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Abstract: Cytokine dysregulation is characteristic of systemic lupus erythematosus (SLE), a systemic
autoimmune disease of considerable heterogeneity. Insights gained about the cytokine dysregulation
in SLE have the potential for identifying patient subsets before the onset of clinical disease and during
established disease. Clustering patients by cytokine and disease activity subsets is more informative
than isolated cytokine studies, as both pro inflammatory and immunoregulatory cytokines contribute
to the cytokine dysregulated state in SLE. Endogenous anti-cytokine autoantibodies (ACAAs) may be
involved in the regulation of cytokine biology by reducing excessive production or by prolonging
their half-life in the circulation through the formation of cytokine-antibody immune complexes.
Although endogenous ACAAs may have deleterious effects such as contributing to immunodeficiency
states, their role in the pathophysiology of autoimmune conditions such as SLE has yet to be clearly
elucidated. The aim of the present article is to provide a focused review of the current knowledge of
ACAAsin SLE.
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1. Cytokines in Systemic Lupus Erythematosus (SLE): Insights Gained

1.1. Cytokine Disturbances Precede Clinical Disease in SLE

Two studies have demonstrated that immune dysregulation precedes the development of clinical
disease in SLE [1,2]. Elevated levels of cytokines reflecting both innate and adaptive immune system
activation including IL-6 (Th2/Th17/Tth), IL-12 p70, and interferon-gamma (Th1), IL-4, and IL-5 (Th2)
as well as the chemokine interferon (IFN) gamma inducible protein 10(IP-10) have been found in
patients more than three years before they satisfied SLE classification criteria. Conversely, levels of
the regulatory mediator TGF-beta (TGF-f3) were significantly lower. As they neared a classifiable
disease, they developed dysregulation of multiple tumour necrosis factor (TNF) superfamily cytokines
including TNFRI, TNFRII, Blys, and APRIL). Expansion of SLE associated autoantibody specificities
(anti-Ro first, then RNP, Sm, dsDNA, and La) began significantly later than the onset of dysregulation
of IL-4, IL-5, IL-6, IFN-y, and MIG, as SLE patients evolved into classifiable disease. The combination
of soluble mediator levels and anti-nuclear antibody (ANA) positivity increased the accuracy of the
prediction of developing SLE compared to ANA positivity alone and to IL-5 and IL-6 levels (84%, 58.55,
and 79%, respectively). Nephritis was more likely to develop in patients who were ANA negative
with elevated levels of IL-5 and IL-6. Thus, there may be potential for further exploration into these
differences in cytokine dysregulation in combination with autoantibody profiles to be developed into
tools for the prediction of clinical phenotypes and disease course. In future, there is also the possibility

Cells 2020, 9, 72; d0i:10.3390/cells9010072 www.mdpi.com/journal/cells


http://www.mdpi.com/journal/cells
http://www.mdpi.com
https://orcid.org/0000-0003-2656-136X
http://www.mdpi.com/2073-4409/9/1/72?type=check_update&version=1
http://dx.doi.org/10.3390/cells9010072
http://www.mdpi.com/journal/cells

Cells 2020, 9, 72 20f13

of modulating the cytokine dysregulation to prevent the development of clinical disease, using agents
with a low risk of toxicity such as hydroxychloroquine or cytokine specific immune modifiers.

1.2. Clustering Patients by Cytokine and Disease Activity Subsets Is More Informative Than Isolated Cytokine
Studies, as Both Pro Inflammatory and Immunoregulatory Cytokines Contribute to the Cytokine Dysrequlated
State in SLE

Immune dysfunction arising from cytokine dysregulation culminates in tissue inflammation and
organ damage. There has been significant variability in findings of cytokine studies in SLE due to
differences between populations and the methodologies. In general, both inflammatory cytokines
such as type I and type II interferons (IFNs), interleukin-6 (IL-6), IL-1, tumor necrosis factor-alpha
(TNF-o), and immunoregulatory cytokines including IL-10 and transforming growth factor-beta
(TGF-$) contribute to the cytokine dysregulated state in SLE [3,4]. In particular, the type 1 interferon
(IFN) pathway is well established to be dysregulated in SLE. The IEN gene signature, an upregulated
group of type 1 IFN responsive genes, is found in the peripheral blood in over 50% of adult and the
majority of pediatric patients [5]. Two recent studies described below provide a better understanding
of cytokine levels and their correlations with disease activity and phenotype in SLE.

Serum levels of isolated cytokines do not reflect the underlying complex immune interactions
in disease pathogenesis. To address this, Reynolds et al. performed multiplex high-sensitivity based
enzyme-linked immunosorbent assay (ELISA) with a panel of 10 cytokines relevant to SLE [6]. Cytokine
grouping was established based on a principal cellular source relevant to disease pathogenesis, namely
monocytes and innate cells (IFN«, IL-10, IL-18, C-X-C-motif chemokine ligand (CXCL10), monocyte
chemotactic protein (MCP-1), pentraxin related protein (PTX3)), B cells (B lymphocyte stimulator (BLyS),
CXCL13), and T cells (IL-10, IL-17, IL-21). Interestingly, all 10 biomarkers were measurable in most
patients, and with the exception of IL-17, all cytokines were quantifiable in over 80% of SLE samp]es.
Based on cluster analysis, patients could be further divided into three distinctive subsets. Groups 1
and 2 with active disease were segregated by their unique cytokine clusters with raised IL-10, IL-17,
IL-21, BLyS, and IFN« and association with smoking in Group 1; while in contrast, raised CXCL10,
CXCL13, and association with low complement C3 and C4, and raised dsDNA titers were features of
Group 2. Furthermore, IL-18 was strongly increased in both groups. In contrast, all cytokines were
lower than in Groups 1 and 2 in the Group 3 patients with inactive disease. Contrary to these findings,
the efficacy of belimumab (a fully humanized IgG1 monoclonal antibody directed against soluble BLyS)
in clinical trials has been correlated with hypocomplementemia and raised anti-dsDNA antibody titers,
features of Group 2 with lower BLyS levels [7]. As the subjects were predominantly Caucasian, further
validation of these findings is required in different ethnic populations and in larger cohorts.

Another recent study examined cytokine profiles in clinically quiescent SLE patients who had been
off treatment for two years or more [8]. Cytokines and chemokines produced by stimulated monocytes
(IL-Tex, IL-13, IL-6, IL-10, IL-12 p40, IL-12 p70, IL-23, TNF-«), proinflammatory T cell subsets (IL-2, IFN-y,
IL-17, IL-21), and those produced and/or induced by IFN-« (IFN-«&, granulocyte-macrophage colony
stimulating factor (GM-CSF), MCP-1, MCP-2, interferon gamma-induced protein 10 (also known as
CXCL10), chemokine (C-C motif) ligand 5 (CCL5), and TNF-related apoptosis-inducing ligand (TRAIL)
were selected. The gene expression profile (IFN-5 score) of five IFN-induced genes (OAS], IFIT1, MX1,
LY6E, and ISG15) was also investigated [8]. Serologically active (with hypocomplementemia and raised
anti-dsDNA antibody titers) clinically quiescent (SACQ) patients demonstrated a reduced production
of proinflammatory cytokines, despite the persistence of autoantibodies and hypocomplementemia.
In both serologically and clinically active (SACA) and SACQ patients, levels of anti-dsDNA antibodies
or complement C3 did not correlate with the IFN-5 score. The authors concluded that the production
of proinflammatory cytokines and chemokines in SACQ patients was inhibited despite the presence
of immune complexes by undefined immunologic mechanisms, possibly including the activity of
anti-cytokine autoantibodies (ACAAs).
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1.3. Serum IFN-Regulated Chemokine Levels Correlate Best with Disease Activity

IFN, with its broad range of effects on the immune system, plays a critical role in SLE pathogenesis,
with immune complexes inducing the overproduction of IFN-« by pDCs. Increased expression of
IFN-regulated genes (the IFN gene signature) in the peripheral blood has been associated with increased
severity of SLE disease [9]. However, although the interferon signature metric (ISM) is known to be
associated with serological activity including hypocomplementemia and raised titers of anti-dsDNA
antibodies, antibody positivity to extractable nuclear antigens (ENA), and raised serum BAFF, the
ISM itself is not correlated with clinical disease activity. The presence of elevated serum levels of
IFN-« ranged from 5% to 70% of SLE patients [10,11], the lower prevalence possibly arose from factors
affecting their detection by ELISA such as blocking or auto-antibody interactions.

B-cell activating factor (BAFF), also known as BLyS, a member of the TNF superfamily of
cytokines, contributes to SLE disease pathogenesis through promoting the survival of autoreactive
B-cells, allowing their escape from negative selection [12,13]. Raised titers of anti-dsDNA and anti-Sm
antibodies, hypocomplementemia, and increased BAFF levels are an independent risk factor for SLE
disease flares [7]. Despite the strong correlation of BAFF levels with SLE activity, it has been suggested
that elevated serum BAFF may reflect B cell activation, rather than act as a driver of inflammation
in SLE [14]. Recent work by Sjostrand et al. showed that type I IFNs drive the expression of BAFF
through the binding of interferon responsive factors (IRFs) to a novel interferon responsive element
(ISRE) site in the BAFF promoter [15]. Thus, type I IFN blockade could potentially downregulate BAFF,
with a consequent reduction of autoreactive B cell clones and autoantibodies.

In contrast to the variable serum levels of interferon, serum IFN-regulated chemokines correlate
well with lupus activity, in parallel with disease flare and remission [16-18]. In a longitudinal analysis of
267 SLE patients over a one year follow up, Bauer et al. [16] found that serum levels of the IFN regulated
chemokines CCL2 (MCP-1), CCL19 (macrophage inflammatory protein, MIP-3B), and interferon
gamma-inducible protein -10(IP-10) significantly outperformed standard serological tests. IP-10 in
particular, was consistently the chemokine most strongly associated with current and future disease
activity. This was a finding also shared by two studies in Asian lupus patients [19,20]. In particular,
we observed elevated serum IP-10 levels in our SLE patients, which were significantly higher in the
presence of active hematological and mucocutaneous manifestations. Serial IP-10 levels correlated with
longitudinal change in SLE activity, even at low levels where anti-dsDNA antibody and complement
levels remain unchanged, and may represent a more sensitive marker for monitoring disease activity
than standard serological tests [20].

2. Anti-Cytokine Autoantibodies (ACAAs)

Endogenous ACAAs are found in the circulation and may mediate diverse immunological
functions depending on their specific interaction with the cytokine. For an ACAA to be deemed of
biological relevance, saturable binding to the recombinant cytokine in assays as well as substantial
specific binding of the cytokine in vivo needs to be demonstrated [21,22]. In addition to concentration,
epitope specificity, avidity, isotype, and subclass influence the capacity of autoantibodies for neutralizing
their cognate cytokine. Significant physiological and pathological effects that occur with high levels
(nanomolar concentrations) of ACAAs neutralizing ACAAs decrease the bioavailability of cytokines
by inhibiting binding to their cognate receptors; reducing the activity of the cytokine [22]. It is also
possible that ACAAs may enhance and prolong cytokine activity in cytokine-anticytokine antibody
immune complexes that interact with various immuno-stimulatory receptors. Cytokine/autoantibody
immune complexes in the circulation exist in equilibrium with their free cytokine and free autoantibody
in concentrations that vary with the levels of cytokine to be neutralized.
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2.1. ACAAs in Healthy Individuals

Autoantibodies are generated when there is a breakdown of central and/peripheral tolerance.
Mechanisms include insufficient thymic expression of target self antigens with the escape of autoreactive
T cells, and repeated stimulation by these target self antigens in the periphery [22]. Lemos Rieper
et al. proposed that when there is highly stimulated cytokine gene transcription, alternative forms
of cytokines are produced that render them highly immunogenic [21], and this could be influenced
by environmental and genetic factors, infection, drugs, neoplasms, and aging. ACAAs are present
in most healthy individuals, where they may have a biological role in regulating cytokine activity,
whether through neutralization or prolongation of the action of the cytokines as above-mentioned.
Estimates of their true prevalence have varied due to the different methods of detection employed
between studies. Their ubiquitous presence has been demonstrated in healthy individuals, with 100
percent having autoantibodies to IL-2, IL-8, TNF-«, vascular endothelial growth factor (VEGEF), and
granulocyte-colony stimulating factor (GCSF); 93.3 percent to IL-4; 73.3 percent to IL-10; and 6.7 percent
to IL-6 and IFN v in an earlier study [23].

In addition, human immunoglobulin products have been shown to contain ACAAs with
substantial saturable binding to several cytokines including IL-1«, type I interferons, IL-6, IL-10,
and GM-CSF [21,22]. A study of Danish blood donors found that 20% had detectable IgG binding to
IL-6; 10% had specific saturable high avidity IgG binding to IL-6; 1% had substantial binding; and
0.1% had levels that resulted in IL-6 deficiency [24]. ACAAs to IL-1« [25], TNF« [26], IL-6 [27], and
IL-8 [28] in normal plasma samples and in intravenous immunoglobulin (IVIg) preparations have
been reported [21,22]. Significant levels of high-avidity neutralizing antibodies to IFNo and IFNf3
have been shown to be present in human immunoglobulin G (IgG) preparations [29]. Although the
biological significance of ACAAs in normal healthy subjects remains unclear, the precise immunological
function, whether agonistic or antagonistic will be of interest, particularly the roles of ACAAs in
immunoregulation and resolution of inflammatory disease [30-33].

2.2. Deleterious Effects of ACAAs

ACAAs are able to modulate normal immunity and may play a role in the pathogenesis of
autoimmune and immune deficiency disease [33,34]. Functional deficiencies of cytokines may result
from neutralizing ACAAs inhibiting cytokine signaling, regardless of cytokine concentration, due to
the existence of multiple clones of ACAAs. Some examples of the deleterious effects of ACAAs are
listed in the ensuing paragraphs.

Endogenous anti-IFNy antibodies are associated with infections with tuberculosis, non-tuberculous
mycobacteria (NTM), Cryptococcus neoformans, Penicillium marfannei, and species of non-typhoidal
Salmonella [34,35]. An estimated 81% of patients with recurrent non-tuberculous mycobacterial
infections have high levels of anti-IFNy neutralizing antibodies, and decreased levels of serum IFNy.
Krisnawati et al. demonstrated that these patients” serum blocked IFNy activation of STAT1 and
transactivation of IRF1 [36]. Some, but not all anti-IFNy antibodies bound to a major epitope region
(amino acid residues 121-131) required for IFN receptor activation. It is of interest that the patients’ sera
cross reacted with the Noc2 protein of Aspergillus spp., which shares homology with the epitope [37].
Rituximab and cyclophosphamide have been shown to improve infection by restoring the function of
IFNY in these patients [38,39].

Neutralizing autoantibodies against type I interferons, IL-17 and IL-22 contribute to the
development of autoimmune polyendocrinopathy candidiasis ectodermal dystrophy (APECED,
also known as type I autoimmune polyendocrinopathy) syndrome, a rare, autosomal recessive disorder
caused by mutations in the AIRE gene [32,33]. Chronic mucocutaneous candidiasis (CMC) is associated
with anti-interleukin (IL)-17A, anti-IL-17F, or anti-IL-22 autoantibodies [32]. Although high-titer
neutralizing autoantibodies to IFN-« and IFN-w are present in APECED and inhibit the expression
of IFN-responsive genes, they do not seem to be associated with increased risk of infection, possibly
because of the redundancy of type I IFN species [32]. Neutralizing anti-IL-12p70 autoantibodies
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were the only identifiable immune defect in a patient with severe recurrent Burkholderia gladioli
lymphadenitis [40]. Neutralizing anti-IL-6 antibodies have been described in recurrent episodes of
bacterial infections without an increase in C-reactive protein (CRP) level, consistent with impaired IL-6
mediated synthesis of this acute-phase reactant by the liver [41,42]. IL-8 (CXCLS) is a chemokine that is
a potent neutrophil chemoattractant and activator. Anti-IL-8: IL-8 complexes exhibit proinflammatory
activity, triggering activation and degranulation of neutrophils in the alveolar fluids of patients with
acute lung injury [43,44].

2.3. ACAAs in SLE

ACAAS against type I and Il interferons [45,46], G-CSF [47], TNF [48], IL-1cc [49], IL-6 [50], and
IL-10 [51] have been described in small patient cohorts in SLE (Table 1).

A recent comprehensive analysis of ACAAs in a large number (498) of rheumatic disease patients
included 199 with SLE, 150 with Sjogren’s syndrome (SS), and 149 with RA [52]. Functional analysis as
assessed by the inhibition of cytokine-induced signal transduction or protein expression of 24 ACAAs
was performed. Thirty-eight percent of SLE, 42% of SS, and 20% of RA patients were positive for at
least one ACAA. IL-12-induced STAT-4 phosphorylation was prevented by anti-IL-12 autoantibody
positive sera in 10% of SLE patients and 55% of SS patients. IL-22-induced STAT-3 phosphorylation
was blocked in a similar fashion to patients with APECED, in only one anti-IL-22 autoantibody sera
positive patient with SS, but who did not have candidiasis. Thirty eight percent of the 199 SLE patients
had at least one ACAA, 10.5% had two or more, and 7% had four or more. Of interest, these were
predominantly autoantibodies against interferons and the interferon-responsive chemokine IP-10.
However, only the autoantibodies against type I interferon, IL-12 and IL-22 were neutralizing, as
demonstrated by their ability to block cytokine-induced signal transduction or protein expression.

Table 1. Anti-cytokine autoantibodies in systemic lupus erythematosus.

%Prevalence Correlation with
in SLE pts Corresponding Functional Assays Clinical Associations References
(No.) Cytokine Levels

Cytokine
Autoantibody

Associated with
decreased biological
27 (49) activity of circulating [10]
IFNo and lowered
disease severity

IFN« Higher levels in
clinically quiescent
disease. Clinically
42 (76) quiescent disease [46]
demonstrated higher
levels of anti-IFN &
autoantibodies

A neutralizing effect of
Granulocyte anti-GCSF antibodies on ~ Exaggerated serum level
Colony-Stimulating 50 (32) its target molecule was of G-CSF, low [47]
Factor (G-CSF) found in 3 of the 9 neutrophil count
patients tested

Serum levels of
autoantibodies to IL-1,

IL-6, IL-10 and TNF« Significantly lower levels

of anti-TNFaxantibodies

TNF-o werce;:roetlasz;gclln‘f;;a}? tly were found at disease (48]
circulating levels of their exacerbation
corresponding cytokines
IL-1x 4.7 (64 Neutralizin 49
8
IL-6 - No [50]

IL-10 17.5 (14) No [51]
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Table 1. Cont.

Cvtokine %Prevalence Correlation with
Yo in SLE pts Corresponding Functional Assays Clinical Associations References
Autoantibody .
(No.) Cytokine Levels
Weakly correlated, and
with levels of BAFF-IgG [13]
complexes
IgG anti-BAFF
autoantibodies in some Associated with a more
No individuals were capable severe SLE disease 53]
of blocking BAFF profile and elevated o
BAFF signaling through the IFN signature
BAFF receptor
negatively correlated
. with clinical
100 (121) NegiﬁvggFfF"lrrelfed disease activity, [54]
wi evels antidsDNA and
BAFF levels
62.2 (28) Correlated with [55]

disease activity

Higher serum anti-IL-2
IL-2 18.4 (152) IgG present in SLE [56]
patients with alopecia

Nearly 50% of SLE patients with anti-type I interferon autoantibodies inhibited the action of their
target cytokine, and all were of relatively high titer. Thus, anti-IFN« autoantibodies, particularly those
with blocking activity, exhibited effects similar to therapeutic monoclonal anti-INF« in normalizing the
expression of type-I IFN inducible genes. Interestingly, the presence of anti-interferon-y autoantibodies
was associated with higher clinical SLE disease activity (as measured by the SLE disease activity index,
hypocomplementemia, and elevated titers of double-stranded-DNA antibody), and demonstrated
increased expression of IFN-«/f3-inducible genes compared to those with anti-IFN & autoantibodies
and healthy controls. Thus in this study, autoantibodies to type I and type II interferons in SLE had
dissimilar functional roles and cellular effects on disease expression, and differed from those in patients
with other anti-cytokine autoantibody-associated immunodeficiencies.

2.3.1. Anti-Interferon Autoantibodies in SLE

SLE was one of the first diseases in which natural autoantibodies against human IFN-« were
reported in 1982 [45]. Since then, autoantibodies against type I and II IFNs have been reported
in up to 27% of SLE sera [10,46]. As described in the previous section, Gupta et al. found that
autoantibodies against type I interferon exhibited neutralizing activity, while autoantibodies to
interferon-y corresponded with greater disease activity, anti-double-stranded-DNA antibodies, and
interferon-o/3-inducible gene expression [52].

Using an ELISA specific for anti-IFN IgG antibodies to assess the pharmacokinetics of the
anti-human IFN monoclonal antibody rontalizumab in SLE, Morimoto et al. observed anti-interferon
antibodies (AIAAs) in 27% of rontalizumab-naive patients, the majority of whom had significantly
lower levels of serum type 1-IFN and downstream IFN pathway activity [10]. The patients could
be further divided into IFN'®" and IFN"#" based on the level of serum type 1 IFN bioactivity, IFN
regulated gene expression, levels of BAFF, anti-ribosomal P and antichromatin antibodies, and AIAA
status. Patients with ATAA had lower disease activity compared to IFNM8" patients, and their sera
were effective in neutralizing type 1 IFN activity in vitro. These findings suggest that AIAAs may
potentially act as immunoregulators that modify the course of SLE by dampening the effects of IFN.
Although their impact on the IFN signature and SLE pathogenesis remains unclear, the potential of
AIAAs to influence interferon signaling, disease activity, and response to biologic therapeutics could
be substantial.



Cells 2020, 9, 72 70f13

2.3.2. Anti-BAFF Autoantibodies in SLE

Several recent studies have reported raised levels of endogenous anti-BAFF autoantibodies in SLE
both in adult [53,54] as well as in pediatric patients [55]. Raised anti-BAFF autoantibody levels were
found to correlate with disease activity in pediatric SLE patients [55]. In contrast, a Swiss study of adult
SLE patients did not demonstrate an increase in anti-BAFF autoantibody levels or any association with
SLE disease activity while serum BAFF-IgG complexes were associated with serological and clinical
SLE disease activity [13]. We recently observed elevated levels of anti-BAFF antibodies in the majority
of our multi-ethnic Asian SLE patients, which correlated negatively with clinical disease activity, levels
of anti-dsDNA antibodies, and serum BAFF, suggesting that they may be immunomodulatory in
nature and may serve as a tool in monitoring disease progression [54].

Some of the explanations proffered for the differences between studies include differences in
population patient characteristics, genetic and environmental factors as well as whether the anti-BAFF
antibodies are stimulatory or inhibitory. We hypothesize the reduced efficacy of belimumab observed
in some SLE patients may be due to ACAAs binding to BAFF close to the epitope recognized by
the monoclonal antibody, thereby neutralizing or impairing its action. Functional assessment of
BAFF ACAAs would provide further information regarding their biological significance and precise
neutralizing or potentiating capacity.

2.3.3. Anti-Chemokine Autoantibodies in SLE

Interferon-y-inducible protein-10 [IP-10] mediates immune cell trafficking from the circulation to
inflamed tissues. As mentioned earlier, the chemokine IP-10 is strongly associated with SLE disease
activity and may serve as a potential biomarker for disease flare. Autoantibodies against IP-10 were
discovered in SLE for the first time by Gupta et al. [52]. To date, there have been no further studies in
SLE regarding this ACAA. Thus, further studies in other populations will be required to determine
their biological significance and clinical relevance in SLE.

3. Implications for Future Developments in SLE

3.1. Assays for ACAAs

As there is wide variation in the methods used to detect ACAAs, efforts to standardize screening
methods are needed. As outlined by Meager [22], all current techniques have their advantages and
drawbacks. Alteration of the native cytokine in assays is common. Recombinant cytokines used in solid
phase assays such as the commonly used ELISAs retain their peptide sequence, but the translational
modification is lost, while tagging of the cytokine in fluid assays such as radioimmunoassays also
alters the antigen. Functional assays are also required to determine the neutralization ability of the
ACAAs. However reference preparations of neutralizing autoantibodies are not readily available, thus
there is no uniform measurement of neutralizing activity.

3.2. Development of Therapeutics

3.2.1. Anti-Specific Cytokine Targeted Therapies

The development path of targeted cytokine therapies in SLE has been a difficult one. The anti-BAFF
monoclonal antibody belimumab has modest efficacy with approximately a third of patients in
most studies demonstrating a reduction in disease activity, its main benefits being the reduction in
corticosteroid dose after six months of therapy [57-60]. However, other cytokine targeted therapies
have been disappointing. Agents targeting type 1 IFNs have not met clinical trial endpoints [61].
The anti-IL-6 monoclonal antibody sirukumab did not demonstrate efficacy or an acceptable safety
profile [62,63]. While the lack of success may be due to many factors including patient heterogeneity
and inadequacy of outcome measures, the presence of preexistent endogenous anticytokine antibodies
to the targeted cytokine may also play a role. Screening for the prevalence and neutralizing capability
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of endogenous ACAAs may be useful in the design of future trials to allow for the selection of patients
with a greater likelihood of response. The presence of high titer neutralizing ACAAs may indicate that
that individual patient is unlikely to respond to targeting of the same cytokine with an exogenous
antibody. This is an area that warrants further investigation given the heavy investments put into the
development of each new agent.

3.2.2. Targeting the JAK/STAT Pathway May Be More Efficacious

As reviewed in this issue of Cells [64], simultaneous suppression of multiple cytokines with JAK
inhibitors have shown promising results in Phase II clinical trials [64,65].

3.2.3. Therapy with Cytokines and Cytokine Immunization in SLE

Disturbances in regulatory T cell (Treg) homeostasis from the acquired deficiency of interleukin-2
(IL-2) contribute to SLE pathogenesis [66,67]. Low-dose IL-2 therapy is now being evaluated in clinical
trials as it has been shown to restore Treg homeostasis in SLE [68-71]. Interestingly, there was no
difference in the serum levels of IL-2 autoantibodies between responders and non-responders to low
dose recombinant IL-2 therapy in one study [56], although the development of treatment induced
neutralizing antibodies to IL-2 has been previously reported [72].

IFN e« Kinoid (IFN-K) is a therapeutic vaccine composed of IFNa2b coupled to a carrier protein
that induces a polyclonal anti-IFN« response that has a broad neutralizing capacity of IFN« subtypes,
resulting in decreased IFN- and B cell-associated transcripts [73,74]. Further evaluation in a large
placebo-controlled trial is awaited.

3.2.4. Possible Therapies to Avert the Development of SLE

As cytokine disturbances precede clinical disease in SLE (outlined in Section 1.1), it may be useful
to investigate the development of ACAAs during the pre-classification phase of SLE. A more in-depth
knowledge of the dynamics of cytokine dysregulation may allow the development of better therapeutic
strategies to prevent the development of clinical disease.

3.2.5. Large Scale Informatics May Improve Therapeutic Approaches

The difficulties faced in advancing the development of new therapeutics for this complex disease
may only be alleviated by the use of big data, a strategy already being employed in the research consortia
that have been initiated [75,76]. Without sufficient data on disease biology (e.g., the incorporation of
information ACAA and other items), only a minority of patients may demonstrate a response to agents
that are targeted at different pathways.

4. Conclusions

The cytokine biology of SLE is complex and challenging as the heterogeneity of cytokine
dysregulation underlies the heterogeneity of this disease. Knowledge about endogenous ACAAs in
SLE is limited and further exploration as to their role in dysregulated cytokine biology is required.
A deeper knowledge of the true prevalence and better understanding of the biological significance
of preexisting endogenous ACAAs would be beneficial in refining the selection of patients in whom
therapeutic anti-cytokine antibody would be the most efficacious. There is also the prospect of earlier
intervention to avert the development of clinical SLE disease with a deeper understanding of cytokine
dysregulation in pre-clinical disease. As more and more therapeutic anti-cytokine antibodies become
available, there is a compelling need to define the role of endogenous ACAAs in the pathogenesis of
SLE to identify suitable individual patient subsets with a greater likelihood of response and avoid the
implementation of costly therapeutics that might be of little benefit.
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Cells 2020, 9, 72 90f13

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Lu, R.; Munroe, M.E.; Guthridge, ].M.; Bean, K.M.; Fife, D.A.; Chen, H.; Slight-Webb, S.R.; Keith, M.P,;
Harley, ].B.; James, ].A. Dysregulation of innate and adaptive serum mediators precedes systemic lupus
erythematosus classification and improves prognostic accuracy of autoantibodies. J. Autoimmun. 2016, 74,
182-193. [CrossRef] [PubMed]

Munroe, M.E,; Lu, R.; Zhao, Y.D; Fife, D.A.; Robertson, ].M.; Guthridge, ].M.; Niewold, T.B.; Tsokos, G.C.;
Keith, M.P,; Harley, ].B.; et al. Altered type II interferon precedes autoantibody accrual and elevated type I
interferon activity prior to systemic lupus erythematosus classification. Ann. Rheum. Dis. 2016, 75,2014-2021.
[CrossRef] [PubMed]

Jacob, N.; Stohl, W. Cytokine disturbances in systemic lupus erythematosus. Arthritis Res. 2011, 13, 228.
[CrossRef] [PubMed]

Ohl, K.; Tenbrock, K. Inflammatory cytokines in systemic lupus erythematosus. J. Biomed. Biotechnol. 2011,
2011, 432595. [CrossRef]

Baechler, E.C.; Batliwalla, EM.; Karypis, G.; Gaffney, PM.; Ortmann, W.A.; Espe, K.J.; Shark, K.B.; Grande, W.J.;
Hughes, K.M.; Kapur, V; et al. Interferon-inducible gene expression signature in peripheral blood cells of
patients with severe lupus. Proc. Natl. Acad. Sci. USA 2003, 100, 2610-2615. [CrossRef]

Reynolds, J.A.; McCarthy, E.M.; Haque, S.; Ngamjanyaporn, P.; Sergeant, ].C.; Lee, E.; Lee, E.; Kilfeather, S.A;
Parker, B.; Bruce, ILN. Cytokine profiling in active and quiescent SLE reveals distinct patient subpopulations.
Arthritis Res. 2018, 20, 173. [CrossRef]

Roth, D.A.; Thompson, A ; Tang, Y.; Hammer, A.E.; Molta, C.T.; Gordon, D. Elevated BLyS levels in patients
with systemic lupus erythematosus: Associated factors and responses to belimumab. Lupus 2016, 25, 346-354.
[CrossRef]

Steiman, A.J.; Gladman, D.D.; Ibafiez, D.; Noamani, B.; Landolt-Marticorena, C.; Urowitz, M.B.; Wither, J.E.
Lack of Interferon and Proinflammatory Cyto/chemokines in Serologically Active Clinically Quiescent
Systemic Lupus Erythematosus. J. Rheumatol. 2015, 42, 2318-2326. [CrossRef]

Kennedy, W.P.; Maciuca, R.; Wolslegel, K.; Tew, W.; Abbas, A.R.; Chaivorapol, C.; Morimoto, A.; McBride, ].M.;
Brunetta, P,; Richardson, B.C.; et al. Association of the interferon signature metric with serological disease
manifestations but not global activity scores in multiple cohorts of patients with SLE. Lupus Sci. Med. 2015, 2,
e000080. [CrossRef]

Morimoto, A.M.; Flesher, D.T.; Yang, J.; Wolslegel, K.; Wang, X.; Brady, A.; Abbas, A.R.; Quarmby, V,;
Wakshull, E.; Richardson, B.; et al. Association of endogenous anti-interferon-o autoantibodies with decreased
interferon-pathway and disease activity in patients with systemic lupus erythematosus. Arthritis Rheum.
2011, 63, 2407-2415. [CrossRef]

Ytterberg, S.R.; Schnitzer, T.J. Serum interferon levels in patients with systemic lupus erythematosus.
Arthritis Rheum. 1982, 25, 401-406. [CrossRef] [PubMed]

Stohl, W.; Metyas, S.; Tan, S.M.; Cheema, G.S.; Oamar, B.; Xu, D.; Roschke, V.; Wu, Y.; Baker, K.P,; Hilbert, D.M.
B lymphocyte stimulator overexpression in patients with systemic lupus erythematosus: Longitudinal
observations. Arthritis Rheum. 2003, 48, 3475-3486. [CrossRef] [PubMed]

Friebus-Kardash, J.; Branco, L.; Ribi, C.; Chizzolini, C.; Huynh-Do, U.; Dubler, D.; Roux-Lombard, P.;
Dolff, S.; Kribben, A.; Eisenberger, U.; et al. Inmune complexes containing serum B-cell activating factor and
immunoglobulin G correlate with disease activity in systemic lupus erythematosus. Nephrol. Dial. Transplant.
2018, 33, 54-64. [CrossRef] [PubMed]

Raymond, W.D.; Eilertsen, G.@.; Nossent, J. Principal component analysis reveals disconnect between
regulatory cytokines and disease activity in Systemic Lupus Erythematosus. Cytokine 2019, 114, 67-73.
[CrossRef] [PubMed]

Sjostrand, M.; Johansson, A.; Aqrawi, L.; Olsson, T.; Wahren-Herlenius, M.; Espinosa, A. The Expression of
BAFF is Controlled by IRF Transcription Factors. J. Immunol. 2016, 196, 91-96. [CrossRef]


http://dx.doi.org/10.1016/j.jaut.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27338520
http://dx.doi.org/10.1136/annrheumdis-2015-208140
http://www.ncbi.nlm.nih.gov/pubmed/27088255
http://dx.doi.org/10.1186/ar3349
http://www.ncbi.nlm.nih.gov/pubmed/21745419
http://dx.doi.org/10.1155/2011/432595
http://dx.doi.org/10.1073/pnas.0337679100
http://dx.doi.org/10.1186/s13075-018-1666-0
http://dx.doi.org/10.1177/0961203315604909
http://dx.doi.org/10.3899/jrheum.150040
http://dx.doi.org/10.1136/lupus-2014-000080
http://dx.doi.org/10.1002/art.30399
http://dx.doi.org/10.1002/art.1780250407
http://www.ncbi.nlm.nih.gov/pubmed/6176248
http://dx.doi.org/10.1002/art.11354
http://www.ncbi.nlm.nih.gov/pubmed/14673998
http://dx.doi.org/10.1093/ndt/gfx220
http://www.ncbi.nlm.nih.gov/pubmed/28992184
http://dx.doi.org/10.1016/j.cyto.2018.10.013
http://www.ncbi.nlm.nih.gov/pubmed/30551949
http://dx.doi.org/10.4049/jimmunol.1501061

Cells 2020, 9, 72 10 0of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bauer, J.W.; Petri, M.; Batliwalla, EM.; Koeuth, T.; Wilson, J.; Slattery, C.; Panoskaltsis-Mortari, A.;
Gregersen, PK.; Behrens, T.W.; Baechler, E.C. Interferon-regulated chemokines as biomarkers of systemic
lupus erythematosus disease activity: A validation study. Arthritis Rheum. 2009, 60, 3098-3107. [CrossRef]
Lit, L.C.; Wong, C.K,; Tam, L.S,; Li, EK.; Lam, C.W. Raised plasma concentration and ex vivo production
of inflammatory chemokines in patients with systemic lupus erythematosus. Ann. Rheum. Dis. 2006, 65,
209-215. [CrossRef]

Vila, L.M.; Molina, M.].; Mayor, A.M.; Cruz, ].J.; Rios-Olivares, E.; Rios, Z. Association of serum MIP-1alpha,
MIP-1beta, and RANTES with clinical manifestations, disease activity, and damage accrual in systemic lupus
erythematosus. Clin. Rheumatol. 2007, 26, 718-722.

Narumi, S.; Takeuchi, T.; Kobayashi, Y.; Konishi, K. Serum levels of ifn-inducible PROTEIN-10 relating to the
activity of systemic lupus erythematosus. Cytokine 2000, 12, 1561-1565. [CrossRef]

Kong, K.O.; Tan, A.W.; Thong, B.Y,; Lian, T.Y.; Cheng, YK,; Teh, C.L.; Koh, E.T.; Chng, HH.; Law, W.G;
Lau, T.C.; et al. Enhanced expression of interferon-inducible protein-10 correlates with disease activity and
clinical manifestations in systemic lupus erythematosus. Clin. Exp. Immunol. 2009, 156, 134-140. [CrossRef]
de Lemos Rieper, C.; Galle, P; Hansen, M.B. Characterization and potential clinical applications of
autoantibodies against cytokines. Cytokine Growth Factor Rev. 2009, 20, 61-75. [CrossRef] [PubMed]
Meager, A.; Wadhwa, M. Detection of anti-cytokine antibodies and their clinical relevance. Expert Rev.
Clin. Immunol. 2014, 10, 1029-1047. [CrossRef] [PubMed]

Watanabe, M.; Uchida, K.; Nakagaki, K.; Kanazawa, H.; Trapnell, B.C.; Hoshino, Y.; Kagamu, H.;
Yoshizawa, H.; Keicho, N.; Goto, H.; et al. Anti-cytokine autoantibodies are ubiquitous in healthy individuals.
FEBS Lett. 2007, 581, 2017-2021. [CrossRef] [PubMed]

Galle, P; Svenson, M.; Bendtzen, K.; Hansen, M.B. High levels of neutralizing IL-6 autoantibodies in 0.15 of
apparently h blood donors. Eur. |. Immunol. 2004, 34, 3267-3275. [CrossRef]

Svenson, M.; Poulsen, L.K.; Fomsgaard, A.; Bendtzen, K. IgG autoantibodies against interleukin 1 alpha in
sera of normal individuals. Scand. |. Immunol. 1989, 29, 489-492. [CrossRef]

Fomsgaard, A.; Svenson, M.; Bendtzen, K. Auto-antibodies to tumour necrosis factor alpha in healthy
humans and patients with inflammatory diseases and gram-negative bacterial infections. Scand. J. Immunol.
1989, 30, 219-223. [CrossRef]

Hansen, M.B.; Svenson, M.; Diamant, M.; Bendtzen, K. Anti-interleukin-6 antibodies in normal human serum.
Scand. |. Immunol. 1991, 33, 777-781. [CrossRef]

Sylvester, I.; Yoshimura, T.; Sticherling, M.; Schroder, ].M.; Ceska, M.; Peichl, P.; Leonard, E.J. Neutrophil
attractant protein-1-immunoglobulin G immune complexes and free anti-NAP-1 antibody in normal human
serum. J. Clin. Investig. 1992, 90, 471-481. [CrossRef]

Ross, C.; Svenson, M.; Hansen, M.B.; Vejlsgaard, G.L.; Bendtzen, K. High avidity IFN-neutralizing antibodies
in pharmaceutically prepared human IgG. J. Clin. Investig. 1995, 95, 1974-1978. [CrossRef]

van der Meide, PH.; Schellekens, H. Anti-cytokine autoantibodies: Epiphenomenon or critical modulators
of cytokine action. Biotherapy 1997, 10, 39-48. [CrossRef]

Merkel, P.A.; Lebo, T.; Knight, V. Functional Analysis of Anti-cytokine Autoantibodies Using Flow Cytometry.
Front. Immunol. 2019, 10, 1517. [CrossRef] [PubMed]

Vincent, T,; Plawecki, M.; Goulabchand, R.; Guilpain, P.; Eliaou, J.F. Emerging clinical phenotypes associated
with anti-cytokine autoantibodies. Autoimmun. Rev. 2015, 14, 528-535. [CrossRef] [PubMed]

Knight, V.; Merkel, P.A.; O’Sullivan, M.D. Anticytokine Autoantibodies: Association with Infection and
Immune Dysregulation. Antibodies 2016, 5, 3. [CrossRef] [PubMed]

Browne, S.K.; Burbelo, P.D.; Chetchotisakd, P.; Suputtamongkol, Y.; Kiertiburanakul, S.; Shaw, P.A.; Kirk, J.L.;
Jutivorakool, K.; Zaman, R.; Ding, L.; et al. Adult-onset immunodeficiency in Thailand and Taiwan. N. Engl.
J. Med. 2012, 367, 725-734. [CrossRef] [PubMed]

Kampmann, B.; Hemingway, C.; Stephens, A.; Davidson, R.; Goodsall, A.; Anderson, S.; Nicol, M.;
Scholvinck, E.; Relman, D.; Waddell, S.; et al. Acquired predisposition to mycobacterial disease due to
autoantibodies to IFN-gamma. J. Clin. Investig. 2005, 115, 2480-2488. [CrossRef] [PubMed]

Krisnawati, D.I; Liu, Y.C; Lee, Y.J.; Wang, Y.T.; Chen, C.L.; Tseng, P.C.; Lin, C.F. Functional neutralization of
anti-IFN-y autoantibody in patients with nontuberculous mycobacteria infection. Sci. Rep. 2019, 9, 5682.
[CrossRef]


http://dx.doi.org/10.1002/art.24803
http://dx.doi.org/10.1136/ard.2005.038315
http://dx.doi.org/10.1006/cyto.2000.0757
http://dx.doi.org/10.1111/j.1365-2249.2009.03880.x
http://dx.doi.org/10.1016/j.cytogfr.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19213592
http://dx.doi.org/10.1586/1744666X.2014.918848
http://www.ncbi.nlm.nih.gov/pubmed/24898469
http://dx.doi.org/10.1016/j.febslet.2007.04.029
http://www.ncbi.nlm.nih.gov/pubmed/17470370
http://dx.doi.org/10.1002/eji.200425268
http://dx.doi.org/10.1111/j.1365-3083.1989.tb01149.x
http://dx.doi.org/10.1111/j.1365-3083.1989.tb01204.x
http://dx.doi.org/10.1111/j.1365-3083.1991.tb02552.x
http://dx.doi.org/10.1172/JCI115883
http://dx.doi.org/10.1172/JCI117881
http://dx.doi.org/10.1007/BF02678216
http://dx.doi.org/10.3389/fimmu.2019.01517
http://www.ncbi.nlm.nih.gov/pubmed/31354706
http://dx.doi.org/10.1016/j.autrev.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25633324
http://dx.doi.org/10.3390/antib5010003
http://www.ncbi.nlm.nih.gov/pubmed/31557985
http://dx.doi.org/10.1056/NEJMoa1111160
http://www.ncbi.nlm.nih.gov/pubmed/22913682
http://dx.doi.org/10.1172/JCI19316
http://www.ncbi.nlm.nih.gov/pubmed/16127458
http://dx.doi.org/10.1038/s41598-019-41952-1

Cells 2020, 9, 72 110f13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lin, C.H.; Chi, C.Y,; Shih, H.P; Ding, J.Y.; Lo, C.C.; Wang, S.Y.; Kuo, C.Y,; Yeh, C.F; Tu, KH,; Liu, S.H.; et al.
Identification of a major epitope by anti-interferon-y autoantibodies in patients with mycobacterial disease.
Nat. Med. 2016, 22, 994-1001. [CrossRef]

Koizumi, Y.; Sakagami, T.; Nishiyama, N.; Hirai, J.; Hayashi, Y.; Asai, N.; Yamagishi, Y.; Kato, H.;
Hagihara, M.; Sakanashi, D.; et al. Rituximab Restores IFN-y-STAT1 Function and Ameliorates Disseminated
Mycobacterium avium Infection in a Patient with Anti-Interferon-y Autoantibody. J. Clin. Immunol. 2017, 37,
644-649. [CrossRef]

Chetchotisakd, P.; Anunnatsiri, S.; Nanagara, R.; Nithichanon, A.; Lertmemongkolchai, G. Intravenous
Cyclophosphamide Therapy for Anti-IFN-Gamma Autoantibody-Associated Mycobacterium abscessus
Infection. J. Immunol. Res. 2018, 2018, 6473629. [CrossRef]

Sim, B.T.; Browne, S.K.; Vigliani, M.; Zachary, D.; Rosen, L.; Holland, S.M.; Opal, S.M. Recurrent Burkholderia
gladioli suppurative lymphadenitis associated with neutralizing anti-IL-12p70 autoantibodies. ]. Clin.
Immunol. 2013, 33, 1057-1061. [CrossRef]

Puel, A.; Picard, C.; Lorrot, M.; Pons, C.; Chrabieh, M.; Lorenzo, L.; Mamani-Matsuda, M.; Jouanguy, E.;
Gendrel, D.; Casanova, J.L. Recurrent staphylococcal cellulitis and subcutaneous abscesses in a child with
autoantibodies against IL-6. J. Immunol. 2008, 180, 647-654. [CrossRef] [PubMed]

Nanki, T.; Onoue, I.; Nagasaka, K.; Takayasu, A.; Ebisawa, M.; Hosoya, T.; Shirai, T.; Sugihara, T.; Hirata, S.;
Kubota, T.; et al. Suppression of elevations in serum C reactive protein levels by anti-IL-6 autoantibodies in
two patients with severe bacterial infections. Ann. Rheum. Dis. 2013, 72, 1100-1102. [CrossRef] [PubMed]
Fudala, R.; Krupa, A.; Stankowska, D.; Allen, T.C.; Kurdowska, A.K. Anti-interleukin-8 autoantibody:
Interleukin-8 immune complexes in acute lung injury/acute respiratory distress syndrome. Clin. Sci. 2008,
114,403-412. [CrossRef] [PubMed]

Krupa, A ; Fudala, R.; Stankowska, D.; Loyd, T.; Allen, T.C.; Matthay, M.A.; Gryczynski, Z.; Gryczynski, I.;
Mettikolla, Y.V.; Kurdowska, A.K. Anti-chemokine autoantibody: Chemokine immune complexes activate
endothelial cells via IgG receptors. Am. J. Respir. Cell Mol. Biol. 2009, 41, 155-169. [CrossRef]

Panem, S.; Check, L.].; Henriksen, D.; Vilcek, J. Antibodies to alpha-interferon in a patient with systemic
lupus erythematosus. J. Immunol. 1982, 129, 1-3.

Slavikova, M.; Schmeisser, H.; Kontsekova, E.; Mateicka, F.; Borecky, L.; Kontsek, P. Incidence of autoantibodies
against type I and type II interferons in a cohort of systemic lupus erythematosus patients in Slovakia.
J. Interferon Cytokine Res. 2003, 23, 143-147. [CrossRef]

Hellmich, B.; Schnabel, A.; Gross, W.L. Treatment of severe neutropenia due to Felty’s syndrome or systemic
lupus erythematosus with granulocyte colony-stimulating factor. Semin. Arthritis Rheum. 1999, 29, 82-99.
[CrossRef]

Sjowall, C.; Ernerudh, J.; Bengtsson, A.A.; Sturfelt, G.; Skogh, T. Reduced anti-TNFalpha autoantibody levels
coincide with flare in systemic lupus erythematosus. J. Autoimmun. 2004, 22, 315-323. [CrossRef]

Suzuki, H.; Ayabe, T.; Kamimura, J.; Kashiwagi, H. Anti-IL-1 alpha autoantibodies in patients with rheumatic
diseases and in healthy subjects. Clin. Exp. Immunol. 1991, 85, 407-412. [CrossRef]

Evans, M.; Abdou, N.I. Anti-interleukin-6 and soluble interleukin-6 receptor in systemic lupus erythematosus.
Lupus 1994, 3, 161-166. [CrossRef]

Uchida, M.; Ooka, S.; Goto, Y.; Suzuki, K.; Fujimoto, H.; Ishimori, K.; Matsushita, H.; Takakuwa, Y;
Kawahata, K. Anti-IL-10 antibody in systemic lupus erythematosus. Open Access Rheumatol. 2019, 11, 61-65.
[CrossRef]

Gupta, S.; Tatouli, I.P,; Rosen, L.B.; Hasni, S.; Alevizos, I.; Manna, Z.G.; Rivera, J.; Jiang, C.; Siegel, RM.;
Holland, S.M.; et al. Distinct Functions of Autoantibodies Against Interferon in Systemic Lupus
Erythematosus: A Comprehensive Analysis of Anticytokine Autoantibodies in Common Rheumatic
Diseases. Arthritis Rheumatol. 2016, 68, 1677-1687. [CrossRef] [PubMed]

Price, ].V.; Haddon, D.J.; Kemmer, D.; Delepine, G.; Mandelbaum, G.; Jarrell, ].A.; Gupta, R.; Balboni, I.;
Chakravarty, E.E.; Sokolove, |.; et al. Protein microarray analysis reveals BAFF-binding autoantibodies in
systemic lupus erythematosus. J. Clin. Investig. 2013, 123, 5135-5145. [CrossRef] [PubMed]

Howe, H.S,; Thong, B.Y.H.; Kong, K.O.; Chng, H.H.; Lian, TY.; Chia, FL,; Tay, K.S.S.; Lau, T.C.; Law, W.G.;
Koh, E.T.; et al. Associations of B cell-activating factor (BAFF) and anti-BAFF autoantibodies with disease
activity in multi-ethnic Asian systemic lupus erythematosus patients in Singapore. Clin. Exp. Immunol. 2017,
189, 298-303. [CrossRef]


http://dx.doi.org/10.1038/nm.4158
http://dx.doi.org/10.1007/s10875-017-0425-3
http://dx.doi.org/10.1155/2018/6473629
http://dx.doi.org/10.1007/s10875-013-9908-z
http://dx.doi.org/10.4049/jimmunol.180.1.647
http://www.ncbi.nlm.nih.gov/pubmed/18097067
http://dx.doi.org/10.1136/annrheumdis-2012-202768
http://www.ncbi.nlm.nih.gov/pubmed/23349134
http://dx.doi.org/10.1042/CS20070272
http://www.ncbi.nlm.nih.gov/pubmed/18260828
http://dx.doi.org/10.1165/rcmb.2008-0183OC
http://dx.doi.org/10.1089/107999003321532475
http://dx.doi.org/10.1016/S0049-0172(99)80040-7
http://dx.doi.org/10.1016/j.jaut.2004.02.003
http://dx.doi.org/10.1111/j.1365-2249.1991.tb05740.x
http://dx.doi.org/10.1177/096120339400300306
http://dx.doi.org/10.2147/OARRR.S191953
http://dx.doi.org/10.1002/art.39607
http://www.ncbi.nlm.nih.gov/pubmed/26815287
http://dx.doi.org/10.1172/JCI70231
http://www.ncbi.nlm.nih.gov/pubmed/24270423
http://dx.doi.org/10.1111/cei.12975

Cells 2020, 9, 72 12 0f13

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Haddon, D.J.; Diep, VK., Price, J.V.,; Limb, C.; Utz, PJ.; Balboni, I. Autoantigen microarrays reveal
autoantibodies associated with proliferative nephritis and active disease in pediatric systemic lupus
erythematosus. Arthritis Res. Ther. 2015, 17, 162. [CrossRef]

Shao, M.; Sun, X.L.; Sun, H.; He, J.; Zhang, R.J.; Zhang, X.; Li, Z.G. Clinical Relevance of Autoantibodies
against Interleukin-2 in Patients with Systemic Lupus Erythematosus. Chin. Med. J. 2018, 131, 1520-1526.
[CrossRef]

von Kempis, J.; Duetsch, S.; Reuschling, N.; Villiger, R.; Villiger, PM.; Vallelian, F.; Schaer, D.J.; Mueller, R.B.
Clinical outcomes in patients with systemic lupus erythematosus treated with belimumab in clinical practice
settings: A retrospective analysis of results from the OBSErve study in Switzerland. Swiss Med. Wkly. 2019,
149, w20022. [CrossRef]

Furie, R.; Petri, M.; Zamani, O.; Cervera, R.; Wallace, D.J.; Tegzov4, D.; Sanchez-Guerrero, J.; Schwarting, A.;
Merrill, ].T.; Chatham, W.W.; et al. BLISS-76 Study Group. A phase III, randomized, placebo-controlled study
of belimumab, a monoclonal antibody that inhibits B lymphocyte stimulator, in patients with systemic lupus
erythematosus. Arthritis Rheum. 2011, 63, 3918-3930. [CrossRef]

Navarra, S.V.; Guzmédn, R.M.; Gallacher, A.E.; Hall, S.; Levy, R.A,; Jimenez, R.E,; Li, EK,; Thomas, M.;
Kim, H.Y,; Leén, M.G,; et al. BLISS-52 Study Group. Efficacy and safety of belimumab in patients with active
systemic lupus erythematosus: A randomised, placebo-controlled, phase 3 trial. Lancet 2011, 377, 721-731.
[CrossRef]

Zhang, F,; Bae, S.C.; Bass, D.; Chu, M.; Egginton, S.; Gordon, D.; Roth, D.A.; Zheng, |.; Tanaka, Y. A pivotal
phase III, randomised, placebo-controlled study of belimumab in patients with systemic lupus erythematosus
located in China, Japan and South Korea. Ann. Rheum. Dis. 2018, 77, 355-363. [CrossRef]

Chyuan, I.T.; Tzeng, H.T.; Chen, ].Y. Signaling Pathways of Type I and Type III Interferons and Targeted
Therapies in Systemic Lupus Erythematosus. Cells 2019, 8, 963. [CrossRef] [PubMed]

Thanarajasingam, U.; Niewold, T.B. Sirukumab: A novel therapy for lupus nephritis? Expert Opin. Investig.
Drugs 2014, 23, 1449-1455. [CrossRef] [PubMed]

Rovin, B.H.; van Vollenhoven, R.E; Aranow, C.; Wagner, C.; Gordon, R.; Zhuang, Y.; Belkowski, S.; Hsu, B. A
Multicenter, Randomized, Double-Blind, Placebo-Controlled Study to Evaluate the Efficacy and Safety of
Treatment With Sirukumab (CNTO 136) in Patients With Active Lupus Nephritis. Arthritis Rheumatol. 2016,
68,2174-2183. [CrossRef] [PubMed]

Alunno, A.; Padjen, L; Fanouriakis, A.; Boumpas, D.T. Pathogenic and Therapeutic Relevance of JAK/STAT
Signaling in Systemic Lupus Erythematosus: Integration of Distinct Inflammatory Pathways and the Prospect
of Their Inhibition with an Oral Agent. Cells 2019, 8, 898. [CrossRef]

Werth, V.P.; Merrill, ].T. A double-blind, randomized, placebo-controlled, phase II trial of baricitinib for
systemic lupus erythematosus: How to optimize lupus trials to examine effects on cutaneous lupus
erythematosus. Br. . Dermatol. 2019, 180, 964-965. [CrossRef]

Humrich, J.Y,; Morbach, H.; Undeutsch, R.; Enghard, P.; Rosenberger, S.; Weigert, O.; Kloke, L.; Heimann, J.;
Gaber, T.; Brandenburg, S.; et al. Homeostatic imbalance of regulatory and effector T cells due to IL-2
deprivation amplifies murine lupus. Proc. Natl. Acad. Sci. USA 2010, 107, 204-209. [CrossRef]

Rose, A.; von Spee-Mayer, C.; Kloke, L.; Wu, K,; Kiihl, A.; Enghard, P.; Burmester, G.R.; Riemekasten, G.;
Humrich, J.Y. IL-2 Therapy Diminishes Renal Inflammation and the Activity of Kidney-Infiltrating CD4+ T
Cells in Murine Lupus Nephritis. Cells 2019, 8, 1234. [CrossRef]

von Spee-Mayer, C.; Siegert, E.; Abdirama, D.; Rose, A.; Klaus, A.; Alexander, T.; Enghard, P.; Sawitzki, B.;
Hiepe, F.; Radbruch, A.; et al. Low-dose interleukin-2 selectively corrects regulatory T cell defects in patients
with systemic lupus erythematosus. Ann. Rheum. Dis. 2016, 75, 1407-1415. [CrossRef]

He, ].; Zhang, X.; Wei, Y.; Sun, X.; Chen, Y,; Deng, J.; Jin, Y.; Gan, Y.; Hu, X,; Jia, R.; et al. Low-dose interleukin-2
treatment selectively modulates CD4* T cell subsets in patients with systemic lupus erythematosus. Nat. Med.
2016, 22, 991-993. [CrossRef]

Humrich, ].Y.; von Spee-Mayer, C.; Siegert, E.; Bertolo, M.; Rose, A.; Abdirama, D.; Enghard, P.; Stuhlmiiller, B.;
Sawitzki, B.; Huscher, D.; et al. Low-dose interleukin-2 therapy in refractory systemic lupus erythematosus:
An investigator-initiated, single-centre phase 1 and 2a clinical trial. Lancet Rheumatol. 2019, 1, e44—e54.
[CrossRef]


http://dx.doi.org/10.1186/s13075-015-0682-6
http://dx.doi.org/10.4103/0366-6999.235114
http://dx.doi.org/10.4414/smw.2019.20022
http://dx.doi.org/10.1002/art.30613
http://dx.doi.org/10.1016/S0140-6736(10)61354-2
http://dx.doi.org/10.1136/annrheumdis-2017-211631
http://dx.doi.org/10.3390/cells8090963
http://www.ncbi.nlm.nih.gov/pubmed/31450787
http://dx.doi.org/10.1517/13543784.2014.950837
http://www.ncbi.nlm.nih.gov/pubmed/25189410
http://dx.doi.org/10.1002/art.39722
http://www.ncbi.nlm.nih.gov/pubmed/27110697
http://dx.doi.org/10.3390/cells8080898
http://dx.doi.org/10.1111/bjd.17344
http://dx.doi.org/10.1073/pnas.0903158107
http://dx.doi.org/10.3390/cells8101234
http://dx.doi.org/10.1136/annrheumdis-2015-207776
http://dx.doi.org/10.1038/nm.4148
http://dx.doi.org/10.1016/S2665-9913(19)30018-9

Cells 2020, 9, 72 13 0f 13

71.

72.
73.

74.

75.

76.

Humrich, J.Y.; von Spee-Mayer, C.; Siegert, E.; Alexander, T.; Hiepe, F; Radbruch, A.; Burmester, G.R.;
Riemekasten, G. Rapid induction of clinical remission by low-dose interleukin-2 in a patient with refractory
SLE. Ann. Rheum. Dis. 2015, 74, 791-792. [CrossRef] [PubMed]

Priimmer, O. Treatment-induced antibodies to interleukin-2. Biotherapy 1997, 10, 15-24. [CrossRef] [PubMed]
Ducreux, J.; Houssiau, F.A.; Vandepapeliere, P; Jorgensen, C.; Lazaro, E.; Spertini, F.; Colaone, F.; Roucairol, C.;
Laborie, M.; Croughs, T.; et al. Interferon o kinoid induces neutralizing anti-interferon « antibodies that
decrease the expression of interferon-induced and B cell activation associated transcripts: Analysis of
extended follow-up data from the interferon « kinoid phase I/II study. Rheumatology 2016, 55, 1901-1905.
[CrossRef] [PubMed]

Lauwerys, B.R.; Hachulla, E.; Spertini, F; Lazaro, E.; Jorgensen, C.; Mariette, X.; Haelterman, E.;
Grouard-Vogel, G.; Fanget, B.; Dhellin, O.; et al. Down-regulation of interferon signature in systemic
lupus erythematosus patients by active immunization with interferon «-kinoid. Arthritis Rheum. 2013, 65,
447-456. [CrossRef]

Arazi, A.; Rao, D.A.; Berthier, C.C.; Davidson, A.; Liu, Y.; Hoover, PJ.; Chicoine, A.; Eisenhaure, T.M.;
Jonsson, A.H.; Li, S.; et al. Accelerating Medicines Partnership in SLE network. The immune cell landscape
in kidneys of patients with lupus nephritis. Nat. Immunol. 2019, 20, 902-914. [CrossRef]

Der, E.; Suryawanshi, H.; Morozov, P.; Kustagi, M.; Goilav, B.; Ranabothu, S.; Izmirly, P.; Clancy, R.;
Belmont, H.M.; Koenigsberg, M.; et al. Accelerating Medicines Partnership Rheumatoid Arthritis and
Systemic Lupus Erythematosus (AMP RA/SLE) Consortium. Tubular cell and keratinocyte single-cell
transcriptomics applied to lupus nephritis reveal type I IFN and fibrosis relevant pathways. Nat. Immunol.
2019, 20, 915-927. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1136/annrheumdis-2014-206506
http://www.ncbi.nlm.nih.gov/pubmed/25609413
http://dx.doi.org/10.1007/BF02678213
http://www.ncbi.nlm.nih.gov/pubmed/9261546
http://dx.doi.org/10.1093/rheumatology/kew262
http://www.ncbi.nlm.nih.gov/pubmed/27354683
http://dx.doi.org/10.1002/art.37785
http://dx.doi.org/10.1038/s41590-019-0398-x
http://dx.doi.org/10.1038/s41590-019-0386-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Cytokines in Systemic Lupus Erythematosus (SLE): Insights Gained 
	Cytokine Disturbances Precede Clinical Disease in SLE 
	Clustering Patients by Cytokine and Disease Activity Subsets Is More Informative Than Isolated Cytokine Studies, as Both Pro Inflammatory and Immunoregulatory Cytokines Contribute to the Cytokine Dysregulated State in SLE 
	Serum IFN-Regulated Chemokine Levels Correlate Best with Disease Activity 

	Anti-Cytokine Autoantibodies (ACAAs) 
	ACAAs in Healthy Individuals 
	Deleterious Effects of ACAAs 
	ACAAs in SLE 
	Anti-Interferon Autoantibodies in SLE 
	Anti-BAFF Autoantibodies in SLE 
	Anti-Chemokine Autoantibodies in SLE 


	Implications for Future Developments in SLE 
	Assays for ACAAs 
	Development of Therapeutics 
	Anti-Specific Cytokine Targeted Therapies 
	Targeting the JAK/STAT Pathway May Be More Efficacious 
	Therapy with Cytokines and Cytokine Immunization in SLE 
	Possible Therapies to Avert the Development of SLE 
	Large Scale Informatics May Improve Therapeutic Approaches 


	Conclusions 
	References

