease activity
as measured by SLEDAI, may allow us to consider sTfR determination as a potential
prognostic marker for the occurrence of selected organ changes in SLE patients.

Our study’s strength lies in it highlighting the association of iron metabolism distur-
bances with the occurrence of organ manifestations in SLE patients. The control of iron
metabolism markers, such as serum sTfR, may be helpful in assessing organ involvement
and predicting disease progression. Additionally, this suggests the necessity to address
iron metabolism disturbances as another treatment goal for SLE patients. The results of
our study were not always in agreement with data from the literature, indicating that the
mechanism of this relationship must be complex and requires further research. Therefore, a
further analysis of these correlations will be the subject of our further research.

Limitations

We acknowledge the limitations in our study due to the majority of patients having
low SLEDAI scores. Consequently, we could not evaluate changes in the serum sTfR and
IL-4 levels in patients with very low and very high disease activity, due to the small size
of these groups. The majority of the patients were women, which is obvious because SLE
occurs mainly in women. However, the limited number of male participants prohibits us
from generalizing the obtained results to male SLE patients.

4. Materials and Methods
4.1. Patients and Controls

We studied 200 Caucasian patients with confirmed diagnoses of SLE and recorded
data concerning their age, sex, disease duration, organ involvement, disease activity, and
treatment. Recruitment of patients for the study took place during their routine visits to the
outpatient clinic or at our rheumatology clinic. The control group consisted of 50 healthy
individuals (44 females, 6 males), matched for age and sex with the study group and
without data indicating organ changes. The ethics committee of the Pomeranian Medical
University in Szczecin approved this study (KB-0012/11/13), and all participants provided
informed consent.

The diagnosis of SLE was established according to the American College of Rheuma-
tology (ACR) criteria of 1982 (modified in 1997) and the classifications developed by the
Systemic Lupus International Collaborating Clinics (SLICC) of 2012 [30].

We assessed organ changes based on the SLIIC criteria, incorporating clinical, labora-
tory, and imaging data. Mucocutaneus manifestations encompassed the medical history
of acute cutaneous lupus (malar rash and others), chronic cutaneous lupus (discoid rash
and others), oral ulcerations, and nonscarring alopecia. Lung involvement was identified
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based on the presence of pleural effusions or pleural rub diagnosed using routine X-ray or
computed tomography (CT). In addition, we documented data on nodular or interstitial
lung lesions. Heart involvement was diagnosed based on the presence of typical pericardial
pain lasting more than one day, pericardial effusion (confirmed through a two-dimensional
echocardiography examination using a Philips Epiq 5 ultrasound machine), pericardial rub,
or pericarditis observed in an electrocardiogram (ECG) (in the absence of other causes).
Furthermore, we collected data on medical history related to hypertension, ischemic heart
disease, and the number of myocardial infarctions. Renal lesions were diagnosed based on
a 24 h urine protein output of 500 mg protein/24 h, or the presence of red blood cell casts.
Neuropsychiatric involvement was considered based on clinical data of seizures, psychosis,
mononeuritis multiplex (in the absence of other known causes such as primary vasculitis),
myelitis, peripheral or cranial neuropathy (in the absence of other known causes such as
primary vasculitis, infection, and diabetes mellitus), and acute confusional state (in the
absence of other causes, including toxic/metabolic, uremia, drugs). Moreover, we collected
data on medical history related to transient ischemic attacks and the number of strokes.
Hematologic abnormalities were diagnosed based on assessments of blood morphology
parameters, Coombs test results, and parameters of iron metabolism [30].

The disease activity of SLE was assessed according to the Systemic Lupus Erythemato-
sus Disease Activity Index (SLEDAI) scale in a modified version: SLEDAI-2000 (SLEDAI-
2K) [31].

4.2. Laboratory and Serological Diagnostics

For the estimation of sTfR, IL-4, and IL-6 levels, serum was stored at −80 ◦C until
analysis using a sensitive sandwich enzyme-linked immunosorbent assay (ELISA) method
using the Human sTfR Immunoassay Quantikine® ELISA kit, Human IL-4 Immunoassay
Quantikine® ELISA kit, and the Human IL-6 Immunoassay Quantikine® ELISA kit (R&D
Systems, Minneapolis, MN, USA).

IgG antinuclear antibodies (ANA) were assessed in a HEp-2 cell line contaminated
with CVCL-0030 cervical adenocarcinoma human HeLa using indirect immunofluores-
cence assay (IIFA). Monospecific tests were also performed using the ELISA method to
detect anti-double-stranded DNA (anti-dsDNA), anti-Sm, anti-SS-A/Ro, anti-SS-B/La,
anti-nucleosome (anti-NuA), anti-ribosomal P protein, anti-histone, and anti-U1-RNP anti-
bodies (EUROIMMUN AG Medizinische Labordiagnostika tests, Lűbeck, Germany). The
reference values of ANA were established as absent when the titer was <1:160 and present
when the titer was ≥1:160. The titers were divided into three groups: low titers from 1:160
to 1:320, medium titers from 1:640 to 1:1280, and high titers > 1:1280.

The profiles of anti-phospholipid antibodies (aPL), including anticardiolipin (aCL) and
anti-beta 2 glycoprotein I (aβ2-GPI), were determined using the ELISA method (EUROIM-
MUN AG Medizinische Labordiagnstika tests, Lűbeck, Germany). The lupus anticoagulant
(LA) was tested using coagulological methods according to the criteria of the International
Society of Thrombosis and Hemostasis [32].

Additionally, blood was taken for the assessment of ESR (Westergren method), C-
reactive protein (CRP) (turbidimetric nephelometry), fibrinogen (Clauss method), and
complement factors C3 and C4 (nephelometry) levels.

Blood count examination was performed using an automated method with XN-2000
and XN-550 hematology instruments from Sysmex (Kobe, Japan), using fluorescence flow
cytometry (FFC).

The following blood morphology parameters were determined: hemoglobin (HGB),
hematocrit (HCT), red blood cells (RBCs), white blood cells (WBCs), and blood platelets
(PLT). The following blood cell indices were determined: mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concen-
tration (MCHC).
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The following parameters of iron metabolism were determined: iron (Fe), ferritin,
(Tf), transferrin saturation (TfS), total iron-binding capacity (TIBC), and unsaturated iron-
binding capacity (UIBC), using COBAS 8000 (Roche Diagnostics, Mannheim, Germany).

The vitamin B12 concentration and folic acid concentration were determined using
the ECLIA method with COBAS 8000 (Roche Diagnostics, Mannheim, Germany).

4.3. Statistical Analysis

Data distributions were evaluated using the Kolmogorov–Smirnov test. Data are
presented as means (SD) and medians (Q1, Q3). The R values of correlations were also
determined. The groups were compared using a Student’s t-test, Mann–Whitney U test,
and Kruskal–Wallis test. The parameters were evaluated using a Pearson’s chi-squared
test (χ2), logistic regression analysis, and stepwise analysis, and p < 0.05 was considered
statistically significant. All statistical data were analyzed using STATA 11: license number
30110532736 (StatSoft Inc., Tulsa, OK, USA).

5. Conclusions

In SLE patients, elevated serum levels of sTfR were associated with an increased risk
of cardiovascular, hematological, and pulmonary manifestations, and a decreased risk of
neuropsychiatric manifestations. In contrast, elevated IL-4 levels were associated with a
decreased risk of mucocutaneous lesions.
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