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Abstract

Conventional immunosuppressive therapies have radically transformed patient survival in systemic lupus
erythematosus (SLE), but their use is associated with considerable toxicity and a substantial proportion of patients
remain refractory to treatment. A more comprehensive understanding of the complexity of SLE
immunopathogenesis has evolved over the past decade and has led to the testing of several biologic agents in
clinical trials. There is a clear need for new therapeutic agents that overcome these issues, and biologic agents offer
exciting prospects as future SLE therapies.
An array of promising new therapies are currently emerging or are under development including B-cell depletion
therapies, agents targeting B-cell survival factors, blockade of T-cell co-stimulation and anti-cytokine therapies, such
as monoclonal antibodies against interleukin-6 and interferon-α.
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Introduction
Systemic lupus erythematosus (SLE) is a complex auto-
immune rheumatic disease, characterized by unpredict-
able exacerbations and remissions. Clinical manifestations
are variable ranging from arthralgia, photosensitivity and
the classic ‘butterfly’ rash to internal organ involvement,
most notably renal and central nervous system disease [1].
The prevalence of SLE varies significantly in different eth-
nic groups. SLE is more commonly seen in those of Afro-
Caribbean and Asian origin than in Caucasian populations
[2]. The overall prevalence of SLE in the UK is approxi-
mately 28 per 100,000 head of population, rising to ap-
proximately 200 per 100,000 in Afro-Caribbean females [3].
Lupus nephritis remains a major cause of morbidity and

mortality in SLE. There have been major improvements
in the risk of premature mortality in patients with lupus
nephritis [4]. However, despite advances in the clinical
management of lupus nephritis in recent decades with
earlier diagnosis of disease and optimization of the cur-
rently available immunosuppressive regimens, an estimated
10% to 15% of patients progress to end-stage renal disease
(ESRD) [5]. The rate of progression to ESRD and the risk
of premature mortality is likely to be even higher in patients
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of Afro-Caribbean descent [6]. A significant proportion of
lupus nephritis patients are refractory to conventional im-
munosuppressive agents and the potential side effects of
these therapies remain significant.
A retrospective review of lupus nephritis patients over a

30-year period (1975 to 2005) from a single center showed
that five-year mortality decreased by 60% between the first
and second decades of the study but remained unchanged
over the third decade with rates of 17.2, 7.7 and 4.7%,
respectively, after the diagnosis of renal disease [7]. The
rate of progression to ESRD also reached a plateau in the
third decade. These results suggest that the benefits of con-
ventional immunosuppressive therapies have been maxi-
mized and if further advances in SLE outcomes are to be
achieved, novel therapeutic targets must be developed [7].
Over the last two decades, there have been tremendous

advances in the understanding of the immunopathology of
this autoimmune disorder. A variety of novel therapeutic
targets have been identified and there have been many clin-
ical trials in patients with SLE in an attempt to translate
these new treatments into clinical practice. The results of
these studies have been very mixed and there has been a
steep learning curve for everyone involved in designing
and executing these trials. SLE is a particularly challenging
disease to study due to the broad spectrum of clinical
manifestations and varying patterns of disease activity.
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Furthermore, disease specific outcome measures that were
developed for use in observational clinical studies were
exposed as inadequate when used in therapeutic clinical
trials. This has led to the development of a composite
outcome measure, the Systemic Lupus Erythematosus
Responder Index (SRI), which has become the industry
standard for lupus trials [8]. Another theme that has
emerged is the excessive use of corticosteroids. Not only
are these a major confounder in assessing disease re-
sponse, it is now recognized that high dose corticosteroids
have significant deleterious effects that may contribute to
the development of damage and, hence, long term mor-
bidity and premature mortality [9]. Here we describe novel
therapeutic strategies under development for the treat-
ment of SLE, which are summarized in Table 1.

B-cell depletion therapy
Given that autoantibody production is the hallmark of
SLE, it is not surprising that B cell depletion therapy is a
promising therapeutic option in the management of SLE.
The main drug in current clinical practice is rituximab,
with other drugs in development including epratuzumab.
B cells, including the populations that interact with T cells,
Table 1 Summary of potential novel therapeutic options and

Drug name Target Study participants

Rituximab Chimeric anti-CD20
monoclonal antibody

257 SLE patients with moderate
disease ( ≥1 BILAG A score or ≥

144 patients with class III or cla

Belimumab Humanized anti-BLyS
monoclonal antibody

865 seropositive SLE patients w
≥6. Severe active lupus nephrit
excluded.

819 seropositive SLE patients w
≥6. Severe active lupus nephrit
excluded.

Blisibimod Anti-BLyS antagonist
fusion protein

Active SLE

Atacicept Recombinant fusion
protein to TACI-Ig

SLE excluding lupus nephritis.

Lupus nephritis study discontin
increased infection.

Epratuzumab Humanized anti-CD22
monoclonal antibody

227 moderate to severe SLE pa

Moderate to severe SLE patient
and neuropsychiatric disease.

Abatacept CTL4-Ig fusion protein SLE with polyarthritis, discoid le
pericarditis.

Data reanalyzed for lupus neph

Tocilizumab Humanized anti-IL6
receptor monoclonal
antibody

SLE patients with mild-to-mode

Sifalimumab Humanized anti-IFNα
monoclonal antibody

Moderately active SLE.

Rontalizumab A recombinant humanized
monoclonal antibody to
IFN-α

Moderate to severe non-renal S
play an integral part in the autoimmune pathogenesis of
SLE, and it is thought that after B cell depletion, disease
activity may be modified and durable disease remission
achieved, minimizing the use of other immunosuppressive
agents and corticosteroids.
Rituximab (anti-CD20)
Rituximab is a chimeric anti-CD20 monoclonal antibody
that has been used off-license in the management of
severe refractory SLE since 2002. The mechanism of ac-
tion of rituximab involves antibody-dependent cell toxicity
(ADCC), complement-dependent cell toxicity (CDC) and
direct apoptosis of CD20+ B lymphocytes which results in
complete B cell depletion [10]. Plasma cells are unaffected
by rituximab as they lack the CD20 surface marker.
A recent review of the efficacy of rituximab in the

management of SLE patients with biopsy-proven severe
lupus nephritis from pooled data in European cohorts
(n = 164) reported the clinical efficacy of rituximab in
clinical practice [11]. This open-label data, showing that
approximately two-thirds of patients previously unre-
sponsive to conventional therapies had clinical benefit,
biologics for SLE
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is in contrast to the two randomized controlled clinical
trials (RCTs) of rituximab, which did not meet the pri-
mary and secondary endpoints set out during the trial
design.
The Study to Evaluate the Efficacy and Safety of Rituxi-

mab in Patients With Severe Systemic Lupus Erythematosus
(EXPLORER) included patients with moderate to severe
SLE but excluded lupus nephritis patients (n = 257) [12].
The EXPLORER RCT compared rituximab plus standard
immunosuppressive drugs including mycophenolate mofetil
(MMF) (n = 169) to placebo plus standard immunosup-
pressive therapy, with all patients receiving 10 weeks of
high dose corticosteroids. Published data report the failure
of the EXPLORER trial to show superiority of rituximab or
statistically significant differences in clinical activity when
the two treatment arms were compared [12]. Closer exam-
ination of the data shows that rituximab achieved effective
B cell depletion and, in those patients with positive anti-
dsDNA antibodies and low complement levels, significant
improvements were seen in these parameters in the rituxi-
mab treated patients compared to the placebo group.
The Study to Evaluate the Efficacy and Safety of Rituxi-

mab in Subjects with ISN/RPS Class III or IV Lupus Neph-
ritis (LUNAR) trial compared rituximab plus MMF to
MMF alone for the management of severe proliferative
lupus nephritis class III and class IV. The published results
did not show superiority of the rituximab combination
therapy [13]. As with the EXPLORER study, rituximab ther-
apy achieved B cell depletion as well as improvements in
the levels of anti-dsDNA antibodies and complement levels
compared to the placebo treated patients. Thus, in both
these studies, a biological effect was seen in the rituximab
arms that did not translate into a clinical benefit over and
above standard therapies.
There are many possible explanations for the failure of

the EXPLORER and LUNAR trials such as the relatively
short trial duration and high doses of concomitant corti-
costeroids. Rituximab continues to be used off-label in a
select group of patients with severe refractory SLE. This
off-license use of rituximab takes into account the po-
tential benefits reported from clinical practice and the
possible complications of biologic therapy, such as se-
vere or recurrent infections, adverse drug reactions and
the few case reports of progressive multi-focal leuco-
encephalopathy (PML) [14,15].
An additional benefit of rituximab induction therapy

followed by MMF maintenance therapy for the manage-
ment of severe proliferative lupus nephritis class III and
class IV, is the ability to reduce and eventually withdraw
corticosteroid therapy in patients who respond to treat-
ment [16].
A new treatment strategy termed the Rituxilup regimen

has been pioneered in a center in the United Kingdom.
The Rituxilup regimen avoids the use of concomitant
oral corticosteroid therapy after rituximab induction ther-
apy, thereby minimizing the duration of corticosteroid
exposure and steroid side-effects [17]. A proposed ran-
domized controlled trial will be of great clinical rele-
vance in ascertaining the clinical effectiveness, benefits
and consequences of this steroid-sparing regimen.
RING – Rituximab for Lupus Nephritis With Remission

as a Goal, an investigator-initiated randomized inter-
national open multicenter study, aims to determine the
clinical effectiveness of rituximab in achieving complete
renal remission in lupus nephritis patients with per-
sistent proteinuria (≥1 grams/day) despite a minimum
of six months of standard immunosuppressive therapy
(www.clinicaltrials.gov). This study is still at the devel-
opment stage.

Epratuzumab (anti-CD22)
Epratuzumab is an anti-CD22 monoclonal antibody that
is currently under investigation for the management of
moderate to severe SLE and shows great promise.
CD22 is a B cell specific trans-membrane sialo-

glycoprotein which is present on the cell surface of mature
naive B cells and transitional B cells but not present on
memory B cells or plasma cells [18]. CD22 is a lectin-like
adhesion receptor which has an important role to play in
the regulation of B cell function and also forms part of the
B cell activation complex [18]. As an anti-CD22 monoclo-
nal antibody, epratuzumab can cause moderate depletion of
B cells via ADCC; however, unlike rituximab, epratuzumab
does not exhibit CDC or direct apoptosis of B cells [18].
Epratuzumab predominantly targets CD27- B cells such as
naive mature and transitional B cells and it is estimated that
the reduction in peripheral B cell counts in SLE patients
approximates 40% post-epratuzumab therapy [19].
EMBLEM™ is a 12-week, multi-center, randomized,

double-blind, placebo-controlled, phase IIb study to
assess the efficacy and safety of epratuzumab and de-
termine a dose regimen in patients with moderate to
severe SLE. A total of 227 patients were recruited and
randomized to placebo n = 38, epratuzumab 200 mg cumu-
lative dose (100 mg alternate weeks) n = 39, epratuzumab
800 mg cumulative dose (400 mg alternate weeks) n = 38,
epratuzumab 2,400 mg cumulative dose (600 mg weekly)
n = 37, epratuzumab 2,400 mg cumulative dose (1,200 mg
alternate weeks) n = 37, epratuzumab 3,600 mg cumula-
tive dose (1,800 mg alternate weeks) n = 38.
Epratuzumab at a cumulative dose of 2,400 mg was

clinically effective and demonstrated a significant reduc-
tion in disease activity as measured by a composite dis-
ease activity score. Epratuzumab 600 mg weekly was
associated with the greatest improvement in British Isles
Lupus Assessment Group (BILAG)-2004 scores (from A/B
to C/D) than placebo in all organ domains included in the
study. Overall epratuzumab was well tolerated [18].

http://dx.doi.org/10.1002/art.37940
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Two randomized controlled trials evaluating the efficacy
of epratuzumab in severe SLE as determined by the pres-
ence of BILAG A (RCT SL0003) and/or moderate patients
with BILAG B in at least two systems (RCT SL0004) were
discontinued due to irregularities in the manufacture of
epratuzumab. The results of patients recruited in these
trials were pooled and indicate the potential benefit of
epratuzumab in facilitating a reduction in prescribed
corticosteroid dose [18].
Two Phase III, randomized, double-blind, placebo-

controlled, multicenter studies of the efficacy and safety
of four 12-week treatment cycles (48 weeks total) of
epratuzumab in SLE subjects with moderate to severe
disease EMBODY™1 & EMBODY™2 have an expected
completion date of February 2014 with a recruitment of
780 patients. The main aim is to evaluate the efficacy,
safety, tolerability and immunogenicity of epratuzumab
in patients with moderate and severe SLE (NCT01262365,
NCT01261793, www.clinicaltrials.gov). A phase III, multi-
center, open-label, extension study to assess the safety
and tolerability of epratuzumab treatment in SLE sub-
jects EMBODY™4 started recruiting in July 2011 and is
aiming to recruit 1,400 patients with a completion date of
February 2016 (NCT01408576, www.clinicaltrials.gov).

Ocrelizumab (anti-CD20)
Ocrelizumab is a humanized anti-CD20 monoclonal anti-
body. In 2010 an independent monitoring board recom-
mended the suspension of clinical trials of ocrelizumab
in rheumatoid arthritis and SLE due to a high frequency
of reported severe and opportunistic infections in the
patients enrolled in the trials. Therefore, the Study to
Evaluate Ocrelizumab in Patients With Nephritis Due
to Systemic Lupus Erythematosus (BELONG) trial was
suspended [20].
The BELONG study had recruited 381 lupus nephritis

class III and class IV patients to study the clinical effi-
cacy and safety of ocrelizumab 400 mg or ocrelizumab
1,000 mg administered at baseline, a fortnight later, then
every four months thereafter. All lupus nephritis patients
enrolled in the study were treated with either intravenous
cyclophosphamide using the EuroLupus regimen or MMF
and high-dose corticosteroids concomitantly. Week 42
data from 221 patients who had enrolled at least 32 weeks
prior to study termination have been reported in abstract
form and, although ocrelizumab is clinically effective in
reducing lupus nephritis disease activity, the data have
not demonstrated superiority to standard immunosup-
pression [20].

Targeting B-cell survival factors
Belimumab (anti-BLys)
Belimumab is a human immunoglobulin G1λ monoclonal
antibody which blocks the binding of the soluble form of
the cytokine B-lymphocyte stimulator (B-Lys), also known
as B cell activating factor (BAFF), to the transmembrane
activator/calcium modulator/cyclophilin ligand interactor
(TACI) receptor, B-cell maturation (BCMA) receptor and
BAFF receptor 3 (BR3) on B cells and thus interrupts the
B cell survival role of B-Lys [21].
BAFF/BLys is expressed by several cells including den-

dritic cells, monocytes, activated neutrophils and T cells.
It is vital in facilitating the maturation and survival of B
cells via signaling through the BAFF-R, BCMA and TACI
receptors with high, intermediate and low affinity respect-
ively. APRIL, a BAFF homologue proliferation-inducing
ligand binds with higher affinity to the TACI receptor
than BAFF [22]. Dimerization of BAFF and APRIL to
the BCMA receptor is required to support the matur-
ation of plasma cells [22]. A strong interaction of BAFF
to the BAFF-R propagates the maturation and survival
of naive B cells and the interaction of BAFF/BLys, APRIL
and TACI to the TACI-R facilitates immunoglobulin (Ig)
gene class switching in the germinal center [22].
In the presence of an excess amount of BAFF/BLys,

low-affinity self-reactive B cells may survive and mature
into self-reactive auto-antibody secreting plasma cells
implicated in autoimmune disease pathogenesis. As a
result, it has been deduced that the inhibition of BAFF/
BLys by belimumab has therapeutic implications in SLE.
In March 2011 the United States Food and Drug Admin-

istration (FDA) and the European Medicines Evaluation
Agency (EMEA) licensed belimumab as the first new drug
in over 50 years for SLE. Belimumab was licensed as a
biologic agent to be prescribed with standard therapy
for autoantibody-positive adult SLE patients excluding
those with active lupus nephritis and central nervous
system manifestations of SLE.
Belimumab is administered on a weight-based dosing

schedule of belimumab 10 mg/kg as an hour long intraven-
ous infusion fortnightly for three infusions then monthly
thereafter.
A phase III randomized placebo-controlled trial Belimumab

International SLE Study (BLISS-52) conducted between
May 2007 and July 2009 included 865 SLE patients enrolled
in Central and Eastern Europe, Latin America, and Asia
Pacific [19]. A phase III randomized placebo-controlled
trial Belimumab International SLE Study (BLISS-76) was
conducted between February 2007 and February 2010
enrolling 819 patients in North America and Western
and Central Europe [23]. These studies used the com-
posite SRI outcome measure which requires improve-
ment in the SELENA-SLEDAI but no worsening in the
BILAG and Physician Global Assessment scores.
The trial outcome at 52 weeks in BLISS-52 reported

positive clinical response in 44% of those treated with
placebo with standard therapy, 51% of those treated with
belimumab 1 mg/kg with standard therapy and 58% of

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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those treated with belimumab 10 mg/kg with standard
therapy (P = 0.013 and P = 0.0006, respectively) [23].
The trial outcome at 52 weeks in BLISS-76 reported

positive clinical response in 34% of those treated with
placebo with standard therapy, 41% of those treated with
belimumab 1 mg/kg with standard therapy and 43% of
those treated with belimumab 10 mg/kg with standard
therapy (P = 0.10 and P = 0.021, respectively) [23]. How-
ever, at 76 weeks, there was no significant difference in re-
sponder rates between the belimumab and placebo groups.
The BLISS-52 and BLISS-76 clinical trials both ex-

cluded patients with active lupus nephritis. BLISS-LN is
a phase III, randomized, double-blind, placebo-controlled
study to evaluate the efficacy and safety of belimumab plus
standard of care versus placebo plus standard of care in
adult subjects with active lupus nephritis which will provide
clinically relevant information about the use of belimumab
in lupus nephritis NCT01639339 (www.clinicaltrials.gov).
An exploratory analysis of belimumab use in patients

of black ethnicity in the BLISS-52 and BLISS-76 trials
(n = 148) reported lower clinical effectiveness in this
group as compared to other ethnic groups.
A phase III/IV multi-center, randomized, double-blind,

placebo-controlled, 52-week study to evaluate the effi-
cacy and safety of belimumab in adult subjects of black
race with SLE is planned as a future study NCT01632241
(www.clinicaltrials.gov).
Belimumab may be more effective in specific sub-groups

of lupus patients. Published data indicate that belimumab
is significantly more efficacious in SLE patients who
are ds-DNA positive, hypocomplementemic or have
high disease activity as measured by SELENA-SLEDAI
score >10 [24].
In 2012, fatal anaphylaxis was reported in a patient

treated with belimumab and it is now known that there
is a risk of a delayed acute hypersensitivity reaction to
belimumab, especially in patients with multiple drug
allergies. Long-term observational data will provide
further safety and tolerability data on belimumab. At
present the FDA Center for Drug Evaluation and Research
has reviewed the safety labeling for belimumab (www.fda.
gov/Safety/MedWatch/SafetyInformation/ucm299628).
The increased susceptibility to infection after belimumab

treatment may be as a consequence of alterations in the
signaling pathways involving BAFF/BLys and the TACI
receptor. The TACI molecule has a complex role in host
immunity involving activation of B cells and T cell inde-
pendent immune regulation; however, this is yet to be
completely understood [25]. In light of this, it has been
postulated that the post-belimumab low BAFF/BLys
levels result in a reduction in TACI signaling and ham-
per the host immune defenses against pathogens, such
as polysaccharide encapsulated bacteria. Patients treated
with belimumab have an increased susceptibility to
infection, the commonest being pharyngitis, bronchitis,
cystitis and viral gastroenteritis [23]. In the clinical trials
serious infections have been reported in 6% of belimumab-
treated patients as compared to 5.2% in placebo controls
but there have been no reports to date of PML in
belimumab treated patients [26].
Although belimumab received regulatory approval from

the US FDA and the EMEA, its use in some countries has
been restricted until approval by national drug evaluation
organizations. The German Institute for Quality and Effi-
ciency in Health Care (IQWiG) has recommended evalu-
ation of belimumab for additional benefit over optimized
immune-suppression rather than over standard therapy
prior to full approval (www.iqwig.de).
In 2012 The National Institute for Health and Clinical

Excellence (NICE) provided a draft national guidance on
the use of belimumab for SLE in the United Kingdom.
NICE did not recommend belimumab within its licensed
indication as add-on therapy to standard immune-
suppressive drugs in adult patients with active auto-
antibody positive SLE. In making this decision, NICE
considered the clinical trial evidence, clinical specialist
and patient opinions. NICE concluded that the use
of belimumab was not sufficiently cost-effective to
the National Health Service (NHS) in relation to its
reported clinical effectiveness. A final decision will be
expected after the appeals process has been concluded
(www.nice.org.uk).

Blisibimod (anti-B-Lys)
In 2010 a Phase II study called PEARL-SC commenced
with the aim of investigating the efficacy, safety, and toler-
ability of blisibimod, a B lymphocyte stimulatory antagon-
ist, in patients with active SLE. In 2011 an open-label
long-term safety extension trial for patients with SLE who
completed the protocol PEARL-SC was commenced.
In 2012 approval was granted by the EMEA and FDA

for phase III clinical trials of blisibimod, CHABLIS-SC1
and CHABLIS-SC2. These international multicenter, ran-
domized, double-blind trials aim to evaluate the efficacy,
safety, tolerability and immunogenicity of blisibimod in
patients with severe active SLE (SELENA-SLEDAI >10)
despite high-dose corticosteroids NCT01395745 (www.
clinicaltrials.gov).

Tabalumab (anti-B-Lys)
Tabalumab (LY2127399) is a human IgG4 monoclonal
antibody targeting membrane-bound and soluble BAFF. A
phase III, multicenter, randomized, double blind, placebo-
controlled study to evaluate the efficacy and safety of sub-
cutaneous LY2127399 in patients with SLE is expected to
be completed in May 2015 (NCT01196091). Tabalumab is
administered subcutaneously in addition to standard of
care therapy for active SLE (www.clinicaltrials.gov).

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.fda.gov/Safety/MedWatch/SafetyInformation/ucm299628
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Atacicept (TACI-Ig fusion protein)
Atacicept is a TACI receptor fusion protein which in-
hibits BLys and APRIL in immature B cells, mature B
cells and plasma cells. It is currently under investigation
as a potential new therapy for SLE and is in a phase
II/III clinical trial for patients with SLE excluding lupus
nephritis [27]. The initial phase II trial of atacicept and
MMF combination therapy for lupus nephritis was
stopped due to a high frequency of reported infections
likely related to a marked reduction in total Ig levels
[28]. The prematurely terminated randomized, double-
blind, placebo-controlled Phase II/III, 52-week study,
APRIL-LN, reported adverse events in the patients ran-
domized to atacicept (n = 4). Patients developed significant
IgG hypogammaglobulinemia below the protocol-defined
criteria for discontinuation (n = 3) and serious infections
including, haemophilus influenza pneumonia, legionella
pneumophilia pneumonia and bacillus bacteremia. Inter-
estingly, atacicept trials in rheumatoid arthritis have not
yielded this severity of adverse events [29]. This implies
that the immunopathogenesis of lupus nephritis may have
influenced the results of this atacicept trial.

Blockade of T-cell co-stimulation
Abatacept (CTLA-4-Ig fusion protein)
Blockade of the co-stimulatory interactions between T
and B lymphocytes can induce immunological tolerance.
The most well characterized T lymphocyte co-stimulatory
ligand is CD28, a glycoprotein which interacts with the
co-stimulatory receptors B7-1 (CD80) and B7-2 (CD86).
CTLA4 (cytotoxic T-lymphocyte antigen) is expressed on
activated T cells and interacts with B7 with higher affinity
than CD28 resulting in a negative feedback mechanism
that inhibits T cell activation [30-32]. Abatacept is a fusion
protein consisting of CTLA-4 combined with the Fc por-
tion of human IgG1 (CTLA-4-Ig). Combination therapy
of CTLA-4-Ig and cyclophosphamide significantly reduces
proteinuria, autoantibody titres and improves mortality
in murine lupus nephritis [33-35]. However, a randomized
controlled trial of abatacept in 175 SLE patients failed to
meet its primary end-point of a reduction of the propor-
tion of patients with a new SLE flare [36]. Approximately
one-fifth of the patients included in this study were sero-
negative for ANAs and anti-dsDNA. There were, however
some improvements in quality of life measures by the SF-
36 physical component scores, fatigue and sleep problem
scores in the abatacept treated group. Patients in this study
primarily had musculoskeletal and dermatologic features
of SLE and the trial was not specifically designed to exam-
ine the role of abatacept in lupus nephritis.
A 12-month Phase II/III double-blind placebo controlled

trial in proliferative lupus nephritis failed to meet its
primary end-point of time to complete renal response
as defined as glomerular filtration rate within 10% of
pre-flare/screening value, urinary protein creatinine ra-
tio <0.26 mg/mg and inactive urinary sediment [37].
However when the same data were analyzed using differ-
ent outcome measures, with complete response defined as
serum creatinine either normal or ≤125% of baseline,
urinary protein creatinine ratio <0.5 g/g, and prednisone
dose ≤10 mg/d at study day 365, the study showed a
positive outcome in favor of abatacept [38]. This high-
lights the importance of choosing outcomes measures
in clinical trials of lupus nephritis and the necessity for
standardization of outcomes across studies.

Anti-CD40 ligand
CD40 ligand (CD40L) is a transmembrane glycoprotein
belonging to the tumor necrosis factor (TNF) super
family which binds with CD40 on the surface of B-cells
and macrophages. The interaction between CD40/CD40L
plays a pivotal role in B-cell class switching [39]. CD40L is
over expressed in murine lupus models and monoclonal
antibodies against CD40L have successfully treated murine
lupus nephritis [40]. There have been two clinical trials
of humanized anti-CD40L monoclonal antibodies (IDEC-
131 and BG9588) in SLE patients. Eighty-five SLE patients
treated with IDEC-131 failed to demonstrate clinical
improvement as compared to placebo at 20 weeks [41].
A trial of 28 lupus nephritis patients treated with BG9588
showed initial promise with reduced anti-dsDNA titres and
increasing complement levels but was discontinued prema-
turely due to unexpected thrombo-embolic side effects
[42]. Given the lack of efficacy and toxicity demonstrated
in these studies, it is unlikely that anti-CD40L will progress
to larger clinical trials in SLE patients.

Cytokine therapies
Tocilizumab (anti-IL-6)
IL-6 is a pleiotropic cytokine with both pro-inflammatory
and anti-inflammatory properties and has been implicated
in the pathogenesis of lupus nephritis. Exogenous IL-6
increases autoantibody production and accelerates pro-
gression of nephritis in both the NZB/NZW and BXSB
lupus mouse models [43,44]. Treatment of lupus prone
mice with an IL-6 monoclonal antibody decreases anti-
dsDNA titres and proteinuria and reduces mortality [45,46].
In SLE patients, IL-6 levels have been shown to correlate
with clinical activity and anti-dsDNA antibody levels
[47,48]. Urinary excretion of IL-6 is increased in prolifera-
tive lupus nephritis and is reduced following cyclophospha-
mide therapy [49,50].
Tocilizumab is a fully humanized monoclonal antibody

against the IL-6 receptor and prevents binding of IL-6 to
both membrane bound and soluble IL-6 receptor. A
phase I trial over a 12 week period has demonstrated the
safety and tolerability of tocilizumab in SLE patients.
While active urinary sediment and anti-dsDNA antibody
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titres were reduced, proteinuria remained unchanged [51].
The short duration of the study renders it difficult to draw
conclusions as to the longer term effects of tocilizumab
in the treatment of lupus nephritis. Randomized con-
trolled trials of tocilizumab in SLE are awaited. Sirukumab
(CNTO 136) a human monoclonal antibody that targets
IL-6 is currently in a phase II study in lupus nephritis
(NCT01273389) (www.clinicaltrials.gov).

Targeting interferon-α
Recent studies of SLE patients and data from murine
models of lupus, suggest that inappropriate activation of
type I IFNs play an essential role in SLE pathogenesis.
Microarray gene expression analysis has shown wide-
spread activation of IFN-inducible genes in SLE patients
which correlates with disease activity [52,53]. In addition,
IFN pathway activation has been associated with lupus
nephritis activity [54]. A scoring system based on expres-
sion of type I IFN-inducible mRNAs, which may divide
SLE patients into two distinct subgroups has been pro-
posed to enable type I IFN-inducible genes to be used as
biomarkers to identify patients who might respond better
to anti-type I IFN treatment [36]. Given the role of IFN-α
in the host defense against viral infection, close clinical
monitoring is mandatory in the development of any po-
tential agents targeting this pathway.
Sifalimumab, a fully human anti-IFN-α monoclonal anti-

body, induced a dose-dependent inhibition of type I IFN-
induced mRNAs (type I IFN signature) in whole blood in
a phase I study. No increase in viral infections was noted
and a general trend towards improvement in disease activ-
ity was seen [55]. Further studies examining the efficacy of
sifalimumab in SLE are in recruitment (NCT01283139)
(www.clinicaltrials.gov). A Phase II clinical trial evaluating
rontalizumab, a recombinant humanized monoclonal anti-
body to IFN-α for SLE is also ongoing (NCT00962832)
(www.clinicaltrials.gov).
The efficacy and safety of rontalizumab, a recombinant

humanized monoclonal antibody to IFN-α was recently
assessed in a randomized, double-blind, placebo-controlled
phase II trial in adults with moderate to severe non-renal
SLE. An abstract by Kalunian K et al. entitled ‘Efficacy and
Safety of Rontalizumab (Anti-Interferon Alpha) in SLE
Subjects with Restricted Immunosuppressant Use: Results
of a Randomized, Double Blind, Placebo-Controlled Phase
2 Study’ was presented at the American College of Rheuma-
tology Annual Scientific Conference in November 2012.
In the initial part of the study, SLE patients received

either 750 mg intravenously of rontalizumab or placebo
for four weeks. In the second part of the study, SLE patients
received either 300 mg subcutaneously of rontalizumab
or placebo for two weeks. Overall, response rates at 24
weeks as measured by BILAG and SRI were similar be-
tween rontalizumab and placebo. However, in patients
taking >10 mg/kg of steroids daily, rontalizumab was more
effective in reducing lupus disease activity than placebo.
Patients were further analyzed as per their IFN gene
expression signature, which showed that rontalizumab
was more effective in those with a more elevated IFN
signature.

Complement therapies
Eculizumab (anti-C5)
The complement system plays an important role in the
pathophysiology of SLE although individual complement
components have distinct and varied functions in the
disease process. Early components of the complement
cascade are critical in the clearance of immune complexes
and apoptotic material. Their absence in congenital C3 or
C4 deficiency predisposes individuals to development of
SLE. Activation of terminal complement components is
associated with exacerbations of disease, particularly in
lupus nephritis.
Monoclonal antibodies that specifically inhibit terminal

complement activation while preserving early complement
function have been developed. Eculizumab, a monoclonal
antibody directed against the complement protein C5,
inhibits the cleavage of C5 to C5a and C5b and thus
blocks the formation of the terminal membrane attack
complex C5b-9 [56]. Anti-C5 therapy delays onset of
proteinuria, improves renal histology and survival in mur-
ine lupus nephritis [57]. A phase I trial of eculizumab in
SLE demonstrated safety and tolerability, but no clear clin-
ical improvements were seen by day 28 and 56 of the
study [58]. To date there have been no further clinical tri-
als to examine the potential efficacy of this therapy in SLE.

Targeting Fcγ receptor IIB
Fcγ receptors are a heterogeneous group of hematopoietic
cell surface glycoproteins that recognize the Fc portion
of specific Ig isotypes, facilitating antibody-antigen in-
teractions with effector cells and, thus, play a key role in
the clearance of immune complexes [56]. Fcγ receptor
IIB (FcγRIIB) is the sole inhibitory receptor in the Fcγ
receptor family and competes with activatory Fcγ recep-
tors expressed on immune cells for pathogenic immune
complexes. FcγRIIB may also interfere with formation
of memory/plasma cells that develop autoantibodies
[56]. Treatment of lupus-prone NZB/NZW F1 mice with
recombinant soluble FcγRIIB significantly delayed onset of
proteinuria, reduced histopathological findings and im-
proved survival [57]. Currently a soluble FcγRIIB (SM101)
is undergoing phase II trials in SLE and primary immune
thrombocytopenia (ITP).

Laquinimod
Laquinimod is an oral quinoline-3-carboxamide small
molecule which to date has been mainly investigated in

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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the context of relapsing-remitting multiple sclerosis (MS).
In MS, laquinimod biases the CD4+ phenotype in favor
of Th2/Th3 cytokine production and inhibits disease
development and infiltration of inflammatory cells into
the CNS [58,59]. Laquinimod also suppresses major histo-
compatibility class II antigen presentation and down-
regulates epitope spreading [60]. Laquinimod is currently
in phase II trials in lupus arthritis and lupus nephritis.
(www.clinicaltrials.gov).

Janus kinase (JAK) and spleen tyrosine kinase (Syk)
inhibitors
Tofacitinib (JAK inhibitor)
Tofacitinib is a Janus kinase (JAK) selective inhibitor
which has been approved as the first oral biologic for
the management of rheumatoid arthritis. JAKs are essen-
tial for signal transduction of cytokines and contribute
to inflammatory responses [59]. Targeting JAKs in SLE
would be a logical therapeutic option which can be stud-
ied further starting with trials to determine the safety,
pharmacodynamics and efficacy of these drugs in SLE.

Fostamatinib (Syk inhibitor)
Spleen tyrosine kinase (Syk) is implicated in the B cell
immunopathogenesis of SLE and is a potential thera-
peutic target. Syk inhibitors have been shown to prevent
the onset of skin and renal disease in lupus-prone mice.
In addition, Syk inhibitors reduce inflammatory arthritis.
Fostamatinib is an oral Syk inhibitor being evaluated for
the management of autoimmune rheumatic diseases [60].

Discussion
The management of SLE is likely to change significantly
with the introduction of new biological therapies and
the discovery of other therapeutic targets. The exact role
of these drugs will be determined after completion of
the trials and with clinical experience. It is envisioned
that the majority of the biological therapies will initially
be reserved for patients who have failed to respond satis-
factorily to optimal conventional immunosuppressive
drugs. The new biological drugs will need to be used ap-
propriately to target disease remission; reduction of the
disease severity; frequency of lupus flares and the subse-
quent high morbidity associated with lupus.
Conventional immunosuppressive therapies have rad-

ically transformed patient survival in SLE, but their use
is associated with considerable toxicity and a substantial
proportion of patients remain refractory to treatment. A
more comprehensive understanding of the complexity
of SLE immunopathogenesis has evolved over the past
decade and has led to the testing of several biologic
agents in clinical trials. An array of promising new therap-
ies are yet to emerge or are under development. There is
a clear need for new therapeutic strategies that overcome
these issues, and biologic agents offer exciting prospects as
future SLE therapies. The role of new therapeutic agents to
date has chiefly centered on SLE patients who have been
refractory to conventional therapies. There are few clinical
trials examining their role as first line induction or main-
tenance therapy. Questions remain as to how these ther-
apies can potentially be combined with existing proven
treatments and indeed with one another to achieve max-
imum clinical benefit while minimizing toxicity. Although
so far many biologics have been generally well tolerated,
we must not be complacent regarding potential toxicity
of these new agents, as we do not yet know the long-
term effects of these medications on the immune system.
Rituximab is currently used off-license for the manage-
ment of severe refractory SLE and is likely to continue to
be used for this indication due to overall positive clinical
experience.
Based on the clinical trial and extension study data,

belimumab has a modest level of clinical effectiveness
when used in combination with standard immunosup-
pressive drugs in autoantibody-positive SLE patients. The
BILAG data at week 52 of the BLISS trials suggested more
favorable outcomes in the mucocutaneous, musculoskel-
etal domains. The SELENA-SLEDAI cutaneous, muscu-
loskeletal, immunologic, vascular and CNS components
significantly improved at week 52 in the BLISS trials.
Physicians will, therefore, be inclined to closely monitor
patients on belimumab and switch to alternate thera-
peutic regimens if the clinical response is inadequate
after six months. SLE patients of black ethnicity are to
be studied in greater numbers than in the original BLISS
trials in order to ascertain whether or not belimumab is
beneficial in this group of patients. As belimumab use
becomes more prevalent and the results of the on-going
belimumab clinical trials are published, the group of
SLE patients likely to benefit the most from this drug
may be identified and this will guide future use of this
medication.
The place for other therapeutic agents in development for

the management of SLE, such as epratuzumab, blisibimod,
tabalumab and atacicept, as induction or maintenance ther-
apies will be determined after robust reviews of the clinical
trial data which are expected upon completion of the stud-
ies. It is anticipated that only drugs which show long-term
clinical effectiveness, benefit as steroid-sparing agents and
satisfactory safety profiles in SLE will gain approval for
clinical use.
Some novel biologic therapies have been associated

with significant toxicity leading to premature discon-
tinuation of clinical trials such as the association of
anti-CD40L and thrombo-embolic events and the high fre-
quency of reported severe and opportunistic infections as-
sociated with ocrelizumab. Although some drugs have not
progressed to phase II or III clinical trials after phase I

http://www.clinicaltrials.gov/
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studies, research into cytokine therapies, drugs targeting
FcγRIIB and small molecule targets is on-going and may
yield important results for the future of SLE management.
Health economic studies will be essential in determin-

ing the future use of the new therapeutic agents in SLE
and may influence the international use of these drugs.
A number of key questions remain. How can these

therapies be potentially combined with existing proven
treatments and indeed with one another to achieve max-
imum clinical benefit with minimal side-effects, such as
increased risk of serious infection. As is clear to all phy-
sicians involved in the day to day management of SLE
patients, this is a heterogeneous disease and there is not
one therapeutic regimen suitable for all. With a deeper
understanding of the pathophysiology of SLE particularly
from a genetic perspective, the era of personalized ther-
apy may represent the greatest advance that is yet to
come in optimizing treatment of SLE.

Conclusions
Conventional immunosuppressive therapies have radic-
ally transformed patient survival in SLE, but their use is
associated with considerable toxicity and a substantial
proportion of patients remain refractory to treatment. A
more comprehensive understanding of the complexity of
SLE immunopathogenesis has evolved over the past dec-
ade and has led to the testing of several biologic agents
directed against new molecular targets in clinical trials.
An array of promising new therapies is yet to emerge or
is under development. There is a clear need for new
therapeutic agents that overcome these issues, and bio-
logic agents offer exciting prospects as future SLE ther-
apies. Several challenges still remain in designing clinical
trials in SLE. One of the main issues is that conventional
therapies have been optimized and are effective in the
majority of patients. There is, therefore, quite a high bar
for new therapies to demonstrate a significant benefit
over conventional approaches and progress is likely to
be incremental rather than revolutionary.
The role of new therapeutic agents has chiefly centered

on SLE patients who have been refractory to conventional
therapies. There are few clinical trials examining their role
as first line induction or maintenance therapy. Questions
remain around how these therapies can potentially be
combined with existing proven treatments and indeed
with one another to achieve maximum clinical benefit
while minimizing toxicity. As is clear to all physicians
involved in the day to day management of SLE patients,
this is a heterogeneous disease and there is no single
therapeutic regimen suitable for all. With a deeper un-
derstanding of the pathophysiology of SLE particularly
from a genetic perspective, the era of personalized therapy
may represent the greatest advance that is yet to come in
optimizing treatment of SLE.
Abbreviations
ADCC: Antibody-dependent cell toxicity; ANA: Anti-nuclear antibody; BAFF: B
cell activating factor; BCMA: B cell maturation; BLys: B lymphocyte stimulator;
BILAG: British Isles Lupus Assessment Group; CDC: Complement-dependent
cell toxicity; CNS: Central nervous system; CTLA4: Cytotoxic T-lymphocyte
antigen; dsDNA: Anti-double stranded DNA antibody; EMEA: European
Medicines Evaluation Agency; ESRD: End-stage renal disease; FDA: United
States Food and Drug Administration; IFN: Interferon; Ig: Immunoglobulin;
IL-6: Interleukin-6; IL-10: Interleukin-10; IV: Intravenous; JAK: Janus kinase;
MMF: Mycophenolate mofetil; PML: Progressive multifocal
leuco-encephalopathy; RCT: Randomized controlled trials; SC: Subcutaneous;
SELENA-SLEDAI: Safety of estrogens in lupus erythematosus national
assessment trial systemic lupus erythematosus disease activity index;
SF-36: Short form 36; SLE: Systemic lupus erythematosus; Syk: Spleen tyrosine
kinase; SRI: Systemic lupus erythematosus responder index;
TACI: Transmembrane activator/calcium modulator/cyclophilin ligand
interactor; TNF: Tumor necrosis factor.

Competing interests
NJ and PL have no competing interests. DDC has received consulting fees
and/or has participated in clinical trials for Glaxo-SmithKline, Bristol Myers
Squibb, Roche and Eli-Lily.

Authors’ contributions
NJ and PL contributed equally to the literature review, interpretation and
writing of the manuscript. DDC was involved in the inception and planning
of the review and supervision of NJ and PL. DDC takes final responsibility for
the manuscript and its contents. All authors approved the final manuscript.

Authors’ information
NJ joined the lupus team at St Thomas’ Hospital in 2009 and was
subsequently awarded an Arthritis Research UK clinical research fellowship to
undertake a PhD focusing on lupus nephritis. Her research is based at the
Centre for Molecular and Cellular Biology of Inflammation at King’s College
London and she continues to work as a clinician at the Louise Coote Lupus
Unit primarily in the areas of lupus nephritis and vasculitis. PL joined the
lupus team at St Thomas’ Hospital in 2010 as a specialist registrar in
Rheumatology and is currently a clinical research fellow at the Peter Gorer
Department of Immunobiology King’s College London and Lupus Unit St
Thomas’ Hospital studying the effects of B cell depletion therapy on
lymphocyte subsets in lupus and vasculitis. DDC is clinical team lead for the
Louise Coote Lupus Unit and is Professor of Lupus Biology and Consultant
Rheumatologist.

Received: 31 October 2012 Accepted: 9 April 2013
Published: 3 May 2013

References
1. Agmon-Levin N, Mosca M, Petri M, Shoenfeld Y: Systemic lupus

erythematosus one disease or many? Autoimmun Rev 2012, 11:593–595.
2. Rahman A, Isenberg DA: Systemic lupus erythematosus. N Engl J Med

2008, 358:929–939.
3. Johnson AE, Gordon C, Hobbs FD, Bacon PA: Undiagnosed systemic lupus

erythematosus in the community. Lancet 1996, 347:367–369.
4. Bernatsky S, Boivin JF, Joseph L, Manzi S, Ginzler E, Gladman DD, Urowitz M,

Fortin PR, Petri M, Barr S, Gordon C, Bae SC, Isenberg D, Zoma A, Aranow C,
Dooley MA, Nived O, Sturfelt G, Steinsson K, Alarcón G, Senécal JL, Zummer M,
Hanly J, Ensworth S, Pope J, Edworthy S, Rahman A, Sibley J, El-Gabalawy H,
McCarthy T, et al: Mortality in systemic lupus erythematosus. Arthritis Rheum
2006, 54:2550–2557.

5. Mavragani CP, Moutsopoulos HM: Lupus nephritis: current issues. Ann Rheum
Dis 2003, 62:795–798.

6. Korbet SM, Schwartz MM, Evans J, Lewis EJ: Severe lupus nephritis: racial
differences in presentation and outcome. J Am Soc Nephrol 2007,
18:244–254.

7. Croca SC, Rodrigues T, Isenberg DA: Assessment of a lupus nephritis
cohort over a 30-year period. Rheumatology (Oxford) 2011, 50:1424–1430.

8. Furie RA, Petri MA, Wallace DJ, Ginzler EM, Merrill JT, Stohl W, Chatham WW,
Strand V, Weinstein A, Chevrier MR, Zhong ZJ, Freimuth WW: Novel evidence-
based systemic lupus erythematosus responder index. Arthritis Rheum 2009,
61:1143–1151.



Jordan et al. BMC Medicine 2013, 11:120 Page 10 of 11
http://www.biomedcentral.com/1741-7015/11/120
9. Zonana-Nacach A, Barr SG, Magder LS, Petri M: Damage in systemic lupus
erythematosus and its association with corticosteroids. Arthritis Rheum
2000, 43:1801–1808.

10. Sanz I, Lee FE: B cells as therapeutic targets in SLE. Nat Rev Rheumatol
2010, 6:326–337.

11. Diaz-Lagares C, Croca S, Sangle S, Vital EM, Catapano F, Martinez-Berriotxoa A,
Garcia-Hernandez F, Callejas-Rubio JL, Rascon J, D’Cruz D, Jayne D,
Ruiz-Irastorza G, Emery P, Isenberg D, Ramos-Casals M, Khamashta MA,
UK-BIOGEAS Registry: Efficacy of rituximab in 164 patients with biopsy-proven
lupus nephritis: pooled data from European cohorts. Autoimmun Rev 2012,
11:357–364.

12. Merrill JT, Neuwelt CM, Wallace DJ, Shanahan JC, Latinis KM, Oates JC, Utset TO,
Gordon C, Isenberg DA, Hsieh HJ, Zhang D, Brunetta PG: Efficacy and safety of
rituximab in moderately-to-severely active systemic lupus erythematosus:
the randomized, double-blind, phase II/III systemic lupus erythematosus
evaluation of rituximab trial. Arthritis Rheum 2010, 62:222–233.

13. Rovin BH, Furie R, Latinis K, Looney RJ, Fervenza FC, Sanchez-Guerrero J,
Maciuca R, Zhang D, Garg JP, Brunetta P, Appel G, LUNAR Investigator
Group: Efficacy and safety of rituximab in patients with active
proliferative lupus nephritis: the Lupus Nephritis Assessment with
Rituximab study. Arthritis Rheum 2012, 64:1215–1226.

14. Diaz-Lagares C, Perez-Alvarez R, Garcia-Hernandez FJ, Ayala-Gutierrez MM,
Callejas JL, Martinez-Berriotxoa A, Rascon J, Caminal-Montero L,
Selva-O’Callaghan A, Oristrell J, Hidalgo C, Gómez-de-la-Torre R, Sáez L,
Canora-Lebrato J, Camps MT, Ortego-Centeno N, Castillo-Palma MJ,
Ramos-Casals M, BIOGEAS Study Group: Rates of, and risk factors for,
severe infections in patients with systemic autoimmune diseases
receiving biological agents off-label. Arthritis Res Ther 2011, 13:R112.

15. Calabrese LH, Molloy ES: Progressive multifocal leucoencephalopathy in
the rheumatic diseases: assessing the risks of biological
immunosuppressive therapies. Ann Rheum Dis 2008, 67:iii64–iii65.

16. Pepper R, Griffith M, Kirwan C, Levy J, Taube D, Pusey C, Lightstone L, Cairns T:
Rituximab is an effective treatment for lupus nephritis and allows a reduction
in maintenance steroids. Nephrol Dial Transplant 2009, 24:3717–3723.

17. Lightstone L: The landscape after LUNAR: rituximab’s crater-filled path.
Arthritis Rheum 2012, 64:962–965.

18. Traczewski P, Rudnicka L: Treatment of systemic lupus erythematosus
with epratuzumab. Br J Clin Pharmacol 2011, 71:175–182.

19. Jacobi AM, Goldenberg DM, Hiepe F, Radbruch A, Burmester GR, Dorner T:
Differential effects of epratuzumab on peripheral blood B cells of
patients with systemic lupus erythematosus versus normal controls.
Ann Rheum Dis 2008, 67:450–457.

20. Gregersen JW, Jayne DR: B-cell depletion in the treatment of lupus
nephritis. Nat Rev Nephrol 2012, 8:505–514.

21. Pisetsky DS, Grammer AC, Ning TC, Lipsky PE: Are autoantibodies the
targets of B-cell-directed therapy? Nat Rev Rheumatol 2011, 7:551–556.

22. Schneider P, MacKay F, Steiner V, Hofmann K, Bodmer JL, Holler N, Ambrose C,
Lawton P, Bixler S, Acha-Orbea H, Valmori D, Romero P, Werner-Favre C,
Zubler RH, Browning JL, Tschopp J: BAFF, a novel ligand of the tumor
necrosis factor family, stimulates B cell growth. J Exp Med 1999,
189:1747–1756.

23. Navarra SV, Guzman RM, Gallacher AE, Hall S, Levy RA, Jimenez RE, Li EK,
Thomas M, Kim HY, Leon MG, Tanasescu C, Nasonov E, Lan JL, Pineda L,
Zhong ZJ, Freimuth W, Petri MA, BLISS-52 Study Group: Efficacy and safety
of belimumab in patients with active systemic lupus erythematosus: a
randomised, placebo-controlled, phase 3 trial. Lancet 2011, 377:721–731.

24. van Vollenhoven RF, Petri MA, Cervera R, Roth DA, Ji BN, Kleoudis CS, Zhong ZJ,
Freimuth W: Belimumab in the treatment of systemic lupus erythematosus:
high disease activity predictors of response. Ann Rheum Dis 2012, 71:1343–1349.

25. Fried AJ, Bonilla FA: Pathogenesis, diagnosis, and management of
primary antibody deficiencies and infections. Clin Microbiol Rev 2009,
22:396–414.

26. Dennis GJ: Belimumab: a BLyS-specific inhibitor for the treatment of
systemic lupus erythematosus. Clin Pharmacol Ther 2012, 91:143–149.

27. Gunnarsson I, van Vollenhoven RF: Biologicals for the treatment of
systemic lupus erythematosus? Ann Med 2012, 44:225–232.

28. Ginzler EM, Wax S, Rajeswaran A, Copt S, Hillson J, Ramos E, Singer NG:
Atacicept in combination with MMF and corticosteroids in lupus nephritis:
results of a prematurely terminated trial. Arthritis Res Ther 2012, 14:R33.

29. Genovese MC, Kinnman N, de La Bourdonnaye G, Pena Rossi C, Tak PP:
Atacicept in patients with rheumatoid arthritis and an inadequate response
to tumor necrosis factor antagonist therapy: results of a phase II, randomized,
placebo-controlled, dose-finding trial. Arthritis Rheum 2011, 63:1793–1803.

30. Scheipers P, Reiser H: Role of the CTLA-4 receptor in T cell activation and
immunity. Physiologic function of the CTLA-4 receptor. Immunol Res
1998, 18:103–115.

31. Reiser H, Stadecker MJ: Costimulatory B7 molecules in the pathogenesis
of infectious and autoimmune diseases. N Engl J Med 1996, 335:1369–1377.

32. Brunet JF, Denizot F, Luciani MF, Roux-Dosseto M, Suzan M, Mattei MG,
Golstein P: A new member of the immunoglobulin superfamily–CTLA-4.
Nature 1987, 328:267–270.

33. Daikh DI, Wofsy D: Cutting edge: reversal of murine lupus nephritis with
CTLA4Ig and cyclophosphamide. J Immunol 2001, 166:2913–2916.

34. Cunnane G, Chan OT, Cassafer G, Brindis S, Kaufman E, Yen TS, Daikh DI:
Prevention of renal damage in murine lupus nephritis by CTLA-4Ig and
cyclophosphamide. Arthritis Rheum 2004, 50:1539–1548.

35. Finck BK, Linsley PS, Wofsy D: Treatment of murine lupus with CTLA4Ig.
Science 1994, 265:1225–1227.

36. Merrill JT, Burgos-Vargas R, Westhovens R, Chalmers A, D’Cruz D, Wallace DJ,
Bae SC, Sigal L, Becker JC, Kelly S, Raghupathi K, Li T, Peng Y, Kinaszczuk M,
Nash P: The efficacy and safety of abatacept in patients with non-life-
threatening manifestations of systemic lupus erythematosus: results of a
twelve-month, multicenter, exploratory, phase IIb, randomized, double-
blind, placebo-controlled trial. Arthritis Rheum 2010, 62:3077–3087.

37. Furie R, Nicholls K, Cheng TT, Houssiau F, Burgos-Vargas R, Chen SL, et al.
Efficacy and safety of abatacept over 12 months in patients with lupus
nephritis: results from a multicenter, random- ized, double-blind, placebo-
controlled phase II/III study [abstract]. Arthritis Rheum 2011;63 Suppl:S962–3.

38. Wofsy D, Hillson JL, Diamond B. Comparison of alternative primary
outcome measures for use in a lupus nephritis trial. Arthritis Rheum 2013
doi:10.1002/art.37940. [Epub ahead of print]

39. Davidson A, Wang X, Mihara M, Ramanujam M, Huang W, Schiffer L, Sinha J:
Co-stimulatory blockade in the treatment of murine systemic lupus
erythematosus (SLE). Ann N Y Acad Sci 2003, 987:188–198.

40. Early GS, Zhao W, Burns CM: Anti-CD40 ligand antibody treatment prevents
the development of lupus-like nephritis in a subset of New Zealand black x
New Zealand white mice. Response correlates with the absence of an
anti-antibody response. J Immunol 1996, 157:3159–3164.

41. Kalunian KC, Davis JC Jr, Merrill JT, Totoritis MC, Wofsy D: Treatment of
systemic lupus erythematosus by inhibition of T cell costimulation with
anti-CD154: a randomized, double-blind, placebo-controlled trial.
Arthritis Rheum 2002, 46:3251–3258.

42. Boumpas DT, Furie R, Manzi S, Illei GG, Wallace DJ, Balow JE, Vaishnaw A:
A short course of BG9588 (anti-CD40 ligand antibody) improves
serologic activity and decreases hematuria in patients with
proliferative lupus glomerulonephritis. Arthritis Rheum 2003, 48:719–727.

43. Ryffel B, Car BD, Gunn H, Roman D, Hiestand P, Mihatsch MJ: Interleukin-6
exacerbates glomerulonephritis in (NZB x NZW)F1 mice. Am J Pathol
1994, 144:927–937.

44. Yang G, Liu H, Jiang M, Jiang X, Li S, Yuan Y, Ma D: Experimental study on
intramuscular injection of eukaryotic expression vector pcDNA3- IL-6 on
BXSB mice. Chin Med J (Engl) 1998, 111:38–42.

45. Liang B, Gardner DB, Griswold DE, Bugelski PJ, Song XY: Anti-interleukin-6
monoclonal antibody inhibits autoimmune responses in a murine model
of systemic lupus erythematosus. Immunology 2006, 119:296–305.

46. Mihara M, Takagi N, Takeda Y, Ohsugi Y: IL-6 receptor blockage inhibits
the onset of autoimmune kidney disease in NZB/W F1 mice. Clin Exp
Immunol 1998, 112:397–402.

47. Chun HY, Chung JW, Kim HA, Yun JM, Jeon JY, Ye YM, Kim SH, Park HS, Suh CH:
Cytokine IL-6 and IL-10 as biomarkers in systemic lupus erythematosus.
J Clin Immunol 2007, 27:461–466.

48. Linker-Israeli M, Deans RJ, Wallace DJ, Prehn J, Ozeri-Chen T, Klinenberg JR:
Elevated levels of endogenous IL-6 in systemic lupus erythematosus. A
putative role in pathogenesis. J Immunol 1991, 147:117–123.

49. Peterson E, Robertson AD, Emlen W: Serum and urinary interleukin-6 in
systemic lupus erythematosus. Lupus 1996, 5:571–575.

50. Tsai CY, Wu TH, Yu CL, Lu JY, Tsai YY: Increased excretions of beta2-
microglobulin, IL-6, and IL-8 and decreased excretion of Tamm-Horsfall
glycoprotein in urine of patients with active lupus nephritis. Nephron 2000,
85:207–214.

51. Illei GG, Shirota Y, Yarboro CH, Daruwalla J, Tackey E, Takada K, Fleisher T,
Balow JE, Lipsky PE: Tocilizumab in systemic lupus erythematosus: data

http://dx.doi.org/10.1002/art.37940


Jordan et al. BMC Medicine 2013, 11:120 Page 11 of 11
http://www.biomedcentral.com/1741-7015/11/120
on safety, preliminary efficacy, and impact on circulating plasma cells
from an open-label phase I dosage-escalation study. Arthritis Rheum 2010,
62:542–552.

52. Baechler EC, Batliwalla FM, Karypis G, Gaffney PM, Ortmann WA, Espe KJ,
Shark KB, Grande WJ, Hughes KM, Kapur V, Gregersen PK, Behrens TW:
Interferon-inducible gene expression signature in peripheral blood cells
of patients with severe lupus. Proc Natl Acad Sci U S A 2003, 100:2610–2615.

53. Crow MK, Wohlgemuth J: Microarray analysis of gene expression in lupus.
Arthritis Res Ther 2003, 5:279–287.

54. Kirou KA, Lee C, George S, Louca K, Peterson MG, Crow MK: Activation of
the interferon-alpha pathway identifies a subgroup of systemic lupus
erythematosus patients with distinct serologic features and active
disease. Arthritis Rheum 2005, 52:1491–1503.

55. Merrill JT, Wallace DJ, Petri M, Kirou KA, Yao Y, White WI, Robbie G, Levin R,
Berney SM, Chindalore V, Olsen N, Richman L, Le C, Jallal B, White B, Lupus
Interferon Skin Activity (LISA) Study Investigators: Safety profile and clinical
activity of sifalimumab, a fully human anti-interferon alpha monoclonal
antibody, in systemic lupus erythematosus: a phase I, multicentre,
double-blind randomised study. Ann Rheum Dis 2011, 70:1905–1913.

56. Cordeiro AC, Isenberg DA: Novel therapies in lupus - focus on nephritis.
Acta Reumatol Port 2008, 33:157–169.

57. Wang Y, Hu Q, Madri JA, Rollins SA, Chodera A, Matis LA: Amelioration of
lupus-like autoimmune disease in NZB/WF1 mice after treatment with a
blocking monoclonal antibody specific for complement component C5.
Proc Natl Acad Sci U S A 1996, 93:8563–8568.

58. Rother RP, Mojcik CF, McCroskery EW: Inhibition of terminal complement:
a novel therapeutic approach for the treatment of systemic lupus
erythematosus. Lupus 2004, 13:328–334.

59. van der Heijde D, Tanaka Y, Fleischmann R, Keystone E, Kremer J, Zerbini C,
Cardiel MH, Cohen S, Nash P, Song YW, Tegzová D, Wyman BT, Gruben D,
Benda B, Wallenstein G, Krishnaswami S, Zwillich SH, Bradley JD, Connell CA,
ORAL Scan Investigators: Tofacitinib (CP-690,550) in patients with
rheumatoid arthritis receiving methotrexate: Twelve-month data
from a twenty-four-month phase III randomized radiographic study.
Arthritis Rheum 2013, 65:559–570.

60. Morales-Torres J: The status of fostamatinib in the treatment of
rheumatoid arthritis. Expert Rev Clin Immunol 2012, 8:609–615.

doi:10.1186/1741-7015-11-120
Cite this article as: Jordan et al.: Novel therapeutic agents in clinical
development for systemic lupus erythematosus. BMC Medicine 2013
11:120.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	B-cell depletion therapy
	Rituximab (anti-CD20)
	Epratuzumab (anti-CD22)
	Ocrelizumab (anti-CD20)
	Targeting B-cell survival factors
	Belimumab (anti-BLys)

	Blisibimod (anti-B-Lys)
	Tabalumab (anti-B-Lys)
	Atacicept (TACI-Ig fusion protein)
	Blockade of T-cell co-stimulation
	Abatacept (CTLA-4-Ig fusion protein)

	Anti-CD40 ligand
	Cytokine therapies
	Tocilizumab (anti-IL-6)

	Targeting interferon-α
	Complement therapies
	Eculizumab (anti-C5)

	Targeting Fcγ receptor IIB
	Laquinimod
	Janus kinase (JAK) and spleen tyrosine kinase (Syk) inhibitors
	Tofacitinib (JAK inhibitor)

	Fostamatinib (Syk inhibitor)

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Authors’ information
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


