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Abstract

Introduction—While immunosuppressive therapy has positively impacted the prognosis of 

systemic lupus erythematosus (SLE), many patients still do not respond to traditional therapy. 

Thus, active SLE disease remains a significant problem. Furthermore, conventional 

immunosuppressive treatments for SLE are associated a high risk of side effects. These issues call 

for improvement in our current therapeutic armamentarium.

Areas covered—In this review, the authors highlight the recent developments in therapies for 

SLE, and present an overview of drugs which are in early clinical development for SLE. There are 

many new therapeutic approaches being developed, including those focused on B-cell targets, T-

cell downregulation, co-stimulatory blockade, anti-cytokine agents, and kinase inhibition, and 

Toll-like receptor inhibition. They also discuss peptide therapy as a potential method to re-

establish immune tolerance, and some of the challenges ahead in developing and testing novel 

agents for SLE.

Expert opinion—Many novel agents are currently in development for SLE, but this encouraging 

news is tempered by several disappointments in clinical trials and provides a timely moment to 

reflect on the future of therapeutic development in SLE. It seems likely that biological 

heterogeneity between patients is a major contributor to difficulty in drug design in SLE.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic relapsing and remitting autoimmune 

disease (1,2). SLE is characterized by cytokine dysregulation, polyclonal B-cell activation, 

autoantibody production, and increased immune complex formation due to aberrations 
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involving hyperactive B-cells, T-cells, and cells of the monocytic lineage (1,2). Due to 

earlier diagnosis and better treatment options, the prognosis has markedly improved in the 

last decades. The 5-year survival of SLE patients has exceeded 90% in most centers. Despite 

that, there is still a 4.6-fold increased mortality in SLE-affected individuals as compared 

with the general population (3). The morbidity and mortality related to the disease, 

especially renal failure and cardiovascular events, are still considered an important issue and 

there is a large unmet need for therapeutics to effectively control the condition (3). 

Therefore, it is important to facilitate the development of drugs that have the potential to be 

more effective and/or less toxic.

Current treatment options include the use of corticosteroids, hydroxychloroquine and other 

immunosuppressive medications (e.g. azathioprine, mycophenolate, methotrexate, and 

cyclophosphamide) (4). More recently, belimumab was approved by the FDA for the 

treatment of SLE (5). In recent years, new treatment strategies have been developed based 

on the advanced knowledge of the pathogenesis of SLE, in particular treatments have been 

designed which target specific immune system molecules (2). Given the prominent 

autoantibody production in SLE, B cells have been a cellular therapeutic target. In addition 

to autoantibody production, B cells are the key for the activation of the immune system, 

particularly through cytokines and as antigen-presenting cells. T cells are also critical to the 

autoimmune response, and B cells are typically activated in a T-cell dependent manner (2). 

Cytokines are important messenger molecules in the immune system, and modulation of 

pro-inflammatory cytokines has been attempted in SLE. The paradigm of cytokine blockade 

has been very successful in other autoimmune and inflammatory conditions such as 

rheumatoid arthritis and psoriasis. There are a number of anti-cytokine agents in the pipeline 

for SLE, and the utility of this strategy in SLE has yet to be proven. Endosomal toll-like 

receptors (TLRs) are expressed on dendritic cells and other innate immune cells, and can be 

triggered by the immune complexes produced in lupus. This results in inflammatory 

cytokine production, and there are a number of agents targeting immune complexes, TLRs, 

and dendritic cells.

Given the heterogeneity and complexity of SLE, the pathway to successful drug 

development in SLE to date remains uncertain. In fact, a number of phase III trials in SLE 

have not met their primary endpoint. Despite these issues, a large amount of early stage drug 

development for SLE is currently taking place. A search of the ClinicalTrials.gov online trial 

registry for SLE trials returns hundreds of hits; with many drugs in early phase development 

that collectively target a wide range of different pathways. It seems likely that this continued 

enthusiasm for drug development in SLE reflects the large unmet therapeutic need. This 

review will highlight some recent developments in SLE drug development, in particular 

drugs in early stage of development, and we will discuss the strategies behind the various 

therapeutic interventions.

2. Conventional SLE therapy

We currently have a limited understanding of the pathogenesis of SLE. This lack of 

understanding means that we are not able to predict SLE flares or response to treatment, or 

to quantify the biological heterogeneity of the patient population that contributes to this 
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heterogeneity in clinical severity and response to treatment. The majority of treatments is 

still broadly immunosuppressive in action and, hence, carries a significant risk of adverse 

effects (6,7).

Current SLE treatment includes corticosteroids, anti-malarial agents (mainly 

hydroxychloroquine), and cytotoxic immunosuppressive agents (7–9). Anti-malarials are 

one of the main treatments applied in SLE, and are recommended for most patients. 

Hydroxychloroquine has been shown to decrease the probability of flares, the accrual of 

damage, and the occurrence of vascular and thrombotic events in SLE patients (10, 11). 

Hydroxychloroquine has also been shown to facilitate the response to other agents in SLE 

patients with renal involvement and influence cholesterol levels (10, 11) and has been shown 

to be effective in the treatment of mucocutaneous and musculoskeletal manifestations as 

well (6). Corticosteroids are still frequently used to treat SLE, but the biologic effects of 

corticosteroids are multiple, affecting all tissues, and side-effects are common (8). While 

corticosteroids may be difficult to replace completely, additional agents that can help to 

spare the use of corticosteroids would be a significant advance. For moderate to severe 

disease, immunosuppressants are often used, such as mycophenolate mofetil (MMF), 

azathioprine (AZT), methotrexate (MTX), cyclophosphamide, and cyclosporine (9).

Although these conventional therapies for SLE can be effective, they are generally 

immunosuppressive and are not specific to the disease. Many patients with SLE do not 

respond to first-line treatments, and adverse effects are frequent such as bone loss and 

weight gain with corticosteroids, gastrointestinal intolerance, and non-specific 

immunosuppression. Despite the challenges inherent in drug development for SLE, the large 

unmet clinical need is driving a robust effort to develop new drugs that can impact this 

difficult condition (12).

3. Recent developments in SLE therapy

A number of therapies targeting various aspects of the immune response are currently in 

development for SLE. Ideally, these would improve upon the current standard of non-

specific immunosuppression and correct some of the specific abnormalities of the innate and 

adaptive immunological pathways in SLE patients.

3.1 B-cell blockade

Autoreactive B-cells have been frequently implicated in the pathogenesis of SLE as sources 

of autoantibodies, antigen-presenting cells, and initiators and regulators of inflammation 

through cytokine secretion (13). B cells seem like a prime target in SLE pathogenesis, and a 

number of agents targeting this cell type are currently being developed.

3.1.1 Anti-CD20 therapies—SBI-087 is a humanized small modular 

immunopharmaceutical (SMIP) protein that acts directly against CD20 (3). A Phase I trial in 

SLE has been completed (NCT00714116), but no results have been published yet (14). 

Obinutuzumab is a humanized, monoclonal type II CD20 antibody modified by 

glycoengineering. The glycoengineered Fc portion enhances the binding affinity to the 

FcγRIII receptor on immune effector cells, resulting in increased antibody-dependent 
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cellular cytotoxicity, reduced complement-dependent cytotoxicity and enhanced direct non-

apoptotic cell death (15). Obinutuzumab has been tested in hematological diseases, but 

recently a phase II clinical trial for SLE was designed to evaluate the safety and efficacy of 

Obinutuzumab in participants with lupus nephritis (LN) (NCT02550652) (16).

Previously, Rituximab, a chimeric, murine/human, monoclonal antibody against CD20 

demonstrated some evidence for efficacy in the treatment of SLE patients (with or without 

renal involvement) who were refractory to standard treatment (17–20). Anti-CD20 

antibodies result in the depletion and clearance of B cells from the circulation, which 

presumably could interfere with SLE-related B cell pathology. However, two large 

multicenter randomized placebo-controlled trials with rituximab in moderately to severely 

active SLE (EXPLORER) (257 patients) (21) and in proliferative lupus nephritis patients 

(LUNAR) (144 patients) (22) could not show a significant benefit of rituximab when 

compared to placebo. Thus, the role for rituximab in the SLE treatment armamentarium 

remains controversial. However, the American College of Rheumatology (ACR) and the 

European League Against Rheumatism (EULAR) have included rituximab as an appropriate 

off-label treatment for refractory SLE patients with hematological or renal disease (23,24).

The RITUXILUP study provides an alternative approach to the treatment of lupus nephritis 

(25). An initial report describes an analysis of the first 50 patients, and these data suggest 

that oral steroid exposure could be safely avoided in the treatment of lupus nephritis using a 

rituximab-based protocol. A prospective randomized trial is ongoing, recruiting individuals, 

and this study may support an option that will decrease the long term use of corticosteroids, 

decreasing steroid-related complications in SLE (26). Another alternate approach to using 

rituximab includes an upcoming study that will evaluate the sequential use of rituximab and 

belimumab for the treatment of lupus nephritis (27).

Ocrelizumab, a recombinant humanized monoclonal anti-CD20 antibody has been studied in 

phase III trials in extrarenal SLE (BEGIN study) (28) and lupus nephritis (BELONG study) 

(29). However, trials with ocrelizumab were prematurely suspended due to an increased rate 

of serious infection in the treated group.

3.1.2 Anti-CD22 therapies—CD22 is a B-lymphocyte-restricted type I transmembrane 

sialoglycoprotein of the Ig superfamily which modulates B-cell function without depleting 

B-cells (30). Epratuzumab is a fully humanized antibody against CD22 that was tested in 

227 patients with moderate to severe SLE disease activity in a 12-week phase IIb 

randomized study. This study used a novel composite primary endpoint, the BILAG-based 

Combined Lupus Assessment (BICLA) (31), and included 227 SLE patients with moderate 

to severe lupus disease activity without active renal or central nervous system involvement 

(mean BILAG and SLEDAI scores of 15.2 and 14.8, respectively). Treatment with 

epratuzumab 2400 mg cumulative dose was well tolerated in patients with moderate to 

severely active SLE, and was associated with improvements in disease activity (3, 31). Two 

Phase III clinical trials were completed recently; NCT01262365 (EMBODY I) (32) and 

NCT01261793 (EMBODY II) (33). These trials showed that the safety profile of 

epratuzumab was similar to earlier studies. Neither study met the primary endpoint (34).
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3.1.3 BLyS inhibition—B lymphocyte stimulator (BLyS), also known as B-cell activation 

factor of the TNF family (BAFF), plays a key role in the survival, activation, and 

differentiation of B-cells (12). Due to these various roles in the life-cycle and activation of B 

cells, BLyS has been considered an excellent target for intervention in SLE. High serum 

levels of BLyS levels and the related B-cell cytokine APRIL (a B-cell proliferation inducing 

cytokine) have been observed in SLE patients and in murine lupus models (12,35).

Atacicept (also known as TACI-Ig) is a B-cell cytokine blocker. Atacicept is a human fusion 

protein which functions as a decoy receptor, combining the TACI receptor which binds both 

BLyS and a related B cell cytokine APRIL with an immunoglobulin Fc domain that assists 

with maintaining circulating levels of the protein. The receptor can bind both cytokines, but 

is not associated with any signaling events, and thus is a decoy receptor. Atacicept can affect 

both B-cells and antibody producing plasma cells, and can cause a decrease IgM and IgG 

immunoglobulin levels (both protective antibodies and pathogenic autoantibodies). 

Atacicept was well-tolerated in a phase I trial, which included 48 SLE patients (36). A phase 

I/II randomized study of atacicept plus mycophenolate mofetil in SLE patients (6 subjects) 

with nephritis was prematurely terminated due to safety concerns, including an increased 

number of infections (37). The increased number of infections may be explained by an 

impact of the drug upon plasma cells that produce protective antibodies, coupled with the 

immunosuppression related to mycophenlate mofetil. A phase II/III trial of atacicept for SLE 

(APRIL-SLE) investigated the pharmacodynamics effects in 461 SLE patients and changes 

in the disease activity biomarkers and protective antibodies (38). No difference was observed 

between atacicept 75 mg and placebo for flare rate or time to first flare (38). An additional 

phase IIb trial investigating efficacy of Atacicept in SLE (ADDRESS II) is currently 

underway.

Tabalumab and blisibimod are also currently being assessed in trials to determine their 

safety and efficacy in SLE (39). Tabalumab (LY2127399) is a fully human IgG4 monoclonal 

antibody that inhibits BLyS in both membrane and soluble forms. While tabalumab had 

biologic activity consistent with BAFF inhibition, as shown by changes in anti-dsDNA, 

complement, B cell, and immunoglobulins (40), phase III trials of tabalumab (41,42) 

(NCT01205438 and NCT01488708) did not meet their endpoints and development of 

tabalumab has been discontinued. Blisibimod (A-623) is a human peptibody 

immunoglobulin synthetically produced that binds to BLyS and inhibits its interaction with 

its receptor on B-cells. The efficacy and safety of blisibimod was evaluated in a phase IIb 

trial (PEARL-SC) which included 547 SLE patients with anti-double stranded DNA or 

antinuclear antibodies and Safety of Estrogens in Lupus Erythematosus National 

Assessment-SLE Disease Activity Index (SELENA-SLEDAI) score≥6 (43). Blisibimod was 

safe and well tolerated at all dose levels with no significant adverse events or infections 

compared to placebo (43).

Belimumab, a fully human monoclonal antibody that binds to BLyS, is a biological therapy 

approved for SLE. Belimumab promotes selective B-cell apoptosis (12), and has been shown 

to ameliorate disease activity in SLE in phase III trials (5,44). It is the first and only biologic 

agent that has been approved by the FDA for the treatment of SLE, and was the first new 

drug in almost 50 years to be approved for SLE as an indication (5,44). The trials that 
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supported FDA approval were large, and demonstrated a statistically significant 

improvement in constitutional symptoms, musculoskeletal, skin and hematologic 

manifestations of SLE, however both of these studies excluded SLE patients with active 

lupus nephritis or neuropsychiatric disease. Thus the wider role of belimumab in SLE 

management remains unclear. More recently, data suggested that long-term belimumab 

treatment may protect against organ damage (45). This study (998 SLE patients enrolled) 

showed that patients with moderate to severe SLE treated with belimumab plus standard of 

care for 5 years had a lower incidence of organ damage accrual (45).

3.1.4 Plasma cell depletion—Plasma cells are involved in the pathogenesis of SLE. 

These cells may be classified as long- or short-lived, and relates to whether the cell arises 

from a germinal center or an extrafollicular locus. In SLE patients, long-lived plasma cells 

are believed to be responsible for the production of some autoantibodies, such as anti-RNA 

and anti-cardiolipin antibodies, whereas short-lived plasma cells are the main source of anti-

dsDNA antibodies (46). Given the prominent autoantibody response in SLE, plasma cells are 

a rational target in SLE.

Bortezomib is a nonselective proteasome inhibitor which was developed for multiple 

myeloma, a cancer of antibody producing plasma cells. The proteasome is important in 

maintaining an immortal phenotype in the myeloma plasma cells, and seems to play a 

general role in plasma cell survival. While the exact mechanism is not clear, is seems that 

proteasome inhibition could promote degradation of anti-apoptotic factors within cells, 

resulting in increased apoptotic cell death. Bortezomib has been approved for use in multiple 

myeloma, and the side effect profile includes a risk of peripheral neuropathy (47). A Phase I 

study of bortezomib in proliferative lupus nephritis was designed, but the study has been 

withdrawn prior to enrollment (NCT01169857) (48). Two other proteasome inhibitors, 

delanzomib and carfilzomib, have been tested in mouse lupus and demonstrated some 

efficacy (47, 49). A selective proteasome inhibitor named ONX0914 was also tested in 

animal models and showed efficacy (47). There are no clinical trials in human SLE patients 

yet.

3.2 Peptide therapy

Since T-cells recognize antigens as peptide fragments, synthetic peptides could be created 

which can mimic and interfere with productive immune responses against specific antigens 

(8). The exact mechanism by which synthetic peptides induce tolerance is not clear, although 

generation of regulatory T cells which make suppressive cytokines has been demonstrated in 

mouse models of lupus (50). While the idea of inducing tolerance to specific antigens 

instead of broad immunosuppression is attractive, some limitations have to be considered. 

One major limitation is that the exact autoantigens are not known in SLE, and there is a 

large diversity among patients with various subtypes of disease and subsets of dominant 

antigens (51). Therefore, any given peptide may promote tolerance in only a fraction of SLE 

patients. Stage of disease may also be important, as studies in humans have demonstrated 

that the autoimmune epitopes targeted evolve to some degree as the disease progresses (52).
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Peptides based upon anti-dsDNA antibody sequences (pConsensus) and peptides derived 

from nucleosomes are currently being tested in pre-clinical disease models (53,54). 

Rigerimod, also known as P140 peptide, is a 21-mer linear peptide which comes from the 

small nuclear ribonucleoprotein U1-70K and with a serine phosphorylated in position 140 

(55). It was tested in an open-label, dose-escalation phase II study conducted in two centers 

in Bulgaria. The aim of this trial was to assess the safety, tolerability, and efficacy of the 

rigerimod peptide in 20 patients with moderately active SLE (55). Rigerimod was shown to 

be safe and tolerated by these SLE patients. Three subcutaneous administrations of 

rigerimod at 200 μg significantly ameliorated the clinical and biologic status of SLE patients 

(55). A phase IIb, double-blind, randomized, placebo-controlled clinical trial of rigerimod 

was conducted in 204 SLE patients in Europe and Latin America (56). The trial showed that 

rigerimod 200 μg given three times at 4-week intervals plus standard of care was effective 

and well tolerated (56). Rigerimod is currently moving into a phase III clinical trial.

Another peptide-based therapy in development is hCDR1, a peptide which has 19 amino 

acids based on the complementarily determining regions (CDR1) of a human anti-dsDNA 

antibody. This peptide was tested in a randomized, double-blind, placebo-controlled phase II 

clinical trial (340 patients enrolled) (PRELUDE) (57). The results were recently published, 

and while the primary endpoint was not met, some subgroup analyses and secondary 

endpoints were met (57).

3.3 T-cell target and co-stimulation blockade

The activation of T-cells requires at least two independent signals. First, there is an 

engagement of the MHC complex and the antigen with the T-cell receptor. Second, co-

stimulatory molecules provide the necessary signal for T-cell activation by antigen-

presenting cells. The blockade of this co-stimulation mechanism has been effective in 

murine lupus models (58,59). Co-stimulatory pathways include CD28, CD40/CD40L, 

cytotoxic T lymphocyte antigen 4 (CTLA4), CD80 (B7-1), and CD86 (B7-2) (60). The 

CD28:B7 co-stimulatory interaction has been targeted therapeutically in SLE. CD28 is 

expressed in T-cells, whereas the ligands B7-1 and B7-2 (CD80 and CD86) are found in 

antigen-presenting cells. CTLA4 inhibits T-cell activation by binding to B7-1 and B7-2 

(CD80 and CD86, respectively) expressed on antigen-presenting cells. Therefore, CTLA4 

interacts with B7 but inhibits T-cell activation by preventing the co-stimulatory interaction 

between CD28 and B7 interaction necessary for T-cell activation (13, 61).

Abatacept is a soluble receptor fusion protein which combines CTLA-4 with the Fc portion 

of IgG1 (62). Abatacept blocks CD80/CD86, thus preventing T-cell co-stimulation via the 

CD28 pathway. Recently, results of a phase II trial of abatacept in SLE (ACCESS) were 

published. ACCESS included 134 patients with lupus nephritis and compared intravenous 

abatacept with cyclophosphamide versus cyclophosphamide only (63). The addition of 

abatacept to a regimen of cyclophosphamide followed by azathioprine did not improve the 

outcome of lupus nephritis at either 24 or 52 weeks (63). Previously, a 12-month, 

randomized, phase II/III, multicenter, international, double-blind trial abatacept which 

included 298 SLE patients had also not met its primary end point, but suggested some 

evidence of biological activity and was well tolerated in patients with active class III or IV 
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lupus nephritis (62). Based upon subset analyses, abatacept will be repeated in SLE patients 

with nephritis (64) in a phase III study (NCT01714817). RG2077 is another CD80/86–CD28 

targeted agent that had been tested in a Phase I/IIa study with patients with lupus nephritis 

(NCT00094380) (65). No results were released yet. AMG557 is a fully humanized anti-

ICOS ligand antibody that was investigated in a phase I, randomized, placebo-controlled, 

double-blind trial including adult SLE patients (NCT00774943) (66). This co-stimulatory 

pathway is of interest in SLE, as ICOS-ICOS ligand interactions are important for T cell 

differentiation and B cell maturation. This study has concluded, but results have not been 

published (66).

CD40-CD40 ligand (CD40L) is another important co-stimulatory pair that induces T-cell 

dependent B-cell proliferation and antibody production. Evidence suggests that inhibition of 

this target with an anti-CD40L antibody may decrease the abnormal immune activation seen 

in SLE patients (67). Early attempts at interrupting CD40-CD40 ligand interactions in SLE 

were stopped due to unexpected thrombotic events (67). A new PEGylated anti-CD40L 

antibody fragment (CDP7657) has recently been shown to be safe and well tolerated in 17 

SLE patients in a first-in-human early phase trial (68).

3.3 Cytokine blockade

Cytokines are low-weight soluble proteins produced by different cells in the innate and 

adaptive immune system. They mediate activation or functional regulation of the immune 

system (innate and adaptive) by binding to cell surface receptors (62). A number of 

cytokines are elevated in SLE, and an anti-cytokine could be promising (69). Cytokines such 

as interferon alpha (IFN-α) and interleukins (IL) 6, 12, and 17 among others have been 

considered potential targets to reduce chronic inflammation in SLE (70).

3.3.1 Anti–IL-6—Tocilizumab is a humanized monoclonal antibody that inhibits IL-6 

signaling, binding directly to the IL-6 receptor and blocking signaling (70). An open-label, 

dose escalation phase I study of tocilizumab in SLE (16 patients) has been published (71). 

Although neutropenia may limit the maximum dosage of tocilizumab in SLE patients, the 

observed clinical and serologic response could warrant further studies to determine efficacy 

and an optimal dosing regimen (71). Sirukumab is a human, anti-soluble, IL-6, monoclonal 

antibody which has been developed for use in SLE (72). A Phase I, randomized double-

blind, placebo-controlled, dose-ascending study of sirukumab has been completed (73). This 

study treated 31 cutaneous lupus patients (23 with sirukumab, 8 with placebo) and 15 SLE 

patients (10 with sirukumab, 5 with placebo) and showed the sirukumab was well tolerated 

in patients with cutaneous lupus and SLE patients with mild, stable, active disease. A phase 

II, multicenter, randomized, double-blind, placebo-controlled trial evaluated the efficacy and 

safety of treatment with Sirukumab in patients with active lupus nephritis (NCT01273389) 

has finished, but the results are not available yet (74). Most recently, PF-04236921, a fully 

human monoclonal antibody against to circulating IL-6 had demonstrated positive results. 

PF-04236921 was tested in a trial which enrolled 183 subjects with active SLE and 

demonstrated that PF-04236921 neutralizes IL-6 activity, being beneficial in reduce disease 

manifestations of active SLE (75).
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3.3.2 Anti-IL-17A—Secukinumab and ixekizumab are two monoclonal antibodies that 

inhibit IL-17A. Brodalumab is a monoclonal antibody directed against IL-17 receptor. 

Increased IL-17A levels have been observed in SLE patients (76,77), and thus IL-17 

blockers could be considered as possible therapeutics in SLE. To date, there is no clinical 

trial ongoing in SLE.

3.3.3 Anti-IL-21—NNC0114-0006 is a humanized, monoclonal antibody against IL-21. 

The safety and tolerability of NNC0114-0006 in SLE patients were tested in a Phase I trial 

(NCT01689025) (78). The trial has been terminated, but no results have been released.

3.3.4 Anti-IFN-α—Rontalizumab is a humanized, monoclonal antibody against all IFN-α 
isoforms (rhuMAb IFN-α) (3). Rontalizumab was tested in a phase II, randomized, double-

blind, placebo-controlled trial (238 SLE patients enrolled) that evaluated the efficacy and 

safety in patients with moderately to severely active SLE (79). In this study, more than 75% 

of patients demonstrated activation of the IFN pathway in peripheral blood documented by 

having increased IFN-induced gene transcription. Somewhat surprisingly, this group of high 

IFN patients did not show a significant response, while in secondary analyses those subjects 

with low IFN-induced gene expression in peripheral blood cells demonstrated significant 

responses to treatment (79).

Sifalimumab (MEDI-545) is another monoclonal human antibody that blocks most of IFN-α 
subtypes impairing signaling through the type I IFN receptor (3). Sifalimumab has been 

tested in a phase I, multicenter, double-blind, randomized study, which included 161 SLE 

patients and demonstrated safety and tolerability (80). This combined with the observed 

clinical activity support the continued clinical development of sifalimumab for SLE (80). A 

phase II study of sifalimumab in 431 seropositive moderate to severe SLE has been 

completed (NCT01283139) (81), and the results were presented in fall 2014 in abstract form 

(81). The phase II study found evidence for efficacy, and adverse events were similar in 

number between sifalimumab and placebo overall, although a higher rate of herpes zoster 

was observed in the sifalimumab treated group (81). Interestingly, most of the subjects (over 

80%) in this trial had high IFN-induced gene expression in peripheral blood, and the 

response could be observed in this group when analyzed separately. These data combined 

with the rontalizumab data suggest that biological diversity between SLE patients with 

respect to IFN signaling will be important in targeting this pathway, and human studies 

support a significant amount of variation between patients in IFN pathway activation and 

regulation (82–84).

Anifrolumab (formerly known as MEDI-546) is a fully human monoclonal antibody that 

inhibits the type I IFN receptor (IFNAR1), effectively blocking the effects of both IFN-α 
and IFN-β (85). Anifrolumab suppressed type I IFN-induced gene expression in blood and 

skin of systemic sclerosis patients in a dose-dependent manner (85). This agent is currently 

in phase II trials in SLE (86–88). One of these studies showed positive results (89). 

Anifrolumab significantly reduced disease activity compared with placebo across multiple 

clinical endpoints (89). While receptor blockade is a more aggressive strategy than just 

blocking one of the type I IFN cytokines (alpha or beta), the partial responses for each of the 

anti-IFN-α drugs listed above could suggest that a more aggressive approach may be 
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beneficial. This would have to be weighed against any potential increase in side-effects 

resulting from more complete pathway blockade.

Anifrolumab also showed to be effective in blocking IFNAR1 in two open labels phase II 

Japanese trials (90). However, it is necessary larger double-blind controlled studies to 

characterize the safety profile adequately and overall safety of anifrolumab (90). More 

recently, the TULIP (Treatment of Uncontrolled Lupus via the Interferon Pathway) 

programme was announced which includes two Phase III clinical trials that will evaluate the 

efficacy and safety of anifrolumab vs. placebo in SLE patients. These trials will include 

patients with moderately to severely active, autoantibody-positive SLE, while receiving 

conventional SLE therapy (91).

Most recently, an alternative way to block type I IFN has been developed called IFN-α 
kinoid (IFN-K) (92). Kinoids are composed of inactivated cytokines conjugated to a carrier 

protein, keyhole limpet hemocyanin (KLH). This protein conjugate is injected as an 

emulsion with an adjuvant to induce an antibody response against the cytokine, effectively 

immunizing the person against a naturally occurring cytokine (92). A Phase I/II study was 

performed to evaluate the safety of IFN-K in 28 women with mild to moderate SLE (92). 

This study demonstrated that active immunization with IFN-K induced an anti-IFN-α 
antibody response a polyclonal antibody response, and IFN-induced gene expression was 

decreased in patients receiving the kinoid (92). IFN-K showed to be well tolerated and 

immunogenic, although the length of autoantibody response against IFN-α and long-term 

safety is not currently known. One could imagine that a strong permanent anti-IFN-α 
antibody response could lead to immunosuppression that could be difficult to reverse.

3.4 Kinase inhibition and other small molecules

Protein kinase inhibitors represent an important emerging class of targeted therapy in SLE. 

The Janus family kinases (JAKs), Jak1, Jak2, Jak3 and Tyk2, are a subgroup of the non-

receptor-type kinases. JAKs are involved in cell growth, survival, development and 

differentiation of a variety of cells, and are critically important for signaling pathways in the 

innate and adaptive immune system (93). Tofacitinib is an oral JAK inhibitor that blocks 

signaling of key cytokines implicated in the pathogenesis of SLE. A phase Ib clinical trial 

(NCT02535689) is underway, recruiting SLE patients. The aim of this trial is to further 

evaluate the safety and tolerability of the tofacitinib in SLE patients (94).

Tacrolimus is a calcineurin inhibitor that showed efficacy in SLE patients with nephritis, 

especially in reducing proteinuria (95). However, its role as a long-term maintenance agent 

warrants further studies. Tacrolimus has recently been studied in a head-to-head trial of 

lupus nephritis vs. mycophenylate mofetil (150 SLE patients enrolled), and tacrolimus was 

found to be non-inferior to mycophenylate (96). Sirolimus (Rapamycin) is a related 

lipophilic macrolide that regulates mitochondrial transmembrane potential and Ca2+ fluxing. 

Rapamycin inhibits IL-2 and other cytokine receptor-dependent signal transduction, via 

action on mTOR. A prospective study of rapamycin for the treatment of SLE (Rapamune) 

Phase II (NCT00779194) is ongoing (97).
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3.5 TLRs, immune complexes, and dendritic cells

Inhibition of endosomal toll-like receptor (TLR) seems to be an attractive target to control 

the systemic inflammation in SLE. SLE patients may have an impaired clearance of 

apoptotic cells, and the antinuclear autoantibodies that characterize SLE can bind with this 

dead cellular debris, forming nucleic acid-containing immune complexes. Antiviral TLRs 

can be activated by these self DNA/RNA-containing immune complexes, resulting activation 

of interferon regulatory factors and the production of type I IFN and other cytokines (98).

RSLV-132 is a mono-specific nuclease Fc-fusion protein that targets and destroys nucleic 

acid-containing immune complexes, presumably preventing the activation of TLRs in innate 

immune cells. A double-blind, placebo-controlled dose escalation study of the 

administration of multiple intravenous doses of RSLV-132 in SLE patients (Phase II) 

(NCT02194400) is planned, but not recruiting participants yet (99). BIIB059 is a humanized 

monoclonal antibody that binds to human blood dendritic cell antigen 2 BDCA2 leading to 

its internalization and the consequent inhibition of TLR-induced type I IFN and other 

cytokine production by plasmacytoid dendritic cells (pDCs). A single-ascending-dose and 

multiple-ascending-dose study (Phase I) (NCT02106897) is ongoing, and recruiting 

participants (100).

IMO-8400, a TLR7/8/9 inhibitor was tested in lupus-prone NZBW/F1 mice. The results 

were positive and indicated that IMO-8400 suppressed autoimmune antibody production and 

improved renal function by inhibiting immune responses (101). IMO-8400 is being 

considered for early stage clinical development. CPG-52364 inhibits signaling following 

stimulation of TLR7, 8, or 9 in human peripheral blood mononuclear cells (PBMCs). 

CPG-52364 entered Phase I clinical in healthy subjects development in 2007, however, the 

results of this trial are unpublished (NCT00547014) (102).

3.6 Drug repurposing

In addition to the new drug development efforts outlined above, there may be agents already 

approved for use in humans that could be active in SLE. Repurposing existing drugs for SLE 

would be attractive because some safety data is already available in humans, and the 

regulatory process would be much less burdensome. One such effort is the Lupus Clinical 

Investigators Network (LuCIN™) (103). This group used an expert panel to prioritize 

currently available drugs for potential utility in SLE. The results of this expert panel have 

been shared, and two of the first lupus drug candidates are a ROCK2 inhibitor and an 

IL-12/23 inhibitor (103). The group has identified over 60 sites with interest in carrying out 

repurposing trials, and they plan to incorporate some mechanistic studies along with 

standard clinical trial outcomes. While some of the drugs listed above are already being 

repurposed (tacrolimus, JAK inhibitors, etc.), this initiative could allow for some additional 

existing and approved drugs to be used in SLE management.

4. Conclusion

Advances in the understanding of the immunologic pathways that underlie SLE have opened 

new opportunities for therapeutic targets. Table 1 summarizes the agents discussed in this 

Postal et al. Page 11

Expert Opin Investig Drugs. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



review. There is so much activity in the field it is difficult to be completely comprehensive, 

but this review covers many of the therapeutic targets that are moving into clinical trials 

currently. Continued advancements in our knowledge of how to subset patients into 

biologically important groups according to genetic susceptibility, clinical symptoms, and 

immunological dysfunction will maximize the therapeutic effect of each agent and minimize 

its toxicity. This is particularly important for the design of clinical trials, where the correct 

recruitment and sub-grouping of patients may directly impact the outcome measures. An 

early example of this is illustrated in the anti-IFN-α trials, in which responding groups 

differed based upon evidence for activation of this pathway in pre-treatment blood testing. 

These results are still somewhat paradoxical when the results from the two agents are 

considered together, and it is clear that we need more detailed information about molecular 

pathogenesis and disease modeling in humans before we will be able to rationally stratify 

patients for personalized treatment.

5. Expert Opinion

Many novel agents are currently in development for SLE, but this encouraging news is 

tempered by several disappointments in large scale clinical trials, and provides a timely 

moment to reflect on therapeutic development in SLE. There is a large unmet clinical need 

in SLE at all levels of disease severity, from mild to severe. Existing therapies are 

characterized by a significant side-effect profile and variable clinical response, and despite 

these treatments a majority of patients have ongoing disease activity (3,31,38,44). However, 

designing trials in SLE is challenging due to clinical heterogeneity of patients, short follow 

up time, outcome measures, and use of concomitant medication, especially corticosteroids, 

among others. Clinical trials can be designed with strict entry criteria to limit the degree of 

patient heterogeneity, but SLE trials often recruit slowly even without such strict limitations. 

Additionally, the results obtained from highly exclusive trials are then not as broadly 

applicable across diverse clinical scenarios. Thus far trials of agents which have been limited 

to a specific disease manifestation of SLE, such as nephritis, have been characterized by 

some successes but also a number of failures, and it seems that stratifying patients by 

clinical phenotype alone will not answer the dilemma of heterogeneity in SLE.

In addition, it is clear that the molecular characteristics and pathogenic mediators differ 

between patients, and this could also be an important source of variation in clinical trials. 

For example, approximately 50% of SLE patients have evidence of high circulating type I 

IFN activity (82), and background genetic factors contribute to the type I IFN levels in 

circulation (104), supporting the idea that type I IFN pathway activation is a stable 

immunogenetic difference between patients. The trials of type I IFN inhibition in SLE 

summarized above support the idea that this molecular difference between patients will be 

important to the prediction of therapeutic response, as high vs. low pre-treatment IFN was an 

important factor in both of the trials that have reported data thus far. This would support the 

idea that we need to continue to develop a greater knowledge of the immunobiology of SLE 

in humans to facilitate drug development and implementation of therapeutics in SLE. Pre-

clinical work studying lupus patient blood cells will also be critical in early stage 

development. Also, it will be critical to design assays to detect pathway modulation in 
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humans due to the therapeutic molecule in early phase trials. This will allow for proof of 

concept and mechanism, and should also assist with patient selection in later phase studies.

It seems that the Gordian knot in SLE drug development is the unmapped heterogeneity of 

disease that confounds both clinical and human preclinical studies (how do we study and 

target the important factors in specific patients when we don’t know which ones are 

important?). In the coming years, increased knowledge of human SLE genetics and 

immunopathogenesis will provide the sword to cut this knot, informing pre-clinical and 

clinical studies directed at identifying particular biological subgroups within the SLE 

population. This will be an iterative process, as the experiences with such targeted trials will 

provide invaluable experience and information that will guide the next series of trials.
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Highlights

– Despite conventional therapies for SLE, many patients have ongoing 

disease activity.

– Many novel agents are currently in development for SLE.

– Advances in the understanding of the immunologic pathways that underlie 

SLE have opened new opportunities for therapeutic targets.

– Biological therapy has shown efficacy and safety, and is promising in SLE.

– Biological heterogeneity between patients likely represents a major 

limitation to previous clinical trials in SLE.
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Table 1

Summary of new therapies being developed for SLE treatment

TARGET DRUG
CLINICAL TRIAL

PHASE MAIN RESULTS

B-cell target

CD20

SBI-087 (14) I No results released

Obinutuzumab (15) II Ongoing

Rituximab (21, 22, 25, 26, 27)

II/III No benefit in proliferative lupus nephritis

II Ongoing

III
RITUXILUP study demonstrates that oral steroid 
exposure can be safely avoided in the treatment of 
lupus nephritis

Ocrelizumab (28,29) III
No benefit in lupus nephritis.
Prematurely suspended, due to an increased rate of 
serious infection

CD22 Epratuzumab (31–33)
IIb Well-tolerated in patients with moderately to severely 

active SLE. Improvement of disease activity

III Neither study met the primary endpoint.

BlyS

Atacicept (37,38) II Ongoing

Tabalumab (40–42) III Development discontinued

Blisibimod (43) IIb Safe and well-tolerated, no significant increase in 
adverse events

Belimumab (5) III Reduction in disease activity and new flares, FDA 
approved

Plasma cell depletion

Bortezomib (48) I Withdrawn prior to enrollment

Delanzomib (47,49) — No clinical trials in human SLE patients

Carfilzomib (47,49) — No clinical trials in human SLE patients

ONX0914 (47) — No clinical trials in human SLE patients

Peptides

T-cell pConsensus (53) — Early-phase studies

T-cell Anti-nucleosome (54) — Early-phase studies

T-cell Rigerimod (P140) (55,56) II
Three subcutaneous administrations of P140 at 200 μg 
significantly ameliorated the clinical and biologic status 
of SLE patients

B-cell Edratide (hCDR1) (57) II Primary endpoint not met, pre-specified secondary 
endpoint and subset effects observed

T-cell target and costimulatory blockers

CD80/CD86 Abatacept (62–64) II Addition to cyclophosphamide did not improve the 
outcome of lupus nephritis at either 24 or 52 weeks

B7RP1 AMG557 (66) I No results released

CD40L CDP7657 (PEGylated anti-CD40L) (68) I Single doses showed acceptable pharmacokinetics and 
safety and tolerability in SLE patients

Cytokine Blockers

Anti-IL-6 receptor Tocilizumab (71) I
Neutropenia limited the maximum dosage of 
tocilizumab in SLE patients, but clinical and serologic 
responses were promising
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TARGET DRUG
CLINICAL TRIAL

PHASE MAIN RESULTS

Anti-IL-6
Sirukumab (73,74)

I Well tolerated in patients with cutaneous lupus and 
SLE patients with mild, stable, active disease

II No results released

PF-04236921 (75) II Severe flare reduction

Anti-IL17A

Secukimumab — N/A

Ixekizumab — N/A

Brodalumab — N/A

Anti-IL21 NNC0114-0006 (78) I No results released

Anti-IFN-α/Anti-IFNR

Sifalimumab (MEDI-545) (80,81)

I Good safety and tolerability

II Efficacy and safety promising in SLE, worked in high 
IFN subjects when analyzed separately

Rontalizumab (79) II Not effective in high IFN SLE patients, improved 
disease activity and flares in low IFN patients

Anifrolumab (MEDI-546) (86–90)
II Ongoing

II Effective in blocking IFNAR1

IFN-K (IFN-α Kinoid) (92) I/II IFN-K activity correlated with baseline expression of 
IFN-induced genes

Kinase inhibition and small molecules

JAK inhibitor Tofacitinib (94) Ib Ongoing

Calcineurin inhibitor Tacrolimus (95,96) I//II Ongoing

mTOR Sirolimus (Rapamycin) (97) II Ongoing

Other targets

Anti-immune-complex RSVL-132 (99) II Ongoing

Anti-dendritic cell BIIB059 (100) I Ongoing

TLR7/TLR8/TLR9 inhibitor
CPG-52364 (102) I No results released

IMO-8400 (101) — No clinical trials in human SLE patients
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