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Abstract

B cell depletion with rituximab, a chimeric monoclonal antibody that 
selectively targets B cells by binding CD20, has been used off label in 
severe and resistant systemic lupus erythematosus (SLE) for over two 
decades. Several biological mechanisms limit the efficacy of rituximab, 
including immunological reactions towards the chimeric molecule, 
increased numbers of residual B cells, including plasmablasts and 
plasma cells, and a post-treatment surge in B cell-activating factor 
(BAFF) levels. Consequently, rituximab induces remission in only a 
proportion of patients, and safety issues limit its use. However, the use 
of rituximab has established the value of B cell depletion strategies 
in SLE and has guided the development of several improved B cell 
depletion therapies for SLE. These include enhanced monoclonal 
antibodies, modalities that redirect the specificity of patient T cells 
using chimeric antigen receptor T cells or bispecific T cell engagers, 
and combination treatment that simultaneously inhibits the BAFF 
pathway. In this Review, we consider evidence gathered from over two 
decades of using rituximab in SLE and examine how B cell depletion 
therapies could be further optimized to achieve immunological and 
clinical efficacy. In addition, we discuss the prospects of B cell depletion 
strategies for personalized treatment in SLE based on genetic research 
and studies in pre-symptomatic individuals.
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CD20, CD19 has broader expression, including in plasmablasts and 
plasma cells. CD38 and the BAFF-R have more restricted expression 
that may direct biological effects towards subpopulations of B cells11–14.

In this review we examine the biological and clinical efficacy, as well 
as the limitations of off-label use, of rituximab in SLE and discuss the 
long-standing evidence showing that deep B cell depletion is important 
for clinical efficacy. In addition, we explore strategies currently employed 
to improve B cell depletion therapy, including enhanced monoclonal 
antibodies, chimeric antigen receptor (CAR) T cells and bispecific T cell 
engagers (BiTEs) and discuss how to manage long-term safety with B cell 
depletion. Finally, we examine how recent knowledge about B cell extrin-
sic mechanisms of SLE pathogenesis illuminate potential limitations of 
B cell depletion therapies in terms of achieving complete cure of SLE.

B cell subsets in SLE
In established SLE, the B cell compartment displays several altera-
tions compared to that of healthy individuals, including extrafolli-
cular T cell-independent activation, reduced dependence on B cell 
receptor (BCR) signalling and B cell lymphopenia15–17. Lymphopenia 
preferentially affects naive B cells, whereas type I interferons (IFNs), 
which are commonly upregulated in SLE, promote the survival of transi-
tional B cells (Box 1). This leads to an altered composition of the B cell 
pool with an increased proportion of memory B cells17–19. SLE has been 
described as a prototypic B cell-driven disease that is maintained by 
mature B cell clones that produce autoantibodies and cytokines and 
present antigens to autoreactive T cells. However, the extent to which 
SLE pathogenesis relies on complete and disrupted germinal centre 
reactions versus extrafollicular B cell maturation is not well clarified20. 
The idea of isolated and intrinsically autoreactive B cell clones that 
drive disease development might need revisiting as recent evidence 
points towards the involvement of polyclonally and extrafollicularly 
activated B cells in the pathogenesis of SLE15,21,22.

Central T cell tolerance is unlike the first B cell checkpoint in the 
bone marrow. In central T cell tolerance, expression of the autoimmune 
regulator protein in thymic epithelial cells ensures exposure of devel-
oping T cells to tissue-restricted autoantigens and thereby results in 
efficient elimination of autoreactive T cell clones. The first checkpoint 
of B cell tolerance is regulated by exposure to a narrower selection of 
antigens expressed in the bone marrow, and does not exclude auto-
reactivity in the naive B cell pool as efficiently. Therefore, an impor-
tant second checkpoint of B cell tolerance is required to prevent the 
inappropriate activation of autoreactive naive B cells. Naive B cells, 
thus, have an elevated threshold for activation and require activa-
tion of both BCR signalling and co-stimulatory molecules for an opti-
mal pro-inflammatory response23. The RNA-sensing TLR7 pathway 
is particularly relevant for SLE disease development. After a nuclear 
antigen has bound its cognate BCR on the B cell surface, the bound 
complex is internalized and delivered to endosomes containing TLR7 
and TLR9 (refs. 23–25) (Box 2). These innate receptors are activated 
by nuclear and mitochondrial RNA and DNA, and their engagement 
in concert with BCR ligation provides a second signal that triggers 
B cell activation24,25. The activation of TLR7 is essential to develop an 
antibody response in SLE-prone mice and was required for the expan-
sion of autoreactive B cells that bind to self nucleotides, including 
CD27−IgD− double-negative B cells (DN B cells) and plasmablasts26,27.

The DN B cell population is highly responsive to TLR signal-
ling and shares some properties with murine age-associated B cells. 
DN stage 2 (DN2) B cells, which are marked by a higher expression of 
CD11c and T-BET than that of other DN B cell subsets, have increased 

Key points

	• Although the B cell depletion agent rituximab failed to reach its 
primary end points in randomized controlled trials in systemic lupus 
erythematosus (SLE), favourable clinical experience has led to its 
frequent off-label use in patients with SLE.

	• Deep B cell depletion of prolonged duration has been associated 
with improved clinical response to rituximab.

	• Additional B cell depletion therapies that enhance B cell depletion, 
reduce immunogenicity, delay relapse of B cell numbers or target 
memory B cells and plasma cells are under development, although 
trials comparing these therapies head to head are lacking.

	• Innate and non-immune mechanisms that lead to B cell activation, as 
well as B cell-independent inflammation, might underlie resistance to 
B cell depletion therapy.

	• Although enhanced B cell depletion improves clinical responses 
in patients with SLE, both B cell-driven mechanisms and innate or 
non-immune mechanisms might need to be targeted to achieve cure.

Introduction
A role for B cells in the pathogenesis of systemic lupus erythematosus 
(SLE) has been recognized for decades, and the presence of autoanti-
bodies is a feature of the disease1. Rituximab, a chimeric monoclonal 
IgG1 antibody that selectively targets B cells by binding to CD20 on 
their surface, was the first B cell depletion agent used in patients with 
SLE2,3 (Fig. 1). As many other B cell depletion agents, rituximab was 
initially developed for the treatment of B cell-derived malignancies. In 
addition, B cell depletion with rituximab was efficacious in randomized 
trials in several rheumatic diseases, including patients with rheumatoid 
arthritis (RA) with insufficient response to TNF inhibitors4, and the 
induction and maintenance of remission in antineutrophil cytoplasmic 
antibody-associated vasculitis5–8.

Rituximab depletes B cells by several mechanisms (Fig. 1b). It 
crosslinks its targeted B cells with the activating Fcγ receptor III (FcγRIII) 
on effector cells such as natural killer (NK) cells and macrophages to 
induce death of the opsonized B cell through antibody-dependent cellu-
lar cytotoxicity (ADCC) and antibody-dependent cellular phagocyto-
sis (ADCP), respectively. In addition, B cell depletion can be induced 
independently of FcγRIII binding. The binding of type I monoclonal 
antibodies to CD20 on the B cell surface clusters CD20 into lipid rafts. 
This redistribution increases cell death by complement-dependent 
cytotoxicity (CDC) and apoptosis9. However, clustered complexes 
are more rapidly internalized, through interactions with inhibitory 
FcγRIIb qqon the B cell surface, which limits availability for ADCC 
and ADCP10. Some novel therapies include modifications to shift this 
balance between clustered complexes and non-clustered complexes.

CD20 is specifically expressed on B lineage cells, sparing pro-
genitor cells, some plasmablasts and long-lived plasma cells (Fig. 1a). 
CD20 function is poorly understood, and its natural ligands remain 
unknown. In addition to CD20, key targets on B cells include CD19, 
CD38, B cell maturation antigen (BCMA) and the B cell-activating fac-
tor (BAFF) receptor (BAFF-R). These are expressed on different sub-
populations of B cells during development (Fig. 1a). Compared with 
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levels of TLR7 but lack the TLR regulator TRAF5 (ref. 26). The DN2 
B cell subset is expanded in both adults and children with SLE, espe-
cially in individuals with African American ancestry and nephritis, 

and the percentage of DN2 B cells correlates with disease activity and 
Sm-specific or ribonucleoprotein-specific antibodies28,29. DN2 B cells 
are derived from activated naive B cells, are set to recognize nucleic 
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Fig. 1 | Mechanisms of B cell depletion by rituximab. a, B cell subsets 
express distinct surface markers depending on their differentiation stage. 
These surface markers can be targeted to direct biological effects towards the 
various stages of B cell maturation. For example, as rituximab uses CD20 as 
its target, biological effects are targeted towards B cells prior to the memory 
and plasma cell stages. B cell subpopulations of special interest for systemic 
lupus erythematosus (SLE) and their robust and characteristic expression of 
surface markers are depicted11–14. In addition to circulating B cells, which are 
efficiently targeted by rituximab, lymph node-resident and tissue-resident B cells 
are also likely to mediate pathology in SLE but are less efficiently depleted by 

monoclonal antibodies. By virtue of their cellular mechanism of action, chimeric 
antigen receptor (CAR) T cells are expected to induce more potent depletion 
in peripheral tissue compared with monoclonal antibody-mediated depletion 
with rituximab. b, Rituximab induces B cell depletion by several different 
mechanisms, including Fcγ receptor III (FcγRIII)-mediated antibody-dependent 
cellular phagocytosis (ADCP) and antibody-dependent cellular cytotoxicity 
(ADCC), as well as complement-dependent cytotoxicity (CDC) and direct 
induction of apoptosis. BAFF-R, B cell-activating factor receptor; BCMA, B cell 
maturation antigen; DN2 cell, double-negative stage 2 B cell; MAC, membrane 
attack complex; NK, natural killer.
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acids and seem to develop into antibody-producing cells26. This extra-
follicular pathway of B cell differentiation seems to promote the devel-
opment of autoreactive and antibody-producing plasma cells and 
plasmablasts in SLE.

Plasmablasts are a heterogeneous subset of short-lived, rapidly 
generated, antibody-producing B lineage cells, often defined on 
the basis of their CD19+/−CD27++CD38++ surface marker profile, that 
markedly expand early during SLE disease30. In viral infections, TLR 
signalling seems to determine whether plasmablasts develop intra-
follicularly or extrafollicularly, and in mice, overexpression of TLR7 
increases both spontaneous germinal centre formation and plasmab-
last development27,31. Both a plasmablast gene signature and the propor-
tion of peripheral plasmablasts have been associated with SLE disease 
activity32,33. In the absence of naive and memory B cells, the presence 
of plasmablasts in circulation might indicate ongoing B cell activity in 
other tissues. High-sensitivity flow cytometry is necessary to enumerate 
these rare cells, that are mostly located outside the lymphocyte region 
and have lower CD19 expression than that of other B cell populations.

Overall, TLR7 signalling has the potential to drive the extrafolli-
cular and polyclonal differentiation of autoreactive B cell populations 
during SLE. As TLR7-activated B cell populations might contribute 
to the development of an autoantibody response, the presence of 
these cells might help explain both the lack of response to rituximab 
in some patients with SLE and the success of therapeutic strategies 
involving BAFF inhibition.

Effectiveness and limitations of rituximab
Rituximab in SLE
Although early studies suggested efficacy in SLE, rituximab surprisingly 
failed to meet the primary and secondary end points in the LUNAR trial 
of renal SLE and the EXPLORER trial of non-renal SLE34,35. Results from 
both trials indicated biological effects, with rapid depletion of CD19+ 

B cells, improved serology, and normalization of complement factors. 
However, high doses of background corticosteroids and other immu-
nosuppressive therapies, patient heterogeneity and trial design might 
have contributed to the failure to meet end points36. Regardless, rituxi-
mab has been used off-label in patients with SLE for over two decades on 
the basis of clinical effectiveness in case series, registries and two sys-
tematic reviews37–42. The clinical response to rituximab is variable and, 
although many patients need retreatment with rituximab to control 
disease, the time span before return of clinical symptoms differs con-
siderably across these studies43,44. The pattern of relapse is bimodal and 
for approximately half the patients, relapse occurs within 18 months, 
whereas the remaining patients seem to benefit from longer periods 
of remission, sometimes exceeding 4 years43. Factors that limit the 
effects of B cell depletion therapy with rituximab include the presence 
of residual B cells in circulation and peripheral niches, non-response 
due to insufficient depletion or B cell-independent disease, and, in a 
proportion of patients, a sustained reduction in immunoglobulin that 
is associated with increased risk of serious infection.

Residual B cells in circulation
The level of B cell depletion by rituximab depends on the affinity of 
FcγRIII to rituximab45. FcγRIII allotypes have distinct receptor proper-
ties and influence the numbers of residual B cells after treatment with 
rituximab. In particular, the 158V polymorphism in FcγRIIIa increases 
FcγRIII affinity to IgG1. Patients who are homozygous for this polymor-
phism have enhanced NK cell-mediated degranulation and require 
lower serum rituximab levels than patients with other FcγRIIIa hap-
lotypes to achieve the same degree of B cell reduction45,46. In patients 
with RA, giving patients with incomplete B cell depletion an extra dose 
of rituximab 4 weeks after treatment initiation reduced residual B cells 
and clinical response without increasing adverse events47. Similarly, 
patients with SLE and FcγRIIIa genotypes that confer lower affinity to 

Box 1 | Interconnections between autoantibodies and the type I interferon system
 

Studying the early phase of systemic lupus erythematosus (SLE), before 
the onset of any clinical symptoms, has revealed the early involvement 
of autoantibodies and the type I interferon (IFN) system in disease 
development. Loss of humoral tolerance develops progressively 
during the years preceding onset of disease, and most patients with 
SLE carry at least one antinuclear antibody (ANA) specificity 6 years 
before diagnosis143. Pathogenic ANAs, especially anti-double-stranded 
DNA antibodies, can form immune complexes, activate complement, 
bind apoptotic nucleosomes in the glomeruli and mediate neuronal 
apoptosis156,157. However, some ANAs are benign and can be present 
during remission158. Only a minority of healthy individuals who 
develop ANA progress to clinical SLE disease150. However, even 
among non-progressors without inflammatory symptoms, ANA 
positivity is transcriptionally a highly dysregulated state with several 
abnormalities, including upregulation of IFN production in blood 
and non-haematopoietic tissues, and the immunological profiles of 
individuals with ANA positivity are more similar to those of patients with 
SLE than to those of healthy controls148,159.

Extracellular nuclear material is a potent stimulus for both 
antibody production and the type I IFN response, and the progression 
from ANA positivity to an SLE flare can be predicted on the basis 

of type I IFN pathway activation in blood and skin148,150,159. Most 
patients with established SLE exhibit sustained upregulation of the 
type I IFN system, and type I IFN activation has been associated with 
disease activity and distinct clinical features160–163. Local activation 
of the type I IFN pathway is evident in several organ systems 
and SLE can be ameliorated by the type I IFN receptor inhibitor 
anifrolumab64,159,164–166.

Elevated IFNα protein levels are associated with the presence of 
ANA and the number of specific autoantibodies is consistently 
associated with activation of type I IFN system in SLE and other 
rheumatic diseases167–169. Stimulation with type I IFNs upregulate TLR7 
expression on B cells, promote BAFF production, and strongly promote 
B cell differentiation to plasmablasts170–172. In addition, exposure to 
IFNα imprints plasma cells to express high levels of ISG15 mRNA, 
accompanied by direct secretion of ISG15 protein in SLE149. ISG15 
has a variety of immune modulatory effects both inside cells and as a 
soluble mediator. Thus, autoantibodies forming immune complexes 
can provide an interferonogenic stimulus173,174. In return, type I IFN 
stimulation imprint plasma cells to cause immunomodulatory effects 
that are independent of their antigen specificity, further contributing to 
the inflammatory vicious circle of SLE.
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IgG1 are likely to need increased rituximab doses or B cell depletion by 
alternative agents to achieve equal biological and clinical responses as 
patients with higher IgG1 affinity FcγRIIIa genotypes.

B cell depletion by rituximab is transient, and many patients with 
SLE still have detectable B cell levels after two infusions of rituximab. 
Lower numbers of residual B cells are associated with improved clini-
cal responses in both renal and non-renal SLE2,43,48–50. Moreover, the 
depletion of certain B cell subtypes is associated with clinical response, 
and transitional B cells are expanded in patients with prolonged clini-
cal response to rituximab51. The number of plasmablasts at relapse 
after rituximab seems to correlate with the titres of double-stranded 
DNA (dsDNA)-specific autoantibodies, and repopulation by plas-
mablasts was found to be predictive of disease recurrence43. Using 
high-sensitivity flow cytometry, repopulation with plasmablasts can 
be identified early; individuals with detectable plasmablasts 6 months 
after rituximab treatment are at higher risk of clinical relapse within 
the following 6 months52. In these patients, retreatment on the basis 
of B cell repopulation might have the potential to prevent relapse.

Residual B cells in peripheral niches
Most information about the B cell depletion efficiency of rituximab is 
based on counts of circulating B cells, which are more accessible than 
tissue-resident B cells. However, B cells in the blood comprise a minor-
ity of total B cell numbers and are not necessarily in homeostasis with 
tissue B cells53. Thus, residual B cells are likely to remain in peripheral 
niches even after B cell depletion therapy. The numbers of residual renal 
B cells have been evaluated after rituximab treatment in biopsies from 
patients with lupus nephritis. B cells were detected in most biopsies, 

and the presence of renal B cells was associated with poor treatment 
response even when circulating B cells were low or undetectable54,55. 
In addition, although patients with SLE and a long-term response to 
rituximab showed an altered B cell composition in the tonsils compared 
with patients with untreated SLE, germinal centre reactions persisted in 
these samples51. In contrast to the very low levels of circulating memory 
B cells, this suggests that memory B cell depletion in tissue by rituximab 
is less effective than in blood.

Similar findings have been reported in other rheumatic diseases. 
In Sjögren syndrome, rituximab does not affect the presence of clon-
ally related immunoglobulin-producing cells in salivary glands56. 
In RA, B cells remain detectable in the lymph nodes after rituximab 
treatment57 and the presence of residual B cells in synovial tissue is 
associated with disease activity58–60. Taken together, although rituxi-
mab treatment decreases the number of B cells in secondary lymphoid 
organs and peripheral tissue, residual B cells often persist in these sites, 
even in the absence of circulating B cells, suggesting that B cells in 
secondary lymphoid organs change more slowly than peripheral B cells.

Mechanisms of non-response
The chimeric composition of rituximab with murine variable regions 
increases immunogenicity and the risks of antidrug reactions. Up to a 
fifth of patients with SLE who receive rituximab have a good initial 
response but develop secondary non-depletion and non-response 
(2NDNR) with repeated use61. Symptoms and signs of 2NDNR include 
a severe infusion reaction that lasts >24 h during the second infusion 
of a cycle, failure to completely deplete B cells and lack of a clinical 
response52. This is suggestive of an immune reaction against rituximab, 

Box 2 | Autoantigens as drivers of B cell activation in SLE
 

In its symptomatology, a systemic lupus erythematosus (SLE) flare 
resembles a viral infection, with fatigue, arthralgia and oral ulcers, 
as well as pleuritis and leukopenia, and both conditions involve 
immunological reactions directed against nucleotides175. However, 
instead of appropriately eliminating viral RNA and DNA, SLE involves 
an inappropriate reactivity induced by endogenous nucleotides 
that manifests in the presence of antinuclear antibodies (ANAs). If 
these autoantibodies were primarily caused by monoclonal B cell 
dysfunction (for example, by stochastically arising autoreactive 
B cells) and perpetuated by T cell help and epitope spreading in 
germinal centre reactions, then elimination of the resulting clones 
might be expected to induce a sustained drug-free remission. Cure 
through elimination of B cell clones has been suggested to be the 
aim of future B cell-targeted therapy99. However, several lines of 
evidence argue against this theory.

The ANAs observed in SLE comprise antibodies against a 
diverse mixture of intracellular antigens, including single-stranded 
and double-stranded DNA, histones and ribonuclear proteins 
that accumulate leading up to symptom onset143. These antigens 
are not connected by a shared molecular structure, but by their 
intracellular location and their persistence after defective apoptotic 
clearance144,176,177. SLE susceptibility can be conferred by loss-of-
function mutations that increase the availability of these antigens, such 
as TREX1, which impairs their clearance during apoptosis, or gain-of-
function mutations in loci that increase the innate sensing of these 

antigens, such as STING145,146,176. Such antigen generation and sensing is 
a feature of all nucleated cells, not just the circulating immune system.

In addition, a monogenic TLR7 gain-of-function mutation was 
recently described leading to typical and severe SLE symptoms21. 
The carrier was a young girl who developed SLE by the age of 
7 years with elevated ANA, hypocomplementaemia, inflammatory 
arthralgia and renal involvement21. Additional analyses revealed a 
further two patients with monogenic variants in TLR7 causing SLE 
disease21. Notably, the gain-of-function mutation in TLR7 caused 
SLE symptoms in mice by extrafollicular activation of B cells21. TLR7 
escapes X chromosome inactivation leading to a higher expression 
in females than in males, and the endogenous X-inactive specific 
transcript (XIST) contributes a rich source of endogenous TLR7 
ligands in female patients with SLE178. Thus, the alteration of the 
sensing of nuclear material by TLR7 is sufficient to induce typical and 
severe lupus, and may at least partly explain the female bias in SLE.

Hence, the antibody repertoire of SLE is not what one would 
predict from a series of stochastic B cell autoreactive events with 
epitope spreading leading to B cell clones as the primary cause 
of autoreactivity. Instead, these data collectively suggest that B cell 
autoreactivity is secondary to increased sensitivity to these antigens, 
and loss of function in clearing these antigens during apoptosis. 
These latter mechanisms would be predicted to return after any 
B cell-directed therapy, no matter what intensity of depletion or 
quality of remission is achieved.
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and the presence of rituximab-specific antibodies is common in 
patients with SLE who develop 2NDNR. Thus, in primary responders to 
rituximab, subsequent treatment failure might occur because of insuf-
ficient B cell depletion, and tailored strategies to optimize depletion 
can restore clinical response.

Patients with mucocutaneous disease and, in particular, with 
chronic cutaneous lupus erythematosus (CCLE) have a low clinical 
response rate to rituximab52,62. In these patients, the level of B cell deple-
tion is not associated with CCLE response rates, CCLE non-response is 
not associated with low response in other domains, and new cutaneous 
lesions erupt during the period of B cell depletion, suggesting that a pri-
mary non-response with B cell-independent inflammation is probably 

involved in CCLE62. Indeed, CCLE is initiated by keratinocyte apoptosis, 
which leads to exposure of nuclear antigens and type I IFN production. 
Thus, patients with CCLE might be better suited to a between-class 
switch to type I IFN targeted therapy63,64

Managing long-term safety
A common misconception is that B cell depletion inherently increases 
the risk of infection65. Across multiple trials in SLE, no significant dif-
ferences in the proportion of adverse or serious adverse events were 
found between placebo and B cell depletion agents, and infection rates 
were numerically lower in treated patients than in those receiving pla-
cebo (Fig. 2a,b). In registry data of patients with moderate-to-severe 
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Fig. 2 | No evidence for increased risk of infections  
by B cell depletion across multiple trials. 
Across multiple trials of patients with systemic 
lupus erythematosus (SLE), there is no evidence 
for increased risk of any (part a) or serious (part b) 
infections following B cell depletion therapy compared 
with placebo34,35,67. However, in a mixed cohort of 
patients with rheumatic diseases (part c), patients 
with low IgG levels at baseline or patients with 
hypogammaglobulinaemia during treatment had 
increased risk of serious infection after treatment with 
rituximab72. Active SLE is associated with increased 
risk of infection (part d), and this risk may be reduced 
by treatment. However, sustained B cell depletion is 
likely to cause hypogammaglobulinaemia, which is 
associated with increased risk of infection. AE, adverse 
event; LLN, lower limit of normal.
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SLE, rituximab, the BAFF inhibitor belimumab and standard immuno-
suppression were associated with similar rates of serious infection66. 
Although patients with SLE might be sometimes told that treatment 
with rituximab might increase the risk of infection, a general increase 
in serious infections has not been observed34,35,67. Patients with SLE are 
likely to have an increased risk of infection due to their disease and 
their treatment with glucocorticoids68. While suppressing immunity, 
specific targeting of B cells with rituximab can allow glucocorticoid 
tapering and normalization of other immune cells and molecules, which 
might potentially improve the endogenous defence against infections.

In the case of COVID-19, treatment with B cell depletion agents 
was initially associated with a higher risk of severe infection in patients 
with immune-mediated disease69. However, vaccination offered pro-
tection with every new dose received70. Together with the decreased 
immunogenicity of the virus, the risk of severe COVID-19 infection in 
patients with systemic rheumatic diseases abated towards the end of 
the pandemic71.

In around 15% of patients, repeated rituximab treatment leads 
to hypogammaglobulinaemia38. In a multi-disease cohort, low IgG at 
baseline was associated with an increased risk of serious infections, and 
a reduction in IgG levels occurring during or after treatment doubled the 
risk compared with normal IgG levels72 (Fig. 2c). Immunoglobulin levels 
are probably sustained by long-lived plasma cells, and although target-
ing CD20-positive B cells does not affect plasma cells directly, it reduces 
the number of plasma cell precursors. Exposure to cyclophosphamide 
and glucocorticoids, as well as multimorbidity, also increase the risk of 
hypogammaglobulinaemia72–74. Thus, although B cell depletion is desir-
able for active disease and does not affect the short-term risk of infection, 

in a proportion of patients, repeated rituximab treatment leads to a 
reduction in immunoglobulin levels that is associated with an increased 
risk of serious infections (Fig. 2d). This calls for a tailored approach to 
B cell depletion. While acknowledging the infectious risks of alternative 
treatment options, monitoring of immunoglobulin levels before each 
cycle of rituximab allows an individualized risk–benefit analysis.

B cell depletion therapies beyond rituximab
Several B cell depletion therapies are under development in SLE. These 
include two types of enhanced monoclonal antibodies that are specific 
to CD20: type I anti-CD20 antibodies have the ability to reorganize the 
CD20 molecule into lipid rafts, whereas type II anti-CD20 antibodies 
affect CD20 distribution in the plasma membrane to a lesser extent. 
Type I monoclonal antibodies include, in addition to rituximab, ocreli-
zumab and ofatumumab, which are humanized and fully human, respec-
tively, to ensure reduced immunogenicity. The afucosylated type II 
monoclonal CD20-specific antibody obinutuzumab, as well as CAR T cells 
and BiTEs that redirect T cells towards B cell targets, have been developed 
to achieve deeper B cell depletion. In addition, combination treatment 
with BAFF inhibition using ianalumab, and plasma cell-directed treat-
ment with the proteasome inhibitor bortezomib or the CD38-specific 
antibody daratumumab are treatment strategies designed to improve 
and direct B cell depletion. An overview of the mechanisms of emergent 
B cell depletion therapies is presented in Fig. 3.

Type I anti-CD20 antibodies
The chimeric nature of rituximab occasionally induces immune reac-
tivity, and the formation of antidrug antibodies often impairs clinical 
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Fig. 3 | Emergent B lineage depletion therapies in SLE. The emergent B cell 
depletion therapies use various modes of action that confer distinct advantages 
compared with rituximab for B cell depletion. Deep B cell depletion is attempted 
through the actions of type II monoclonal antibodies against CD20, such as 
obinutuzumab, or by chimeric antigen receptor (CAR) T cells and bispecific 
T cell engagers (BiTEs) that target CD19 or B cell maturation antigen (BCMA). 
A combination of B cell depletion and inhibition of B cell-activating factor 

receptor (BAFF-R) with ianalumab could reduce the relapse of B cell numbers 
after B cell depletion and potentially prolong the duration of the treatment 
effect. In patients with evidence of plasma cell involvement and antibody-
mediated inflammation, treatment with the CD38-specific monoclonal antibody 
daratumumab or a proteasome inhibitor such as bortezomib might be more 
targeted to the pathology of their individual systemic lupus erythematosus (SLE) 
disease. FcγRIII, Fcγ receptor III.
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effects and reduces safety. One humanized (ocrelizumab) and one fully 
human (ofatumumab) type I monoclonal antibodies are, thus, cur-
rently under evaluation in SLE. Ofatumumab is a type I anti-CD20 IgG1 
monoclonal antibody that targets both the large and the small exter-
nal loops of CD20, recognizing epitopes that are distinct from those 
targeted by rituximab. Ofatumumab was shown to be well tolerated in 
a single-centre case series, and achieved B cell depletion in 12 out of 
14 patients with SLE. In this setting, 6 months after treatment with ofa-
tumumab six of the 12 patients with lupus nephritis had achieved renal 
remission75. Treatment with ofatumumab also showed clinical effects 
in smaller case series in patients with juvenile SLE or lupus nephritis76,77. 
However, this was not the case for ocrelizumab, a humanized IgG1 mon-
oclonal antibody that recognizes the same epitope as rituximab on the 
large extracellular loop of CD20. A study evaluating ocrelizumab along 
with background immunosuppressive therapy in patients with lupus 
nephritis was terminated early owing to an increased risk of serious 
infections, some of which were fatal, in patients receiving background 
mycophenolate mofetil (MMF). At the time of study termination and 
despite efficient B cell depletion in peripheral blood, renal responses 
were not significantly better in patients receiving ocrelizumab plus 
MMF than in those receiving placebo78. Thus, following the results 
of these trials, alternative type I anti-CD20 antibodies have not yet 
demonstrated promise regarding efficacy.

Type II anti-CD20 antibodies
Obinutuzumab is a humanized type II monoclonal antibody targeting 
CD20, and recognizes an overlapping epitope together with rituxi-
mab but at a different orientation79. Obinutuzumab is less efficient 
at clustering CD20 into lipid rafts than type I monoclonal antibodies 
such as rituximab. Although this limits cellular death through CDC, 
it also reduces internalization of the CD20–obinutuzumab complex, 
thereby increasing ADCC. In total, this leads to a net improvement 
in B cell depletion9,80–82. In addition, the Fc region of obinutuzumab 
is afucosylated to improve affinity to FcγRIII on effector cells. This 
enhances B cell depletion through ADCC80,82. In direct comparison with 
rituximab, obinutuzumab displays improved B cell depletion through 
FcγRIII-mediated activation of NK cells and ADCC, and obinutuzumab 
is also more potent in inducing direct cell death80,82.

In the NOBILITY phase II randomized controlled trial (RCT), obinu-
tuzumab or placebo infusions were administered during weeks 1, 2, 24 
and 26 together with standard-of-care83. The addition of obinutuzumab 
led to rapid depletion of peripheral B cells, including memory B cells, 
plasmablasts and naive B cells67. These biological effects were associated 
with an increased proportion of patients who reached complete renal 
response by week 52, together with significantly improved estimated 
glomerular filtration rate and proteinuria. In a post hoc analysis, obi-
nutuzumab also decreased the risk of lupus nephritis flares84. The treat-
ment was well tolerated with similar numbers of adverse events in the 
treatment group and the placebo group67. The REGENCY phase III RCT 
is a randomized double-blind placebo-controlled trial of the efficacy 
and safety of obinutuzumab together with MMF and glucocorticoids 
in lupus nephritis, including a total of 271 patients, that appears to 
have met its primary end point, as announced in the company’s press 
release85,86. Here, a higher proportion of patients were reported to have 
achieved the primary end point of complete renal response when treated 
with obinutuzumab compared with patients receiving standard therapy. 
This indicates that improved B cell depletion may translate to clinical effi-
cacy in SLE, and it may come down to the safety profile of obinutuzumab 
to determine its place as a novel B cell-targeted treatment strategy in SLE.

CAR T cells
CAR-expressing T cells combine direct antigen recognition with the 
effector mechanisms of T cells. Thereby, ordinary immune checkpoints 
are bypassed, and the CAR T cell is activated in an MHC-independent 
manner87. Adoptive transfer of CAR T cells directed towards the CD19 
antigen was approved in 2017 for the treatment of two types of refrac-
tory B cell-derived malignancies. Long-term effects vary depending on 
the type of malignancy, but CAR T cells induced durable remission for a  
proportion of the patients with the longest follow-up extending over 
a decade88. In SLE, CAR T cells targeting CD19 were first administered 
in 2021 as part of a compassionate use scheme to a woman with severe 
and refractory SLE despite several treatments, including rituximab and 
belimumab89. After leukapheresis, autologous T cells were activated and 
transduced with a lentiviral anti-CD19 CAR vector, expanded in vitro, 
and returned to the patient’s blood. As the CAR T cells expanded, 
B cells were depleted, serology normalized, and clinical remission 
was achieved.

This first case report was followed by two publications detailing 
the treatment of a total of eight patients with refractory and multiorgan 
SLE, four of whom had previously failed rituximab90,91. In all patients, 
drug-free remission was achieved by 6 months after autologous CAR 
T cell delivery, and remission was accompanied by seroconversion, 
normalization of complement levels, and disappearance of proteinuria. 
CAR T cells rapidly expanded until day 9 after transfer and then rapidly 
declined. B cells were absent a few days after infusion but reappeared 
after about 100 days. The repopulating B cells were preferentially 
non-class-switched, whereas the numbers of memory B cells remained 
reduced and plasmablasts were low to absent. Despite the reappear-
ance of B cells, no clinical relapse occurred during a follow-up period 
of 6–29 months.

In patients with B cell lymphoma and other malignancies that 
are treated with CAR T cells, adverse events are common and include 
cytokine release syndrome, immune effector cell-associated neurotox-
icity syndrome (ICANS), cytopenias, hypogammaglobulinaemia and 
infections88,92. In the patients with SLE who have received CAR T cells 
so far, toxic effects have been mostly mild, possibly attributable to a 
lower load of B cells in SLE than in B cell-derived malignancies89–91. It 
is noteworthy that long-term follow-up in cancer research has shown 
a non-trivial risk of non-relapse mortality. In a meta-analysis, around 
half of the non-relapse mortality cases were caused by infections, but 
almost 8% were attributed to the development of other malignant 
diseases93. In addition, case reports have described T cell-derived malig-
nancies following CAR T cell therapy94. These observations highlight 
the need for long-term follow-up to ensure maintained remission and 
safety of CAR T cell therapies in SLE and other autoimmune diseases. 
The substantially lower mortality in SLE than in malignant disease 
increases the impact of long-term outcomes on the choice of therapy.

CAR T cells targeting CD19 are currently under evaluation in sev-
eral phase I and II studies and some new technologies are under very 
early investigation in SLE, as described below. A case report described 
a patient with SLE and B cell lymphoma treated with CAR T cells 
designed to target both CD19 and BCMA95. This treatment would be 
expected to affect plasma cells to a larger degree, as BCMA is predomi-
nantly expressed on mature B cells. B cells were depleted but had recov-
ered to normal levels by 9 months after infusion. The disease remained 
stable until follow-up 23 months after treatment. However, there was 
a marked reduction in total immunoglobulin levels, and the patient 
received prophylactic treatment with intravenous immunoglobulin 
to limit the risk of infection.
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Various types of immune cells, including NK cells, can be trans-
formed to produce CAR construct expressing therapies, as demon-
strated by CAR regulatory T (Treg) cells targeting CD19 that improved 
serology and delayed lymphopenia in SLE-prone mice96. In addition, 
chimeric autoantibody receptor T cells could be designed to spe-
cifically target the B cells that produce autoantibodies involved in 
disease pathogenesis, a concept established in pemphigus vulgaris 
that could be applicable to autoantibodies in SLE, such as anti-dsDNA 
or anti-C1q97.

An argument for the use of CAR T cells in autoimmunity is that 
their cellular mechanism of B cell killing might be superior to that of 
monoclonal antibodies. In addition, CAR T cells might have improved 
penetrance to peripheral tissues and secondary lymphoid organs where 
pathogenic B cells reside98. In comparison with rituximab, depletion 
of peripheral B cells and immunoglobulin levels were similar, but a 
complete depletion of CD19+ and CD20+ B cells was observed in the 
lymph nodes of patients treated with CAR T cells but not in the lymph 
nodes of patients treated with rituximab98.

CAR T cell therapies have also been suggested to potentially 
achieve long-term clinical remission90. Across patients with malig-
nant diseases that received CAR T cell therapy, at least a proportion 
have remained in remission for over a decade, despite the reduction in 
CAR T cell numbers and the B cell repopulation that occur over time88. 
However, this information cannot be directly applied to autoimmune 
diseases. B cell malignancies are initiated by single expanded B cell 
clones, and after elimination of such clonotypes it is less probable that 
the same disease-causing mutation would arise de novo. By contrast, 
SLE involves polyclonal B cell activation directed towards several dis-
tinct nuclear and intracellular antigens15. Even after initial depletion 
of autoreactive B cell clones, continuous exposure of such antigens 
is expected to drive new autoreactive B cell clones in the context of a 
susceptible host.

In addition, CAR T cell therapies differ from strategies that are 
based on monoclonal antibodies in terms of patient effort and eco-
nomic costs. At present, CAR T cells are not produced at scale, and 
most protocols involve the use of autologous T cells99. Pretreatment 
conditioning, leukapheresis and initial follow-up is a time-consuming 
process requiring long periods of hospitalization for the patient and 
large initial costs for the healthcare system. These costs could be 
mitigated in the long term if CAR T cells survive and expand, creating 
a pool of T cells with the potential to respond even before disease 
is clinically evident. In addition, the development of allogenic CAR 
T cells could reduce the logistic requirements and improve treatment 
availability100. The first available report of use of allogeneic anti-CD19 
CAR T cells in rheumatic disease included one patient with severe 
myositis and two patients with systemic sclerosis101. To prevent rejec-
tion and improve persistence, genes for the T cell receptor and certain 
MHC molecules were knocked out using CRISPR–CAS9-based gene 
editing. The treatment was well tolerated, disease activity was reduced, 
and quality of life improved for the three participants. This is a rapidly 
developing field, and advances in T cell engineering and manufactur-
ing of off-the-shelf CAR T cell products might increase availability and 
reduce the time requirement for future patients, as well as reduce costs 
for the healthcare system.

Overall, although the promise of CAR T cell therapy has gener-
ated much excitement, the therapy is still nascent, and it needs to 
be emphasized that no controlled studies have been reported so far. 
The obvious comparator arm in such studies would be monoclonal 
antibody-mediated B cell depletion with type I or type II antibodies. 

Moreover, key questions must be answered before it can be concluded 
that CAR T cells are qualitatively better than monoclonal antibodies 
in terms of B cell depletion or a long-term cure in SLE. These include 
their comparative efficacy and added value both regarding immuno-
logical biomarkers and clinical outcome. In addition, a large, powered 
study with defined primary and secondary outcomes and long-term 
follow-up will be essential to understand the safety and efficacy of 
CAR T cells in SLE.

Bispecific T cell engagers
Unlike monoclonal antibodies, which recognize only one antigen, 
T cell-engaging bispecific antibodies simultaneously engage two sur-
face antigens: one on a target cell, and one on an endogenous T cell, 
which is redirected to the target. BiTEs are small, flexible bispecific 
antibodies that lack an Fc region. The first approved BiTE still in use, 
blinatumomab, was used in relapsed or refractory acute lymphoblas-
tic leukaemia102. Blinatumomab depletes B cells by connecting two 
single-chain variable immunoglobulin fragments, recognizing CD19 
and CD3ε, respectively102. As the B and T cells are brought into proxim-
ity, the T cell is activated in a polyclonal manner and secretes perforin 
that lyses the B cell103. Blinatumomab has since been administered 
in one patient with rapidly progressive systemic sclerosis, with swift 
improvement of symptoms104, as well as in a case series of six patients 
with severe resistant RA105. Circulating B cells, and particularly the 
CD27+ memory B cell subset, were reduced and serology improved 
in all patients with RA who received blinatumomab. Clinically, the 
numbers of tender and swollen joints decreased, and remission was 
achieved. In two out of three patients who had a synovial biopsy, bli-
natumomab completely depleted synovial B cells. This deep depletion 
may be influenced by the broader range of expression of CD19, which 
probably leads to additional plasmablast and plasma cell killing with 
blinatumomab compared with approaches targeting CD20. In addition, 
the T cell engagement and killing mechanisms of BiTEs are likely to be 
superior to monoclonal antibody-mediated killing, although this has 
not yet been proven.

Teclistamab, a BiTE recognizing CD3 and BCMA, also showed 
efficacy in one patient with active lupus nephritis106, as well as in four 
patients with other rheumatic diseases, including systemic sclerosis, 
idiopathic inflammatory myositis, primary Sjögren syndrome and 
RA107. During the first few weeks after treatment, B cells were depleted, 
especially the plasmablast and plasma cell subsets, and serology and 
disease activity scores normalized. Several of the patients showed 
grade 1–2 cytokine release syndrome, infections and hypogammaglob-
ulinaemia, side effects that have previously been reported with the use 
of teclistamab in patients with multiple myeloma108.

BiTEs are similar to CAR T cells in that they both require a func-
tional T cell compartment, and several adverse reactions are shared, 
including cytokine-release syndrome and ICANS. However, similar to 
monoclonal antibodies, BiTEs are recombinant off-the-shelf proteins 
without interpatient variability. This gives the advantage of a short 
time from decision to infusion without the need for patient condition-
ing. The short half-life of BiTEs also means that continuous treatment 
might be required for long-term effects to be achieved. Overall, BiTEs 
have emerged as a promising therapeutic modality in SLE, and further 
investigations in SLE are planned.

Combination with BAFF receptor blockade
B cell activation and survival is promoted by BAFF, and BAFF inhibi-
tion with belimumab has been shown to reduce disease activity in a 
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proportion of patients with refractory SLE109,110. A proliferation-inducing 
ligand (APRIL) shares some cell surface receptors with BAFF and also 
has a key role in B cell maturation and survival111. The BAFF and APRIL 
inhibitors telitacicept and atacicept have both shown some efficacy 
in phase II studies of SLE112–114.

The concentration of BAFF is elevated in patients with SLE after 
treatment with rituximab, and these increased BAFF levels have been 
associated with disease relapse and higher disease activity115–117. In 
mice, excess BAFF was able to rescue self-reactive early B cells from 
deletion and improved survival of new B cells emerging from the bone 
marrow118,119. The BAFF receptor (BAFF-R) is highly expressed on certain 
B cell subpopulations13,14, and combining B cell depletion with BAFF-R 
inhibition has the potential to delay B cell repopulation and provide 
longer duration of remission after B cell depletion.

Ianalumab is a human anti-BAFF-R IgG1 monoclonal antibody that 
combines B cell depletion with blockade of BAFF-R-mediated signal-
ling. Ianalumab is afucosylated, thereby ensuring enhanced depletion 
through interaction with FcγRIII-bearing cells, and can be administered 
subcutaneously. Ianalumab was not internalized by acute leukaemia 
B cells, and it showed enhanced depletion of chronic leukaemia B cells 
by ADCC compared with monoclonal antibodies directed towards 
CD20 (refs. 120,121). In a phase IIb trial in Sjögren syndrome, ianalumab 
reduced disease activity and was overall well tolerated122. Preliminary 
interim data from the phase II SIRIUS RCT in SLE demonstrated both 
efficacy and safety, with a larger number of patients achieving SLE 
responder index 4 (SRI-4) response with sustained steroid reduction 
in the treatment arm compared with patients receiving placebo123,124.

The combination of B cell depletion and BAFF inhibition with 
belimumab has been evaluated in several trials. In the CALIBRATE, 
SYNBIOSE and BLISS-BELIEVE studies, B cell depletion and serology 
improved125–127. Although the CALIBRATE and BLISS-BELIEVE studies did 
not demonstrate clinical improvement by combination treatment, beli-
mumab was found to reduce the risk of severe flare in the BEAT-LUPUS 
trial125,127,128. Thus, the results of the SYNBIOSE-2 phase III RCT that is 
currently in progress in patients with anti-dsDNA-positive, severe 
SLE are anticipated with interest129. Indeed, combination treatment 

might be particularly relevant in patients who have tested positive for 
anti-dsDNA autoantibodies and, in particular, for anti-dsDNA antibod-
ies of the IgA2 subtype, as these antibodies have emerged as a relevant 
predictor for clinical response of belimumab after rituximab115,130. In the 
BLISS-BELIEVE trial, the combination treatment seemed more effective 
in the subgroup that was anti-dsDNA-positive at baseline127. Thus, when 
there is biological response to rituximab but insufficient depletion, 
add-on therapy with belimumab might be beneficial, especially in 
patients with high anti-dsDNA autoantibody titres.

Targeting plasma cells
Plasma cells are important for autoantibody production but are unre-
sponsive to anti-CD20-directed B cell depletion. In addition, CD19low 
antibody-secreting cell populations are abundant in patients with 
active SLE and correlate with disease activity131. The maintenance of 
vaccination responses after both rituximab and CAR T cell treatment 
suggests that memory B cells and long-lived plasma cells are likely to 
resist depletion strategies91,132. Treatment directed specifically towards 
plasma cells might be beneficial in certain patients, particularly when 
there is evidence for antibody-mediated inflammation. Daratumumab 
is a monoclonal antibody targeting CD38, which is highly expressed on 
plasmablasts and plasma cells11,12. After ligation of CD38, daratumumab 
induces cell death through ADCC, ADCP and CDC.

A few patients with SLE have been treated with daratumumab thus 
far. In two patients, daratumumab depleted plasma cells, reduced 
dsDNA-specific antibodies, and decreased SLE disease activity index 
scores133. In addition, daratumumab decreased type I IFN pathway 
activation in these patients. The titre of vaccine-induced response 
to tetanus toxoid declined. Responses were sustained at follow-up 
3 years after treatment134. These initial results were followed by a 
case series of six patients with refractory lupus nephritis135. Three of 
these patients receiving daratumumab experienced a complete renal 
response, whereas two patients had a partial renal response during 
follow-up until 12 months. Commonly reported adverse events have 
been hypogammaglobulinaemia, infusion reactions and infections136.

Another way to target plasma cells is through proteasome inhibi-
tion. The proteasome destroys proteins marked for degradation, and 
its inhibition cause the accumulation of misfolded proteins which leads 
to apoptosis137. Plasma cells are especially vulnerable to proteasome 
inhibitors owing to their high rate of protein production during anti-
body synthesis137. Thus, treatment of patients with SLE with the protea-
some inhibitor bortezomib led to rapid depletion of plasma cells while 
other B cells were mostly unchanged138. Bortezomib initially showed 
promise in case series; in one study in lupus nephritis, four out of five 
patients achieved a complete or partial response, and in three stud-
ies, each including 12 patients, disease activity declined and serology 
improved138–141. However, bortezomib displayed significant toxicity, 
with reduction in total immunoglobulins and vaccination responses, 
and has frequently been discontinued. In an RCT that  included  
14 patients, four out of eight in the bortezomib group discontinued 
treatment due to adverse effects, and although SRI was numerically 
higher in the treatment group, it was not significantly affected by 
treatment142. Thus, adverse reactions may limit the use of bortezomib, 
and its initial promise has not been corroborated by subsequent trials.

Choice of therapy after rituximab failure
In case of treatment failure with rituximab, the choice of subsequent 
therapy can be guided by the residual B cell count (Fig. 4). This neces-
sitates high-sensitivity flow cytometry and directs treatment towards 

Glossary

B cell-activating factor
Also called B lymphocyte stimulator; 
a potent B cell activator and survival 
factor that promotes B cell maturation.

Double-negative B cells
B cells that have class switched and lack 
expression of IgD but also the memory 
marker CD27. Of these, DN2 cells have 
higher expression of CD11c and T-BET 
and are increased in the circulation in 
patients with SLE.

Fcγ receptor III
Activating Fc receptor that mediates 
interaction between the Fc domain 
of antibodies and FcγR-bearing 
effector cells.

Plasmablasts
A heterogeneous subset of short- 
lived circulating antibody-producing  
cells that might lie outside a 
CD19+ lymphocyte gate in flow 
cytometry and can be defined as 
CD3−CD14−CD19+/−CD38++CD27++ 
mononuclear cells.

Transitional B cells
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their stage of transition, they can be 
CD24hiCD38hi.
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the active immunological mechanisms in the individual disease. In case 
of inadequate initial B cell depletion or 2NDNR, given the prior good 
response to rituximab, the logical follow-on therapy would be improved 
depletion with another type I or II monoclonal antibody against CD20. 
Switching to one of the alternative CD20-targeting monoclonal antibod-
ies ocrelizumab, ofatumumab or obinutuzumab restored depletion and 
clinical response in patients with 2NDNR52. This within-class switch was 

more effective than switching to a BAFF inhibitor61. In the future, CAR 
T cells and BiTEs might become options in this treatment arsenal. When 
there is B cell depletion with early relapse, add-on therapy with beli-
mumab might be beneficial, especially in patients with high anti-dsDNA 
autoantibody titres. When B cells are depleted without clinical response, 
disease may be mediated not by B cells but by innate cells or plasma cells, 
and treatment could be designed to target these pathways instead.
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Fig. 4 | Options after B cell depletion failure with rituximab with currently 
licensed or off-label drugs. The choice of therapy after B cell depletion failure 
with rituximab can be guided by the B cell count. High-sensitivity flow cytometry 
is needed to measure rare B cell subpopulations and determine residual B cell 
counts, and might help stratify patients with systemic lupus erythematosus. In 
case of inadequate initial depletion or secondary non-depletion non-response, 
the logical follow-on therapy would be to use another type I or II monoclonal 

antibody against CD20, such as obinutuzumab, or chimeric antigen receptor 
(CAR) T cells, to improve depletion. When there is a biological response but 
early relapse, add-on therapy with the B cell-activating factor receptor inhibitor 
belimumab might be beneficial, especially in patients with high anti-dsDNA 
antibody titres. When disease, particularly disease involving skin inflammation, is 
mediated by innate immune cells or by plasma cells, treatment could be designed 
to target these pathways instead. dsDNA, double-stranded DNA; IFN, interferon.
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Further limitations of B cell depletion in SLE
In the larger perspective, a limitation of B cell depletion therapeutic 
strategies in SLE involves the complex immunology underpinning the 
SLE disease. First, the autoreactivity of B cells in SLE does not develop in 
isolation but is induced by TLR7-triggered hyperresponsiveness of the 
immune system secondary to autoantigen exposure (Box 2). During pro-
gression to SLE, the autoantibody repertoire is expanded recognizing 
a broader range of various intracellular targets, including nucleotides 
and their binding proteins143. The recognized proteins are molecularly 
dissimilar but share an adjacent intracellular location144. Processes that 
increase the extracellular availability of these autoantigens are likely 
to precede the accumulating loss of B cell tolerance145,146. Accordingly, 
single-gene variants sufficient to cause severe and typical lupus mainly 

affect the removal and sensing of extracellular nucleotides and waste147. 
These initiating and perpetuating processes would be expected to be 
maintained even after complete B cell depletion.

Second, lupus develops successively over a period of several years, 
and innate immune mechanisms have a prominent role during early 
disease development. Indeed, IFN-stimulated genes were found to be 
upregulated in antinuclear antibody (ANA)-positive individuals who 
later developed SLE but not in ANA-positive individuals who remained 
healthy148. In these individuals, as in patients with established SLE, 
autoantibody production is heavily interconnected with the type I 
IFN system (Box 1).

Together, these studies of the complex non-immune and innate 
involvement in SLE development are compatible with a model in which 
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Fig. 5 | B cell-intrinsic and B cell-extrinsic mechanisms in SLE pathogenesis. 
Cell death, impaired degradation of extracellular nucleotides, impaired 
mitophagy of damaged mitochondria, and exposure to ultraviolet light have 
been associated with presentation of autoantigens to autoreactive B cells 
in systemic lupus erythematosus (SLE). After binding to their cognate B cell 
receptors (BCR), autoantigens are taken up in endosomes in the B cell. With 
simultaneous TLR7 stimulation, the B cell is activated and can differentiate 
intrafollicularly or extrafollicularly to become an antibody-producing cell. 
Extracellular nucleotides such as the X-inactive specific transcript (XIST) long 
non-coding RNA also induce type I interferon (IFN) production from non-
haematopoietic cells. Mitochondrial DNA (mtDNA) is highly immunogenic 
and induces an interferon response, especially in its oxidized form. In most 
cells, damaged mitochondria are removed by mitophagy, through which an 
endophagosome sequesters mtDNA and fuses with a lysosome. However, 
neutrophils are constitutively unable to perform mitophagy and may instead 

extrude complexes of mtDNA and protein in neutrophil extracellular traps 
(NETs)151,152. Ribonucleoprotein-containing immune complexes and TLR 
activation increase NET formation and the extrusion of mtDNA152–154. Type I IFN 
in turn impairs the degradation of mtDNA155. Type I IFN and its downstream 
mediators stimulate B cell-activating factor (BAFF) production and B cell 
activation, induce B cell differentiation to plasmablasts, and imprint plasma 
cells. Immune complexes are formed in the presence of sufficient amounts of 
autoantigen and add another interferonogenic stimulus. Both type I IFN and 
certain antinuclear antibodies (ANAs) induce neutrophil death through NETosis, 
through which intracellular autoantigens are exposed, further contributing 
to the inflammatory vicious circle. Treatments that specifically deplete B cells 
and plasma cells are depicted, as well as treatments that may supersede B cell 
depletion, including inhibition of BAFF and innate pathways using currently 
licensed or off-label drugs. BAFF-R, BAFF receptor; BiTEs, bispecific T cell 
engagers.
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increased availability, elevated sensing of nucleic autoantigens, or 
both, lead to potent TLR signalling that triggers type I IFN production 
and extrafollicular B cell differentiation. Once established, innate 
immune signalling and B cells will stimulate each other, leading to a 
vicious circle of immune activation and damage in SLE (Fig. 5).

This vicious circle might underly a major limitation of B cell deple-
tion therapies. If polyclonally activated B cells function within a net-
work of cellular interactions and are activated and imprinted by their 
microenvironment, these innate and non-immune mechanisms would 
remain present in patients with SLE even in a state of full depletion 
of B cells15,149. If so, this would mean that fundamental pathophysio
logical mechanisms of SLE are not dependent on B cells and might be 
unresponsive to B cell therapy.

If this is the case, the degree to which relapse would occur after 
complete depletion of B cells is unknown. Considering that only a small 
fraction of individuals with ANA positivity develop SLE, despite wide-
spread immune abnormalities, it is conceivable that a similar small but 
substantial proportion of patients might relapse after deep B cell deple-
tion with antibody-based or cellular therapy in the future, whereas the 
majority of patients receiving such treatments might be able to live 
with stable subclinical autoimmunity150. However, the genetic and 
immune abnormalities that once caused SLE might also eventually lead 
to relapse in most patients after a brief or longer period of remission. 
Although B cell depletion may lead to clinical quiescence, it is expected 
that patients with SLE will remain immunologically complex.

Conclusions
Rituximab efficacy has been long known to depend on the depth and 
duration of B cell depletion. Improved B cell depletion mechanisms of 
therapeutics that are based on monoclonal antibodies, such as obinu-
tuzumab and ianalumab, or on B cell targeting by T cells (for example 
using BiTEs or CAR T cells), are likely to translate into clinical efficacy. 
The multifaceted nature of SLE means that there will probably be occa-
sion for several different treatment options and argues for personalized 
treatment according to the underlying immunological networks that 
are activated in individual patients with SLE. Predictive biomarkers that 
enable us to choose the treatment option with the highest likelihood 
of improvement for the clinical and immunological disease pattern of  
the individual patient, balancing short-term and long-term cost, 
toxicity and patient effort in the process, will be required for aiding 
clinical decisions.

However, the extent to which the various treatment options will be 
used remains unclear. So far, there are few direct comparisons between 
the treatment modalities regarding immunological and biological 
effects and no head-to-head trials comparing clinical efficacy. Planned 
studies of B cell depletion agents seldom compare them with existing 
monoclonal antibody-mediated B cell depletion regarding biomarkers 
or clinical outcome.

While awaiting head-to-head trials, targeting the active immu-
nological pathways of the individual disease may have promise for 
optimizing treatment in each patient, given the complex nature of 
the SLE disease. Measuring B cell subpopulations might be relevant to 
evaluating disease activity, determining the immunological efficacy 
of B cell depletion and aiding in the decision to continue or discon-
tinue B cell depletion therapy. To guide therapeutic B cell targeting in 
patients with SLE, a thorough understanding of the pathophysiology 
of B cells in relation to other immune abnormalities in SLE and of the 
limitations of B cell depletion therapies are required. The clinician’s 
interpretation of how B cells are activated in SLE determines how we 

predict if B cell depletion therapies will work. If B cells are intrafol-
licularly activated by T cell interactions resulting in isolated clones 
of intrinsically autoreactive cells, then depleting these clones deeply 
enough could cure the disease. However, if B cells are polyclonally and 
extrafollicularly activated, a long-term cure for SLE will probably need 
to equally target B cell-driven, innate and non-immune mechanisms.
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