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Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by immune
cell abnormalities which lead to the production of autoantibodies and the deposition of
immune complexes. Interleukin (IL)-17-producing cells play an important role in the
pathogenesis of the disease, making them an attractive therapeutic target. Studies in
lupus-prone mice and of ex vivo cells from patients with SLE humans have shown that
IL-17 represents a promising therapeutic target. Here we review molecular mechanisms
involved in IL-17 production and Th17 cell differentiation and function and an update on
the role of IL-17 in autoimmune diseases and the expected usefulness for targeting
IL-17 therapeutically.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disease characterized by the
production of autoantibodies, the formation of immune complexes, and immune dysregulation,
resulting in damage of multiple organs, including the skin and the kidneys (1, 2). The prognosis for
SLE depends on the severity of the disease and the organs that are involved. Lupus nephritis (LN) is
the most common and serious complication observed in the majority of patients with SLE. While
the etiology of SLE remains largely unknown, genome-wide association studies have identified over
50 gene loci with variants that have been associated with a predisposition to SLE (3-5). These
disease-susceptible genes for SLE include variants that have been implicated in aberrant expression
of cytokines and abnormalities in innate and adaptive immunity.

Both B cells and T cells are important in the pathogenesis of SLE. Self-reactive B cells that
produce autoantibodies are important in the pathogenesis of SLE. Increased plasma memory B cell
subsets are associated with disease activity, and therapies targeting B cells have shown some clinical
improvement (6). T cells also play a central role in the production of autoantibodies and the
subsequent formation of immune complexes. Both B and T cells may act in concert to induce direct
damage in multiple organs (7, 8).
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CD4+ T helper cells (Th cells) are particularly important in
the series of autoimmune responses associated with SLE. Th cells
are defined by the cytokines they produce and have been
classified into Thl, Th2, Thl17, follicular helper T (Tth) cells,
and regulatory T (Treg) cells (7-9).

Th1 cells produce primarily interferon (IFN)-y, which in turn
activates cytotoxic T lymphocytes, macrophages, and natural
killer cells. In contrast, Th2 cells produce mainly cytokines, such
as interleukin (IL)-4 and activate B cells. The pathogenesis of
autoimmune diseases, however, cannot be based on Th1 and Th2
immune responses alone. Th17 cells and Treg cells play
important roles in the development of autoimmune-mediated
tissue injury.

Th17 cells produce IL-17, IL-21, and IL-22, and they have
been shown to be involved in the development of inflammation
in various organs. Treg cells are characterized by the expression
of FoxP3 and they produce TGF-B and IL-10, which actively
terminate immune responses. Interestingly, there is an
interrelationship between Th17 and Treg cells that may
determine the ultimate outcome of the autoimmune response.
Limited numbers and reduced functions of Treg cells have been
observed in patients with SLE, and these defects have been
associated with increased disease activity (3).

In this review, we discuss the evidence that T cell dysfunctions
and IL-17 overproduction are associated with the development
of SLE and disease progression in both humans and lupus-prone
mice. We also describe recent advances in functional analysis,
including analysis of the cell signaling pathways that contribute
to increased IL-17 production. It is well understood that the
imbalance between Th17 cells and Treg cells, along with IL-17-
related cytokine-driven inflammation, plays an important role in
autoantibody production and organ damage in SLE. We will also
discuss recent advances in IL-17-targeted therapies for
autoimmune diseases, including SLE, and their future prospects.

THE ROLE OF INTERLEUKIN-17 AND
INTERLEUKIN-17-RELATED CYTOKINES
IN THE PATHOGENESIS OF SYSTEMIC
LUPUS ERYTHEMATOSUS

The IL-17 family includes at least six (IL-17A, IL-17B, IL-17C,
IL-17D, IL-17E, and IL-17F) proteins (9). Among these, IL-17A,
which is mainly produced by Th17 cells, amplifies the production
of inflammatory cytokines and chemokines and stimulates
keratinocytes, synoviocytes, fibroblasts, macrophages, and
neutrophils (10). Accordingly, it has the potential to promote
the recruitment of inflammatory cells, such as monocytes and
neutrophils, to the inflamed organ (11, 12). Although Th17 cells
produce mainly the cytokine IL-17 (12), IL-17 is also produced
by other subsets of T cells, including T cell receptor (TCR)Yd and
TCRo double negative (DN) T cells (CD3*CD4 CD8"), and a
number of families of innate lymphoid cells, including ILC3,
macrophages, and neutrophils (13-15).

IL-17A is an important cytokine that is involved in the
pathogenesis of animal models of autoimmunity and human

autoimmune diseases, including SLE (12, 16, 17). It has been
demonstrated that patients with SLE not only have higher serum
levels of IL-17A, but also have increased numbers of Th17 cells
(18-20). It has also been shown that high serum levels of IL-17 at
baseline predict poor histopathological outcomes after
immunosuppressive therapy (21). Our group has proposed that
DN T cells infiltrate the kidneys of patients with LN and are the
major source of IL-17 (13). However, a study using lupus-prone
mice demonstrated that pharmacological inhibition and genetic
ablation of IL-17A did not improve clinical manifestations,
including survival rate, glomerulonephritis, and autoantibody
production (22). As mentioned above, Th17 cells not only
produce IL-17, but also produce multiple pro-inflammatory
cytokines, such as IL-21, IL-22, and TNF-a. Thus, the role of
IL-17 that has been documented in other studies may not be due
to IL-17 alone, but to the additional activity of Th17 cells.
Therefore, studies in which Thl7 cells, rather than IL-17
production alone, are involved in the pathogenesis of SLE need
to formally address this issue.

IL-23 promotes signal transducer and transcriptional
activator 3 (STAT3) phosphorylation by Janus kinase 2 (JAK2)
and tyrosine kinase 2 (TYK2) by binding to its receptor IL-23R.
It also enhances the expression of retinoic acid receptor-
associated orphan receptor yt (RORyt), which is involved in
the expression of IL-17 and other Th17 cytokines (23). Thus,
IL-23 has been shown to be important in the development of
various autoimmune diseases in murine models (24-26) and in
humans (27) by promoting Th17 cell-mediated tissue
inflammation. Our group has shown that the clinical and
pathological findings of LN are mitigated in lupus-prone mice
with IL-23 receptor deficiency (28) or treated with anti-IL23
antibodies (29). Evidence for the importance of IL-23 in SLE is
further supported by the elevated serum IL-23 and IL-23
expression in renal tissues in patients with SLE (21, 30, 31).

Low-density granulocytes, a subpopulation of neutrophils
prone to cell death, have been found to contribute to the
pathogenesis of SLE through the neutrophil extracellular trap
formation (NETosis) process, which includes the release of
intracellular material into the surrounding environment (32,
33). IL-17 plays a role in inducing the recruitment of
neutrophils and other immune cells by targeting tissues to
promote and maintain the inflammatory process. In addition,
IL-17 has been demonstrated to induce NETosis in animals
prone to lupus (34). Indeed, the cellular debris released by these
cells induces activation of the type I IFN pathway by
plasmacytoid dendritic cells, which eventually leads to the
aberrant activation of T and B cells (35, 36). This consequently
perpetuates the inflammatory process characteristic of SLE.

MOLECULAR MECHANISMS THAT
REGULATE INTERLEUKIN-17 IN
SYSTEMIC LUPUS ERYTHEMATOSUS

CD4" T cell dysfunction contributes to the development and
progression of organ damage, including LN in lupus-prone mice,
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such as MRL/lpr, NZB/NZW, and BXSB mice, and SLE patients
(37, 38). Molecules involved in the aberrant expression of IL-17
cytokines and distortion of Th cell differentiation include protein
phosphatase 2A (PP2A), calcium/calmodulin kinase IV
(CaMK4), CREM, Rho-associated protein kinase (ROCK), and
mammalian target rapamycin complex 1 (mTORC1).

Protein Phosphatase 2A

PP2A is a multifunctional serine/threonine phosphatase that is
involved in multiple cellular processes. It is composed of three
distinct subunits: the scaffold A subunit (PP2Aa), the regulatory
B subunit (PP2Ab), and the catalytic C subunit (PP2Ac).

A previous study carried out by our group showed that
transgenic mice that overexpressed PP2Ac in T cells developed
glomerulonephritis, which included increased production of IL-17A
and IL-17F (39). Consistent with these observations, it has been
demonstrated that PP2Ac expression and activity are increased in
the T cells of SLE patients, which contributes to a decrease in IL-2
production (40, 41). In addition, Treg cell-specific ablation of the
PP2A causes multi-organ lymphoproliferative autoimmune diseases
due to defective dephosphorylation of mTORC1 (42).

Recently, our group has shown that PPP2R2D, a regulatory
subunit of PP2A, is increased in T cells from SLE patients. Mice
lacking this subunit in T cells have less autoimmunity and
PPP2R2D negatively regulates IL-2 production in conventional
T cells by regulating the chromatin opening of the IL-2 gene (43).

PP2A is a ubiquitously expressed enzyme. It also has diverse
effects on immune cells. Therefore, the use of PP2A inhibitors to
treat patients with SLE requires the use of a T cell-targeted
delivery system to mitigate off-target effects.

Rho-Associated Protein Kinase
ROCK is a serine-threonine kinase and its activity is primarily
controlled by the binding of activated RhoA (44). ROCK is involved
in regulating cell migration, including that of T cells (45). ROCK2
has been suggested to facilitate the activity of interferon regulatory
factor 4 (IRF4), which is required for Th17 differentiation and the
production of IL-17 and IL-21 (46). PP2Ac in T cells has also been
shown to be involved in IL-17 production via promotion of the
RhoA-ROCK-IRF4 pathway (47). A study showed that ROCK
activity levels were significantly higher in SLE patients than in
healthy controls and the inhibition of the RhoA-ROCK pathway
suppressed the production of IL-17 and IL-21 by Th17 cells (48).
ROCK?2 has also been shown to be a major ROCK isoform
that is involved in the differentiation of Th17 cells generated
under Th17 cell skewing conditions. Therefore, targeting of this
pathway can be achieved by both selective and non-selective
inhibitors. A better understanding of the functional relevance of
the ROCKI1-dependent pathway in immune cells and an
evaluation of the pattern of ROCK expression in individual
SLE patients is required to determine whether ROCK2-
selective inhibitors provide a more favorable risk-benefit profile
than the broader ROCK inhibitors.

CREM
CREM is a member of the ATF/CREB-type bZip transcription
factor family. It binds to cAMP response elements during cellular

processes, including T cell activation. Therefore, CREM plays an
important role in the adaptive immune process. Importantly,
CREMo functions as a transcriptional regulator of molecules
associated with cytokine expression and T cell differentiation in
T cells of SLE patients.

Previous studies have demonstrated that mice overexpressing
CREMa in T cells have increased IL-17 production and lupus-
like disease (49). Mechanistically, CREMa. was found to bind to
the IL17 promoter and non-coding conserved areas of the IL17
locus and enhance its activity at the epigenetic level (50, 51).
Consistent with the results obtained in mice, T cells from SLE
patients have been found to have increased levels of CREMo and
aberrant IL-17A expression (51). In addition, CREMa was found
to be essential for expansion of DN T cells due to epigenetic
regulation of the CD8 locus cells in SLE patients and lupus-prone
mice (52, 53). In summary, reduced levels of CREMa. can
suppress the production of IL-17 and reduce the pool of
pathogenic DN T cells, which suggests its potential as a disease
biomarker and therapeutic target in SLE.

The splice variant of CREM inducible cAMP early repressor
(ICER) also has a crucial role in T cell activation, Th cell
differentiation, and cytokine production (54). Experiments
involving mice have demonstrated that ICER/CREM is
required for the development of organ-specific autoimmunity
and systemic autoimmunity and ICER is upregulated in CD4+ T
cells from SLE patients (55).

Therefore, CREM and CREM-associated molecules may
represent potential therapeutic targets for SLE. However, as
with PP2A, the CREM family of proteins has an enormous
diversity and the development of small molecule compounds
that target only specific subunits or splice variants may pose
many challenges.

Calcium/Calmodulin Kinase IV
Calcium/calmodulin-dependent protein kinases (CaMKs) are
enzymes that are activated by calcium. CaMK2 and CaMK4,
which are multifunctional CaMKs with multiple substrates, play
important roles in the immune response, including T cell
activation (56, 57) and T cell development (58, 59). CaMK4 is
a multifunctional serine/threonine kinase that regulates pro-
inflammatory cytokines and cell proliferation-related gene
expression by activating a number of transcription factors,
including CREB (cAMP response element binding protein)
and CREM (60).

CaMK4 is abnormally increased in T cells from SLE patients
(61) and lupus-prone mice (62). CaMK4 is rarely expressed in B
cells or other immune cells. Among T cells, CaMK4 expression is
enhanced in CD4-positive T cells, and it is preferentially induced
during Th17 differentiation (63). In line with these findings,
genetic or pharmacological inhibition of CaMK4 in MRL/lpr
mice resulted in a reduced frequency of IL-17-producing T cells,
including CD4+ and DN T cells, a significant reduction in
autoantibody production, and improved nephritis (62, 64). As
a mechanism to counteract organ damage, we demonstrated that
CaMK4 inhibition limits cell infiltration by increasing Treg cells
locally in the kidney (65). Inhibition of CaMK4 suppress the
CCR6/CCL20 axis which is important for the entry of Th17 cells
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to tissues (66). Moreover, we recently discovered that GLUT1-
mediated glycolysis is important for the expression of IL-17
induced by CaMK4 (67).

Thus, targeting CaMK4 represents a potential therapeutic
strategy for patients with SLE because of its ability to promote
differentiation into Th17 cells. However, since CaMK4 is also
upregulated in critical organs such as the brain and gonads,
research on CD4-targeted therapy using nanolipogels (68),
development of CaMK4-specific inhibitors, and verification of
their safety must be conducted before further clinical
applications are carried out in humans.

Mammalian Target Rapamycin Complex 1
mTORCI is a serine-threonine kinase that functions as a regulator
of cellular metabolism, including mitochondrial oxidative stress,
glycolysis (69), and cell proliferation (70). Rapamycin, an mTORC1
inhibitor, suppressed glomerulonephritis in lupus-prone mice (71)
by suppressing the Th17/Treg cell ratio (72). Its molecular signaling
mechanism has been suggested to be linked to CaMK4 (63), ROCK
(73), and the splicing factor SRSF1 (74). Furthermore, recent studies
have shown that rapamycin reverses Th17 cell proliferation in SLE
patients (75, 76). Importantly, glutaminolysis has been shown to be
essential for mTORC activation, and Th17 cells are more dependent
on glutaminolysis than Th1, Th2, and Treg cells (77). Glutaminase 1
inhibitors improve disease activity and there are fewer IL-17A-
producing T cells in the kidneys of MRL/Ipr mice (78).
Activation of the mTOR pathway is important in the
development of SLE (79, 80). This allows mTOR to be a

therapeutic target for SLE. A single-arm, open-label, phase 1
and 2 study of the mTOR inhibitor sirolimus showed efficacy in
patients with active SLE (81). In summary, TORCI inhibition
has also shown several clinical benefits in patients with SLE.

Figure 1 summarizes evidence that abnormal T-cell signaling
leads to overproduction of IL-17 in SLE, which in turn activates
immune and other cells, leading to autoantibody production
and proinflammatory cytokine production, resulting in
organ damage.

TARGETING INTERLEUKIN-17 THERAPY
IN PATIENTS WITH SYSTEMIC LUPUS
ERYTHEMATOSUS

Several IL-17A blockers, including the anti-IL-17A monoclonal
antibodies secukinumab, ixekizumab, and bimekizumab, and the
anti-17RA monoclonal antibody brodalumab, are approved for
some immune-mediated inflammatory diseases, such as psoriasis
(82-84), psoriatic arthritis (85, 86), and ankylosing spondylitis
(87, 88). Although a case report described the efficacy of IL-17A
inhibitor in a SLE patient (89), clinical trials are warranted to
evaluate the long-term efficacy and safety of IL-17 inhibitors in
SLE patients.

Several issues should be considered in the development of IL-
17-directed therapy for SLE. First, IL-17A blockers are already
used in clinical practice for inflammatory diseases, but their
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FIGURE 1 | Aberrant T cell signaling and interleukin (IL)-17 production in SLE pathogenesis. SLE, systemic lupus erythematosus; TCR, T cell receptor; PP2Ac,
Protein phosphatase 2A catalytic subunit; CaMK4, Calcium/calmodulin-dependent protein kinase IV; ROCK, Rho-associated protein kinase; CREB, cAMP response
element binding protein; IRF4, interferon regulatory factor 4; CREM, cAMP response element modulator; mTORC1, mammalian target of rapamycin complex 1.

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 624971


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Koga et al.

IL-17 Targeted Therapy in SLE

long-term safety and efficacy have not been established. Second,
anti-IL-17A drugs have been shown to be therapeutically
effective in lupus-prone mice, but human studies are needed to
determine the exact role of IL-17 in human SLE. Finally, because
SLE is a highly heterogeneous autoimmune disease, IL-17
blockade may not be suitable for all patients. The potential
beneficial effects of IL-17 blockers may be limited to a subset
of SLE patients whose disease is driven by the IL-17 pathway.
Therefore, it is important to identify biomarkers that can be used
in patient screening to identify those who have the best chance to
respond to treatment with IL-17 pathway-directed biologics.

Clinical studies have demonstrated the efficacy and safety of
ustekinumab, an anti- IL-12/23 p40 neutralizing monoclonal
antibody, in patients with subacute cutaneous lupus (90),
psoriasis (91), and psoriatic arthritis (92). More recently, a
double-blind phase II study has demonstrated impressive
efficacy and safety of ustekinumab when used in patients with
active SLE (93). An ancillary study to this trial revealed that
persistent reductions in IFN-y serum protein levels, rather than
changes in serum IL-17A, IL-17F, and IL-22 levels, were
associated with treatment responses (94).

CONCLUSION AND FUTURE
PERSPECTIVES

In this review, we report recent advances in our understanding of
the role of IL-17 and IL-17-related molecules in SLE and their
clinical implications. There is sufficient evidence that Th17 and
one of their main effector molecules, IL-17, contribute to the
development of immunopathology in patients and mice
with lupus.

It is true that many biologics have been tried in patients with
SLE and the vast majority of them have failed to produce a
statistically significant effect admissible by the regulatory
agencies even if phase II studies had indicated high promise.
Obviously, each biologic accomplishes the expected biologic
effect, that is, to neutralize a cytokine or kill a cell, and
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