
Introduction

Systemic lupus erythematosus (SLE) is a complex auto-

immune disease with heterogeneity in clinical manifes ta-

tions and disease course, characterized by pathogenic 

autoantibody formation, immune complex deposition, 

and end-organ damage. Despite the fact that the 

mortality and morbidity of patients with SLE has 

improved signifi cantly during the last few decades, 

mortality rates remain approximately three times those 

of the age-matched and sex-matched population in most 

studies [1]. Th e need for more eff ective therapies with 

less toxic side eff ects has propelled interest in targeted 

biologic therapies based on an expanding understanding 

about SLE disease pathogenesis. Until recently, this eff ort 

has been hampered by the challenges of clinical trial 

design given the low prevalence of disease, clinical 

hetero geneity, relapsing–remitting course, and lack of 

well-established endpoints [2-4]. Despite these diffi  cul ties, 

there have been great strides toward improving lupus 

clinical trial methodology [4], leading to recent successful 

outcomes in clinical trials of B-cell-targeted biologics in 

SLE. Moreover, our understanding about the patho-

genesis of SLE has grown substantially in the past decade, 

leading to an explosion of promising biologic therapies. 

In this review, we will discuss our current understanding 

of SLE disease pathogenesis with a focus on B-cell biology 

and novel interactions between the adaptive and innate 

immune systems and how this has revealed new 

treatment targets.

Lessons about SLE disease pathogenesis from 

genetics

Nearly two decades ago, Wakeland and colleagues 

proposed a three-checkpoint model for the development 

of SLE based on their studies dissecting lupus genetic 

susceptibility using congenic mouse strains [5]. Although 

like all elegant models this is an oversimplifi cation, their 
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model does provide a very useful framework for 

understanding the genetics and pathogenesis of SLE. Th e 

three stages or events in disease development include: 

breach of toler ance in the adaptive immune system (loss 

of tolerance in B cells and T cells), amplifi cation of 

autoimmunity through innate and adaptive immune 

system dysregu la tion, and end-organ damage [6] (Figure 1). 

Th ese steps are highlighted below with correlations 

between genetics [7] and disease pathogenesis.

Loss of immunologic tolerance

Because SLE is characterized by the generation of large 

amounts of autoantibodies directed against chromatin 

and a variety of other self-antigens, the loss of B-cell 

tolerance is believed to play a key role in the disease. 

Evidence that the breakdown of B-cell tolerance occurs 

very early in SLE and may precede or trigger other 

immune abnormalities is provided by the demonstration 

that SLE patients express anti-nuclear antibodies several 

years before the onset of clinical disease [8]. Although the 

precise nature of the immune abnormalities leading to 

loss of tolerance in human SLE remains to be defi ned, 

mouse models again provide a useful framework for 

under standing probable mechanisms. Th ree broad cate-

gories of defects that can lead to a lupus-like phenotype 

have thus been defi ned in the mouse and are instructive 

for thinking about B-cell abnormalities in human SLE. 

Th ese defects may aff ect B-cell activation thresholds, B-

cell longevity, or apoptotic cell/autoantigen processing.

As an example of altered B-cell activation, Mohan and 

colleagues further elucidated the mechanism by which 

the Sle1 susceptibility locus derived from Wakeland’s 

lupus-prone New Zealand Mixed (NZM2410) mice 

contributes to the development of autoimmunity. A gene 

within this locus encoding a member of the signaling 

lymphocyte activation molecule family was found to be 

highly expressed in immature B cells and altered in these 

lupus-prone mice in such a way as to impair signaling 

and impede antigen-driven negative selection [9]. In 

contrast, other B-cell signaling defects may cause up-

regulated signaling, as exemplifi ed by loss of CD22 or 

inhibitory Fc receptor function. Th e latter is notable 

because decreased expression of FcγRIIb has been 

demon strated in human lupus memory B cells [10], and 

genetic polymorphisms in this gene have been associated 

with human lupus. Th e observation that genetic variants 

in other B-cell signaling molecules such as BANK1 and 

BLK confer an increased risk for lupus in humans 

provides additional support for the critical role of B-cell 

signaling abnormalities in disease pathogenesis [7].

A prominent example of alterations in B-cell longevity 

leading to lupus is provided by B-cell activating factor 

(BAFF) transgenic mice. Th is is of great clinical relevance 

given the recent approval of BAFF blockade in the 

treatment of human disease [11], as further expanded in 

another review in this supplement [12].

Finally, the impaired clearance of apoptotic debris may 

also lead to SLE and does so in part by providing large 

amounts of self-antigen and immune complexes that 

deliver stimulatory signals to other cells, including B 

cells, as detailed later. Examples of genetic manipulations 

in mice that involve alterations in the clearance or 

response to apoptotic debris include C1q, Mer receptor 

tyrosine kinase, and serum amyloid P. In humans, 

homozygous C1q defi ciency is the most highly penetrant 

complement defi ciency leading to SLE. In another 

parallel with the mouse, genetic variants in human C-

reactive protein – a protein that functions in the 

clearance of apoptotic debris in an analogous way to 

serum amyloid P – are also associated with an increased 

risk of lupus [13].

Amplifi cation of autoimmunity

Role of adaptive immunity defects

B-cell/T-cell cross-talk
Disturbances in B-cell/T-cell collaboration are probably 

critical for amplifi cation of the autoimmune process and 

clinical expression of disease [14]. For example, Sle3 

congenic mice have accumulation of activated T cells  – 

which in combination with the Sle1 interval augments 

the production of pathogenic autoantibodies, probably 

through epitope spreading. Th ese mice also have 

increased activation of dendritic cells, an intrinsic defect 

that appears to drive the T-cell phenotype. Other data in 

human SLE indicate that T cells have abnormal intra-

cellular signaling, and in murine lupus small molecule 

kinase inhibitors have clinical benefi t. Inhibitors of 

kinases such as Syk and CaMK4 that are abnormally ex-

pressed in T cells of SLE patients may thus present a new 

therapeutic opportunity [15]. Of note, such an approach 

may have benefi t regardless of whether T-lymphocyte 

signaling defects are direct or related to disturbances in 

B-cell/T-cell collabora tion or other immune cell 

abnormalities.

Th e development of high-affi  nity plasma cells and 

memory B cells occurs in germinal center reactions, and 

disturbances in these follicular as well as extrafollicular 

immune responses are thought to be a key feature of SLE. 

For example, Sanz and colleagues have shown that 

censoring of autoreactive (9G4) B cells is defective in 

germinal center reactions in SLE [16]. Th ere are a number 

of essential signals regulating the B-cell/T-cell interaction 

that may play a role in SLE and provide interesting 

treatment targets, including soluble factors such as IL-21 

and cell–cell interactions via CD40–CD40 ligand and 

CD28–B7. Th e latter are co-stimulatory molecule pairs 

that have already been targeted as treatment approaches 

for SLE, with variable success [17]. IL-21 is a 
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multi-faceted cytokine that promotes germinal center 

formation, somatic hyper mutation, and plasma cell 

diff erentiation, the latter in synergy with BAFF [18,19]. 

Th e role for germinal centers and IL-21 in SLE is further 

supported by data showing that polymorphisms of both 

IL-21 and the IL-21 receptor are associated with SLE 

[20]. IL-21 is produced by a subset of T cells termed T-

follicular helper cells that provide critical assistance for 

follicular and germinal center B cells, inducing activation, 

diff erentiation, and antibody production. Excessive 

activity of T-follicular helper cells in mice induces hyper-

active germinal center, breakdown of B-cell tolerance, 

autoantibody production, and a lupus-like phenotype 

[21].

Another interesting example of the importance of 

coordination of B-cell/T-cell interactions for the preven-

tion of autoimmunity was recently provided by an elegant 

study demonstrating that defi ciency of two regulatory 

molecules, DEF6 and SWAP70 (homologous intracellular 

signaling proteins in T cells and B cells regulated by 

IRF4), leads to the development of lupus in mice with 

simultaneous dysregulation of CD4+ T cell IL-21 produc-

tion and increased IL-21 B-cell responsive ness [22]. 

Th ese mice also demonstrate aberrant T-cell produc tion 

Figure 1. Pathogenesis-driven biologic targets in systemic lupus erythematosus. The three stages in disease development include breach 

of tolerance in the adaptive immune system (loss of tolerance in B cells and T cells), amplifi cation of autoimmunity through innate and adaptive 

immune system dysregulation, and end-organ damage. Examples of genetic predispositions (exclusively mouse; blue) at each stage are shown. 

Disturbances in innate and adaptive immunity in the middle panel contribute to both emergence and progression of disease. NETosis of 

neutrophils and production of autoantibodies by plasma cells (PC) leads to interferon (IFN) production by plasmacytoid dendritic cells (pDCs). 

Potential treatment targets are shown. Antibodies against B-cell surface antigens such as CD20 and CD19 can cause death of B cells. Antibodies 

against other B-cell surface molecules, such as the inhibitory receptor CD22, are alternative targets for both inhibition of B cells and induction 

of cell death. Inhibition of co-stimulation is another approach; for example, monoclonal antibodies against CD40 ligand or CTLA4-Ig block co-

stimulatory signals, thus inhibiting B-cell activation, but also T-cell activation. B-cell survival can be inhibited via monoclonal antibodies against the 

cytokine B-cell activating factor (BAFF; belimumab) or other approaches to disrupting the BAFF receptor family. The possibility of interfering with 

other pathways such as Toll-like receptors (TLRs), IFN, and other cytokines with inhibitors and causing direct PC and pDC eff ects with proteasome 

inhibitors is also suggested. CD40L, CD40 ligand; mDC, myeloid dendritic cell; NET, neutrophil extracellular trap.
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of IL-17, which is interesting given that T-helper type 

(Th ) 17 cells have been implicated in a number of 

autoimmune diseases, recently including SLE [23]. Th 17 

cells may have a role in some but not all lupus patients, 

raising the idea that disease heterogeneity may be defi ned 

by genetic or disease manifestation subsets of patients 

who would respond to anti-IL-17 therapy [24]. Finally, 

further support for the key role of T-cell abnormalities 

and B-cell/T-cell collaboration in the pathogenesis of SLE 

is provided by a number of genetic variants associated 

with human lupus that appear to aff ect this interaction, 

including PTPN22.

Contribution of dysregulated B cells to disease expression
Th e B-cell compartment is an active treatment target in 

SLE given the participation of B cells in the immune 

process at multiple levels. B cells may thus serve as the 

precursors of antibody-secreting cells, present auto-

antigens to T cells, and regulate infl ammatory responses 

and other immune cells through cytokine and chemokine 

secretion (such as IL-10, IL-6, IFNγ, and lymphotoxin-α). 

Th e importance of these latter autoantibody-independent 

functions has been demonstrated in murine SLE, where B 

cells have been found to be critical to the development of 

disease even when they are unable to secrete auto-

antibodies [25]. Th e concept that B cells can play a 

pathogenic role in lupus independent of serum auto-

antibody has been recently supported by our observations 

that B-cell depletion with anti-CD20 has robust eff ects in 

the treatment of murine lupus without changes in 

autoantibodies [26]. Th is notion has also been corro bor-

ated in humans by our own and others fi ndings that 

clinical improvement in SLE patients treated with 

rituximab correlates with B-cell depletion and precedes 

by several months any decline in serum levels of relevant 

autoantibodies [27].

One of the key autoantibody-independent functions of 

B cells is their ability to produce cytokines in a polarized 

fashion and thus actively modulate both humoral and 

cellular immune responses [28]. So-called eff ector B cells 

(Be1 and Be2), by analogy with Th 1/Th 2 cells, can 

participate in feedback regulation of Th  cells [29]. Th e 

notion that diff erent B-cell subsets may induce separate 

T-cell subsets has recently been expanded by the demon-

stration that B1 cells may promote Th 1 and Th 17 diff er-

en tiation [30]. B cells also play a key role in the recruit-

ment of CXCR5+ follicular T-helper cells to the germinal 

center as well as regulation of their function via ICOSL 

and OX40L [31,32].

Th e pathogenic role of B cells in SLE has been 

highlighted by mouse studies using either B-cell-defi cient 

mice or B-cell depletion [25,26]. On the contrary, B cells 

may also prevent or suppress autoimmunity through 

anti-infl ammatory cytokines such as IL-10 and 

trans form ing growth factor beta and the expansion of 

regu latory T cells and/or inhibition of eff ector T cells 

[33-36]. At a population level, separate B-cell subsets may 

exert diff erent functions [37]. Evidence is thus 

accumulating for regulatory B cells capable of suppressing 

auto immunity in diff erent mouse models including SLE 

[38,39].

Th e concept of regulatory B cells is also probably of 

relevance to human SLE. A number of groups have thus 

identifi ed a human regulatory B-cell counterpart, although 

there is still controversy in the fi eld regarding the precise 

nature of this population [40,41]. Further, it is important 

to realize that current B-cell-targeted therapies in SLE, 

such as rituximab (anti-CD20) and BAFF blockade, do 

not distinguish between pathogenic and protective B-cell 

subsets. Along these lines, our group has provided some 

of the original observations regarding how the timing 

and quality of B-cell depletion and repopulation after 

treatment of SLE with rituximab impacts response 

[42,43]. We have proposed that a repopulation with 

transi tional B cells, a putative regulatory population, is 

associated with sustained clinical remission while a quick 

resurgence of memory cells portends a poor outcome. 

Th ese observations have recently been confi rmed by 

Emery and colleagues [44]. Understanding the imbalance 

between opposing B-cell functions in disease and how 

this imbalance may be restored after targeted biologic 

therapy is an important area of ongoing research.

The expanding role of innate immunity in SLE: interferon, 

neutrophils, and more

It is important not to underestimate the role of 

autoantibodies in SLE disease pathogenesis. Indeed, one 

explanation for the failure of rituximab in the EXPLORER 

(anti-CD20 in general lupus) and LUNAR (anti-CD20 in 

lupus nephritis) trials to meet primary endpoints is the 

lack of eff ect on plasma cells and pathogenic auto-

antibodies [45,46]. Th is observation has raised interest in 

the possibility of targeting the plasma cell compartment, 

for example with proteasome inhibitors [47].

In addition to conventional roles of autoantibodies in 

SLE via type II (antibody-dependent cytotoxicity) and 

type III (immune complex) mechanisms, intriguing evi-

dence has emerged that autoantibodies can play an active 

role in propagating the autoimmune process in SLE 

through B-cell and other immune cell activation involv-

ing RNA-containing or DNA-containing autoantigens 

and Toll-like receptors (TLRs) [48-51]. B-cell stimulation 

by self-antigen may be magnifi ed by increased sensitivity 

to TLR activation, as exemplifi ed by the TLR7 duplication 

that is mediated by the Y-linked autoimmune accelerator 

lupus susceptibility locus in mice [52]. Notably, plasma-

cytoid dendritic cells may also be activated by co-stimu-

lation of TLRs and Fc receptors via immune complex 
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binding, stimulating the secretion of large quantities of 

IFNα, a cytokine with important immune-modulatory 

func tions that include activation and maturation of 

dendritic cells and stimulation of both T cells and B cells 

[53]. In combination with TLR7 and TLR9 activation of 

myeloid dendritic cells to produce BAFF, a feedback loop 

is generated that triggers further B-cell activation. 

Notably, one of the mechanisms by which anti-malarials 

probably exert their eff ect in SLE is via inhibition of TLR 

signaling, and novel TLR inhibitors are in active 

pharmaceutical development.

Additional evidence implicating a prominent role for 

IFNα activation in SLE and making it an attractive 

treatment target includes: the demonstration of serum 

elevations among patients with active SLE [54]; the more 

recent demonstration that high interferon levels are a 

heritable risk factor for SLE [55]; induction of auto-

immunity with IFNα treatment of malignancy and hepa-

titis C [56]; and the presence of an IFNα gene expression 

signature in human SLE [57]. IFNα acts at the center of 

an amplifi cation loop in the disease, contributing to B-

cell abnormalities, promoting the diff erentiation of acti-

va ted B cells into plasmablasts [58], and in conjunction 

with TLR stimulation triggering B-cell expansion [59] 

and a lowered activation threshold for autoreactive B 

cells [60]. We have also recently reported a novel role for 

IFNα activa tion in the bone marrow of SLE patients by 

decreasing B-cell lymphopoiesis, contributing to B-cell 

lymphopenia and theoretically decreasing the stringency 

of B-cell-negative selection (unpublished data). Th e 

importance of TLR and IFN signaling to SLE disease 

pathogenesis is highlighted by the identifi cation of 

multiple risk variants in human lupus involving genes in 

these pathways, including IRAK1, IRF5, and STAT4 

[55,61-63].

When the interferon signature was fi rst demonstrated 

in SLE, little attention was paid in the fi eld to the 

immature neutrophil signature that was also described. 

Recent studies have elucidated how these cells may be 

important in SLE pathogenesis as a primary source of 

autoantigen modifi cation and exposure to the immune 

system [64]. Neutrophil extracellular traps (NETs) are 

web-like structures released by neutrophils as a means of 

immobilizing and killing invading microbes that contain 

DNA, histones, and neutrophil proteins. Sera from SLE 

patients have recently been described to contain immune 

complexes of NET-derived self-DNA and the antimicro-

bial peptides LL37 and human neutrophil peptide that 

are immunogenic. In particular, FcγRII-mediated endo-

cytosis of self-DNA through TLR9 in the endosomes of 

activated plasmacytoid dendritic cells is more eff ective 

when in complex with these antimicrobial peptides, 

leading to increased type I interferon release and 

additional neutro phil priming. In SLE, NETosis appears 

to be dysregulated due to an expansion of an abnormal 

neutrophil subset, the fact that type I interferons prime 

neutrophils for NETosis, and the presence of 

autoantibodies against LL37 and human neutrophil 

peptide that enhance NET formation and facilitate 

further plasmacytoid dendritic cells activation [65,66]. 

Interestingly, other studies have demonstrated that active 

lupus patients have impaired degradation of NETs due to 

the presence of DNase I inhibitors and anti-NET 

antibodies [67]. Moreover, NETs can be potent activators 

of complement, further exacer bating disease [68].

Interestingly, netting neutrophils in SLE can also 

induce endothelial damage and infi ltrate aff ected skin 

and kidneys, suggesting a link to both cardiovascular and 

end-organ damage [69]. Whether NETosis may serve as a 

biomarker or predictor of tissue damage in SLE and how 

this pathway can be targeted for treatment of disease 

remain to be shown.

Local autoimmunity and end-organ damage

Steps 1 and 2 of SLE disease pathogenesis in the adaptive 

and innate immune system generate pathogenic media-

tors including autoantibodies, immune complexes, eff ec-

tor B cells, T cells, and myeloid cells. However, additional 

events and genetic predispositions presumably have the 

potential to modulate the type and severity of end-organ 

disease. Key factors that have been shown to aff ect the 

severity of kidney disease in mouse models include the 

complement receptors [70], cytokines such as macro-

phage colony-stimulating factor and macrophage migra-

tion inhibitory factor [71], and chemokines such as 

mono cyte chemoattractant protein-1 [72]. Identifi ed 

genetic variants likely to aff ect end-organ damage in 

human SLE include FcγRIIa and FcγRIIIa [73], ITGAM 

(functioning in immune complex clearance and cell 

adhesion/migration) [62], and kallikrein polymorphisms 

[74].

Conclusion and perspectives

SLE is complex from both the pathogenesis perspective 

and in terms of the tremendous heterogeneity in clinical 

manifestations. Although multiple immunologic abnor-

mali ties can contribute to the emergence and amplifi -

cation of disease, the predominant abnormalities will 

probably vary in diff erent patients.

A recent paper took an interesting approach to 

categorizing subsets of SLE based on the association of 

22 known genetic susceptibility loci and disease charac-

teristics [75]. Th e authors found that certain subpheno-

types such as the presence of anti-dsDNA autoantibodies, 

immunological abnormalities, young age at onset, 

hematological disorder, and absence of oral ulcers were 

associated with cumulative genetic risk scores, whereas 

others were associated with single genes (for example, 
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HLADR3 and lupus nephritis; ITGAM alleles protecting 

against arthritis) or no genetic associations (malar rash, 

serositis, neurologic). Th is observation highlights the 

concept that distinct phenotypes of disease may be 

defi ned by genetics, although probably in combination 

with expanded genetic markers and other immunologic 

biomarkers. For example, a particular cytokine signature 

or peripheral blood fl ow cytometry signature may denote 

a patient with a B-cell-predominant versus Th 17-

predominant versus interferon-predominant disease.

Given the recent disappointing clinical trial results with 

targeted B-cell depletion and co-stimulatory blockade, 

targeting approaches based on biomarker-defi ned subsets 

of disease is an attractive future direction. Furthermore, 

combination therapy directed at multiple steps in disease 

pathogenesis needs to be considered.
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