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Abstract

Systemic lupus erythematosus (SLE) is a chronic, heterogeneous autoimmune disease
characterized by multisystem involvement and substantial morbidity. Although survival
has improved over recent decades, disease burden remains considerable due to cumulative
organ damage, comorbidities, and treatment-related toxicity, particularly from long-term
glucocorticoid use. Advances in the understanding of SLE immunopathogenesis have led
to the development of targeted therapies. Currently approved agents include belimumab
and anifrolumab, while obinutuzumab has been approved for lupus nephritis and has also
demonstrated significant efficacy in phase III trials in SLE. Several additional agents are
in late-stage clinical development, including litifilimab (targeting plasmacytoid dendritic
cells), telitacicept and ianalumab (BAFF/APRIL and B-cell modulation), dapirolizumab
pegol (CD40L blockade), deucravacitinib and upadacitinib (TYK2/JAK inhibition), and
cenerimod (S1P11 modulation). This narrative review summarizes current phase III ev-
idence and emerging therapeutic strategies, highlighting the ongoing transition toward
precision medicine and individualized treatment approaches in SLE.

Keywords: systemic lupus erythematosus; lupus nephritis; biologic therapy; targeted
therapy; interferon; B cells; precision medicine

1. Introduction
Systemic lupus erythematosus (SLE) is a chronic, heterogeneous autoimmune dis-

ease characterized by dysregulated immune responses and multisystem involvement [1].
Despite improvements in survival over recent decades, patients continue to experience sub-
stantial morbidity due to disease flares, cumulative organ damage, and treatment-related
toxicity, particularly from prolonged glucocorticoid exposure. The clinical heterogeneity of
SLE, together with the complexity of its underlying immunopathogenesis, has historically
limited the development of effective targeted therapies [2].

Current management of SLE combines glucocorticoids, antimalarials, conventional
immunosuppressive agents, and biologic therapies according to disease severity and organ
involvement [3]. Hydroxychloroquine (HCQ) remains the cornerstone of treatment due
to its beneficial effects on flare prevention, long-term outcomes, and reduction in damage
accrual. Conventional immunosuppressive therapies, including methotrexate, azathioprine,
mycophenolate mofetil, cyclophosphamide, and calcineurin inhibitors, continue to play a
central role, particularly in organ-threatening disease such as lupus nephritis (LN) [4].
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Growing recognition of glucocorticoid-associated toxicity has led to increasing empha-
sis on steroid minimization strategies, rapid tapering protocols, and earlier introduction
of biologic therapies [3]. Current SLE management strategies advocate a treat-to-target
approach aiming to achieve remission according to the Definitions of Remission in SLE
(DORIS) criteria or, alternatively, lupus low disease activity state (LLDAS), while minimiz-
ing glucocorticoid exposure [5–7]. Recent recommendations for lupus nephritis from the
European Alliance of Associations for Rheumatology (EULAR) have similarly expanded
therapeutic strategies, supporting combination approaches and earlier use of targeted ther-
apies to improve renal outcomes and reduce glucocorticoid burden. These developments
have been accompanied by the approval of voclosporin as add-on therapy for active LN
and, more recently, obinutuzumab following positive phase III clinical trial results [4].

Advances in the understanding of key immunological pathways have led to the
development of novel therapeutic agents aimed at specific components of the immune
system [8]. Belimumab, targeting B-lymphocyte stimulator (B-lymphocyte stimulator/B-
cell activating factor, BLyS/BAFF), was the first biologic approved for SLE and subsequently
also for LN, while anifrolumab, targeting interferon alpha and beta receptor subunit 1
(IFNAR1), further expanded the therapeutic armamentarium for moderate-to-severe SLE.
Although rituximab failed to meet primary endpoints in randomized clinical trials, it has
remained widely used in refractory SLE and severe LN, supported by observational and
real-world evidence [8].

Given the expanding pipeline of targeted therapies and the diversity of mechanisms
under investigation, a structured overview of ongoing late-phase clinical development is
needed. In this context, the present review aims to systematically identify and summarize
recruiting phase III clinical trials in SLE, focusing on their mechanisms of action, study
populations, and primary endpoints. By organizing therapies according to pathogenic
pathways, this review highlights emerging strategies and underscores the transition toward
more precise, mechanism-based treatment approaches in SLE.

2. Search Methodology
A structured search of the ClinicalTrials.gov database was conducted on 30 November

2025 to identify phase III clinical trials in SLE using the keyword “systemic lupus ery-
thematosus.” The initial search yielded 1074 registered studies. After applying filters for
phase III interventional studies, 114 records were identified. Of these, 62 studies met the
eligibility criteria based on recruitment status, including 20 recruiting and 42 completed
studies. To focus on ongoing research activity, only recruiting studies were included in the
final analysis.

Studies were excluded if they evaluated conventional immunosuppressive therapies,
investigated non-pharmacological interventions, had an unclear or unspecified mechanism
of action, or assessed more than one investigational agent simultaneously. Two investigators
(D.P. and S.D.) independently screened the identified records for eligibility, with any
discrepancies resolved through consensus. After applying these criteria, 15 eligible phase
III interventional studies in SLE were included in the final analysis (n = 15). These studies
investigated nine distinct targeted agents (n = 9), which were subsequently grouped
according to their principal mechanisms of action (Figure 1).

For each included study, data were extracted on the investigational agent, mechanism
of action, ClinicalTrials.gov identifier (NCT number), study population, and primary end-
point. Agents were categorized into major mechanistic groups, including type I interferon
pathway inhibition, plasmacytoid dendritic cell targeting, B-cell-targeted therapies, cos-
timulatory pathway blockade, intracellular signaling inhibition (e.g., JAK/TYK2), and S1P
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receptor modulation. Classification was based on publicly available trial data and sup-
ported, when necessary, by published literature to ensure accurate mechanistic grouping.

Figure 1. Flow diagram of study selection. Flow diagram illustrating the identification and selection
of phase III clinical trials in SLE from the ClinicalTrials.gov database.

Following identification of phase III investigational agents, a targeted literature search
was performed to summarize the immunopathogenic pathways relevant to each therapeutic
target. Searches were conducted in PubMed/MEDLINE using combinations of drug names,
molecular targets, and SLE-related keywords. Boolean operators were used to link the
investigational molecules with terms such as “pathogenesis,” “pathophysiology,” and
“molecular mechanisms.” Priority was given to mechanistic studies, pivotal clinical trials,
and recent reviews linking each pathway to SLE pathogenesis. Extracted data were used to
support the pathway-based classification of therapies.

3. Pathogenesis as a Basis for Targeted Therapy
The pathogenesis of SLE is driven by a complex interplay between genetic predis-

position, epigenetic modifications, and environmental stressors, forming a multifaceted
“exposome” [9]. On a fertile background of genetic risk, environmental triggers—such as
ultraviolet (UV) light, silica exposure, and viral infections—are thought to initiate aberrant
immune activation [10]. For instance, the self-organized criticality theory hypothesizes
that repeated antigenic stimulation can push T-cell receptor engagement beyond a stability
limit, breaking existing immune anergy and generating autoreactive clones [11].

The transition from subclinical autoimmunity to overt clinical disease relies on a con-
tinuous, positive feed-forward loop between the innate and adaptive immune systems [9].
A key initiating step in this cascade is the impaired apoptosis and defective clearance of
cellular debris, which leads to an increased exposure of nuclear autoantigens [12]. This
accumulation of stimulatory self-nucleic acids activates plasmacytoid dendritic cells (pDCs)
and other innate sensors, resulting in sustained type I interferon (IFN-I) pathway activa-
tion [10,13]. IFN-I subsequently acts as a potent immune adjuvant that bridges innate and
adaptive responses by promoting B-cell differentiation, the expansion of age-associated B
cells (ABCs), and the survival of autoantibody-producing plasma cells [9,10]. Concurrently,
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dysregulated T-cell responses, aberrant co-stimulation, and altered intracellular kinase
signaling pathways further amplify and maintain this inflammatory network [14].

Recognizing these distinct molecular and cellular aberrations has provided the biolog-
ical rationale for the evolving landscape of targeted therapies [14,15]. To better understand
how recent phase 3 clinical trials intervene in this pathogenic cascade, the following sub-
sections will sequentially explore therapies targeting the activation of innate immunity and
the IFN-I axis, the dysregulation of the B-cell compartment, and the modulation of T-cell
co-stimulation alongside intracellular signal transduction (Figure 2).

Figure 2. Key immunopathogenic pathways in SLE and corresponding targeted therapies. Abbrevia-
tions: TLR, Toll-like receptor; pDC, plasmacytoid dendritic cell; IFN-I, Type I Interferon; JAK, Janus
kinase; TYK2, Tyrosine kinase 2; STAT, Signal transducer and activator of transcription; BAFF, B-cell
activating factor; APRIL, A proliferation-inducing ligand; TLS, Tertiary Lymphoid Structures; CD40L,
CD40 ligand; mTORC1, Mammalian target of rapamycin complex 1.

3.1. Innate Immune Activation and the Type I Interferon Kinship

Innate immune activation and the subsequent overproduction of IFN-I constitute the
primary pathogenic axis in SLE [16]. This chronic inflammatory state is initiated by the
abnormal accumulation of endogenous nucleic acids resulting from systemic clearance
defects [17]. Specifically, impaired phagocytosis of apoptotic debris and reduced nucle-
ase activity, involving enzymes such as DNase I and TREX1, lead to the persistence of
stimulatory self-DNA and RNA [18,19]. Furthermore, low-density granulocytes in SLE
exhibit a high propensity for NETosis, extruding decondensed chromatin, antimicrobial
peptides like LL-37, and interferogenic oxidized mitochondrial DNA [20,21]. These neu-
trophil extracellular traps (NETs) directly trigger pDCs and promote aberrant macrophage
inflammatory responses [17,21].

Recognition of these ligands occurs through diverse pattern recognition receptors
(PRRs). While pDCs produce vast amounts of IFN-alpha via endosomal TLR7/9 path-
ways, they may become functionally exhausted or inert as the disease progresses [22,23].
Consequently, non-haematopoietic sources, such as keratinocytes and renal tubular cells,
alongside other myeloid cells, increasingly contribute to local tissue IFN-I production [24].
Intracellularly, cytosolic sensors like cGAS-STING and RLR-MAVS further detect mitochon-
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drial and retroelement-derived nucleic acids, activating TBK1 and IRF3/7 transcription
factors [25,26].

Signaling through the heterodimeric IFN-I receptor (IFNAR) activates the canonical
JAK1-TYK2-STAT axis, leading to the induction of a characteristic “IFN signature” [27].
This transcriptional program correlates with autoantibody titers and specific complications
like lupus nephritis [28]. Genetic susceptibility is central to this process, as gain-of-function
polymorphisms in IRF5, TYK2, and STAT4 enhance either IFN-I production or cellular
sensitivity. Additionally, monogenic “type I interferonopathies” serve as clinical models
for how constitutive IFN-I activity drives SLE-like autoimmunity [25]. These insights have
led to the approval of anifrolumab for receptor blockade and the investigation of JAK
inhibitors and blood dendritic cell antigen 2 (BDCA2)-targeted therapies to modulate this
innate immune engine [29,30].

3.2. B-Cell Dysregulation and the BAFF/APRIL Axis

B-lineage cells are central drivers of SLE pathogenesis, functioning as autoantibody
producers, potent antigen-presenting cells (APCs), and sources of pro-inflammatory cy-
tokines [31]. A fundamental mechanism in the progression of the disease is epitope
spreading, where the immune response progressively expands to recognize additional
self-epitopes, a process fueled by B-cell-mediated antigen presentation to T cells [32]. This
diversification often originates in secondary lymphoid organs, where the failure of cen-
tral and peripheral tolerance checkpoints allows for the maturation of autoreactive B-cell
clones [33].

The survival and terminal differentiation of these cells are governed by the BAFF/APRIL
axis [34]. BAFF and a proliferation-inducing ligand (APRIL) signal through three receptors-
BAFF-R, transmembrane activator and calcium-modulator and cyclophilin ligand interactor
(TACI), and B-cell maturation antigen (BCMA)-with distinct stage-specific expressions [35].
Elevated serum BAFF levels are associated with increased anti-dsDNA titers and disease
activity, while APRIL plays a unique role in supporting long-lived plasma cells (LLPCs)
and inducing antibody production, particularly IgA [36,37]. In SLE, this axis facilitates the
expansion of polyreactive memory B cells, especially those utilizing the IGHV4-34 gene,
which is further promoted by type I interferon signaling [38].

The functional balance within the B-cell compartment is severely compromised in
SLE, characterized by a “post-activated” phenotype and an imbalance between effector B
cells (Beff) and regulatory B cells (Breg) [39]. Excess BAFF drives the differentiation of pro-
inflammatory Beff cells (producing IL-6 and IFN-gamma) while impairing the suppressive
capacity of IL-10-producing Bregs [40]. This dysregulation also contributes to accelerated
atherosclerosis, where B2 cells exhibit pro-atherogenic effects in contrast to the protective
role of B1 cell-derived natural IgM [41].

Furthermore, persistent inflammation and antigen exposure lead to the formation of
tertiary lymphoid structures (TLS) in target organs such as the skin and kidney [32,42].
These ectopic niches support in situ B-cell activation and epitope diversification, often
rendering autoreactive clones resistant to systemic B-cell depletion therapies. These insights
provide the rationale for moving beyond pan-B-cell depletion towards strategies targeting
specific nodes, such as BAFF inhibition or dual BAFF/APRIL blockade, to simultaneously
address the mature B-cell pool and the resilient plasma cell reservoir [33,34]. In addition
to BAFF/APRIL signaling, other B-cell regulatory pathways contribute to SLE pathogen-
esis. CD22 acts as an inhibitory co-receptor that attenuates B-cell receptor signaling and
promotes immune tolerance [43]. TLR7 is an endosomal innate immune receptor that rec-
ognizes single-stranded RNA and contributes to disease development through activation
of autoreactive B cells, promotion of autoantibody production, and induction of type I
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interferon responses [44]. Together, these pathways further underscore the complexity of
B-cell regulation in SLE.

3.3. T-Cell Co-Stimulation and Intracellular Signal Transduction

T-cell hyperactivation and the resulting imbalance between pro-inflammatory (Th1,
Th17, Tfh) and regulatory (Treg) subsets are fundamental to the pathogenesis of SLE [45].
This dysfunction is maintained through aberrant co-stimulatory signals and the dysreg-
ulation of intracellular signaling cascades, which orchestrate the sustained autoimmune
response [46].

A primary driver of this T-cell-dependent B-cell activation is the CD40–CD154 (CD40L)
axis [47]. CD154 is persistently overexpressed on SLE T-cells, facilitating the terminal
differentiation of B-cells into autoantibody-producing plasma cells and promoting local
inflammation in organs like the kidney [48]. While first-generation anti-CD154 antibodies
caused thromboembolic complications, second-generation agents like dapirolizumab pegol
and the antagonistic anti-CD40 antibody iscalimab are showing safety and efficacy in
clinical trials [49,50].

Intracellularly, the Janus kinase/signal transducer and activator of transcription (JAK-
STAT) pathway plays a critical role in translating cytokine signals into pathogenic gene
expression [51]. Aberrant activation of STAT1 and STAT3 is associated with increased
disease activity and Th17 differentiation, while STAT5 phosphorylation patterns correlate
with CD4+ T-cell lymphopenia and homeostatic proliferation [52]. Selective tyrosine kinase
2 (TYK2) inhibition has emerged as a promising strategy to block type I interferon and
IL-12/23 signaling while uniquely preserving IL-2-mediated Treg cell function [53].

The metabolic state of T-cells is further governed by the mammalian target of ra-
pamycin (mTOR) pathway [54]. mTORC1 hyperactivation is linked to the expansion of
pathogenic double-negative (DN) T-cells and the inhibition of autophagy, contributing
to oxidative stress and tissue damage [54]. Similarly, the non-canonical NF-kB pathway,
regulated by NIK, modulates T-cell differentiation and has been implicated in the loss of
self-tolerance [55]. T-cell intrinsic regulators, such as IRF5, further fine-tune this balance,
potentially driving the shift from Th2 toward Th1/Th17 responses [56].

Finally, T-cell dysfunction is reinforced by diverse post-translational modifications
(PTMs) [57]. SLE T-cells exhibit increased TCR-zeta chain ubiquitination leading to signal-
ing defects, altered protein phosphorylation by PP2A, and changes in core fucosylation
that affect T-B cell synaptic interactions [57]. These multifaceted intracellular aberrations
provide the rationale for emerging “immune reset” therapies, including CD19-targeted
Chimeric antigen receptor (CAR) T-cells and T-cell engagers (TCEs), aimed at eradicating
the autoreactive reservoir and restoring long-term tolerance [45,58].

4. Results
The identified phase III clinical trials were grouped according to the predominant im-

munopathogenic pathway targeted by each therapeutic agent, allowing a pathway-oriented
overview of emerging treatment strategies in SLE and LN. The main characteristics of the
included molecules, trial populations, and primary efficacy endpoints are summarized in
Table 1.

4.1. Drugs Targeting Type I Interferons

Anifrolumab is a human monoclonal antibody targeting IFNAR1. Its efficacy and
safety were initially demonstrated in the phase II MUSE trial and subsequently confirmed
in the pivotal phase III TULIP-1 and TULIP-2 studies, which led to its regulatory approval
for the treatment of moderate-to-severe SLE [59,60]. Long-term extension (LTE) studies
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have further supported the durability of response and an acceptable safety profile over
time [61]. In addition to the original intravenous formulation, a subcutaneous formulation
of anifrolumab has also been approved by the US Food and Drug Administration, offering
an alternative route of administration. Ongoing phase III trials are further extending the
evaluation of anifrolumab [62].

The ongoing IRIS trial (NCT05138133) is a randomized, double-blind, placebo-
controlled phase III study evaluating anifrolumab in adults with active proliferative lupus
nephritis receiving standard-of-care therapy with mycophenolate mofetil (MMF) and glu-
cocorticoids [63]. Eligible patients have biopsy-confirmed Class III or IV lupus nephritis,
with or without concomitant Class V, according to the 2003 ISN/RPS classification, with a
renal biopsy obtained within 6 months prior to enrolment or during screening. The primary
endpoint is complete renal response (CRR), defined by a urine protein-to-creatinine ratio
(UPCR) ≤ 0.5 mg/mg, an estimated glomerular filtration rate (eGFR) ≥ 60 mL/min/1.73 m2

or no decrease from baseline of ≥20%, and no requirement for rescue therapy. Key sec-
ondary endpoints include partial renal response, time to renal response, glucocorticoid
tapering, and changes in extrarenal disease activity.

In parallel, the BLOSSOM trial (NCT05835310) is a phase III, randomized, double-blind,
placebo-controlled study evaluating anifrolumab in children and adolescents aged 5 to
<18 years with active systemic lupus erythematosus receiving standard-of-care therapy [64].
The study is designed to assess efficacy over a 52-week treatment period, with the primary
endpoint defined as the BILAG-based Composite Lupus Assessment (BICLA) response.
Key secondary endpoints include SLEDAI-based measures of disease activity, flare rates,
glucocorticoid reduction, and patient-reported outcomes, alongside comprehensive safety
and tolerability assessments. Stratification factors include baseline disease activity and
background therapy. By extending evaluation to pediatric SLE-a population characterized
by more severe disease and earlier organ damage-this trial addresses a critical gap in the
evidence base for biologic therapies in younger patients.

4.2. Plasmacytoid Dendritic Cell Targeting

pDCs are a key source of type I interferons in SLE and cutaneous lupus erythemato-
sus (CLE), contributing to immune activation and tissue inflammation. Litifilimab is a
humanized IgG1 monoclonal antibody targeting BDCA2, a receptor uniquely expressed on
pDCs [65]. Engagement of BDCA2 suppresses the production of type I interferons as well
as downstream cytokines and chemokines implicated in lupus pathogenesis.

The efficacy and safety of litifilimab in SLE are being evaluated in two pivotal phase
III randomized, double-blind, placebo-controlled trials, TOPAZ-1 and TOPAZ-2, assessing
subcutaneous administration in adults with active SLE on background standard-of-care
therapy [66]. The primary endpoint is SLE Responder Index-4 (SRI-4) at Week 52, with key
secondary endpoints including Joint-50 response, glucocorticoid tapering, organ-specific
disease activity measures, and safety.

The AMETHYST trial (NCT05531565) is a phase III, randomized, double-blind,
placebo-controlled study evaluating litifilimab in patients with CLE, with or without
concomitant systemic lupus erythematosus, receiving standard-of-care therapy [67]. Eli-
gible participants have histologically confirmed CLE either prior to enrolment or during
screening. The study comprises two parts with distinct primary endpoints: in Part A,
the proportion of patients achieving a Cutaneous Lupus Activity-Investigator’s Global
Assessment-Revised (CLA-IGA-R) erythema score of 0 or 1 at Week 16, and in Part B, the
proportion achieving a ≥70% reduction in the Cutaneous Lupus Erythematosus Disease
Area and Severity Index activity score (CLASI-70) from baseline.
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4.3. B-Cell and Plasma Cell Targeting

B cells play a central role in the pathogenesis of SLE through autoantibody production,
antigen presentation, and cytokine secretion. Therapeutic strategies aim to disrupt B-cell
function either through direct depletion via surface markers such as CD20 or through
modulation of survival and differentiation pathways, including BLyS/BAFF, APRIL, and
their receptors such as transmembrane activator and calcium modulator and cyclophilin
ligand interactor (TACI) [68].

Obinutuzumab is a humanized type II anti-CD20 monoclonal antibody with enhanced
antibody-dependent cellular cytotoxicity compared with rituximab, resulting in more
potent B-cell depletion [69]. While randomized trials of rituximab did not demonstrate
significant benefit in lupus nephritis, obinutuzumab has shown consistent efficacy across
clinical studies. In the phase II NOBILITY trial, obinutuzumab added to standard-of-
care therapy with MMF and glucocorticoids resulted in higher rates of complete renal
response (CRR) at Week 52 compared with placebo [70]. These findings were confirmed
in the phase III REGENCY trial, which demonstrated a significant improvement in CRR
without new safety signals. Based on these data, obinutuzumab received US Food and
Drug Administration approval in 2025 for the treatment of active lupus nephritis [71].
Beyond renal disease, the ALLEGORY trial in systemic lupus erythematosus without active
lupus nephritis has also reported positive results, supporting its efficacy in reducing global
disease activity [72].

Ongoing studies are further evaluating its role, including the OBILUP trial
(NCT04702256), which is designed to assess whether a glucocorticoid-free regimen of
obinutuzumab in combination with MMF is non-inferior to a standard regimen including
oral corticosteroids and MMF in achieving complete renal response at Week 52 without
exceeding a prespecified corticosteroid dose [73]. This study addresses the feasibility of
minimizing or avoiding oral glucocorticoids in the induction treatment of lupus nephritis,
an approach that may represent a shift in therapeutic strategy if confirmed in randomized
controlled settings.

Telitacicept is a recombinant TACI-Fc fusion protein that targets TACI, acting as a
dual inhibitor of BLyS/BAFF and APRIL [74]. By simultaneously neutralizing these key
survival factors, telitacicept suppresses B-cell maturation, differentiation into plasma cells,
and autoantibody production, thereby modulating a central pathogenic pathway in SLE.
This dual blockade distinguishes telitacicept from selective BAFF inhibitors by additionally
targeting APRIL-driven plasma cell survival. Telitacicept has been approved in China since
2021 for the treatment of SLE [75].

Clinical efficacy has been supported by phase IIb data, in which telitacicept demon-
strated significantly higher SLE Responder Index-4 (SRI-4) response rates at Week 48
compared with placebo. The efficacy and safety of telitacicept are being further evaluated
in the phase III REMESLE-1 trial, a global, randomized, double-blind, placebo-controlled
study in patients with moderate-to-severe SLE, with SRI-4 response at Week 48 as the
primary endpoint [76]. At the time of the ClinicalTrials.gov search, a planned phase III
study, REMESLE-2 (NCT06456567), was recruiting and therefore met the inclusion criteria.
However, the study was subsequently withdrawn prior to enrolment [77].

Ianalumab is a human monoclonal antibody targeting the BAFF receptor, combining
inhibition of BAFF-mediated signaling with direct B-cell depletion [78]. By blocking
BAFF receptor engagement, ianalumab reduces B-cell survival and autoreactive immune
responses, thereby targeting a central pathway in SLE pathogenesis. This mechanism
distinguishes it from belimumab, which selectively neutralizes soluble BAFF without
inducing B-cell depletion.
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The efficacy and safety of ianalumab are being evaluated in two phase III trials,
SIRIUS-SLE 1 (NCT05639114) and SIRIUS-SLE 2 (NCT05624749), in patients with moderate-
to-severe SLE, with SLE Responder Index-4 (SRI-4) as the primary endpoint [79,80]. In
parallel, the SIRIUS-LN trial (NCT05126277) is assessing its role in patients with active lupus
nephritis, with stable complete renal response as the primary outcome [81]. Long-term
safety and tolerability are being evaluated in the SIRIUS-SLE LTE study (NCT06133972),
focusing on treatment-emergent and serious adverse events [82].

4.4. Co-Stimulation Blockade

Dapirolizumab pegol is a polyethylene glycol–conjugated antigen-binding fragment
targeting CD40 ligand (CD40L), designed to inhibit the CD40–CD40L interaction, a crit-
ical co-stimulatory pathway in SLE pathogenesis [83]. In the phase III PHOENYCS GO
trial, a multicenter, randomized, double-blind, placebo-controlled study, patients with
moderate-to-severe SLE receiving dapirolizumab pegol in addition to standard-of-care
therapy achieved significantly higher BICLA response rates at Week 48 compared with
placebo, with a safety profile consistent with previous studies [84].

The ongoing phase III PHOENYCS FLY trial (NCT06617325) is further evaluating its
efficacy and safety in patients with moderate-to-severe SLE, with achievement of BICLA
response at Week 48 as the primary endpoint [85].

4.5. Intracellular Signaling Pathway Inhibition

Deucravacitinib is an oral, selective, allosteric inhibitor of TYK2, a member of the Janus
kinase family that mediates signaling downstream of cytokines central to SLE pathogenesis,
including type I interferons, interleukin-12, and interleukin-23 [86]. By binding to the
regulatory (pseudokinase) domain of TYK2, deucravacitinib achieves selective inhibition
distinct from conventional Janus kinase inhibitors, thereby modulating immune responses
implicated in SLE. Its efficacy was demonstrated in the phase II PAISLEY trial, which met
its primary and key secondary endpoints in patients with active SLE [87].

The efficacy and safety of deucravacitinib are being evaluated in two phase III, ran-
domized, double-blind, placebo-controlled trials, POETYK SLE-1 (NCT05617677) and
POETYK SLE-2 (NCT05620407), in patients with active SLE receiving standard-of-care
therapy [88,89]. Both studies assess SLE Responder Index-4 (SRI-4) response at Week 52
as the primary endpoint and incorporate protocol-defined glucocorticoid tapering strate-
gies, with secondary endpoints including changes in organ-specific disease activity and
safety outcomes.

Upadacitinib is an oral Janus kinase (JAK) inhibitor that modulates immune responses
by targeting the JAK–STAT signaling pathway, which is implicated in the pathogenesis of
SLE [90]. The phase II SLEek study demonstrated that upadacitinib 30 mg daily, alone or in
combination with elsubrutinib, significantly improved SLE disease activity and reduced
flares over 48 weeks, with a favourable safety profile [91]. These findings were further
supported by a long-term extension study demonstrating sustained efficacy and acceptable
safety through 104 weeks [92]. The phase III SELECT-SLE trial (NCT05843643) is currently
evaluating the efficacy and safety of upadacitinib in patients with moderate-to-severe SLE,
with achievement of a BICLA response as the primary endpoint [93].

4.6. Immune Trafficking and S1P1 Modulation

Modulation of immune cell trafficking has emerged as a novel therapeutic strategy
in SLE. Sphingosine-1-phosphate receptor 1 (S1P1) modulators act by retaining circulat-
ing lymphocytes within lymphoid tissues, thereby limiting the migration of potentially
pathogenic immune cells to target organs [94]. This mechanism reduces peripheral immune
activation without directly depleting immune cells. The clinical relevance of this pathway

https://doi.org/10.3390/app16136458

https://doi.org/10.3390/app16136458


Appl. Sci. 2026, 16, 6458 10 of 19

is supported by the efficacy of the non-selective S1P receptor modulator fingolimod in
relapsing forms of multiple sclerosis [95].

Cenerimod is a potent and selective S1P1 receptor modulator designed to reduce
lymphocyte egress and modulate immune responses in SLE. Its efficacy and safety are being
evaluated in two phase III trials, OPUS-1 (NCT05648500) and OPUS-2 (NCT05672576), in
patients with SLE receiving standard-of-care therapy [96,97]. Both studies are randomized,
double-blind, placebo-controlled trials, with SLE Responder Index-4 (SRI-4) response at
Month 12 as the primary endpoint.

4.7. Patient-Reported Outcomes

Patient-reported outcomes (PROs) were incorporated in 12 of the 15 identified phase
III studies, reflecting the growing emphasis on patient-centered assessment in SLE clinical
research. The most frequently included PRO was fatigue, evaluated using the Functional
Assessment of Chronic Illness Therapy–Fatigue (FACIT-Fatigue) instrument in six trials [98].
Health-related quality of life (HRQoL) measures included the 36-Item Short Form Health
Survey (SF-36v2 and SF-36 domains), the Pediatric Quality of Life Inventory (PedsQL), the
EuroQol 5-Dimension Questionnaire (EQ-5D), the Cutaneous Lupus Erythematosus Quality
of Life questionnaire (CLE-QoL), and the Dermatology Life Quality Index (DLQI) [99–103].
Additional patient-centered measures assessed symptom burden, including pain and itch
Numerical Rating Scales (NRS), as well as treatment adherence through the Medication
Adherence Self-Report Inventory (MASRI) [104].

Table 1. Phase III targeted therapies in systemic lupus erythematosus (SLE) and lupus nephritis (LN),
grouped by pathogenic pathway.

Trial (NCT) Pathogenic
Pathway Molecule Mechanism of

Action Population Primary
Endpoint

Patient-Reported
Outcomes (PROs) References

1 IRIS
(NCT05138133)

Type I
interferon
signaling

Anifrolumab
Anti-IFNAR1
monoclonal

antibody

Active proliferative
lupus nephritis

(LN)

Complete
Renal Response

(CRR)

SF-36v2,
FACIT-Fatigue [61]

2 BLOSSOM
(NCT05835310) Pediatric SLE BICLA

response PedsQL [62]

3 AMETHYST
(NCT05531565)

Plasmacytoid
dendritic cells

(pDCs)
Litifilimab

Anti-BDCA2
monoclonal

antibody
CLE ± SLE

CLASI-70;
CLASI-IGA-R

0/1

CLE-QoL, DLQI, pain
NRS, itch NRS [65]

4 OBILUP
(NCT04702256)

B cells and
plasma cells Obinutuzumab

Anti-CD20
monoclonal

antibody
LN (≥14 years)

Complete
Renal Response

(CRR)
EQ-5D, MASRI [71]

5 REMESLE-2
(NCT06456567) Telitacicept

TACI-Fc fusion
protein

(BAFF/APRIL
inhibition)

Moderate–severe
SLE SRI-4 FACIT-Fatigue [75]

6 SIRIUS-SLE 1
(NCT05639114) Ianalumab

Anti-BAFF receptor
monoclonal

antibody
SLE SRI-4 SF-36 Bodily Pain

response [77]

7 SIRIUS-SLE 2
(NCT05624749) SLE SRI-4 SF-36 Bodily Pain

response [78]

8 SIRIUS-LN
(NCT05126277) Active LN Stable CRR FACIT-Fatigue [79]

9
SIRIUS-SLE

LTE
(NCT06133972)

SLE Safety
(TEAEs/SAEs) NR [80]

10
PHOENYCS

FLY
(NCT06617325)

Co-stimulation
blockade

Dapirolizumab
pegol

Anti-CD40L
monoclonal

antibody

Moderate–severe
SLE

BICLA at Week
48 FACIT-Fatigue [83]
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Table 1. Cont.

Trial (NCT) Pathogenic
Pathway Molecule Mechanism of

Action Population Primary
Endpoint

Patient-Reported
Outcomes (PROs) References

11 POETYK SLE-1
(NCT05617677)

Intracellular
signaling
pathways

Deucravacitinib Selective TYK2
inhibitor Active SLE SRI-4 at Week

52 FACIT-Fatigue [86]

12 POETYK SLE-2
(NCT05620407) Active SLE SRI-4 at Week

52 FACIT-Fatigue [87]

13 SELECT-SLE
(NCT05843643) Upadacitinib Selective JAK1

inhibitor
Moderate–severe

SLE
BICLA

response

FACIT-Fatigue,
Lupus Pain-NRS,

SF-36 PCS
[91]

14 OPUS-1
(NCT05648500) Cenerimod S1P1 receptor

modulator SLE SRI-4 at
Month 12 NR [94]

15 OPUS-2
(NCT05672576) SLE SRI-4 at

Month 12 NR [95]

Abbreviations: SLE: systemic lupus erythematosus; LN: lupus nephritis; CLE: cutaneous lupus erythematosus;
IFNAR1: interferon-α receptor 1; BAFF: B-cell activating factor; APRIL: a proliferation-inducing ligand; S1P1:
sphingosine-1-phosphate receptor 1; TYK2: tyrosine kinase 2; JAK: Janus kinase; CRR: complete renal response;
SRI-4: Systemic Lupus Erythematosus Responder Index-4; BICLA: BILAG-based Composite Lupus Assessment;
BILAG: British Isles Lupus Assessment Group; CLASI: Cutaneous Lupus Erythematosus Disease Area and
Severity Index; CLA-IGA-R: Cutaneous Lupus Activity–Investigator’s Global Assessment–Revised; TEAEs:
treatment-emergent adverse events; SAEs: serious adverse events; SF-36v2: Short Form-36 Version 2; PCS:
Physical Component Summary; FACIT-fatigue: Functional Assessment of Chronic Illness Therapy-Fatigue;
PedsQL Generic Core (Physical Functioning Domain) as part of the PRINTO/ACR childhood-onset SLE responder
definition; CLE-QoL: Cutaneous Lupus Erythematosus Quality of Life; DLQI: Dermatology Life Quality Index;
pain NRS: Numerical Rating Scale (NRS) for Pain in Skin Rash; NRS for Itch in Skin Rash; EQ-5D: EuroQol
5-Dimension Questionnaire, MASRI: Medication Adherence Self-Report Inventory; Lupus Pain-NRS: Lupus Pain
Numerical Rating Scale (NRS); NR: Not Reported.

5. Strengths and Limitations
This review offers a multi-dimensional synthesis of the evolving targeted therapy land-

scape in SLE, bridging the gap between intricate molecular immunopathology—specifically
the IFN-I axis, B-cell dysregulation, and intracellular signaling cascades—and the evidence
generated by late-phase clinical development. A primary strength of this work is the sys-
tematic identification of Phase 3 clinical trials via the ClinicalTrials.gov database, providing
a forward-looking framework that captures the transition toward precision medicine as of
late 2025. By organizing investigational agents according to their specific pathogenic nodes-
ranging from pDC inhibition to selective TYK2/JAK modulation—this review provides
clinicians and researchers with a contemporary map of the most transformative era in lupus
therapeutics. Furthermore, the detailed integration of B-T cell co-stimulatory dynamics
and post-translational modifications provides a robust biological context for understanding
the varying success of “immune reset” strategies.

Despite these strengths, several methodological and inherent limitations must be ac-
knowledged. First, a significant limitation of our methodology is the restriction of the search
to English-language publications and registries. Given the substantial body of seminal
work and large-scale cohort data originating from East Asian and other global populations
where SLE prevalence and severity are high, the exclusion of non-English literature may
introduce a geographic bias, potentially omitting localized clinical insights or regional
management protocols. Secondly, although the search was structured in its execution, this
remains a narrative review. The inherent heterogeneity of the SLE literature—characterized
by diverse trial endpoints (e.g., SRI-4 vs. BICLA vs. CRR) and varying background
standard-of-care regimens—precluded the performance of a formal meta-analysis or a
universal quality appraisal of all cited trial data. Furthermore, the search was restricted
to ClinicalTrials.gov and may not have captured studies registered exclusively in regional
trial registries, potentially resulting in omission of relevant investigational programs.
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The clinical evidence is further constrained by the phenotypic diversity of SLE. Many
diagnostic and therapeutic conclusions are drawn from populations with specific organ in-
volvement, which may limit their generalizability; for instance, responses in lupus nephritis
may follow different biological trajectories compared with cutaneous or neuropsychiatric
manifestations. Additionally, as noted in our discussion of B-cell therapies, the “clinical
trial paradox”-where agents like rituximab show real-world utility despite failing primary
endpoints in randomized controlled trials (RCTs)-highlights the ongoing difficulty in align-
ing biological rationale with rigid trial designs. Moreover, the reliance on registry data
restricts the depth of long-term safety and subgroup analyses, particularly for newer classes
of agents such as S1P1 modulators and allosteric TYK2 inhibitors, where the full extent
of “off-target” effects or durable remission remains to be established in broader clinical
practice. Finally, as many of the identified phase III studies are still ongoing, the long-term
efficacy and safety of several investigational agents remain to be fully established upon
completion of these trials.

6. Future Perspectives
The treatment paradigm in SLE is rapidly shifting toward precision medicine and

mechanism-based interventions aimed at restoring immune homeostasis. Advances in
high-dimensional immunophenotyping and biomarker-driven stratification are enabling
the alignment of targeted therapies with individual disease endotypes, moving beyond
broad, non-selective immunosuppression.

The therapeutic landscape is also expanding toward cellular immunotherapies, par-
ticularly CAR T-cell approaches targeting autoreactive B cells [105]. Early-phase studies
of CD19-directed CAR T-cell therapy have demonstrated the potential to induce deep im-
munological remission and prolonged “immune reset” in patients with refractory SLE [106].
Complementing these cellular advances, bispecific TCEs have emerged as a promising
“off-the-shelf” alternative for refractory autoimmune disease [107]. These agents redirect
T-cell cytotoxicity by simultaneously binding CD3 on T cells and B-cell antigens such as
CD19 or BCMA [108]. CD19-directed TCEs, including blinatumomab and A-319, have
shown rapid and profound B-cell depletion with subsequent “autoimmune reset” in severe
SLE [109], while BCMA-targeted therapies such as teclistamab may eliminate long-lived
plasma cells that often escape CD20-directed depletion [107]. Although early clinical data
suggest that TCEs can induce remission and normalize serological biomarkers, including
anti-dsDNA antibodies and complement levels, the risk of cytokine release syndrome
requires careful safety monitoring and inpatient management [108].

Together, these developments may accelerate the transition toward earlier, more
individualized use of biologic and targeted therapies in SLE.

7. Conclusions
The therapeutic landscape of systemic lupus erythematosus is undergoing a signifi-

cant transformation, with multiple targeted agents demonstrating efficacy across distinct
immunological pathways. Beyond established therapies targeting the type I interferon
and BAFF axes, newer strategies—including plasmacytoid dendritic cell inhibition, co-
stimulation blockade, intracellular signaling modulation, and immune trafficking via S1P1

modulation—are expanding the range of potential treatment options.
These developments reflect a shift toward mechanism-based and potentially more

individualized treatment approaches, with several agents showing promise in reducing
disease activity, limiting organ damage, and enabling glucocorticoid-sparing strategies.
Notably, the emergence of therapies targeting B-cell function more precisely, as well as
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approaches aiming to modulate immune cell trafficking, may address unmet needs in
patients with refractory or organ-threatening disease.

Despite these advances, challenges remain, including the need for better patient
stratification, harmonization of clinical endpoints, and long-term safety data. Future re-
search should focus on identifying predictive biomarkers, optimizing treatment sequencing,
and evaluating combination or personalized therapeutic strategies. Collectively, ongoing
phase III trials are expected to further refine the role of targeted therapies and support the
transition toward precision medicine in SLE.
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Abbreviations
The following abbreviations are used in this manuscript:

ABC Age-associated B cell
APC Antigen-presenting cell
APRIL A proliferation-inducing ligand
BAFF B-cell activating factor
BAFF-R B-cell activating factor receptor
BCMA B-cell maturation antigen
BDCA2 Blood dendritic cell antigen 2
Beff Effector B cell
BICLA BILAG-based Composite Lupus Assessment
BILAG British Isles Lupus Assessment Group
BLyS B-lymphocyte stimulator
Breg Regulatory B cell
CAR Chimeric antigen receptor
CD40L/CD154 CD40 ligand
cGAS-STING cyclic GMP–AMP synthase–stimulator of interferon genes
CLA-IGA-R Cutaneous Lupus Activity–Investigator’s Global Assessment–Revised
CLASI Cutaneous Lupus Erythematosus Disease Area and Severity Index
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CLE Cutaneous lupus erythematosus
CLE-QoL Cutaneous Lupus Erythematosus Quality of Life questionnaire
CRR Complete renal response
DLQI Dermatology Life Quality Index
DORIS Definitions of Remission in Systemic Lupus Erythematosus
eGFR Estimated glomerular filtration rate
EQ-5D EuroQol 5-Dimension Questionnaire
EULAR European Alliance of Associations for Rheumatology
FACIT-Fatigue Functional Assessment of Chronic Illness Therapy–Fatigue
HCQ Hydroxychloroquine
HRQoL Health-related quality of life
IFN-I Type I interferon
IFNAR1 Interferon alpha and beta receptor subunit 1
IgA Immunoglobulin A
IgG1 Immunoglobulin G1
IL Interleukin
IRF Interferon regulatory factor
ISN/RPS International Society of Nephrology/Renal Pathology Society
JAK Janus kinase
LLDAS Lupus low disease activity state
LLPC Long-lived plasma cell
LN Lupus nephritis
MAVS Mitochondrial antiviral-signaling protein
MMF Mycophenolate mofetil
mTOR Mammalian target of rapamycin
mTORC1 Mammalian target of rapamycin complex 1
NCT National Clinical Trial number
NETs Neutrophil extracellular traps
NF-κB Nuclear factor kappa B
NIK NF-κB-inducing kinase
pDC Plasmacytoid dendritic cell
PedsQL Pediatric Quality of Life Inventory
PRR Pattern recognition receptor
PTM Post-translational modification
RCT Randomized controlled trial
RLR RIG-I-like receptor
S1P1 Sphingosine-1-phosphate receptor 1
SAE Serious adverse event
SF-36v2 36-Item Short Form Health Survey
SLE Systemic lupus erythematosus
SRI-4 Systemic Lupus Erythematosus Responder Index-4
STAT Signal transducer and activator of transcription

TACI
Transmembrane activator and calcium-modulator and cyclophilin ligand
interactor

TBK1 TANK-binding kinase 1
TCE T-cell engager
TCR T-cell receptor
TEAE Treatment-emergent adverse event
Tfh T follicular helper cell
Th T helper cell
TLR Toll-like receptor
TLS Tertiary lymphoid structure
Treg Regulatory T cell
TREX1 Three prime repair exonuclease 1
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TYK2 Tyrosine kinase 2
UPCR Urine protein-to-creatinine ratio
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