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ENDOGENOUS INTERFERON-β REGULATES SURVIVAL AND DEVELOPMENT 

OF TRANSITIONAL B CELLS 

 

JENNIE A. HAMILTON 

 

MICROBIOLOGY 

 

ABSTRACT 

The survival responses of transitional B cells play a key role in shaping the development 

of mature, antibody producing B cells.  Abnormal transitional T1 B cell survival 

responses are associated with the generation of polyreactive self-antigen-reactive mature 

B cells in systemic lupus erythematosus (SLE).  Type I interferon (IFN) dysregulation is 

strongly associated with autoantibodies (autoAbs) and disease flares, particularly in 

African American (AA) patients.  B cells produce a variety of immune-modulatory 

cytokines, but B cell production of high affinity IFNβ in SLE has not been investigated.  

In the present study, analysis of PBMCs from SLE patients (n=34) and healthy controls 

(n=9) revealed a significant increase in IFNβ expression within transitional, naïve and 

memory B cell compartments of SLE patients.  Endogenous T1 B cell IFNβ acted in an 

autocrine mechanism to promote B cell activation and survival and was highly correlated 

with clinical disease including renal disease and anti-dsDNA, anti-Sm and anti-SSA 

autoAbs.  Transitional B cell IFNβ expression was also significantly correlated with the 

percent of 9G4+ autoreactive B cells and CD19
lo

CD38
hi

CD27
+
 plasma cell formation.  

African American SLE patients, a population disproportionately affected by SLE had 

significantly increased expression of IFNβ.  Mechanistic studies in mice including 

analyses of Ifnb
-/-

 and Ifnb
+/+

 B cells derived from reconstituted chimeric mice revealed 

that development of germinal center, autoreactive, and IgG class switched anti-DNA, 

anti-La and anti-Histone autoAb producing B cells were dependent upon B cell 
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endogenous IFN-β.  Single-cell examination of Ifnb
-/-

 vs. Ifnb
+/+

 T1 B cells further 

revealed distinct gene expression signatures associated with endogenous IFNβ, including 

significantly lower expression of CD86, TLR7, and PKR, and type I IFN genes in T1 B 

cells derived from Ifnb
-/- 

mice.  Single cell analysis of autoimmune BXD2 T1 B cells that 

overexpressed IFNβ revealed that IFNβ is expressed in early T1 B cell development with 

subsequent upregulation of TLR7 and IFNα genes.  Indeed IFNβ was specifically 

required for optimal B cell activation and survival in response to TLR7 stimulation and 

TLR7 + B cell receptor (BCR) co-stimulation.  Together, these studies suggest that 

endogenous IFNβ-expressing T1 B cells are initially autonomous and that their 

expression of IFNβ plays a key role in regulating their development and responsiveness to 

external factors, including externally-derived type I IFNs and TLR7.   
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CHAPTER 1 

INTRODUCTION 

Significance 

Systemic lupus erythematosus (SLE) is a disease characterized by profound B cell 

tolerance loss to nucleic acid autoantigens.  The disease mimics a sustained antiviral 

response including type I interferon (IFN) production which promotes feedback loops 

which progressively promote autoantibodies and immune complex formation.  

Surprisingly, although B cells are known to actively regulate immune responses through 

cytokine production, the production of type I IFNs by B cells has not been investigated in 

lupus.  Additionally, the contributions of specific type I IFN subtypes, including high 

affinity IFNβ have not been determined in SLE.  However, studies have shown that lupus 

patients exhibit heterogeneous type I IFN signatures, and some patients exhibit a type I 

IFN signature only in certain cell subsets but not others [1].  This suggests type I IFN 

production or dysregulation may originate in specific cell types and anatomical locations.  

A better understanding of the cellular source and target of type I IFN in lupus will be key 

to more specific targeting of the type I IFN pathway and precision medicine. 

In mice and humans, newly emigrant B cells entering the spleen (T1 transitional B 

cells) are the formative link between the bone marrow immature B cells and the mature B 

cell repertoire.  Abnormalities in transitional B cell development and cytokine production 

have been observed at the T1 B cell stage in humans with SLE.  We observed similar 

transitional B cell abnormalities in BXD2 lupus prone mice, which develop type I IFN 



 2 

dependent anti-ribonucleprotein (RNP) autoantibodies (autoAb).  These studies have 

identified increased expression of type I IFNs in spleen T1 B cells from BXD2 mice and 

increased endogenous IFNβ in both transitional and mature circulating B cell subsets 

from SLE patients.  Together, the present findings support a specific role for B cell 

produced high-affinity IFNβ in autoreactive B cell development.  Results from these 

studies will lead to better understanding of the mechanisms that drive development of 

autoreactive B cells in human disease. 

 

Systemic Lupus Erythematosus 

Systemic Lupus Erythematosus (SLE) is an autoimmune disease characterized by 

inappropriate immune response to self-antigens [2].  SLE is a relatively common disease 

with a prevalence ranging from 20 to 150 cases per 100,000 people [2].  SLE 

predominantly affects women and typically has manifestations in multiple organs [2].  In 

addition to the strong gender bias toward females (9:1 female to male ratio), SLE is also 

more commonly observed in people of African, Hispanic, or Asian ancestry, as compared 

with those of other racial or ethnic groups [2].  Common symptoms include rash, 

photosensitivity, arthritis, and fatigue [3].   In severe cases immune-complex-mediated 

damage to the kidney glomeruli (lupus nephritis or glomerulonephritis) can be a life-

threatening manifestation of SLE.  Lupus nephritis can occur in up to 60% of cases and is 

associated with worse disease outcomes [4].  Central nervous system involvement can 

also occur in some cases, leading to cognitive dysfunction, stroke or seizures [3].   

Many of the disease manifestations in SLE have been attributed to the production 

of self-reactive autoantibodies (autoAbs) reactive with nucleic acids, nucleic acid–



 3 

binding proteins and ribonucleic acid binding proteins or (RBP) [5].  The serological 

presence of these anti-nuclear and anti-RBP autoAbs are diagnostic for SLE and can 

cause tissue damage and inflammation when they deposit in tissues in the form of 

immune-complexes [3].  Importantly, these autoantibodies are present years before 

diagnosis and the onset of clinical disease and accumulate in the years leading up to 

diagnosis [6].  

There are known genetic influences that contribute to SLE [2].  Genetic 

susceptibility loci include genes that affect differentiation and survival of B cells, 

including genes that affect activation, proliferation, apoptosis, cytokine and chemokine 

secretion and responsiveness as well as genes that are involved in presentation and 

clearance of apoptotic material [7, 8].  The strongest genetic association lies in the single 

nucleotide polymorphisms in human leukocyte antigens (HLA) HLA-DR2 (DRB1*1501) 

and HLA-DR3 (DRB1*0301) major histocompatibility complex (MHC) class II.  Other 

associated SNPs occur in non-HLA genes including IRF5, STAT4, PTPN22, C1q genes, 

TNFSF4, TREX1, the IRAK1-MECP2 region, IL10, and the FcγR genes and others [2, 

9].  However, there is also a strong influence of environmental factors, as identical twin 

studies show that the concordance rates are 24% and 2% for monozygous and dizygous 

twins, respectively [10].   

The early stages of the pathogenesis of SLE remain particularly poorly 

understood.  However, the critical role for autoAbs in disease pathogenesis critically 

implicates B cell dysregulation in SLE development.  In SLE, autoAbs were shown to 

develop years prior to disease manifestation.  This phenomenon provides important clues 

about the immunological events leading to the disease manifestations, suggesting gradual 
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loss of B cell tolerance and the existence of different stages of disease progression prior 

to diagnosis [3].  There is now ample evidence that B cells play major initiating and/or 

amplifying pathogenic roles in a wide variety of autoimmune diseases through both 

antibody-dependent and antibody-independent mechanisms [11, 12].  It is not known 

whether the accumulation of certain intrinsic genetic susceptibility loci cause a primary 

defect in the B cells or whether primary defects in other cell types induce B cell 

abnormalities [7].  Nevertheless, it is increasingly realized that B cells facilitate the 

normal immune response as well as autoimmune disease not only by autoAb generation, 

but also through their antigen presentation function (presenting autoantigens to T cells) 

and by secreting immunoregulatory cytokines [13].   

 

BXD2 Mouse Model 

The BXD2 mouse is a recombinant inbred strain derived by breeding the 

intercross progeny between DBA/2J and C57BL/6J (B6) mice for more than 20 

generations [14].  Spontaneous autoimmunity in BXD2 mice was first described in 2005 

[14].  The autoimmunity in BXD2 mice is characterized by apoptotic cell clearance 

defects [15, 16], germinal center formation  [17, 18], glomerulonephritogenic 

autoantibodies and arthritis [14].  Both the MHC gene (H2b) and Ig genes of BXD2 mice 

are derived from the B6 strain.  Therefore, B6 mice have been used as healthy control in 

the study of BXD2 mice. Unlike other common mouse models of lupus (BXSB/Yaa, 

MLR-Faslpr mice), there is no identified single gene mutation in the BXD2 mouse model 

[14].  However, the Quantitative trait loci (QTL) influencing the titers of anti-DNA and 

RF autoantibodies in the mice are close to the previously mapped autoimmune 
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susceptibility loci that have been identified in NZM2410, NZB × NZW, B6, MRL and 

MRL-lpr background [14].  This multi-genetic autoimmune disease of the BXD2 mouse 

is similar to that of most human autoimmune diseases, which renders it as an attractive 

mouse model to elucidate mechanisms of immune tolerance loss.   

Previous studies have been carried out to determine the mechanism of B cell 

tolerance loss in BXD2 mice.  Overexpression of AID in B cells has been associated with 

the production of pathogenic autoantibodies [19], while suppression of AID inhibits the 

GC formation and autoantibody development [20].  Several previous studies were 

conducted to study the mechanisms leading to this pathogenic germinal center (GC) 

formation in the spleens of BXD2 mice.  Elevated levels of serum IL-17 and an increased 

number of Th17 cells have been shown to promote the autoreactive GC formation [18], 

and type I IFN is also involved in the GC development in BXD2 mice through the 

regulation of B cell chemotaxis from the marginal zone (MZ) to the GC. 

Specifically, BXD2 mice exhibit an expansion of a population of CD93
neg

CD1d
hi 

CD21
hi

IgM
hi

CD23
hi

 B cells, commonly known as marginal zone precursor (MZ-P) B 

cells [21].  IFNα was demonstrated to act directly on the type I IFN receptor (IFNAR) on 

marginal zone precursor B cells to upregulate CD69 and CD86.  CD69 downregulates 

S1P1 thereby antagonizing the marginal zone-oriented migration of the MZ-P B cells in 

the spleen of BXD2 mice [21, 22], and CD86 enables the B cells to provide potent co-

stimulation of T cells [23].  The MZ-P B cells were also found to be potent antigen-

transporting B cells that can migrate directly to the vicinity of the GC light zone.  

Therefore, the type I IFN signaling on B cells in the spleens of BXD2 mice is a crucial 

mechanism of disease in this mouse model.  However, whether the MZ-P dysregulation 
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in BXD2 mice is the origin of B cell dysregulation or rather preceded by earlier B cell 

defects is a remaining question. 

 

B Cell Self-Tolerance 

Central Tolerance 

The mechanisms controlling B cell tolerance have been a major focus of 

immunologists in past decades.  B cells develop in the bone marrow, where cells that 

have committed to the B cell fate go through a series of developmental stages, namely 

pro-B, pre-B, immature B, and then transitional T1 stage [24].  During the bone marrow 

developmental stages, the variable (V), diversity (D), and joining (J) gene segments of 

the immunoglobulin (Ig) genes are rearranged to generate the primary Ig or BCR 

repertoire, which provides the host with a diverse array of BCR specificities. However, 

this process of Ig gene recombination could result in BCRs that bind to self-antigens.  It 

is at the immature B-cell stage that the surface BCR is tested for the first time for 

reactivity against autoantigens.  Central B-cell tolerance refers to the process where 

immature B cells that react with a self-antigen in the bone marrow environment are 

negatively selected.  This involves sequential stages of BCR heavy and light chain gene 

rearrangement in the bone marrow and probing with endogenous antigen for reactivity 

[25].  Appropriate operation of these central checkpoint mechanisms are fundamental to 

the generation of a naïve B cell repertoire that is self-Ag tolerant [26].   Studies using 

transgenic mice revealed the development of self-reactive B cells were restricted through 

three mechanisms: receptor editing, clonal deletion or inactivation (a state of 

unresponsiveness or anergy) [13, 27, 28].  Analysis of the bone marrow early immature 



 7 

B-cell repertoire indicates that 50%–75% of these cells express a self-antigen reactive 

BCR while similar studies on transitional and naïve mature B cells in spleen and blood, 

show a much lower frequency (20%–40%) of cells expressing autoreactive antibodies 

[26, 29, 30].   

 

Peripheral Tolerance 

Following the bone marrow immature B cell stage is the transitional T1 B cell 

stage.  It is at this T1 stage that the B cells emigrate from the bone marrow to the spleen 

for further development and maturation [24, 31].  Transitional B cells are the crucial link 

between bone marrow immature and peripheral mature B cells [32].  Transitional B cells 

undergo development in a series of discrete steps or stages marked by distinct phenotypic 

and functional differences [31, 32].  Data point to the late transitional T2 B-cell stage as a 

crucial juncture at which developing B cells gain access to splenic follicles, become 

responsive to T-cell help and lose sensitivity to negative selection, characterizing the 

immature B-cell response to B-cell antigen receptor (BCR) signaling in vitro and in vivo 

[32].   The transitional B cell stage in the spleen has been characterized as a major target 

of negative selection and thus a major cite of tolerance induction against peripheral 

antigens (as opposed to the central tolerance induction which occurs in the BM) [33]. 

Induction of anergy or a state of unresponsiveness is a major mechanism of 

transitional B cell tolerance in the periphery.  The most widely studied transgenic model 

of B-cell anergy uses hen-egg lysozyme (HEL) as a neo-self antigen.  To construct this 

model (designated MD4 × ML5), MD4 mice were engineered to express transgenes 

encoding HEL-specific immunoglobulin µ and δ heavy chains and light chains. These 
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mice were bred with a second transgenic strain that expresses soluble HEL, referred to as 

ML5 [13, 27, 28].    In this model and Ars-specific mice [34], the self-tolerance is 

maintained by down-regulation of surface IgM [35] and a failure of B cells to colonize 

the splenic marginal zone [36].  These features are accompanied by inactivation of BCR 

signaling [37, 38].  Importantly, studies in which antibodies were cloned and expressed 

from single cells and then tested for autoreactivity with HEp-2 cell lysate ELISA and 

indirect immunofluorescence assays on fixed HEp-2 cells revealed that autoreactive 

antibodies fail to be removed at the transition between new emigrant and mature naive B 

cells in patients with SLE highlighting the transitional B cell stage as a critical early point 

of abnormal B cell development in SLE [39].  Patients with SLE, regardless of disease 

status (remission or not), were observed to have increased numbers of circulating mature 

naive B cells that express self-reactive and polyreactive antibodies. It has been speculated 

that these cells serve as precursors for cells that produce pathogenic lupus antibodies 

[40].  This same phenomenon of early B cell checkpoint defects was also observed in 

type I diabetes [41] and Wiskott Aldrich Syndrome [42].   

 

Transitional B cells 

Developmental Stages and Location 

 In adults, B cell generation from hematopoietic stem cells is initiated in the BM.  

However, the final maturation and selection of B cells takes place not in the BM, but 

primarily in the spleen.  Thus, the final development of immature B cells in the spleen 

marks the formative link between bone marrow (BM) immature and peripheral mature B 

cells.  This developmental stage between BM immature B cells and mature B cell subsets 
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was initially termed the “transitional” B cell stage by Carsetti and colleagues who further 

proposed that transitional B cells in the adult spleen may be subdivided into two distinct 

subsets (T1 and T2) [31].  In mice, T1 and T2 B cells are identifiable by analysis of 

expression of the AA4.1 antigen on the CD93 surface protein.  CD93 is an approximately 

130-140 kDa C-type lectin-like type I transmembrane protein, and some evidence 

suggests CD93 is a C1q receptor.  CD93 was originally identified as an antigen expressed 

on early stages of B cell development in bone marrow, and is maintained through the T1 

and T2 developmental stages in the spleen.  

The original description of T2 B cells was as precursors to mature B cells [43]. 

The late transitional T2 subset was postulated to contain precursors for both follicular and 

MZ B cells [43].  Later, adoptive transfer experiments led other researchers to postulate 

that T2 B cells were enriched specifically in precursors for MZ B cell development or 

MZ B cell precursors (MZPs) [44].  However, the studies are generally consistent in 

concluding that transitional B cells in the adult spleen are heterogeneous and can be 

divided into at least three subsets based on AA4.1 surface expression and differential 

expression of the low affinity IgE receptor FcεRII or CD23 and surface IgM.  These 

populations are T1 (AA4.1
hi

IgM
hi

CD23
neg

IgD
lo

), T2 (AA4.1
+
IgM

hi
CD23

+
IgD

+
), and T3 

(AA4.1
+/lo

IgM
low

CD23
+
 IgD

+
) suggesting that peripheral B cell maturation occurs in a 

step-wise process where expression of CD23 and IgD are gradually acquired [45] (Figure 

1).   The T1 subset of immature B cells transits from the BM, through the bloodstream, to 

the splenic periarteriolar lymphatic sheath or PALS [43].  In contrast, the T2 subset is 

primarily located in the splenic follicle, adjacent to mature B cells [43].  Examination of 

4 week old B6 mouse spleen reveals the presence of AA4.1
hi

IgM
hi

IgD
lo

 B cells in and 
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around mature and developing splenic follicles (Figure 1).     Examination of these 

subsets revealed striking phenotypic and functional differences, collectively pointing to 

the late transitional B-cell stage as a crucial juncture at which developing B cells gain 

access to splenic follicles, become responsive to T-cell help and lose sensitivity to 

negative selection [32, 43].  Each developmental step is tightly regulated by signals 

received through the BCR, as well as sensing of paracrine and autocrine cytokines, 

availability of nutrients, and cell-cell interactions [46]. 

Mouse splenic transitional B cells have been described more thoroughly than 

human, as studies in humans are normally limited to peripheral blood analysis.  However, 

studies from multiple groups have characterized transitional B cell populations in human 

peripheral blood.  These studies differ in gating strategies used to identify the 

populations, but are generally in agreement that the transitional B cell development 

 

Figure 1. Transitional B cells in B6 mice. FACS (A) and confocal (B) analysis of 

developing transitional B cells in the spleens of B6 mice. 

 

occurs in stages as the B cells acquire immune competence to respond to survival and 

proliferation signaling.  In the bone marrow, CD10
hi

, CD44
lo

, CD24
hi

, and CD38
hi
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expression has been shown to be characteristic of all immature bone marrow B cells [47].  

CD10
 
positivity has been adopted as a transitional B cell marker in the circulation, based 

in part on the observations that the first B cells repopulating the periphery 7 weeks after 

bone marrow transplantation are all CD10
+
 [47].  The lack of somatic Ig hypermutation 

and lack or diminished expression of activation markers, such as CD27, CD69, CD11b, 

CD80, CD86, and CD95, further supports that these cells are likely immature or naïve, 

are unlikely to have responded to antigen recently, and are not memory B cells [47].  An 

important study of B cell repopulation in humans on Rituximab B cell depletion therapy 

demonstrated the presence of several transitional B cell populations displaying 

phenotypic and functional differences [48].  This study also showed that transitional B 

cells in humans can be subdivided into multiple populations based on CD24 and CD38 

expression, increased expression of CD10 and CD5 surface marker expression and lack 

of ABCB1 transporter expression. These studies further identified an additional late 

transitional B cell population intermediate between T2 and mature naïve stages that is a 

normal B cell developmental intermediate [48].  In human spleen, transitional B cells 

show a similar pattern with distinct subsets based on CD24, CD38 and CD10 expression, 

and gradual acquisition of mature markers (CD23, CD21) as they progress across the 

developmental continuum [48].  This suggests that the spleen may be the site of 

activation and differentiation of early transitional B cells [48], as has been shown for 

mice [31]. 
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Survival and Maturation T1 and T2 B Cells 

Of the 2 × 107 IgM
+
 B cells that are generated from the BM daily, 10% enter the 

spleen and only 1–3% enter the mature B cell pool [49, 50].  B cell fate to the MZ or FO 

pool has recently been proposed to occur at the T1 B cell stage [51].  Development of T2 

and mature B cells from T1 precursors requires signals derived from the B cell receptor 

and that the induction of survival genes and maturation [31].  Mice with genetically 

deleted components of the BCR signaling cascade, including Btk deficient mice [52], 

CD45-deficient mice [53], PI3K deficient mice [54], BLNK/SLP-65-deficient mice [55], 

and mice with deletion of the cytoplasmic tail of Ig-α [31] display developmental arrest at 

the T1 or T2 stage.   

B-cell activating factor receptor (BAFFR) signaling is a critical regulator of B cell 

function [56].  BAFF-deficient mice revealed an almost complete loss of follicular and 

marginal zone B lymphocytes [57].  BAFFR signaling is critical for survival of T2 B 

cells, but the requirement of BAFFR in T1 B cell survival is not fully defined.  Spleen T1 

B cells express low levels of BAFF-R [58], are not expanded in BAFF transgenic mice 

[59] nor in mice administered exogenous BAFF [58], and are largely unaffected in 

baff−/− mice [57, 60].  In addition to CD23 and IgD upregulation, maturation of T1 B 

cells to the T2 stage is marked by the upregulation of BAFF-R expression, and the onset 

of responsiveness to BAFF-mediated survival signals [58].  Consistent with this, in 

BXD2 mice T1 B cells express low levels of BAFFR relative to other B cell subsets, 

while BAFFR is upregulated at the T2 B cell stage.  IFNAR1 expression in contrast is 

expressed on all B cells and significantly higher on transitional and marginal zone 

precursor B cells relative to mature B cell subsets (Figure 2). 
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In a 2009 study, BCR signaling in T1 vs. follicular mature splenic B cells was 

comprehensively compared [61].  T1 B cells, in contrast to follicular mature B cells, 

failed to express key NF-kB target genes in response to BCR engagement and exhibited a 

defect in the assembly of an active transcriptional complex at the promoter of the survival 

and proliferative genes A1 and c-Myc [61].  Intriguingly, however, the same study found 

that more proximal events in the BCR pathway, including classical protein kinase C and 

IkB kinase activation, NF-kB nuclear translocation, and even NF-kB DNA binding were 

intact in T1 B cells.  These researchers concluded that T1 B cells are programmed for 

signal and stage-specific "nuclear non-responsiveness" upon BCR stimulation alone [61].  

However, an important point is that upon stimulation with CpG, a ligand for the 

endosomal pattern recognition receptor TLR9, T1 B cells exhibited normal expression of 

the key survival and proliferation genes A1 and c-Myc [61].  These results strongly 

suggest that T1 B cells receiving Ag-stimulation through the surface IgM receptor in the 

absence of other co-stimulatory signals results in death or negative selection of these B 

cells.  In vivo, this would presumably result in the elimination of self-Ag reactive clones 

in the spleen [33].  Thus the T1 B cell stage represents an opportunity for negative 

selection or tolerance induction against peripheral antigens as opposed to central 

tolerance which depends on BM antigens and stromal signals in the BM [33].  
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Figure 2. BAFFR and IFNAR1 expression on B cell subsets (A) B cell gating strategy 

and (B) FACS analysis of BAFFR and IFNAR1 expression on the indicated B cell subset 

in BXD2 mice. 

 

Development of T1 B cells into T2 and T3 B cells requires some endogenous Ag 

stimulation or “BCR tickling”.  Examination of BXD2 vs. BXD2 MD4 Tg mice where all 

B cells express a HEL-specific B cell receptor revealed that B cell development is 

blocked at the T1 stage in BXD2 MD4 Tg mice lacking endogenous Ag stimulation 

(Figure 3).  Normally, T1 B cells are characteristically highly sensitive to negative 

selection [33, 62].  Rapid death of T1 B cells occurs in culture when the cells are 

unstimulated or stimulated through the BCR.  This lack of survival and proliferation 

responses following strong BCR stimulation  is a defining feature of T1 B cells, while  

T2 B cells exhibit a characteristic heightened activation and proliferation in response to 

BCR stimulation [62].  This was established clearly by Wasif Khan’s laboratory, which 

conducted studies to compare the induction of these BCR signaling pathways in discrete 

stages of B cell maturation, including the T1, T2 and mature B cell population.   
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Figure 3. FACS analysis of spleen B cell development in the indicated mouse strain. 

 

T1 B cells were shown to die in response to BCR signals, whereas T2 cells were 

stimulated to express activation markers and the pro-survival gene Bcl-xL, and to 

proliferate [62].  Importantly, BrdU labeling experiments from other laboratories have 

shown that T1, T2 and T3 B cell subsets lacked significant levels of proliferation in vivo, 

indicating that maturation of peripheral transitional B cells may not be accompanied by 

entry of developing cells into the cell cycle [45].  However, examination of BXD2 mice 

spleen transitional B cells revealed increased Ki67
+
 T1 and T2 B cells vs. age matched 

B6 mice (Figure 4).   Nevertheless, essential components of BCR signal transduction, 

including MAPK ERK1/2, p38, and Akt were preferentially activated in T2 B cells in 

response to BCR engagement in vitro, whereas T1 B cells did not induce significant 

phosphorylation of these [62].  Diacylglycerol (DAG), a lipid second messenger involved 

in proximal BCR signaling and another intermediate, inositol 1,4,5-triphosphate, were 



 16 

also shown to be produced preferentially in T2 compared with T1 B cells upon BCR 

cross-linking [63].  It was proposed that the combined action of DAG and calcium 

signaling is necessary for survival and differentiation of T2 into mature B lymphocytes 

and that calcium signaling in the absence of DAG-mediated signals may lead to T1 B cell 

death [63]. 

These observations are consistent with Carsetti and colleagues’ early 1995 

proposal that the T1 B cell stage is the principle stage of peripheral negative selection.  

They showed that this negative selection occurs in the splenic B cell compartment in a 

defined window of differentiation between the immature and the mature stage (i.e. the 

transitional B cell stage) [33].  They further speculated that micro-environmental cues in 

the early phases of development most likely modulate the continuum of effects following 

lgM cross-linking [33].   Crosslinking of membrane lgM normally results in the rapid 

phoshorylation on tyrosine residues of different substrates including phospholipase C-γ.  

Activated phospholipase C-γ initiates a signaling pathway leading to Ca
2+

 influxes and to 

protein kinase C activation [64].  The fact that T1 and T2 B cells exhibit different 

sensitivities and responses to BCR crosslinking suggests that these responses are 

developmentally regulated [62].  Together, the studies suggest that differentiation of T1 B 

cells to the T2 stage may depend upon the physiological milieu of the spleen [62] (Figure 

5).  
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Figure 4. FACS analysis of Ki67 expression in spleen B cells from B6 and BXD2 mice 
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Figure 5.  Negative selection and fate of self-reactive immature B cells likely occurs at 

the T1 stage [51].  Negative selection can occur by multiple mechanisms, including 

deletion or anergy [56].  Positive selection to the T2 stage is accompanied by 

upregulation of the BAFFR [58] and increased dependence BAFFR-mediated survival. 

 

Human Transitional B Cells  

 There have been varying reports describing whether transitional B cells are 

increased or decreased in SLE patients.  Lee et al. reported an expanded population of 

CD5
+
 B cells in SLE patients with some features of transitional B cells and some features 

of naïve B cells [65].  Chang et al. in 2008 described an increased population of activated 

(CD80/CD86
+
) naïve B cells in SLE patients [66].  They also describe increased 

activation in transitional B cells, though the percentage increase in T1 and T2 B cells was 

either not significant or modestly significant [66].  There have been few studies 

characterizing human spleen transitional B cells, but one study examined different 

lymphoid tissues for transitional B cells by combining surface markers (CD38, CD24, 
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CD27, IgD) with dye extrusion.  They found that T1, T2, and T3 B cells were dominant 

in cord blood.  Splenic B cells displayed a shift towards poor R123 extrusion with 

enrichment for T2 and late transitional B cells relative to mature naïve, suggesting that 

this is the site of their development at least under physiological circumstances.  They also 

resolved nine populations of B cells in human spleen including T1, T2, T3, and MZP 

subsets using FACS analysis.  Importantly, they found that one distinction in the human 

spleen compared to peripheral blood and cord blood was the up-regulation of activation 

markers on a fraction of all B cell subsets, although most pronounced on the T1 and T2 

cells, further suggesting that the spleen is the site of activation and differentiation of early 

transitional B cells [48].  

 Peripheral counter-selection of self-reactive and polyreactive peripheral B cells 

occurs at the transitional B cell stage in the spleen.  In a seminal study, 222 Abs were 

cloned and expressed from single transitional vs mature naïve B cells derived from the 

peripheral blood of three untreated adolescent SLE patients [39].   These Abs were tested 

for reactivity to nuclear antigens.  The investigators found that, in the Abs derived from 

transitional B cells, the same level of HEp-2 reactive Abs was detected in the SLE 

patients and healthy control subjects.  However, Abs from mature naive B cells from all 

three SLE patients differed from healthy controls in that they retained high levels of HEp-

2 ANA ELISA–reactive Abs (41.5–50.0%  compared with 20.4% in controls).  The 

authors also found significantly increased polyreactive autoAbs expressed in the mature 

naïve B cell subsets of the SLE patients [39].  This study concluded that this peripheral 

pre-naïve B cell selection checkpoint was defective in SLE [39]. Another study using a 

similar approach with rheumatoid arthritis (RA) patients concluded that RA patients also 
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fail to remove autoreactive B cells in the periphery between the new emigrant and mature 

naive B cell stages, revealing a defective second checkpoint in B cell tolerance.  This 

suggests that failure to induce B cell tolerance at the transitional B cell stage may be a 

common feature of multiple autoimmune diseases. 

 

Transitional B Cell Cytokine Production   

Transitional B cells in mice and humans have been proposed to be regulatory B 

cells or “Breg” cells [67, 68].  Transitional B cells appear to have a heightened ability to 

secrete both regulatory and inflammatory cytokines including IL10 [69] and type I IFNs 

[70].  Ward et al. recently identified B cell endogenous IFNa production in a subset of 

SLE patients expressing high levels of the transcription factor A-T rich interacting 

domain 3a (ARID3a) in their B cells.  In healthy controls, ARID3a was not expressed in 

early naïve B cells; yet in SLE naïve and transitional B cells, the ARID3a protein was 

abundantly expressed and strongly correlated with IFNa expression [70].   Interestingly, 

transitional B cells in this study exhibited the highest secretion of IFNa (mean 40% 

IFNa
+
) compared to naïve and MZ memory sub-populations (<5 and 20% IFNa

+
, 

respectively) [70]. 

Transitional have also shown to produce more IL-10 and express higher levels of 

IL-10 receptor after CD40 engagement compared to other B-cell subsets [69].  

Furthermore, under this stimulatory condition, the transitional B cell produced IL10 

induced downregulation of CD86 which led to reduced T-cell proliferation [69].   An 

important clinically relevant role for cytokine production by human transitional B-cells 

has been described in transplant patients.  Cheruruki et al. reported that that T1 cells in 

humans expressed a significantly higher IL10 vs. T2 and mature B cells.  The ratio of IL-
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10 to TNF-α was higher in T1 B cells compared to T2 B cells or other B subsets.  

Furthermore, the ratio of T1/T2 B cells was strongly and independently associated with 

allograft dysfunction in patients who had undergone renal transplant [71].  A recent study 

in human SLE patients suggested that positive crosstalk between CpG-stimulated pDCs 

and CD24
hi

CD38
hi

 transitional B cells can promote or suppress the development of IL10
+
 

Breg cells depending on the concentration of type I IFNs, suggesting that transitional B 

cells and multiple other cell types are involved in the dysregulated type I IFN network 

[72].   

 

Type I Interferon: Basic Established Concepts 

Classes and Isoforms of the Type I Interferon Family 

  The type I interferon family consists of at least 13 IFNα genes in humans 

(14 in mice) and a single IFNβ gene, and several poorly defined single gene 

products (IFNδ, IFNε, IFNκ, IFNτ, IFNω, and IFNζ) [73, 74].  IFN-α, IFN-β, IFN-

ε, IFN-ĸ, IFN-ω are expressed in humans, whereas IFN-δ and IFN-τ are expressed 

in porcine and ovine or bovine embryonic development, respectively [74].  In the 

human genome, all the type I IFN genes are located on chromosome 9, with fifteen 

genes clustered in a single 364-kb region (21.0–21.4 Mb) [75].  The mouse type I 

IFN gene cluster has been localized to a cluster of similar size on the centromere-

proximal region of Mus musculus chromosome 4 [76].    

All type I interferons (13 different IFNαs, 1 IFNβ and 1 IFNω) signal via 

binding to the same receptor chains, IFNAR1 and IFNAR2 [77].  However, their 

downstream effects on target cells are not redundant, and appear to be highly plastic 
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and tunable depending on the target cell [78, 79] and other molecular factors [80].  

Although type I IFNs share a similar range of potential activities, they vary 

substantially in their binding affinities to the common receptor chains (IFNAR1 and 

IFNAR2) [81], their potency to respond to different viruses, anti-proliferative 

activity, and ability to activate cells of the immune system [80].  The pleiotropic 

character of the type I IFNs is partly due to their large range of specific binding 

affinities for IFNAR1 and IFNAR2.  Most IFNα subtypes bind the IFNAR1 

receptor at μM affinity, and the IFNAR2 receptor at nM affinity [81].  The weakest 

binder to IFNAR2 is IFNα1 and the tightest is IFNβ (200 nM versus 0.2 nM 

affinity). All IFNαs bind IFNAR1 with similar low affinities of 1–5 mM, while 

IFNβ binds significantly more tightly, at 50 nM affinity.   

 

Signal Transduction for Type I IFN 

All type I IFNs signal through interaction with the two type I IFN receptor chains, 

IFNAR1 and IFNAR2 [77].  These human proteins were cloned in the 1990s [82]along 

with their murine homologues [83].  These studies supported the view that the murine 

IFN system is similar to the human system in ligand complexity, specificity of receptors, 

and signaling components and thus represented a good system to model human effects 

[84].  The most accepted molecular mechanism for is that for all type I IFNs, the initial 

interaction is binding to the high affinity IFNAR2.  This recruits the lower affinity 

IFNAR1 into a dynamic equilibrium which forms a trimeric structure with 

conformational changes enabling signaling [80, 85].  Intracellularly, the formation of this 

ternary complex also brings together the intracellular domains of these receptors and their 
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associated signaling adaptors, which initiate signal transduction [74] (Figure 6). The 

recruitment of IFNAR1 and formation of the ternary signaling complex is a major point 

of regulation for type I IFN signaling [85].  The negative feedback regulator ubiquitin-

specific protease 18 (USP18) potently interferes with the recruitment of IFNAR1 into the 

ternary complex.  Thus, the responsiveness to lower affinity type I IFNs like IFNα2 is 

potently down-regulated after the first wave of gene induction, while IFNβ, due to its 100 

fold increased affinity is still able to effectively recruit IFNAR1 [85].  Stable ternary 

complexes are recycled to the endosome [86].  The differential binding affinities have 

also been linked to differential receptor endocytosis which is thought to be another key 

regulator in the differential signaling outcomes of the various IFN subtypes [80, 86].  

Together the receptor dimerization, receptor endocytosis and intracellular IFNAR-

associated proteins regulate the duration and strength of signaling activity, which is 

responsible for tunable cellular responses including cytotoxicity and immune-modulatory 

activities [80].   

The best characterized signal transduction proteins that pre-associate with the type 

I IFN receptor chains are Tyk2 (with IFNAR1) and JAK1 (with IFNAR2) [87, 88].  Upon 

ligand binding, these kinases phosphorylate latent cytoplasmic transcription factors signal 

transducer and activator of transcription 1 (STAT1) and STAT2 [89].  Tyrosine-

phosphorylated STAT1 and STAT2 dimerize and translocate to the nucleus, where they 

assemble with IFN-regulatory factor 9 (IRF9) to form a trimer complex called IFN-

stimulated gene factor 3 (ISGF3).  ISGF3 binds to IFN-stimulated response elements 

(ISREs; consensus sequence TTTCNNTTTC) in the DNA, thereby directly activating the 

transcription of a variety of type I IFN stimulated genes (ISGs) [90].  This pathway is 
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active in most cell types and functions to elicit a robust antiviral response [90].  Although 

the Jak/Tyk/STAT1/STAT2 pathway is the best characterized canonical pathway, there 

are other STAT proteins that can be induced by type I IFN.  STAT5 and STAT6 can be 

induced by type I IFN in certain cell types [91].  Additionally, other kinases besides Jak 

and Tyk can be induced by various IFN subtypes depending on the target cell.  The PI3K 

and p38 kinase pathways have also emerged as important mediators of IFN-induced 

signal transduction in T and B lymphocytes [92-94]. 

 

 

Figure 6. Ternary complex formation.  Image from Kalie et al. J Biol Chem. 2008. 

 

Type I IFN in SLE 

 The dysregulation of type I IFN is one of the strongest correlations 

with SLE.   In addition to its well-documented role in antiviral host responses, 

dysregulated production of and responses to type I IFN are significant events in 

disease development and progression [2].  The first indications of a causative role 

for type I IFN in human autoimmune diseases was the observation of an increased 
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occurrence of autoantibodies and autoimmune diseases during type I IFN treatment 

[95].  There are reports of increased IFNα in the sera of lupus patients compared to 

healthy controls [96]; however, the circulating levels are generally so low that it is 

difficult to measure serum IFN directly with sensitivity and reproducibility.   For 

this reason, measurements of serum IFN often involve the measurement of type I 

IFN stimulated gene expression in peripheral blood mononuclear cells (PBMCs)  

[97]referred to as a “type I IFN signature.”  This type I IFN signature is highly 

associated with autoantibodies to RNA binding proteins (RBP) [98] and has been 

associated with renal flares and SLEDAI [99].  Correlation of the type IFN gene 

signature with disease flares has been reported in some cohorts [100], and a lack of 

correlation found in others [101].  Although the clinical significance of these IFIG 

clusters is not yet completely clear, it is of interest that recent transcriptional 

repertoire analyses have identified distinct type I IFN signatures, some of which 

appear to be driven by IFN-α, and a separate cluster more signature of IFN-β 

induction [102].   

 

pDCs 

 The identification of pDCs in mice in 2001 stimulated intensive research into the 

role of pDCs in infection and autoimmunity [103].  Plasmacytoid dendritic cells are a 

small population of cells specialized for producing large amounts of type IFN-α 

following acute stimulation with virus nucleic acids.  These specialized cells are activated 

in rheumatic diseases, and are thought to be major producers of IFN-α which acts as an 

immune adjuvant and contributes to the autoimmune process [104, 105].  Plasmacytoid 



 26 

dendritic cells detect viral nucleic acids through TLR7 and TLR9, which are located in 

specialized endosomes [106]. These receptors trigger a MyD88-dependent signaling 

pathway that leads to production of IFN-α/β.  Most of the data linking pDCs to SLE 

pathogenesis in humans are correlative.  The phenotype and frequency of pDCs in the 

circulation have been inconsistent, though they are relatively low in circulation relative to 

other cell types.  Several studies have reported that pDCs and DCs accumulate in the 

kidney [107, 108] and cutaneous tissue lesions [109]of SLE patients (tissue pDC findings 

in humans summarized in Table 1).  However, the data that these cells produce large 

amounts of IFN at these cites is lacking, and few studies include measurement of type I 

IFN genes or protein in isolated pDCs.  In a recent comprehensive study of B cell and 

pDC dysregulation in SLE patients, the authors reported a modest (<2 fold) increase in 

IFNα1 expression within freshly isolated pDCs in SLE patients vs. healthy control pDCs 

[72].  Another recent study specifically investigated cellular sources of IFNα protein and 

reported consistent results that circulating pDC IFN-α was not higher in SLE patients 

compared to healthy controls, though pDCs from patients harboring dominant mutations 

in IFIH1 and TMEM173 (STING) did exhibit higher IFN-α production [110].   

Consistent with this, studies in mice have shown that autoAb generation 

combined with abnormalities in pDCs can occur in the absence of increased IFN-α pDC 

production, suggesting that there must be additional complexity in the generation and 

regulation of IFN-α beyond this mechanism [111].  Nevertheless, pDCs are widely 

thought to be the primary drivers of autoreactive B cell generation in human lupus based 

in part on the dependency of B cells on type I IFN for TLR7 and TLR9 mediated 

activation and subsequent differentiation into Ab producing cells [112, 113].  However, 
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unlike autoreactive B cells, pDCs lack a specific antigen receptor capable of delivering 

TLR ligands to endosomal compartments, and are thus unlikely to be the primary sensors 

of nuclear antigens.  Instead, pDCs appear to be stimulated “downstream” of B cell 

activation and autoantibody production and immune complex formation [114-116].  

Consistent with this, available data regarding pDC accumulation in SLE tissues suggests 

pDC infiltration into kidney tissue is associated with later stages or more severe disease.   

Fiore et al. found that pDCs (BDCA-1, BDCA-3, or BDCA-4+ cells) were increased in 

the class III-IV kidneys, but not in class I, II, or V kidneys [107].   Tucci et al. had a 

higher sample number, and showed similar findings that BDCA-2
+
 cells were associated 

with more severe nephritis [108].  The authors did not study type I IFN production but 

focus on the cytokine IL18, which exhibited strong staining in severe LN kidneys.  The 

authors propose that IL18 production by resident kidney cells recruits pDCs, which in 

turn skew the Th1-Th2 balance resulting in increased IL12, IFNγ and reduced IL4 in the 

sera.  In contrast, experiments involving manipulation of pDCs in mouse models of SLE 

suggested an important role for pDCs during the onset of disease in BXSB lupus-prone 

mice [117].   

 

Apoptotic Cell Clearance Defects 

Although dysregulation of the type I IFN system in SLE has been known for 

decades, it is still unclear exactly what is the cause of the dysregulation.  Certainly, as 

SLE mimics a sustained antiviral response, it has been hypothesized that a viral infection 

may trigger onset of SLE [3], though no causative virus has been identified.  Apoptotic 

cell clearance defects have been shown to be associated with the development of lupus in 
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mice and humans [118], and apoptotic debris immune complexes can stimulate type I 

IFN production in various cell types [3, 119].  An important question is what comes first, 

type I IFN dysregulation or AC clearance defects?  Our laboratory has previously shown 

that type I IFN signaling is elevated and required for disease in BXD2 mice [21-23].  In 

BXD2 mice, type I IFN–induced follicular shuttling of membrane lymphotoxin-β (LT-β) 

expressing MZ B cells disengaged interactions between these MZ B cells and LT-β 

receptor–expressing marginal zone macrophages (MZMs), leading to defects in MZM 

actin polymerization and mechano-sensing mechanisms.  The resulting defective F-actin 

polymerization led to an inability to clear apoptotic cells (ACs), and, eventually, MZM 

dissipation which was identified in the spleens of BXD2 mice and lupus patients [15].  

This study provided a mechanism where type I IFN signaling initiated AC clearance 

defects, while the resulting stimulation by uncleared AC leads to a “vicious cycle” of 

more type I IFN production [15].   

In these aforementioned studies and others from our laboratory [15, 16, 23] MZ 

and MZ-P B cells were the target of type I IFN signaling.  However, an important 

question is whether type I IFN dysregulation of MZ B cells might be preceded by earlier 

defects in B cell development or IFN dysregulation.  Recently, MZ B cell commitment 

has been proposed to occur at the T1 B cell stage [51].  Other studies have highlighted the 

action of type I IFN at the transitional B cell stage [70, 120].  Chang et al. reported that, 

in SLE patients, altered BCR signaling, decreased apoptosis, and increased proliferation 

was most marked in the transitional B cell subset and that these phenotypes could be 

recapitulated by pre-incubation with type I IFN [120].   This suggests that type I IFN 

dysregulation of B cells may be imprinted at the earliest B cell developmental stage in the 



 29 

spleen, an event which could potentially affect the B cell repertoire as type I IFN can 

promote B cell survival [121] and alter the stringency of B cell selection [122], thus 

altering the MZ and FO B cell pool.  

 
 

Table 1: Summary of pDC findings in SLE tissue.  

*In Fiore et al, the authors studied lupus nephritis kidney biopsies using 

immunofluorescence.  The biopsies were segregated based on classical diagnostic 

histological severity (Weening et al., 2004).  The authors found that pDCs (BDCA-1, 

BDCA-3, or BDCA-4+ cells) were increased in the class III-IV kidneys, but not in class 

I, II, or V.  This suggests that pDC infiltrate into lupus kidneys is associated with later 

stages of disease, but wanes in the most advanced lupus nephritis cases.   

**Tucci et al. had a higher sample number, and showed consistent findings that BDCA-

2
+
 cells were associated with more severe nephritis.  The authors did not study type I IFN 

production but focus on the cytokine IL18, which exhibited strong staining in severe LN 

kidneys.  The authors propose that IL18 production by resident kidney cells recruits 

pDCs, which in turn skew the Th1-Th2 balance resulting in increased IL12, IFNγ and 

reduced IL4 in the sera.  (DLE, discoid lupus erythematosus; LN, lupus nephritis; ISH, in 

situ hybridization; IHC, immunohistochemistry) 
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Type I Interferon: Developing Concepts for Human Autoimmune Disease 

Cell-Specific Analysis of IFN Signaling 

Ligation of IFNAR has classically been associated with three major outcomes: 

antiviral and antimicrobial response, anti-proliferative response, and activation of innate 

and adaptive immune cells [90].  The antiviral state induced by type I IFN is very robust 

and characterized by the induction of IFN-inducible genes within a couple hours even 

after stimulation with picomolar quantities of IFNs [80, 123].  However, the anti-

proliferative and immunomodulatory functions induced by type I IFNs is cell-type 

specific and requires higher interferon concentrations or high-affinity IFNβ [80].  These 

disparate cellular responses to IFNAR ligation depend not only on the IFN subtype, but 

also on the target cell type and developmental stage, as well as the duration (acute vs. 

chronic) of stimulation.  For example, data suggest that virus induced type I IFNs can 

have either a positive or a negative influence on dendritic cell (DC) development and 

activation [124], likely dependent on the DC developmental state and virus specific 

contexts which may lead to the selective induction of STAT1 or STAT2 [124, 125].  

Similarly, acute type I IFN signaling can promote the development and differentiation of 

antigen presenting cells through enhancing granulocyte–macrophage colony-stimulating 

factor (GM-CSF)-mediated differentiation of monocyte precursors into mature DCs 

[126].  However, chronic type I IFN was shown to inhibit DC function and induction of 

immune-regulatory IL10 [127].   

In B cells, type I IFN induces expression of activation proteins including the C-

Type lectin surface protein CD69 [21, 128] and co-stimulatory surface protein CD86 

[23].   It also promotes B cell receptor (BCR) induced survival responses [121] and T cell 
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independent B cell responses [113].  Three recent studies reported an opposite and 

timing-specific effect of Type I IFN on virus-specific B cells using a model of LCMV 

infection [129-131].  These studies found that type I IFN promoted “B cell decimation” 

of virus-specific B cells, which was due in part to rapid formation of plasmablast 

formation [129]and indirect effects via activation of cytotoxic T cells [129, 130].  

Interferon-α can also activate dormant hematopoietic stem cells in vivo [132].   

The effects of type I IFN on T cells is also wide-ranging and dependent on the 

context.  Type I IFN signaling on T cells prevented their rapid elimination in vivo by 

upregulating molecules that inhibited cytotoxic natural killer (NK) cells [133].  More 

generally, type I IFNs function as “signal 3” cytokines, supporting T cell differentiation, 

proliferation and survival [134].  Conversely, type I IFN can also induce anti-proliferative 

and pro-apoptotic programs in T cells.  The divergent outcomes are generally thought to 

be determined based on the relative timing of co-signals, such as T cell receptor (TCR) 

signaling and molecularly, differential STAT homo and hetero-dimer activation. 

In SLE specifically, it is becoming increasingly recognized that different cell 

types contribute uniquely to the IFN signature [91, 135].  Importantly, there is also 

heterogeneity among different lupus patients and different ancestral background in terms 

of the IFN-stimulated gene (ISG) expression.  Measurement of ISG in sorted peripheral 

blood CD4 T-cells, CD8 T-cells, monocytes, and B cells collected from African-

American (AA) and European-American (EA) SLE patients revealed that ISGs were not 

upregulated synchronously in all cell types from a given patient.  Moreover, the ancestral 

background of the patients significantly affected the concordance of ISG expression 

across various subtypes [1].  Another recent study identified distinctive cell type specific 
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contributions to the blood IFN signature [136].  Interestingly, SLE B cells exhibited 

approximately 30% more differentially expressed transcripts than their CD4+ T 

lymphocyte counterparts [136].  However, an important potential confounding variable 

raised by the authors is the altered subset composition in SLE relative to healthy controls 

[136, 137].  Thus, the transcriptional profiles identified in whole CD19
+
 B cells may be 

influenced by the distributions of different B cell subtypes.  These previous studies, 

however, did not include measurement of IFN genes themselves.  This is due in part to an 

underlying concept that pDCs are the reservoir from which excessive amounts of type I 

IFN are generated.  Thus, IFN signature measurements of human PBMCs do not include 

analysis of the expression of IFN genes themselves [99-101, 138, 139].  However, it is 

becoming evident that different cell populations can contribute to type I IFN production 

and also respond differently to the IFN exposure.  There is currently a lack of knowledge 

about the relative contribution of different cell types to IFNα and IFNβ production and 

how this may modulate the immune response.   

 

Constitutive Type I IFN in Homeostasis and Disease 

In the late 1950s and 1960s after IFN was discovered, type I IFN it was 

considered to be a specific virally induced substance without any effect on normal 

cellular metabolism [140].  However, it is accepted today that low levels of 

spontaneously produced (i.e. absent any apparent specific inducer) type I IFN secretion 

can have important regulatory effects on normal cellular functions [140].  Constitutive 

production of type I IFN in uninfected cells is a well-established phenomenon both in 

vitro and in vivo [91, 141-146].   What is the normal function of such ‘spontaneous’ 
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interferon production, and is this relevant to human disease?   Considering the half-life of 

type I IFN is only a few hours, the proximity of cells to an IFN source may be essential 

for a timely immune-response [147].  Consistent with this, low-level constitutive or 

endogenous IFN production is essential for setting expression levels of important signal 

intermediates such as IRFs [142] and STATs [91] thus determining whether or not 

downstream signaling mechanisms will operate effectively upon challenge.  The 

constitutive weak IFN-α/β signal is capable of exerting effects on virtually all cells, 

effectively priming immune cells to enhance their specialized response to other stimuli 

[145].  What is the mechanism for the constitutive type I IFN production?  Secondly, how 

does the spontaneous type I IFN from diverse cell types contribute to the pathogenesis of 

type I IFN mediated diseases such as SLE and the various other interferonopathies [148]?     

 Normally, activation of type I IFN transcription occurs when regulatory elements 

in the IFN-α/β promoter regions bind members of the IRF family of transcription factors 

[149].  The IRF family contains nine members, of which IRF-3 and IRF-7 are crucial for 

expression of IFN-α/β, though induction of the short-lived IRF7 appears to be the critical 

factor for maximal induction [150].  Both IRF-3 and IRF-7 reside in the cytoplasm of 

uninfected cells, and undergo nuclear translocation upon viral infection [150, 151].   

These factors have non-redundant roles, as demonstrated by the fact that IRF7 is short 

lived, while IRF3 is more stable and is constitutively expressed.  Consistent with this, 

early type I IFN induction of IFN-α4 and IFN-β can occur in the absence of IRF7, 

although IRF7 is required for positive feedback [145, 151].   

 What drives the spontaneous type I IFN production in the absence of any virus 

infection?  The low-level production occurs in the absence of IRF3 and IRF7 [151], so 
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what is the mechanism of the spontaneous IFN?  The IFN-β enhancesome and promoter 

is one of the most well-studied and well-characterized gene-regulatory elements [152].  

The IFNβ promoter contains four positive regulatory domains (PRD I-IV), which are 

occupied by overlapping transcription factor complexes [143].  IRF3 and IRF7 bind 

PRDI and III; the AP-1 heterodimer of ATF-2 and c-Jun binds PRDIV; and the NF-κB 

p50-RelA heterodimer binds PRDII [143].  IRF3 and IRF7 are critical for virus induced 

IFN and positive feedback [151], but less is known regarding the mechanism of 

constitutive IFNβ.  It has been proposed that constitutive IFNβ is characterized by a 

switch from dependency on IRF3 and IRF7 to c-Jun and NF-κB components.  In contrast 

to pathogen-induced IFNβ production, deletion of IRF3 does not prevent constitutive 

IFNβ expression in MEFs [142].  In addition, deletion of IRF9, which resulted in 

undetectable amounts of IRF7 had no impact on constitutive IFNβ [142].  In contrast, 

deletion c-Jun, which normally occupies PRDIV on the IFNβ promoter in uninfected 

cells, decreased constitutive IFNβ expression by half [153].  The importance of NF-κB 

subunit RelA to constitutive IFNβ has not been directly measured, but is likely important 

as well, as RelA binds to PRDII in unstimulated cells and loss of RelA causes gene 

expression defects in unstimulated cells resembling loss of IFN [143, 154].  Additionally, 

it has been suggested that repressive p50 homodimers which bind the PRD1 and PRDIII 

regions may be incompletely repressive, enabling basal levels of IFNβ production [155].  

Regarding the stimulus of the constitutive type I IFN production, basal production may 

be maintained by commensal microbiota, though this has not been thoroughly 

investigated in germ-free mice. 
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Unique Properties of IFNβ 

There is a perception in the lupus research field that IFN-α is the main 

driver of SLE pathogenesis.  This idea is partially due to the relative abundance of 

the type I IFN subtypes, where some IFN-α subtypes are more readily detectable in 

circulation vs. IFN-β [156-158].  Consistent with this, the induction of IFN-

response genes PRKR, IFIT1, IFI44, MX1 by SLE plasma was inhibited >90% by 

anti-IFNα antibody, but not by anti-IFNβ or anti-IFNγ antibodies [159] leading to 

the conclusion that IFNα, rather than IFNβ or IFNγ, is present in many SLE plasma 

samples [159].   A positive correlation between serum IFNα and various disease 

parameters has also been established [160].  However, these studies have been 

limited by an inability to detect more rare IFN species including IFN-β. The relative 

lack of detectable IFN-β in serum is likely due to its fold higher affinity for the 

IFNAR1 and IFNAR2 [80, 161]. 

In addition to higher affinity to the IFN receptor chains, another unique 

property of IFN-β is its unique properties of early induction and ability to stimulate 

other type I IFN gene expression.  It has been reported that in the absence of 

priming amounts of IFNβ, mouse embryo fibroblasts do not produce other type I 

IFNs [162], highlighting IFNβ as an early response master regulator of other type I 

IFN activities.  Priming with IFNβ is also required for optimal responses to other 

cytokines.  Priming IFNβ-deficient MEFs with low dose IFNβ restored IFNγ-

mediated antiviral responses and increased resistance to influenza virus by 

promoting activation of DCs [143, 163, 164].   Selective effects of IFN-β compared 

to IFN-α have been reported in different cell types [91] including osteoclasts [165], 
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dendritic cells [166], monocytes and B cells [79].   A study of multiple sclerosis 

patient samples showed that monocytes, B cells, and T cells showed substantial 

differences in signaling and cellular effects in cells stimulated in vitro [79].  

Interestingly, stimulation of different cell types with IFNβ resulted in completely 

different cell fates.  In monocytes and granulocytes stimulated with IFNβ, there was 

a strong induction of cell-surface TNF-related apoptosis-inducing ligand (TRAIL).  

In contrast in B and T cells, TRAIL was not induced; however, IFNβ induced 

activation of p38 and/or NF-κB in these cell populations [79].   

As mentioned above, constitutive IFNβ has a unique property to set the 

expression levels of the various STAT proteins.  In IFNβ−/− cells, the expression of 

STAT1 and STAT2 is diminished enabling receptor binding access for other STAT 

proteins.  In this way, low levels of IFNβ is critical to regulate responses to diverse 

stimuli of the JAK-STAT pathway by shifting the ratio of active STATs [143, 145].  

Interestingly in IFNAR2 knockout mice, IFNβ can bind to and signal through the low-

affinity IFNAR1, but does not activate the conventional JAK/STAT signaling pathway 

[167].  This is significant, as different combinations of STAT protein availability and 

action can produce different downstream effects.  Signaling through STAT1 is known to 

be pro-inflammatory, anti-proliferative and pro-apoptotic, as opposed to signaling 

through STAT3, STAT4 and STAT5, which induces gene transcription that promotes cell 

survival, proliferation and differentiation [168, 169].  Thus, the intracellular competition 

between STAT1, and STAT3, STAT4 and STAT5 determines the transcriptional and 

functional consequences of type I IFN signaling [135].  

The differential responses induced by IFNβ vs the IFNα subtypes are likely 
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to be important in mediating specific IFN-dependent effects on various tissues or 

cells [91].  IFNβ is the tightest binder to IFNAR1 and IFNAR2 is IFNβ (10 and 

100-1000 fold greater than most of the other type I IFNs, respectively) [81].  The 

relative affinities of the IFN subtypes are conferred by differences in amino acid 

residues, and this is thought to be the molecular basis for the differential signaling 

activities of IFNβ [80].   

Primary work by Lamken et al [161] reported that IFNβ exhibited higher affinity 

for both receptor chains, IFNAR1 and IFNAR2 [80].  This is an important and biological 

meaningful point, as allows for “a more efficient ternary complex formation at low 

receptor surface concentrations and longer stability of individual ternary complexes 

compared to IFNα2 [and other IFNαs] [161].”  Regulation of IFNAR1 and IFNAR2 

expression levels is a major mechanism controlling the potency of cell responsiveness to 

IFNß [170].  Several studies have demonstrated that IFNß induces endocytosis and 

degradation of IFNAR1 to regulate the cell signaling [80, 90, 171].  Down-regulation of 

IFNAR1 appears to occur rapidly in a tunable fashion, while IFNAR2 expression 

displays a slower basal turnover [172].  Additionally both IFNAR2 and IFNAR1 can 

interact with IFNß, and thus both complexes (IFNß/IFNAR1 and IFNß/IFNAR2) are able 

to transmit signals to induce genes [167] a relevant fact that could explain differences in 

the response to IFNß treatment [170].   

 

Nucleic Acid Sensing 

The presence of autoAbs targeting self-nucleic acid or nucleic acid-binding 

proteins implicates dysregulation of nucleic acid sensing pathways in SLE [173].  Viral 
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and bacterial DNA and RNA potently stimulate innate immunity through toll-like 

receptors (TLR) and non-TLR signaling cascades.  Self-nucleic acid and nuclear 

DNA/RNA binding proteins are normally restricted to the nucleus or the mitochondria, 

away from the DNA/RNA sensors.  In SLE, activation of these sensors occurs leading to 

activation of the innate and adaptive immune system [3, 173].  Additionally, genetic 

variations in many of the components of the TLR signaling pathway have been associated 

with SLE, such as TLR-7, IRF5, IRF7, IRF8, IRAK1, and TNFAIP [173-175].    

All TLR family members, including TLRs-7, -8, -9 are type I membrane proteins 

composed of a ligand-binding ectodomain, a transmembrane domain, and a conserved 

cytoplasmic toll/interleukin-1 receptor (TIR) domain [173, 176].  Ligand-induced 

dimerization and conformational rearrangement of the TIR domains leads to intracellular 

activation of two main adaptors are utilized by TLRs, namely Myeloid Differentiation 

Factor-88 (MyD88) (TLR-7, -8, and -9) and TIR domain-containing adaptor inducing 

IFN-β (TRIF) (TLR-3) [173].   Different immune cell types are known to express a cell-

specific set of TLRs [176].  Human B cells and pDCs are the only cells known to express 

both TLR7 and TLR9  [177] (Table 2).  

 There are also TLR independent nucleic acid sensors that are important in 

antiviral immunity and implicated in autoimmune disease.  RIG-I (retinoic acid – 

inducible gene I) and MDA5 (melanoma differentiation – associated gene 5) are RNA 

helicases with caspase recruitment domains (CARDs) and signal through the 

mitochondrial antiviral signaling protein (MAVS) and IRF3–IRF7 to induce type I IFNs 

following RNA recognition [173, 178].  Currently, cGAS is the most widely accepted 

dsDNA sensor which activates innate immune responses through production of the 
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second messenger cGAMP, which activates the adaptor stimulator of interferon genes or 

STING [179]. 

 

 

 

 

Table 2. The expression of endosomal TLRs across different cells.  Adapted from [176].   

 

A major consequence of innate nucleic acid sensing through nucleic acid sensing 

pathways is the secretion of type I IFNs [176].  However, both endosomal and cytosolic 

nucleic acid sensors are themselves ISGs: that is, their expression is inducible by innate 

immune activation and IFN receptor signaling [176].  Studies of SLE-associated genetic 

factors has confirmed that there are multiple genes that contribute to the high IFN levels 

observed in SLE [180-183].  A study that compared patients with high vs. low IFN and 

autoAb levels identified genetic regions associated with the IFN and autoAb specificities 

[181].  There also appear to be different genetic bases for different ancestral 

backgrounds, though high IFN is clearly seen in both African American and European 

American populations [98].  In 2013, Ko et al reported that both AA and EA patients with 

positive anti-RBP antibodies showed over-expression of similar IFN-related canonical 

pathways. Interestingly, anti-RBP negative EA subjects demonstrated similar IFN-related 

pathway activation, whereas no IFN-related pathways were detected in RBP negative AA 
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patients [98]. Thus type I IFN is a common pathway to SLE susceptibility, and molecules 

operating upstream of type I IFN production may also modulate disease [98, 183]. 

TLR7 is particularly important in the pathogenesis of SLE [184]. Overexpression 

of TLR7 causes severe lupus in multiple mouse models of SLE [185].  Male BXSB mice 

bearing the Y-linked autoimmune accelerating locus (Yaa), where a translocation from 

the X to Y chromosome leads to the duplication of several genes.  Duplication of Tlr7 in 

these mice was shown to be essential for development of autoAbs to RNA-containing 

complexes [184, 186].  Several studies have reported the induction of TLR7 transcription 

in immune cells including B cells following stimulation with microbes and viruses [187, 

188], IFNα [187], nucleic acids and nucleic acid mimics such as Poly(I:C) and CpG 

[189].  Upregulated TLR7 and TLR9 mRNA expression have been reported in PBMCs 

from SLE patients, and levels correlate with the expression of IFNα [190, 191]. This 

increase in TLR7 may be part of a positive feedback mechanism to increase IFNα during 

normal infection with bacteria or virus [192].  A 2013 study by Chauhan et al. showed 

that TLR7 was preferentially increased in SLE patients with antibodies against RNA-

associated antigens, while TLR9 induction correlated with anti-dsDNA antibody titers 

[193].  Overall, data suggest higher levels of TLR7 may lead to an acquired 

responsiveness in cells which are normally unresponsive to TLR7 ligands. This is 

supported by the observation that pDCs are responsible for the majority IFNα produced 

by healthy PBMCs, but account only for 57% of IFNα produced by PBMCs from SLE 

patients [194, 195].     

There is accumulating evidence that the source of TLR7 ligands in autoimmunity 

may derive from uncleared apoptotic cells [196-198].  Our laboratory has previously 
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identified apoptotic cell clearance defects in BXD2 mice involving defective follicular 

exclusion of apoptotic antigens due to dysregulation of marginal zone macrophages that 

normally clear dead cells in the spleen [15, 16].   

 

Questions 

Type I IFNs have a prominent role in many aspects of normal innate and adaptive 

immunity and autoimmunity.  However, cell-type specific information about type I IFN 

expression and autocrine/paracrine signaling through the two receptor chains is sparse 

and mostly focused on non-lymphocyte and non-immune cell populations.  A major 

function of B cells is cytokine production, but surprisingly, type I IFN production in SLE 

has not been thoroughly investigated due to an assumption that pDCs are the most 

significant source of type I IFN in lupus.  What B cell populations express the highest 

levels of type I IFN?  Can B cell intrinsic type I IFN modulate B cell function and TLR7 

signaling competence in lupus and in BXD2 mice, and is there a specific role for high 

affinity IFNβ in the type I IFN dysregulation?  Finally, are there sub-populations of type I 

IFN producing cells in vivo that may represent distinct inflammatory effector subsets in 

lupus?   
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Abstract 

Type I interferon (IFN) is commonly associated with plasmacytoid dendritic cells.  Here 

we report that IFNβ is significantly increased in transitional stage 1 (T1) B cells in 

African American systemic lupus erythematosus (SLE) patients and in patients with anti-

Smith, anti-SSA and renal disease.  In lupus prone BXD2 mice, B-cell production of 

IFNβ was required for optimal activation and survival of autoreactive B cells.  At the 

single cell transcriptional level, there were distinct T1 B-cell subpopulations 

distinguished by their expression pattern of Ifnb, Ifna and Tlr7 in BXD2 mice.  T1 B-cell 

production of IFNβ was an important regulator of TLR7-induced B-cell activation and 

survival in vitro.  Blockade of IFNβ reduced autoantibodies and glomerulonephritis in 

BXD2 mice, and anti-IFNβ therapy during transitional B-cell repopulation post B-cell 

depletion inhibited autoantibodies. Together, these results implicate endogenous 

production of IFNβ by T1 B cells as a key mechanism for autoreactive B-cell 

development in SLE.  
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INTRODUCTION 

The transitional B-cell stage represents the formative link between immature bone-

marrow (BM) B cells and mature peripheral B cells
1-3

.  During this stage, new emigrant 

immature B cells develop into immune-competent B cells capable of entry into the 

mature naïve B cell pool
4-7

.  In humans, counter-selection of self-reactive peripheral B 

cells occurs during this stage
8
. Failures in this selection checkpoint are associated with 

aberrant activation and development of polyreactive self-antigen-reactive mature B cells 

in systemic lupus erythematous (SLE)
8-12

.  In mice, the maturation of B cells occurs in 

the spleen where transitional type 1 (T1) B cells (CD93
hi

IgM
+
IgD

lo
CD23

lo/–
) develop into 

transitional type 2 (T2) B cells (CD93
+
IgM

+
IgD

+
CD23

+
)
13

. Ligand engagement of the B 

cell receptor (BCR) results in upregulation of survival signals, activation, and maturation 

of T2 B cells
6,7

 but results in induction of apoptosis in T1 B cells.  The factors that 

regulate the abnormal survival responses of T1 B cells in SLE have not been delineated.   

 

A possible role for type I interferons (IFNs) was suggested by the well-established ability 

of type I IFNs to stimulate B cells
14-16

, the identification of the type I IFN signature in 

SLE
17,18

 and the mounting evidence that strong Toll-like receptor (TLR) signaling 

induces plasmacytoid dendritic cells (pDCs) to produce type I IFNs that subsequently act 

on B cells
19-24

.   We found previously that SLE patients, BXD2 mice and B6.Sle1.2.3 

autoimmune mice have high numbers of spleen marginal zone (MZ) pDCs that are 

associated with follicular migration of MZ B cells
25

.   A deficiency of the IFNAR1 

ameliorated autoantibody production in BXD2 mice.
26,27

  Transitional B cells appear to 
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be important targets of type I IFN, as hyper-responsiveness to type I IFN was found to be 

most prominent in the transitional B cell population of SLE patients.
28

  Additionally, 

ARID3a
+
 transitional and naïve B cells from SLE patients were shown to express high 

levels of IFNα
29

.  Most studies have focused on IFNα, with the exception of one study 

which did not report a specific role for IFNβ in NZB-Ifnb
–⁄–

 mice
30

.  IFNβ differs from 

IFNα in that it has higher affinity for the type I IFN receptors (IFNARs) 
31-33

, has been 

proposed to be an initial signal that enables stronger signaling by other cytokines
34

, and is 

important for optimal TLR7 responses in B cells
35

.     

 

Here, we report that freshly isolated human and murine T1 B cells express high levels of 

IFNβ.  Overexpression of endogenous IFNβ in T1 B cells was associated with anti-Sm, 

anti-SSA, African American race, and an increased percentage of autoreactive 9G4
+
 B 

cells in SLE patients.  Genetic deletion of IFNβ in BM reconstituted chimeric mice and 

similarly, IFNβ neutralization experiments, indicate that endogenous production of IFNβ 

plays a critical role to promote autoreactive T1 B-cell survival and maturation.  Single-

cell gene expression analyses together with analysis of in vitro responses suggest a model 

where T1 to T2 B cell development occurs among distinct sub-populations of Ifna and 

Ifnb producing cells involving the regulated expression of different type I IFN subtypes 

and Tlr7.  The clinical relevance of these results is supported by the finding that targeting 

of IFNβ during transitional B-cell repopulation in BXD2 mice promoted long-term 

remission after anti-CD20 B-cell depletion therapy.   
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RESULTS 

Endogenous IFNβ in T1/T2 transitional B cells in SLE 

We analyzed endogenous IFNβ in PBMCs of 34 well-characterized SLE subjects (Table 

S1) by FACS (Fig. 1a, S1a).  There was significantly higher expression of IFNβ in 

transitional T1/T2 (CD27
-
IgD

+
CD24

hi
CD38

hi
), naive (CD27

-
IgD

+
CD24

lo/+
CD38

lo/+
) and 

memory (CD27
+
IgD

-
) B cells from SLE patients compared to healthy controls (Fig. 1a).  

There was a significant positive correlation between the percentages of IFNβ
+
 T1/T2 B 

cells and the percentages of 9G4
+
 B cells

36
 within the mature naïve sub-population (Fig. 

1b). Compared to CD4 T cells, B cells (T1/T2 and naïve) and pDCs expressed 

significantly higher levels of intracellular IFNβ (Fig. 1c, S1b). At the mRNA level, 

T1/T2 B cells expressed the highest levels of Ifnb, Ifna1 and Ifna7, compared to pDCs 

and CD4 T cells (Fig. 1d, S2).  Significantly increased IFNβ expression in the T1/T2 B 

cell population was seen in patients seropositive for anti-Sm, anti-SSA, patients with 

active renal disease and in African Americans (AA) patients (Fig. 1e, S3, Table S1).   

There was no significant correlation of IFNβ with other clinical parameters or treatment 

with hydroxychloroquine (HCQ) or hydrocortisone (Table S1 and Fig. S3).  

Elevation of IFNβ in T1 B cells of BXD2 mice 

Increased expression of Ifnb was also observed in spleen T1 B cells from lupus prone 

BXD2 mice (Fig. 2a).  All FACS sorted cells were >98% pure, and cell identities were 

confirmed by the expression of cell lineage signature genes (Fig. S4a, b).  Interestingly, 

although pDCs induced 10-fold more Ifnb upon in vivo poly(I:C) stimulation (Fig. S4c), 

Ifnb in freshly isolated spleen T1 B cells was comparable to purified pDCs (Fig. 2b).  

The expression of IFNAR was comparable between B6 and BXD2 B cells (Fig. S4d).   
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Ifnb induction requires assembly of IFNβ enhanceosome composed of IRF7, NF-ĸB p65, 

and 13 other factors
37

; however, IRF-7 is short-lived and its expression requires positive-

feedback regulation of IFNβ/IFNα induction
38

. Confocal image analyses of BXD2 mouse 

spleens (Fig. 2c, d) revealed significantly increased nuclear IRF7 in IgM
+
 cells.  High 

resolution confocal imaging analysis of FACS sorted T1 B cells from BXD2 compared to 

B6 mouse spleens confirmed higher expression and also co-localization of IRF7 with NF-

ĸB p65 in the nucleus (Fig. 2e).   Quantitative analysis further revealed significantly 

higher expression and colocalization of IRF7 and p65 in the chromatin open region of the 

nucleus in T1 B cells from BXD2 mice, compared to B6 mice (Fig. 2e, S5).  Nuclear 

localization of p65 and IRF7 in BXD2 T1 B cells was further visualized by 3-

dimensional rendering of high-resolution images (Fig. S5b, S5c and Video S1, S2).  In 

BXD2 mice treated with anti-IFNβ neutralizing antibody (Ab), there was a reduction of 

serum autoAbs to DNA and histone (Fig. 2f) and significantly reduced 

glomerulonephritis (Fig. 2g).   

 

IFNβ promotes autoreactive T1 B cells  

In BXD2 mouse spleen, La13-27 autoantigen reactive B cells
39

 expressed significantly 

higher levels of type I IFN genes, compared to La13-27
–
 total B cells (Fig. 3a).  To exclude 

pDC contamination, B cell identity was verified by the expression of high levels of Cd19 

and low levels of Cd317 (Fig. S6).  The importance of endogenous IFNβ in promoting 

the development of La13-27 reactive B cells was established in a triple chimeric CD45.2 

B6-Ifnb
‒⁄‒

, CD45.1 B6-Ifnb
+⁄+

 and CD45.2 GFP
+
 BXD2 (1:1:1) BM transfer experiment.  



 48 

IgM
+
 T1, T2 and T3 transitional B cell subsets derived from CD45.2 B6-Ifnb

‒⁄‒ 
BM 

exhibited the highest percent of Annexin V
+
 apoptotic cells (Fig. 3b).  B cells from the 

BM of Ifnb
‒⁄‒ 

origin exhibited a significantly lower percentage (Fig. 3c) and total number 

of La13-27
+
 B cells (Fig. 3d) and a decreased total number of transitional B cells at all 

stages (Fig. 3e), compared to B cells derived from the BM of B6-Ifnb
+⁄+

 and more 

strikingly compared to BM of GFP
+
 BXD2 mice.  

 

These results suggested that high levels of endogenous IFNβ in BXD2 T1 B cells may 

promote abnormal selection of La13-27
+
 B cells.  To determine the specific requirement of 

IFNβ, B6-Rag1
‒⁄‒

 mice were reconstituted with BM from BXD2 mice and were 

administered neutralizing Abs to IFNβ or IFNAR during T1 B cell repopulation. The 

effects of in vivo anti-IFNβ and anti-IFNAR in suppressing the repopulation of La13-27
+
 B 

cells were comparable (Fig. 3f), and both treatments had the most profound effect on 

CD93
+
 transitional B cell development (Fig. 3g). Development of all transitional B cell 

subsets was significantly abrogated by administration of either anti-IFNβ or anti-IFNAR 

(Fig. 3h).  It was verified that anti-IFNβ neutralized IFNβ only, while anti-IFNAR 

neutralized both IFNα and IFNβ (Fig. S7).  These results indicate that specific blockade 

of IFNβ is sufficient to abrogate development of autoreactive transitional B cells. 

 

Endogenous type I IFN circuit in T1 B cells  

To determine whether a distinct sub-population of Ifnb
hi

 T1 B cells could be identified 

and also gain insights into the dynamics of Ifnb expression in relation to other Ifns and 

Tlr7 in T1 B cells of BXD2 mice, we carried out a quantitative single cell qRT-PCR.  
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FACS sorted T1 B cells were >98% pure (Fig. S8a) and cell identities were further 

confirmed by the expression of cell lineage signature genes (Fig. S8b).  Hierarchical 

clustering and principal component (PC) analyses showed that, in all three mice analyzed, 

there was distinct segregation of Ifnb
hi

 versus Ifna
hi 

T1 B cells (Fig. 4a, b, and S9).  

Among all Ifna genes analyzed, Ifna7 exhibited the most distinct segregation from the 

expression of Ifnb (Fig. 4a).   

 

Interestingly, heatmap and PC analyses revealed a distinctly inverse expression pattern of 

Cd93 and Cd23 in single T1 B cells from all three BXD2 mice analyzed, suggesting their 

utility in identifying sub-populations of T1 B cells (Fig. S10a).  Flow cytometry analysis 

confirmed down-regulation of CD93 coincided with upregulation of CD23 during 

transitional B cell maturation (Fig. S10b).  Cd93 and Cd23 were thus used to define 

subpopulations ranging from early (Cd93
hi

Cd23
lo

) to late T1 (Cd93
lo

Cd23
hi

).  Distinct 

expression patterns of Ifnb, Ifna7 and Tlr7 were identified in these subpopulations of T1 

B cells (Fig. 4c, d)
13,40

. In the Cd93
hi

Cd23
lo

 (Cluster I) subset, Ifnb expression was 

significantly higher than Ifna7 (Fig. 4c, S11a) or Tlr7 (Fig. 4d and Fig. S11b). However, 

marked elevation of Ifna7 and Tlr7 expression was observed from the CD93
hi

CD23
lo 

subset to the CD93
Int

CD23
lo

 subset (Cluster II).  Although Tlr7 expression was down-

modulated in Cluster III, Ifnb and Ifna7 expression peaked in this subset. All 3 genes 

were expressed at the lowest level in the Cd93
lo

Cd23
hi 

(Cluster IV) subset (Fig. 4c, d).   
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IFNβ promotes TLR7 response 

At the protein level, we confirmed that IFNβ expression was highest in late stage 

(IgM
hi

CD23
low

) T1 B cells in B6 and BXD2 mice (Fig. 5a) but was downregulated at the 

T2 stage.  The requirement for endogenous Ifnb in T1 B cells to promote Ifna7 and Tlr7 

expression in T1 B cells was ascertained at the single cell level using T1 B cells isolated 

from mixed Ifnb
+/+

 vs. Ifnb
-/-

 BM chimeric recipients.  The expression of Ifna7, Tlr7 and 

also Ifna1 was significantly reduced in Ifnb
–/–

 T1 B cells (Fig. S12a). Consistent with 

this, there was a significantly diminished Ifnb
-/-

 IgM
+
 B cell repopulation, compared to 

Ifnb
+/+

 IgM
+
 B cells, in recipient mice (Fig. S12b).  

 

The requirement of IFNβ for CL264-mediated TLR7 stimulation of B cells was 

determined by CD69 induction after stimulation in the presence of neutralizing antibodies 

to IFNβ or IFNAR1 (Fig. 5b).  Specific blocking of IFNβ inhibited >60% of T1 B cell 

activation following CL264 and CL264+anti-IgM stimulation (Fig. 5b).  There was no 

significant additional inhibition of activation generated by IFNAR blockade in either 

stimulation (Fig. 5b). Neutralization of IFNβ or IFNAR also significantly inhibited cell 

survival measured at 56 hrs (Fig. 5c).  In B6 mice, endogenous IFNβ was also required 

for optimal for TLR7 activation of T1 B cells, but not T2/T3 or follicular (FO) B cells 

obtained from double-chimeric mice (CD45.2 B6-Ifnb1
‒⁄‒

 and CD45.1 B6 WT) (Fig. 

S13).   

 

In B cells derived from PBMCs of human SLE patients, CL264+anti-IgM/IgG-induced B 

cell activation (Fig. 5d) and survival (Fig. 5e) responses were suppressed by blockade of 
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anti-IFNβ.  Furthermore, blockade of IFNAR1 using an anti-IFNAR did not provide 

additional effects, suggesting that B-cell production of IFNβ is an essential component of 

the type I IFN response in promoting the effects of TLR7. 

 

IFNβ blockade post BCDT promotes tolerance 

The translational implication of type I IFN blockade in lupus was investigated using an 

anti-CD20 B-cell depletion therapy (BCDT) to eliminate the majority of B cells followed 

by administration of type I IFN blockade during transitional B cell repopulation (Fig. 

S14). The most active period of transitional B cell repopulation occurred between wk 1 to 

wk 3 with complete repopulation at wk 9 post-BCDT (Fig. S14). Neutralization of 

IFNAR signaling inhibited transitional B-cell maturation between wks 1 – 4 post anti-

CD20 (Fig. S14).   

 

We next determined if anti-IFNβ or anti-IFNAR therapy suppressed transitional B cell 

repopulation resulting in a long-term suppression of autoantibody formation in BXD2 

mice.  At wk 2 post-BCDT, there were significantly reduced percentages and total 

numbers of T1, T2, and mature B cell subsets in the spleen (Fig. 6a, b).  Treatment with 

anti-IFNβ and anti-IFNAR significantly compromised the repopulation of B cells starting 

at the T1 stage (Fig. 6a, b).  There were significantly lower IgM
+
 and IgD

+
 B cells in and 

surrounding the follicle in spleens from anti-IFNβ and anti-IFNAR treated mice (Fig. 6c, 

S15a).  There were also significantly decreased percentages of Ki67
+
 T1 and T2 B cells 

that were repopulating in anti-IFNβ and anti-IFNAR treated mice compared to isotype 

treated mice (Fig. 6d, S15b).  At 8 weeks post therapy, there was a significantly 
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decreased percentage and number of germinal center B cells (Fig. 6e) as well as 

autoantibodies to histone, DNA and La13-27 (Fig. 6f) in anti-IFNβ treated mice compared 

to isotype control treated mice.  

 

DISCUSSION 

The specific contribution of different type I IFNs, particularly IFNβ, in lupus has been 

enigmatic 
41

.  Differential activity of IFNα and IFNβ has been known for over a decade
42

, 

and more recently, modular transcriptional studies in SLE patients revealed distinct gene 

expression signatures not restricted to IFNα
43

. The present finding that T1 B cells in the 

spleen produce self-modulatory IFNβ suggests that an early event in B-cell tolerance loss 

may involve nucleic acid-Ag stimulation of these B cells.  Our comparison of B-cell 

development in mice reconstituted with B6-Ifnb
–⁄–

, B6-Ifnb
+/+, 

and GFP
+
 BXD2 BM 

demonstrated that the expression of IFNβ in new emigrant transitional B cells in the 

spleen provided a survival advantage for repopulating T1 B cells, including those that 

were La13-27
+
.   Previous studies have shown a similar defect in B-cell development

44
 and 

type I IFN antiviral responses in IFNβ deficient mice on the C57BL/6 genetic 

background
45

.  In SLE patients, our findings that B-cell endogenous IFNβ correlated 

positively with percentages of 9G4 autoreactive mature naïve B cells and anti-Sm and 

anti-SSA autoAbs implicates B-cell IFNβ as both a potential biomarker and effector of 

disease.   Together these results suggest that T1 B cell autocrine and paracrine IFNβ 

signaling through IFNAR is a B-cell intrinsic factor that can promote survival and 

maturation of T1 B cells.   
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In the present study, neutralization of IFNβ reduced autoAbs and glomerulonephritis in 

BXD2 mice.  To our knowledge, the only previous study that specifically studied IFNβ in 

a multi-genetic lupus-prone NZB mouse strain suggested that IFNβ was not required for 

anti-chromatin Abs or renal disease
30

.  In contrast, treatment of MRL-Fas
lpr/lpr 

mice with 

IFNβ improved disease
46

.  These results suggest that the effects of IFNβ in mouse models 

of autoimmunity depend on genetic background.  Our finding that African American SLE 

patients were significantly enriched in B-cell expression of high levels of IFNβ suggests 

that polymorphisms in the IFNβ enhanceosome genes or other upstream genes may 

predispose these individuals to development of type I IFN dysregulation and autoimmune 

disease.  Notably in the present study, B cell endogenous IFNβ was significantly 

increased in SLE patients with renal disease.  These results are consistent with recent 

findings by Cherukuri et al. which reported that the T1/T2 B cell ratio and associated 

cytokine production strongly correlated with renal allograft dysfunction
47

.  

  

Our data reveal for the first time that a prominent feature of T1 B-cell development in the 

spleen of BXD2 mice is the well-orchestrated expression of Ifnb and its downstream 

genes in T1 B cell subsets.  B-cell fate commitment has recently been proposed to occur 

at the T1 stage
48

.  Previous studies have estimated that T1 B-cell fate and the acquisition 

of mature B-cell marker CD23 is determined relatively quickly within 48 hours
1,49

. Our 

single T1 B cell gene expression analyses revealed that Ifnb is expressed in the earliest 

Cd93
hi

Cd23
lo

 T1 B cell subset, while peak Ifnb expression occurred in T1 B cells that are 

beginning to acquire Cd23 expression, suggesting that amplification of Ifnb occurs as T1 

B cells progress to the mature T2 phenotype.  At the protein level, FACS analysis 
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confirmed that peak expression of IFNβ occurred in late T1 B cells that are beginning to 

acquire CD23 surface expression.  

 

At a more basic level, the single cell gene expression analysis revealed that splenic T1 B 

cell development occurs among distinct Ifna and Ifnb producing cells in which the 

induction of IFNα and IFNβ gene expression is temporally separated.  This is consistent 

with the role of IFNβ in promoting IFNα and IFN response gene expression
34,50

.  The 

present work demonstrates that during T1 B cell development, autocrine IFNβ promotes 

the subsequent production of IFNα subtypes in the spleen.  Consistent with this, there 

were significantly lower levels of Ifna genes expressed in T1 B cells derived from Ifnb
–⁄–

 

BM in a BM chimeric transfer experiment.  Interestingly, in the spleen of BXD2 mice, 

the early expression of Ifnb in the CD93
hi

 T1 B cell population preceded the upregulation 

of both Tlr7 and Ifna7, consistent with a role for constitutive priming with IFNβ to 

subsequently facilitate other cytokines and sensing pathways
34

.  TLR7 signaling plays a 

key role in production of RNA-associated autoantigens including La and anti-Sm/RNP
51

. 

In mice, forced expression of TLR7 has been demonstrated to promote expansion of the 

T1 B cell pool and their direct recruitment into IgG autoantibody-producing B cells
52

.  

The present model supports a novel concept that initial IFNβ production by developing 

T1 B cells may serve as the central mediator to prime B cells for subsequent production 

and responses to IFNα and nucleic acid sensing responses.  These results suggest that in a 

subgroup of SLE patients whose transitional B cells utilize IFNβ signaling for survival 

and maturation, blockade of IFNβ may dampen the type I IFN pathway without 

completely shutting it down making it a desirable therapeutic treatment in some patients.    
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BCDT with anti-CD20 is effective in managing some SLE complications in humans and 

in mouse models of SLE
53,54

.  However, in some patients, B cell repopulation after BCDT 

is associated with development of autoreactive B cells
54

.   Interestingly, although BCDT 

by rituximab (RTX) is effective in the treatment of rheumatoid arthritis (RA), which is 

clinically and serologically distinct from SLE, three independent studies showed 

consistent results that RA patients who responded poorly to RTX exhibited higher levels 

of type I IFN signature gene expression in PBMCs, and that serum levels of IFNα were 

inversely associated with a positive clinical response 
55-57

.   Interestingly, HCQ, which 

has been reported to impair IFNα production,
58

 did not appear to affect B cell endogenous 

IFNβ levels in the patients in our study.   This is consistent with the reports that IFNβ is 

constitutively expressed
38,59

.  Thus B cell intracellular IFNβ expression may be helpful to 

explain the occurrence of flares in patients receiving HCQ or during repopulation after 

anti-CD20 therapy. 

 

Our present work suggests a need for future human studies of type I IFNs that pioneer 

beyond the well-established and accepted view of pDC/IFNα. These results also provide 

a mechanistic basis for development of more effective therapies
60,61

 to dampen the type I 

IFN cascade by specifically targeting the high-affinity IFNβ or the enhanceosome 

components that promote its induction.  
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METHODS 

Clinical Samples.  Peripheral blood mononuclear cells (PBMCs) from 34 SLE patients 

and 9 healthy controls were isolated from heparinized blood by density gradient 

centrifugation (Lymphoprep/SepMate, StemCell Technologies).  SLE subjects were 

recruited from the UAB Rheumatology Clinic.  Clinical data were described in detail in 

Supplementary Table 1.  T1 B cells, cellular phenotypes and clinical data were 

collected in a double blinded manner until all data collection was completed.  All SLE 

patients met the American College of Rheumatology 1997 revised criteria for SLE 
62

.  

These studies were conducted in compliance with the Helsinki Declaration and approved 

by the institutional review board at UAB. All participants provided informed consent. 

 

Mice.  Wild type C57BL/6 (B6), B6-CD45.1, CD45.2 B6-Rag1
–/–

, and BXD2 

recombinant inbred mice were obtained from the Jackson Laboratory.  B6-Ifnb
–/–

 mice 
44

 

were provided by Dr. Eleanor Fish, University of Toronto, Canada.  All mice were 

housed in the University of Alabama at Birmingham Mouse Facility under specific 

pathogen-free conditions in a room equipped with an air-filtering system. The cages, 

bedding, water, and food were sterilized. All mouse procedures were approved by the 

University of Alabama at Birmingham Institutional Animal Care and Use Committee.   

 

BM transplantation.  Recipient CD45.2 B6- Rag1
–/–

 mice were irradiated sub-lethally 

(450 rad) 6 hours prior to bone marrow transfer.  The day of transfer, BM cells were 

harvested from CD45.1 B6, CD45.2-B6-Ifnb
–/–

, and GFP
+
 transgenic BXD2 mice.  BM 

cells (1.5 × 10
7
 total) from the indicated donors were transferred or mixed at a 1:1 ratio of 
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CD45.1 B6 : CD45.2-B6-Ifnb
–/–

 or a 1:1:1 ratio of CD45.1 B6 : CD45.2- B6-Ifnb
–/–

 : 

GFP
+
 BXD2 and injected i.v. into recipient mice.  Mice were kept on sulfatrim water for 

21 days or until sacrificed at the indicated times after BM transfer. 

 

In vivo treatment.  BXD2 BM transferred recipients were treated i.v. with 250 μg anti-

IFNAR (clone MAR1-5A3, BioXCell) or 100 µg anti-IFNβ (clone MIB-5E9.1, 

BioLegend).  For B cell depletion of BXD2 mice, 1-month-old BXD2 mice were injected 

i.v. with 200 μg neutralizing anti-CD20 mAb (clone 5D2, Genentech).  Beginning 3 days 

post B cell depletion, mice were treated with anti-IFNAR (500 µg for the first injection, 

250 µg for maintenance) or anti-IFNβ (300 µg for the first injection, and 250 thereafter).  

IFN neutralizing Abs were injected twice per week for the indicated times post B cell 

depletion.  Nonspecific IgG isotypes (BioXCell) were injected as a negative control.  For 

anti-IFNβ treatment to naïve BXD2 mice, groups of BXD2 mice were administered anti-

IFNβ or isotype-control antibody (250 µg/2x per week for 6 weeks).   For BXD2 mouse 

poly(I:C) injections, 2-3 month old BXD2 mice were injected intraperitoneally with 

100 µg Poly(I:C) (Invivogen) and sacrificed after 4 hours.   

 

In vitro stimulation and type I interferon neutralization. B cells were purified by 

negative selection using EasySep™ Mouse B Cell Isolation Kit (Stemcell Technologies) 

and cultured in 96 well plates at 10
6
/mL in complete RPMI for 6 or 56 hours.  In some 

experiments, B cells were stimulated with mouse IFNα or IFNβ (gift from Dr. Vithal 

Ghanta, CytImmune) 2 µg/mL CL264 (Invivogen) or CL264 + a polyclonal anti-mouse 

IgM (1 µg/mL, Jackson ImmunoResearch) or non-specific rat-IgG isotype control.  For 
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specific neutralization of type I IFNs, cells were pre-incubated with 50 µg/mL anti-

IFNAR (clone MAR1-5A3, BioXCell) or 500 IU/mL anti-IFNβ (Rabbit IgG, Protein A 

purified, PBL Assay Science).  Human peripheral B cells were isolated for in vitro 

culture using Human EasySep™ Human B Cell Enrichment Kit.  Purified B cells were 

cultured in vitro 10
6
 cells/mL in complete RPMI and stimulated with 2 µg/mL CL264 or 

2 µg/mL F(ab')2 Anti-Human IgM+IgG (eBioscience).  For specific neutralization of 

type I interferons, 50 µg/mL anifrolumab (Creative BioLabs) or 1000 IU/mL polyclonal 

anti-IFNβ (PBL Assay Science) or non-specific isotype controls were added to the culture. 

 

Real-time quantitative RT-PCR.  RNA isolation, cDNA synthesis, and real-time PCR 

reactions were carried out as described previously
27,63

.  All primers are described in 

Supplementary Table 2.  

 

Single cell qRT-PCR. Gene expression analysis of single T1 B cells obtained from 3 

BXD2 mice (4-mo-old) was performed using the BioMark Real-Time quantitative PCR 

(qPCR) system (Fluidigm Co., South San Francisco, CA).  Bulk T1 B cells from each 

mouse spleen were sorted using flow cytometry sorting.  Following verification of the 

purity of sorted T1 B cells (Fig. S8a), cells were subjected to Fluidigm single cell 

capture.  Single cell capture was manually examined under a light microscope.  Wells 

with missing cells or multiple cells (>1) were removed from the analysis. qRT-PCR is 

performed in two steps after total RNA purification and conversion to single stranded 

cDNA using polyT priming: the targeted genes are pre-amplified in a single 14-cycle 

PCR reaction for each sample by combining 100 ng cDNA with the pooled primers and 
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EVA Green Pre-Amp Mastermix (Fluidigm BioMark™) following the manufacturer's 

protocol.  Secondly qRT-PCR reactions were performed on a 96.96 array.  The EvaGreen 

detection assay was applied for BioMark gene expression analysis using the standard 

Fluidigm protocols. Primer sets amplifying the mRNAs of the relevant genes are 

presented in Supplementary Table 2.  The averaged CT values were calculated from the 

system software [BioMark Real-Time PCR (polymerase chain reaction) Analysis, 

Fluidigm] 
64

.   

 

Single cell gene expression hierarchical clustering analysis.  Gene expression values 

were calculated using the 2
‒∆C

T value.  Briefly, the CT value of each gene in each cell 

obtained from the BioMark system was normalized with the CT value of Gapdh (∆CT) of 

each cell, and this was further converted to 2
‒∆C

T to show the expression value of each 

gene.  The 2
‒∆C

T values were transferred to the ClustVis online web tool for hierarchical 

clustering analysis 
65

. ClustVis uses the heatmap feature available from the R package 

(version 0.7.7) for plotting the values as a heatmap.  Expression levels of all genes were 

auto-scaled to provide all the genes equal weight in the classification algorithms.  

Missing data in the BioMark system were assigned a Ct of 999 by the instrument 

software and were removed. Since high CTs in the BioMark 96 × 96 microfluidic card 

were expected to be false positives due to baseline drift or formation of aberrant products, 

and since a sample with a single template molecule is expected to generate a lower CT, CT 

values that were larger than a cutoff of 25 were also removed 
66

.  Cells not expressing the 

Gapdh housekeeping gene, or expressing it at extremely low values (Ct >35), were 
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removed from the analysis, on the assumption that these cells were dead or damaged 

during the preparation process.   

 

Hierarchical clustering and principal component analyses were performed on both cells 

and genes, with a correlation distance metric and complete linkage. Clustering analysis 

was carried out based on the results for the indicated genes in each assay.  Statistical 

analysis of single cell gene expression in different clusters was calculated including 

0.95% confidence interval by one-way ANOVA (Tukey-Kramer pairwise comparison) or 

unpaired 2-tailed t-test using the GraphPad Prism software (La Jolla, CA).   Data used for 

the BXD2 T1 B cell clustering analysis can be obtained at 

http://biit.cs.ut.ee/clustvis/?s=YkgzIkieGaEjvOi (for the Ifna vs Ifnb dataset), 

http://biit.cs.ut.ee/clustvis/?s=nEZOTPHFyskUeNk (for the Cd93 vs Cd23 dataset), 

http://biit.cs.ut.ee/clustvis/?s=WsDQpwrmYRSdxLf (for the Cd93, Cd23, Ifnb, and Ifna7 

dataset), and http://biit.cs.ut.ee/clustvis/?s=SvjLZSSqPnpGBzi (for the Cd93, Cd23, Ifnb, and 

Tlr7 dataset). 

 

Flow cytometry. Cell suspensions were prepared from mouse spleens, and peripheral 

blood mononuclear cells were isolated by ACK lysis of RBCs.  Cell suspensions were 

stained at 4°C in PBS containing 2% FBS and 0.5% EDTA after FcγRII/III blocking. 

Surface staining was performed with the following anti-mouse antibodies: BioLegend 

Pacific Blue–anti-B220 (RA3-6B2), BV510-anti-CD23 (B3B4), FITC-anti-CD21/35 

(7E9), Pacific Blue-anti-CD45.1 (A20), AF647-anti-CD45.2 (104), PE-anti-CD4 

(GK1.5), AF488-anti-Ki67 (11F6); BD Bioscience BV650-anti-CD93 (AA4.1), BV510-

http://biit.cs.ut.ee/clustvis/?s=YkgzIkieGaEjvOi
http://biit.cs.ut.ee/clustvis/?s=nEZOTPHFyskUeNk
http://biit.cs.ut.ee/clustvis/?s=nEZOTPHFyskUeNk
http://biit.cs.ut.ee/clustvis/?s=WsDQpwrmYRSdxLf
http://biit.cs.ut.ee/clustvis/?s=SvjLZSSqPnpGBzi
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anti-IgD (11-26c.2a); eBioscience PE-anti-CD95 (15A7), APC-anti-GL7 (GL-7), anti-

CD69 (H1.2F3), PECy7-anti-IgM (eB121-15F9), APC-anti-CD317 (PDCA1, eBio129c); 

PBL Assay Science FITC-anti-IFNβ (RMMB-1).  La13-27 tetramer staining was carried 

out as previously described 
39

. 

 

Human PBMCs were isolated using SepMate (StemCell Technologies) and stained in 

FACS buffer.  Human antibodies included BioLegend BV510-anti-CD24 (ML5), PE-

anti-CD303 (clone 201A), BV510-anti-IgM (clone MHM-88), Pacific-Blue-anti-CD4 

(clone RPA-T4), PE-Cy7-anti-CD10 (clone HI10a), BV650-anti-CD27 (O323), Pacific 

Blue-anti-CD19 (HIB19), PE-Cy7-anti-CD38 (HB-7); eBioscience APC-anti-CD69 

(FN50); Southern Biotech PE-IgD (IADB6), and PBL Assay Science FITC-anti-IFNβ 

(MMHB-3). Dead cells were excluded from analysis with APC-eFluor® 780 Organic 

Viability Dye (eBioscience).   

 

For intracellular staining, cells were stained with ef780 viability dye, followed by fixation 

in 2% PFA.  Cells were permeabilized in ice-cold 70% methanol, washed and stained for 

intracellular and surface Abs. Cells were washed twice with 3 mL FACS buffer and 

suspended in 2% paraformaldehyde/FACS solution for cell surface marker analysis. Cells 

(300,000–1 X 106 /sample) were analyzed by flow cytometry. FACS data were acquired 

with an LSRII FACS analyzer (BD Biosciences) and analyzed with FlowJo software 

(Tree Star Ashland, OR). All flow cytometry analysis was carried out using a 

combination use of forward light scatter and side scatter height, area, and width 

parameters to exclude aggregated cells.   
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Histology. For paraffin sections, tissue were fixed in formalin, embedded in paraffin and 

stained with Hematoxylin & Eosin.  Image acquisition was carried out using an Olympus 

BX41 microscope.   

 

For frozen sections, tissue were embedded in OCT tissue media (Tissue-Tek) and frozen 

on dry ice. Frozen sections (7 μm thickness) were fixed to slides in ice-cold acetone for 

15 minutes and air dried for 30 seconds. The sections were blocked with 10% horse 

serum for 30 minutes at room temperature and then stained for 30 minutes at room 

temperature in a humidified chamber with fluorescently labeled antibody cocktails. The 

following antibodies were applied according to the manufacturer’s instructions: goat-anti-

mouse IgG H+L (Invitrogen), goat-anti mouse IgM-AF555 (Invitrogen), anti-mouse IgD 

AF647 (11-26c.2a, BioLegend), anti-mouse CD45.1 BV421 (A20, BioLegend), and anti-

mouse CD45.2 (104, BioLegend).  Slides were washed, mounted with Fluoromount G 

(Southern Biotech), sealed, and confocal imaging was carried out using a Zeiss LSM 710 

confocal microscope.  Imaging quantitation was carried out using the ImageJ software
67

.   

 

LSM 880 super-high resolution imaging of IRF and NF-kB p65.  Sorted T1 B cells 

(CD93
+
IgM

+
CD23

-
) were adhered onto microscope slides using centrifugation (800 RPM 

for 6 minutes).  Cells were fixed and permeabilized with acetone, blocked with 2% BSA 

and Fc block (2.4G2), followed by staining with goat-ant-mouse IgM (Invitrogen), rabbit-

anti-mouse IRF7 (Abcam), anti-mouse p65 (R&D), and DAPI nuclear stain (200 ng/mL).  

High resolution imaging of IRF7 and p65 transcription factors in IgM T1 B cells was 
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carried out using the Zeiss LSM 880 AIRY scan detector with fast modules.  Super-high 

resolution imaging was enabled by the use of 32 single detectors, each with a 0.2 AIRY 

units with 16 simultaneous detectors capable of exciting 4 pixels at the same time.  Lasers 

used for excitation consisted of an Argon laser (458 nm, 488 nm, 514 nm), a diode laser 

(405 nm), a solid state laser (461 nm), and helium-neon lasers (494 nm and 633 nm).  The 

microscope objectives were 63× and 40× with a 1.4 numerical aperture.  Image 

acquisition was acquired using the ZEN Black software and rendered for 3-dimensional 

imaging on the ZEN Blue software.  Co-localization of IRF7 and p65 was carried out 

using the ImageJ software.   

 

Autoantibody detection. Assays for serum autoantibodies were carried out as described 

previously
63

. Briefly plates were coated with 5 µg/mL DNA from calf thymus (Sigma), 

histone from calf thymus (Sigma), affinity purified rat IgG (Sigma), or La13-27 

(Genescript) 
3939

.  ELISAs were developed with an HRP-labeled goat anti-mouse IgG 

(Southern Biotechnology Associates) and tetramethylbenzidine substrate (Sigma-

Aldrich). OD450–650 was measured on an Emax Microplate reader. 

 

Statistics.  Results are shown as the mean ± standard deviation (s.d.) or mean ± standard 

error of the mean (s.e.m.) as described in figure legends.  Pearson’s normality test was 

used to determine normal distribution of each dataset.  A 2-tailed, unpaired Student’s t 

test was used when 2 normally distributed groups of dataset were compared for statistical 

differences.  The Mann–Whitney non-parametric test was used when the 2 datasets for 

comparison were not normally distributed.  An ANOVA test was used when more than 2 
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groups were compared for statistical differences.  P values of less than 0.05 were 

considered significant.  Analysis of correlation between variables was performed using 

linear regression in GraphPad Prism software (La Jolla, CA).   
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Supplementary Table 2 - List of primers used for gene expresssion analysis 

Primers used for amplification of human genes   

Name   Sequence Size 

Cd20 F TGCACCCATCTGTGTGACTG 99 

  R TTCCTGGAGTTTTTCTCCGTTG   

Cd303 F ACCTGCGTCATGGAAGGAAAG 109 

  R TCCAAGATTGCATCCCAGTAGA   

Gapdh F GCACTCACTGGAATGACCTC 113 

  R TTCTTCGCACTGACACACTG   

Ifnb1 F GTCTCCTCCAAATTGCTCTC 114 

  R ACAGGAGCTTCTGACACTGA   

Ifna1 F CTTCAACCTCTTTACCACAAAAGATTC 84 

  R TGCTGGTAGAGTTCGGTGCA   

Ifna7 F GCCCGGTCCTTTTCTTTACTG 171 

  R TTCATGTCTGTCCTTCAAGC   

Primers used for amplification of mouse genes   

Name   Sequence Size 

Cd19 F AGTGATTGTCAATGTCTCAGACC 115 

  R CTCCCCACTATCCTCCACGTT   

Cd23 F CCAGGAGGATCTAAGGAACGC 72 

  R TCGTCTTGGAGTCTGTTCAGG   

Cd3 F ATGCGGTGGAACACTTTCTGG 126 

  R GCACGTCAACTCTACACTGGT   

Cd317 F TGAAGTCACGAAGCTGAACC 150 

  R TGACACTTTGAGCACCAGTAG   

Cd93 F ATCTCAACTGGTTTGTTCCTGC 186 

  R ACTCTTCACGGTGGCAAGATT   

Gapdh F AGGTCGGTGTGAACGGATTTG 136 

  R TGTAGACCATGTAGTTGAGGTCA   

Ifna1 F AGTGAGCTGACCCAGCAGAT 100 

  R GGTGGAGGTCATTGCAGAAT   

Ifna11 F CCCAGCAGATCTTGAACCTC 90 

  R GGTGGAGGTCATTGCAGAAT   

Ifna4 F TCTGCAATGACCTCCATCAG 100 

  R TATGTCCTCACAGCCAGCAG   

Ifna7 F AGGACTTTAGATTCCCCCAGGA 76 

  R TCATGCAGAACACAGAGGGCT   

Ifnb1 F CTCCACCACAGCCCTCTC 157 

  R CATCTTCTCCGTCATCTCCATAG   

Tlr7 F ATTCCTTGCCTCCTGAGGTT 134 

  R GCTGAGGTCCAAAATTTCCA   
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Figure 1.  Increased expression of intracellular IFNβ in B cells from a subset of 

SLE patients. (a) Left: Representative flow cytometry plots of intracellular IFNβ in 

circulating B subsets of cells isolated from SLE and healthy control (HC) subjects.  

Right:  Percentage of IFNβ
+
 B cells in T1/T2, naïve, or CD27

+
IgD

‒
 memory 

subpopulation in SLE compared to HC subjects. (b) Correlation between the percent of 

mature naïve 9G4
+
 B cells vs. percent of intracellular IFNβ

+
 T1/T2 B cells in PBMCs. 

(c) Quantification of the percentages of IFNβ
+
 cells in the indicated cell populations (n = 

9 SLE patients).  (d) qRT-PCR analysis of the expression of Ifnb, Ifna1 and Ifna7 in 

sorted cells from SLE patients (n = 4). (e) The percentages of IFNβ
+
 T1/T2 B cells in 

SLE patients segregated by the indicated clinical characteristics (anti-Sm, anti-SSA, 

anti-DNA, renal disease) and in non-African Americans (non-AA) versus African 

Americans (AA).  All clinical characteristics were data collected at the time of PBMC 

sample collection.  For panels a, c, d, and e, the mean and standard deviation (s.d.) are 

indicated by the bar and whisker, respectively.  Statistical differences were determined 

by Mann–Whitney U test (a, e), linear regression analysis (b), and one-way ANOVA 

Tukey’s multiple comparison test (c, d). 
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Figure 2. Increased IFNβ in T1 B cells of BXD2 mice.  (a) qRT-PCR analysis of Ifnb1 

expression in flow cytometry sorted T1, T2, T3, marginal zone (MZ) and follicular (FO) 

B cells in B6 and BXD2 mice (n = 4).  (b) qRT-PCR analysis of Ifnb1 expression in 

flow cytometry sorted T1 B cells and pDCs isolated from spleens of naïve BXD2 mice 

(n = 3).  (c) Confocal imaging analysis of IRF7 and IgM expression in a representative 

spleen histologic section from B6 and BXD2 mice.  Single color image from each is 

shown on the top (objective lens = 40×).  (d) ImageJ quantitation of IRF7 intra-nuclear 

mean fluorescent intensity (MFI) in individual IgM
+
 cells in spleen histologic sections 

from B6 and BXD2 mice.  The results shown are derived from 10 different cells from 3 

mice each. (e) High resolution confocal imaging showing the expression of IRF7 and 

NF-ĸB p65 in a representative T1 B cell from each mouse strain (objective lens = 63×).  

Based on the border of DAPI staining, the dotted line marks the nuclear and cytoplasmic 

junction. (f, g) Groups of 4 week old BXD2 mice were treated with anti-IFNβ (250 

µg/2x per week for 6 weeks) or isotype-control antibody and were analyzed two months 

following the treatment. (f) Serum titers of IgG anti-DNA and anti-histone. (g) Left: 

H&E staining and fluorescent IgG imaging from a representative glomerulus in each 

group.  Right: ImageJ quantitation of IgG intensity in each glomerulus and DAPI
+
 cell 

count in each glomerulus (n =18 from 4 different kidney sections each). Data are mean ± 

s.d. (* P < 0.05, ** P < 0.01, *** P < 0.005; by two-tailed unpaired Student’s t-test). 
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Figure 3.  Analysis of the effects of IFNβ and type I IFN on La13-27 tetramer-

reactive B cells. (a) qRT-PCR analysis on the expression of Ifnb, Ifna4, Ifna7 and 

Ifna11 in La13-27 tetramer reactive versus non-La13-27-reactive B cells in spleens of BXD2 

mice. (b-e) BM-chimeric mice (B6-Rag1
‒⁄‒

) were generated by reconstitution with equal 

numbers of BM cells from CD45.1 B6-Ifnb1
+/+

 mice, CD45.2 B6-Ifnb1
-/-

 mice and GFP
+
 

BXD2 mice.  Recipient mice were sacrificed at day 15 post-reconstitution.  (b) FACS 

analysis of Annexin V
+
 apoptotic cells in different transitional B cell subpopulations in 

triple-chimeric mice (*P < 0.05, **P < 0.01, ***P < 0.005, compared to BXD2 mice). 

(c) Flow cytometry analysis showing the percent of La13-27
+

 B cells (left) and percent of 

transitional B cells in the CD93
+
 La13-27

+
 subpopulation (right) in triple-chimeric 

recipient mice. (d) Quantitation of absolute numbers of La13-27
+

 B cells.  (e) Quantitation 

of absolute numbers of La13-27
+

 B cells in the indicated transitional B cell subpopulation.  

(f-h) BM derived from BXD2 mice were transferred into B6-Rag1
‒⁄‒ 

mice.  Recipients 

were treated in vivo with isotype-control antibody, anti-IFNβ (α-IFNβ) or anti-IFNAR 

(α-IFNAR) at day 18, 21, and 25 after BM reconstitution. Recipient mice were sacrificed 

at day 26.  FACS analysis of La13-27
+

 B cells under different treatment conditions.  The 

percent of CD93
+
 (top) or CD93

-
 (bottom) (f), absolute number (g) of La13-27

+
 B cells, 

and absolute number of B cells in each indicated transitional B cell subpopulation (h) in 

the spleens of recipient mice. Throughout, data are mean ± s.d. (n = 2 mice per group for 

2 independent experiments). *P < 0.05, **P < 0.01, ***P < 0.005; by two-tailed 

unpaired Student’s t-test (a) and by one-way ANOVA with Tukey’s post hoc test (b, d, 

e, g, h). 
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Figure 4. Analysis of Ifnb, Ifna and Tlr7 expression in single T1 B cells in BXD2 

mice.  T1 B cells isolated from the spleen of 3 BXD2 mouse were prepared for single 

cell gene expression analysis.  (a) Heatmap of hierarchical type I IFN gene expression 

clustering in individual T1 B cells (n = 156 data points).  The top row above the heat 

map is color-coded to denote mouse origin.  The second row above the heatmap is color 

coded to denote the Ifnb
hi 

cluster (blue) or Ifna
hi

 cluster (red).  (b) Dot plots showing the 

normalized expression type I IFN genes in Ifnb
hi 

versus Ifna
hi

 cluster.  The mean and s.d. 

are indicated by the bar and whisker, respectively.  The significance between the 

indicated genes in each cluster is indicated (**** P < 0.0001, unpaired t-test).  The 

original data can be retrieved at http://biit.cs.ut.ee/clustvis/?s=YkgzIkieGaEjvOi. (c, d) Left: 

Heatmap showing the normalized expression of Ifnb and Ifna7 (c) or Ifnb and Tlr7 (d) in 

the four major clusters of T1 B cells based on the expression levels of Cd93 versus 

Cd23.  Middle: principle component analysis of cells segregated in the four T1 B cell 

clusters based on PC2 versus PC1. Prediction ellipses are such that with probability 

0.95, a new observation from the same group will fall inside the ellipse.  Right: Mean 

expression of Ifnb vs Ifna7 (c) or the expression Ifnb vs Tlr7 (d) in the indicated cluster 

of T1 B cells. Data are mean and s.e.m.  The significance of the expression difference 

between Ifnb and Ifna7 (c) or between Ifnb and Tlr7 (d) in the indicated cluster is 

shown. The original data can be retrieved at 

http://biit.cs.ut.ee/clustvis/?s=WsDQpwrmYRSdxLf (c) and 

http://biit.cs.ut.ee/clustvis/?s=SvjLZSSqPnpGBzi (d)(* P < 0.05, *** P < 0.005, **** P < 

0.0001, paired t-test). 

http://biit.cs.ut.ee/clustvis/?s=YkgzIkieGaEjvOi
http://biit.cs.ut.ee/clustvis/?s=WsDQpwrmYRSdxLf
http://biit.cs.ut.ee/clustvis/?s=SvjLZSSqPnpGBzi
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Figure 5. IFNβ promotes TLR7-induced transitional B cell activation and survival 

in BXD2 mice and SLE patients.  (a) (Top) Representative FACS plots of IFNβ 

expression in the indicated B cell subset isolated from B6 or BXD2 mice and (Bottom) 

quantification of IFNβ
+
 cells in the indicated B-cell population (mean ± s.d., n = 4, one 

way ANOVA Tukey’s multiple comparison test; * P < 0.05, ** P < 0.01, *** P < 0.001 

between the indicated comparisons). (b, c) B cells purified from BXD2 mice were 

stimulated in vitro with TLR7 agonist CL264 or CL264 plus anti-IgM (α-IgM) in the 

presence of control media (CM) or neutralizing antibodies to IFNβ (α-IFNβ), IFNAR (α-

IFNAR), or isotype-control antibody.  Representative FACS plots (Top) and 

quantification (Bottom) show the percent CD69
+
 in T1, T2/T3 and FO B cells 4 hours 

after the indicated stimulation (b). Analysis of survival determined by Dojindo at 56 

hours after stimulation by the indicated reagents (c). (d-e) B cells purified from SLE 

patients were pre-treated with CM, α-IFNβ (human), α-IFNAR (human), or isotype-

antibody control before stimulation in vitro CL264 + anti-human IgM+IgG.  (d) 

Percentage of CD69 in total CD19
+
 B cells, naïve and transitional T1/T2 B cells 4 hours 

after the stimulation.  (e) Analysis of survival determined by Dojindo at 56 hours after 

stimulation (n = 4).  The results represent mean ± s.d. (b, c) or mean ± s.e.m. (d, e), 

compared to results obtained from isotype treated group; one-way ANOVA test with 

Tukey’s post-hoc test) (* P < 0.05, ** P < 0.01). 
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Figure 6. IFNβ blockade prevents rapid repopulation of spleen B cells after anti-

CD20 depletion.  Groups of BXD2 mice (4-wk-old) were untreated (naïve) or treated 

with anti-CD20 followed by treatment with isotype-control antibody anti-IFNβ (α-IFNβ) 

or anti-IFNAR (α-IFNAR) and sacrificed at 2 weeks for analysis of spleen lymphocyte 

subpopulation. (a) FACS analysis of percent of CD93
+
 transitional B cells (top panels), 

and different subpopulations of transitional (middle panels) or non-transitional B cells 

(bottom panels).  (b) FACS analysis of total B cell numbers contained in the indicated 

subpopulations in the spleen.  (c) Confocal image analysis of IgM
+
 and IgD

+
 B cells in 

and surrounding the follicle in spleens from each treatment group.  (d) Flow cytometry 

analysis of cell cycle indicated by Ki67 staining of repopulating T1, T2, and FO B cells 

after BCDT. (e) FACS analysis of the percentage of post-switched (IgM
lo

IgD
lo

) GL-

7
+
Fas

+
 GC B cells at week 9 post anti-CD20 treatment followed by isotype control or 

anti-IFNβ treatment.  Percent of switched GC B cells (Left) and absolute count of post-

switched GC B cells per spleen (Right).  (f) ELISA analysis of sera levels of IgG anti-

DNA, anti-La13-27 or RF autoantibodies at week 9 in mice treated with anti-CD20 

followed by isotype control, anti-IFNβ, or α-IFNAR. Throughout, the results represent 

mean ± s.e.m. (* P < 0.05, ** P < 0.01, *** P < 0.005 between the indicated groups or 

comparing to results obtained from isotype treated group, n = 2 for 3 independent 

experiments, one-way ANOVA test with Tukey’s post-hoc test).  
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Supplementary Figure 1.  Validation of IFNβ expression in B cells from PBMCs of 

SLE patients. (a) Flow cytometry analysis of intracellular expression of IFNβ from T1 

B cells from a representative SLE patient.  B cells were permeabilized (left), un-

permeabilized (No perm) and then stained with anti-human IFNβ IgG (middle) or an 

isotype-control primary antibody (right).  (b)  Flow cytometry analysis of intracellular 

expression of IFNβ in different PBMC populations obtained from SLE patients. Top: 

Gating scheme for isolation or analysis of T1/T2 B cells, mature naïve B cells, CD4 T 

cells or plasmacytoid dendritic cells (pDCs).  Bottom: Intracellular expression of IFNβ 

on gated T1/T2 B cells, mature naïve B cells, CD4 T cells, or pDCs from a 

representative SLE patient with either high or low expression of IFNβ in T1 B cells.   
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Supplementary Figure 2.  Quality controls to validate sorted cell identity.  qRT-

PCR analysis of the expression of B cell marker gene (Cd20) and pDC marker gene 

(Cd303) in RNA isolated from T1/T2 B cells, pDCs and CD4 T cells from SLE samples. 

The results are mean ± SD of sorted cells (n = 4, * P < 0.05 or ** P < 0.01 between the 

indicated comparisons, one-way ANOVA Tukey’s multiple comparison test).  Gating 

strategy to obtain these cells is as described in Supplementary Fig 1b. 
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Supplementary Figure 3.  Expression of intracellular IFNβ in T1/T2 B cells from 

PBMCs of SLE patients with differential clinical characteristics.  Comparison of the 

expression of intracellular IFNβ in T1/T2 B cells from 34 SLE patients with the 

indicated clinical features.  Intracellular IFNβ in T1/T2 B cells and clinical parameters 

were determined in a double blinded manner.  (a) The percentage of IFNβ
+

 T1/T2 B 

cells from patients who were anti-dsDNA and renal disease negative (Neg), historically 

positive but negative at the time of PBMC collection [Neg(+)], or positive (Pos) at the 

time of PBMC collection (ANOVA test, ** P < 0.01). (b) The percentage of IFNβ
+

 

T1/T2 B cells from younger or older than average age (41.76-yr-old) and in male versus 

female SLE patients (Mann-Whitney test). (c) The percentage of IFNβ
+

 T1/T2 B cells 

from SLE patients who exhibited the indicated clinical characteristics or were under the 

indicated treatment. Data are mean ± s.d. (Mann-Whitney test).  Missing data points are 

removed due to non-determined clinical parameters in certain patients (see 

Supplementary Table 1).  The P value for each comparison is shown (SLEDAI, 

Systemic Lupus Erythematosus Disease Activity Index; C3/C4, complement 

3/complement 4; HCQ, hydroxychloroquine; CS, corticosteroid). 
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Supplementary Figure 4.  Expression of IFNβ gene in 

T1 B cells and pDCs from BXD2 mice. (a) Gating scheme for T1 B cells and pDCs to 

verify the absence of pDC contamination in the T1 B-cell gate. (b) qRT-PCR analysis of 

the expression of Pdca1 (Cd317) and Cd19 in FACS sorted T1 B cells and pDCs.  The 

results are mean ± s.d. of sorted cells from three individual BXD2 mice.  Significance is 

shown above the graph (*** P < 0.005, unpaired t-test).  (c) qRT-PCR analysis of the 

expression Ifnb in sorted T1 B cells compared to pDCs. Cells were derived from BXD2 

mice that have been administered PBS (basal) or poly(I:C) in vivo.  Mice were scarified 

4 hrs post-injection (* P < 0.05, *** P < 0.005, one-way ANOVA Tukey’s multiple 

comparison test).  (d) Flow cytometry analysis of mean fluorescent intensity of IFNAR 

on the surface of different subpopulations of B cells from naïve B6 and BXD2 mice.  All 

B subsets were B220
+
 cells.  Each cell subset was further gated as CD93

+
IgM

hi
CD23

lo/– 

for T1, CD93
+
IgM

hi
CD23

+
 for T2, CD93

+
IgM

lo
CD23

+
 for T3, CD93

lo/–

IgM
hi

CD23
+
CD21

hi
 for marginal zone precursor, CD93

lo/–
IgM

hi
Cd23

lo
CD21

hi
 for 

marginal zone, CD93
lo/–

IgM
hi

Cd23
hi

CD21
lo 

follicular and for CD93
lo/–

GL-7
+
Fas

+
 for 

germinal center B cells  
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Supplementary Figure 5. Quantitation of nuclear IRF7 and three-dimensional 

imaging of T1 B cells.  (a) ImageJ quantitation analysis showing the MFI and 

colocalization of IRF7 and NF-ĸB p65 in DAPI
hi

 condensed chromatin (squared) versus 

DAPI
lo

 open chromatin (circled) regions in a representative T1 B cells. Staining was 

carried out using FACS sorted T1 B cells obtained from the spleen of B6 and BXD2 

mice (Results are from 10 cells, n = 3 spleens).  Data are mean ± s.e.m (* P < 0.05, ** P 

< 0.01, *** P < 0.005; by two-tailed unpaired Student’s t-test).  (b, c) Three-

dimensional rendering of intra-nuclear expression of IRF7 and NF-ĸB p65 in T1 B cells 

isolated from B6 and BXD2 mice (b).  A ZEISS LSM 880 with Airyscan confocal 

microscope was used for image acquisition, and ZEN microscope software was used for 

image processing.  The original size of the images are shown on the left and digitally 

magnified images are shown on the right. ImageJ 3D view of the intensity of intra-

nuclear IRF7 and NF-ĸB p65 in the selected region in each group (c).   

 

 

  

a 
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Supplementary Figure 6.  La13-27 reactive cells expressed high levels of Cd19 but 

low levels of Cd317. (a) Gating strategy for isolation of La13-27 tetramer reactive B cells. 

Cells were gated based on forward and side scatter (lymphocyte gate) and signal height 

and widths (doublet exclusion). B cells were selected as B220
+
 cells. Tetramer

+
 cells 

were identified as PE*AF647
−
 and PE peptide-tetramer

+
. (b) qRT-PCR analysis of the 

expression of Cd19 and Cd317 (Pdca1) in FACS sorted La13-27
+
 B220

+
 B cells from the 

spleen of BXD2 mice (n = 4; paired Student’s t-test). 
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Supplementary Figure 7.  Specific inhibition of IFNβ by anti-IFNβ antibody, or 

both IFNα and IFNβ by IFNAR1 blockade.  B cells isolated from the spleen of BXD2 

mice were cultured in the presence of either control media (CM), anti-IFNβ (1000 

IU/mL) anti-IFNAR1 (50 µg/mL), or antibody isotype control.  Cells were immediately 

stimulated with 500 IU/ml IFNα or IFNβ for 5 hours.  (a) Flow cytometry analysis of the 

expression of CD69 in CD19
+
 B cells.  The analysis was determined under specific 

conditions of pre-culture with anti-IFNβ or anti-IFNAR blockade followed by 

stimulation with either IFNα (upper) or IFNβ (lower).  The percent stimulation is 

indicated by upregulation of CD69 and the percent is indicated by the boxed area.  The 

percent is shown in the box.  (b) Bar graph representation of percent of CD69
+
 cells in 

cells treated and stimulated as shown in Panel a.  PMA is phorbol myristate acetate.  The 

different subpopulations of cells are indicated below the bar graph and the stimulants 

used are indicated below these subpopulations. Results are mean ± s.e.m (*** P < 0.005 

versus isotype stimulated group. n = 3 mice per group, one-way ANOVA with Tukey’s 

post-hoc test).   
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Supplementary Figure 8.  Verification of the purity of T1 B cells used for single cell 

gene expression analysis.   (a) Representative flow cytometry plots demonstrate the 

purity of T1 B cells (gated as live CD93
+
B220

+
 cells followed by IgM

+
CD23

lo/– 
gating) 

before and after the FACS sorting.  Cells were prepared from the spleen of three 4-mo-

old BXD2 mice by FACS sorting.  (b) Heatmap showing the expression of the indicated 

genes in single T1 B cells determined using the BioMark single cell qRT-PCR analysis 

method.  Heatmap analysis was carried out using the Clustivis web tool.  The expression 

of Cd19 and Cd23 was used as the marker genes for B cells.  The expression levels of 

Cd3 and Cd317 (the gene encoding PDCA1) were used as marker genes for T cells and 

pDCs, respectively (n=50 and 54 for Mouse 1 and 2, respectively). 
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Supplementary Figure 9. Principal component analysis (PCA) of single T1 B cells 

based on the expression of the indicated genes.  X and Y axis show principal 

component  (PC)1 and PC2 that explain 57.2% and 20.4% of the total variance, 

respectively.  PCA was carried out based on the expression of the indicated genes from a 

total of 156 individual T1 B cells isolated from 3 BXD2 mice (left) or based on PC1 and 

PC2 segregation of IIfna1, Ifna11, Ifna4, Ifna7 and Ifnab1 genes in Ifna
hi

 and Ifnb
hi

 T1 B 

cell subpopulations (middle). Prediction ellipses are such that with probability 0.95, a 

new observation from the same group will fall inside the ellipse. The correlation 

between each component and the original variables are shown in the Table in the right.  

The original data can be retrieved from http://biit.cs.ut.ee/clustvis/?s=YkgzIkieGaEjvOi  

  

http://biit.cs.ut.ee/clustvis/?s=YkgzIkieGaEjvOi
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Supplementary Figure 10. Segregation of CD93 and CD23 in subsets of T1 B cells.  

(a) The heatmap, component loadings table, and PCA of Cd93
hi 

cluster versus Cd23
hi 

cluster T1 B cells isolated from three BXD2 mice (n = 156 data points from three 4-mo-

old BXD2 mice) using the Clustvis web tool software. Prediction ellipses are such that 

with probability 0.95, a new observation from the same group will fall inside the ellipse. 

The original data can be retrieved from http://biit.cs.ut.ee/clustvis/?s=nEZOTPHFyskUeNk.  

(b) Upper: Representative flow cytometry plots for subgroups of transitional B cells.  

Lymphocytes were first gated on CD93
+
B220

+ 
followed by sub-gating based on IgM and 

CD23. Lower: Comparison of CD93 mean fluorescence intensity (MFI) in different 

subsets of transitional B cells. Cells were prepared from the spleen of three 4-mo-old 

BXD2 mice by FACS sorting (Results are mean ± s.d.; P < 0.05, P < 0.01, Tukey’s 

multiple comparison one-way ANOVA test). 

  

http://biit.cs.ut.ee/clustvis/?s=nEZOTPHFyskUeNk
http://biit.cs.ut.ee/clustvis/?s=nEZOTPHFyskUeNk
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Supplementary Figure 11.  PCA of single T1 B cells based on the expression of the 

indicated genes. (a, b) PC analysis of Cd93, Cd23, Ifnb1 and Ifna7 (a) or Cd93, Cd23, 

Ifnb1 and Tlr7 (b) in156 single T1 B cells obtained from three BXD2 mice (4-mo).  

Left: X and Y axis showing principal component  (PC) 1 and PC2 that explain the total 

variance.  PCA was carried out based on the segregation of PC1 and PC2 of Cd93
hi 

vs 

Cd23
hi 

cells. Prediction ellipses are such that with probability 0.95, a new observation 

from the same group will fall inside the ellipse.  Middle: the correlation between each 

component and the original variables for each.  Right: Line graph showing the 

expression of Cd93 or Cd23 in each cluster of T1 B cells. (n = 156 data points combined 

from three BXD2 mice).  For the line graphs, Cluster I, II, III, and IV represent 

Cd93
hi

Cd23
lo

; Cd93
Int

Cd23
lo

, Cd93
lo

Cd23
Int

, and Cd93
lo

Cd23
hi

 cells, respectively; data 

are shown as mean ± s.e.m). The original data can be retrieved from 

http://biit.cs.ut.ee/clustvis/?s=WsDQpwrmYRSdxLf for panel (a) and 

http://biit.cs.ut.ee/clustvis/?s=SvjLZSSqPnpGBzi for panel (b). 

 

http://biit.cs.ut.ee/clustvis/?s=WsDQpwrmYRSdxLf
http://biit.cs.ut.ee/clustvis/?s=WsDQpwrmYRSdxLf
http://biit.cs.ut.ee/clustvis/?s=SvjLZSSqPnpGBzi
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Supplementary Figure 12. Endogenous IFNβ production by transitional B cells is 

required for their development and directly stimulates production of IFNα.  BM-

chimeric mice were generated by reconstitution with equal numbers of BM derived from 

CD45.1 B6-Ifnb
+/+

 (WT) mice and CD45.2 B6-Ifnb
‒⁄‒

 mice into irradiated CD45.2 Rag1
‒

⁄‒
 mice.  Recipient mice were sacrificed at day 15 post BM transfer. (a) BioMark qRT-

PCR analysis of the expression of the indicated gene in Fluidigm single captured T1 B 

cells derived from CD45.1 B6-Ifnb
+/+

 or CD45.2-Ifnb
‒⁄‒

 developed within the same 

double-chimeric recipient mice day 15 post BM transfer. The significance in difference 

of expression between the WT (n =35) and KO (n =33) single cells is indicated by the P 

value in the graph (Data are mean ± s.d.; non-parametric Mann-Whitney test).  (b) Left: 

Confocal imaging analysis of IgM
+ 

CD45.1 B6-Ifnb
+/+

 (WT) and IgM
+ 

CD45.2 Ifnb
‒⁄‒

 

cells in the spleen sections from double-chimeric recipient mice (objective lens = 40×). 

Right: Boxed area was digitally magnified. (c) Left: Digitally magnified two-color 

IgM/CD45.1 or IgM/CD45.2 confocal image.  Right: Bar graph showing the percent of 

IgM
+
 B cells derived from either WT BM or Ifnb

‒⁄‒
 BM.  Data are mean ± SEM, and all 

images are from a representative spleen region or a spleen follicle from each group. (**P 

< 0.01 WT vs. Ifnb
‒⁄‒  

n = 2-3 mice per group for 2 independent experiments, unpaired 

Student’s t-test).  
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Supplementary Figure 13. B cell early activation response to TLR7 and BCR/TLR7 

co-stimulation in Ifnb
‒⁄‒ 

and Ifnb
+/+

 B cells.  B cells isolated from the spleens of BM 

chimeras (irradiated recipients reconstituted 1:1 with CD45.1 Ifnb
+/+

 B6 and CD45.2 

Ifnb
‒⁄‒ 

BM) were co-cultured 1×10
6
 cells/mL for 5 hours in the presence of a TLR7 

agonist, CL264 (2 μg/mL) or CL264 + α-IgM (2 μg/mL each).  Cells were cultured in 

flat bottom well plates to minimize cell - cell interaction.  (a) FACS analysis of percent 

CD69
+
 T1, T2/T3 and FO-B cells 6 hours after in vitro stimulation with the indicated 

reagent(s).  (b) Percent of CD69
+
 cells in each population of B cells stimulated by the 

indicated reagent(s).  Data in b are mean ± s.e.m (**P < 0.01 between Ifnb
+/+

 (WT) and 

Ifnb
‒⁄‒

.  n = 2-3 mice per group for 2 independent experiments, unpaired Student’s t-

test).   
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Supplementary Figure 14.  Kinetics of B cell repopulation after anti-CD20 

treatment and effects of IFNAR blockade with an anti-IFNAR blocking antibody.  
(a) Timeline for administration of either isotype antibody control or anti-IFNAR at 

different times after anti-CD20 B cell depletion in male BXD2 mice (starting at 6-wk-

old)  (b) Flow cytometry analysis of PBMCs showing the percent of B cells in 

subpopulations gated first on CD4 and B220.  The boxed B220
+
 subpopulation was 

further gated on CD93 and B220.  The outlined transitional B cell population was 

further analyzed based on expression of IgM and CD23. The numbers represent the 

percent of each cell population. (c) Bar graph representation of the percent of either total 

lymphocytes, percent in total B cells (lower left), or the percent within the CD93
+
 B cell 

population (right), as indicated by B220, CD4, CD93, or T1, T2, and T3 B cells (mean ± 

s.e.m., * P < 0.05 and ** P < 0.01 between anti-IFNAR and isotype treated group. n = 2 

mice per group for 2 independent experiments, unpaired Student’s t-test). 
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Supplementary Figure 15. Anti-IFNβ and anti-IFNAR inhibited B cell repopulation 

post anti-CD20 B-cell depletion in BXD2 mice.  (a, b) Groups of BXD2 mice were 

treated with anti-CD20, followed by treatment with anti-IFNβ (250 µg/2x per week) 

anti-IFNAR (300 µg/2x per week) or isotype-control antibody and sacrificed at 2 weeks 

for analysis of spleen B cell repopulation. (a) ImageJ quantification of confocal image 

analysis of either IgM and IgD.  Upper: Distribution of B cells surrounding the follicle 

following repopulation at two weeks after depletion.  Lower: The intensity of IgM and 

IgD within the follicle is quantitated by ImageJ.  The bar graph represents the mean ± 

s.e.m. of expression of either IgM or IgD under indicated conditions of treatment (b)   

Percent of Ki67
+
 B cells two weeks after B cell depletion therapy and treatment under 

the indicated conditions (T1, T2 and FO subpopulations as indicated).  Results were 

analyzed by flow cytometry.  The percent represents the mean ± s.e.m. of Ki67
+
 B cells 

(* P < 0.05 and ** P < 0.01 versus isotype treated group. n = 2 mice per group for 3 

independent experiments, one-way ANOVA with Tukey’s post-hoc test).  
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Abstract 

Autoreactive B cells are associated with the development of several autoimmune 

diseases, including systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA). 

The low frequency of these cells represents a major barrier to their analysis.  Antigen-

tetramers prepared from linear epitopes represent a promising strategy for the 

identification of small subsets of antigen-reactive immune cells.  This is challenging 

given the requirement for identification and validation of linear epitopes and the 

complexity of autoantibody responses, including the broad spectrum of autoantibody 

specificities and the contribution of isotype to pathogenicity.  We therefore tested a two-

tiered peptide microarray approach, coupled with epitope mapping of known 

autoantigens, to identify and characterize autoepitopes using the BXD2 autoimmune 

mouse model.  Microarray results were verified through comparison with established 

age-associated profiles of autoantigen specificities and autoantibody class switching in 

BXD2 and control (B6) mice and high-throughput ELISA and ELISPOT analyses of 

synthetic peptides. Tetramers were prepared from two linear peptides derived from two 

ribonucleic acid binding proteins (RBP): lupus La and 70 kDa U1 small nuclear 

ribonucleoprotein (snRNP).   Flow cyotmetric analysis of tetramer-reactive B-cell 

subsets revealed a significantly higher frequency and greater numbers of RBP-reactive 

marginal zone precursor (MZ-P), transitional T3 and PDL-2
+
CD80

+
 memory B cells, 

with significantly elevated CD69 and CD86 observed in RBP
+
 MZ-P B cells in the 

spleens of BXD2 compared to B6 mice, suggesting a regulatory defect.  This study 

establishes a feasible strategy for the characterization of autoantigen-specific B-cell 

subsets in different models of autoimmunity and, potentially, humans.  
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Introduction 

Autoantibody production by autoreactive B cells is characteristic of many 

autoimmune diseases, including SLE and RA (1, 2).  Studies using mouse models 

indicate that certain autoantibodies can drive the development of these diseases (3-5).  In 

humans, the close association of some autoantibodies with disease activity and 

progression together with the therapeutic effects of B cell depletion suggests their role in 

clinical disease (6, 7).  Although disrupted regulation of autoreactive B cells is 

considered central to the development of autoimmunity, the relative contributions of 

different subsets of B cells (8, 9) remains unclear.  Progress in this area is challenged by 

the low frequency of the autoreactive B cells and their diversity, which encompasses the 

broad spectrum of autoantigens recognized, the isotype of the antibodies produced and 

the subtle phenotypic distinctions that differentiate B cell subsets.  To date, the most 

commonly used approach to analysis of autoantigen-specific B cell subsets in 

autoimmunity has been the creation of transgenic mice in which the cells can be 

expanded clonally through experimental manipulation (10).    

Labeled monomeric and tetrameric antigen conjugates can be used to brightly 

label cells on the basis of their ligand specificity (11, 12).  This approach has been 

applied successfully to the identification and isolation of specific types of cells that 

occur at low frequency (13, 14).  It is, however, technically difficult to construct a 

labeled autoantigen tetramer using most full-length antigens, as the process requires 

ligation of the antigen-coding material into an expression vector with a biotinylated site 

and, subsequently, stringent purification of the antigen.  One approach to overcome this 

issue is the use of small, linear-peptide autoepitopes. In 2003, Newman, et al. described 
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a system in which a DNA mimetope peptide could be conjugated to phycoerythrin (PE)-

labeled streptavidin (SA) and used to detect B cells reactive to this DNA mimetope in 

immunized BALB/c mice (15) and later in humans with SLE (16).   This tetramer 

strategy has since been adapted for the isolation of B cells specific for various epitopes 

on citrullinated fibrinogen (17), HLA (18) HIV gp41 (19, 20), and tetanus toxoid C 

fragment (11).  Recently, Taylor et al. used a novel detection and tetramer enrichment 

strategy to assess polyclonal self-antigen-specific B cells by rigorously analyzing 

regulation of ovalbumin (OVA) and glucose-6-phosphate isomerase (GPI) Ag-specific B 

cells in OVA expressing and wild-type mice (21).    

Potentially, the epitope-tetramer approach represents a powerful tool for analysis 

of B-cell reactivity in autoimmunity, especially if it could be applied to analysis of B 

cells that are reactive with the predominant autoantigens that have been identified in 

SLE and RA.  Full realization of this potential depends, however, on a feasible strategy 

for the identification and characterization of linear autoepitopes and the demonstration 

that these linear autoepitopes represent authentic, clinically relevant antigens. Since the 

first description of the development of large-scale autoAg arrays for autoAb 

determination in patient sera (22), advances in peptide microarray chip technologies 

have led to the development of comprehensive Ag-arrays (23, 24).  We reasoned that 

these arrays, which contain thousands of known B-cell epitopes and their modified 

variants, can be used to identify authentic linear autoepitopes that are potential 

candidates for the generation of autoAg-tetramer panels.    

To test this strategy, we used a step-wise approach to enable identification of 

lupus La and snRNP autoepitopes reactive with B cells from the BXD2 mouse model of 
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systemic autoimmunity. The emergence of the autoantibody repertoire and, importantly, 

its age-associated transition to the expression of pathogenic autoantibodies is well 

characterized in these mice (4, 25, 26).  Utilization of these tetramers for FACS sorting 

of B cells from the spleens of BXD2 and B6 mice confirmed an expanded frequency and 

number of La13-27 and snRNP357-373 epitope-reactive, activated (CD69
+
 and CD86

+
) MZ-

P B cells in BXD2 mice as compared to age-matched B6 mice and further revealed an 

expanded frequency and higher number of La13-27 
 
and snRNP357-373  reactive transitional 

T3 and memory B cells.  Thus, the present work validates the utilization of linear 

autoepitopes for analysis of the autoantibody repertoire and establishes a systematic, 

experimental approach to autoepitope identification and Ag tetramer-based B-cell 

isolation.  This approach is readily adaptable to analysis of other autoimmune models 

and, potentially, analysis of patient-derived samples.  

 

Materials and Methods 

Mice 

Female C57BL/6 (B6) and BXD2/TyJ recombinant inbred mice were obtained 

from The Jackson Laboratory. All mice were housed in the University of Alabama at 

Birmingham Mouse Facility under specific pathogen-free conditions in a room equipped 

with an air-filtering system. The cages, bedding, water, and food were sterilized. All 

mouse procedures were approved by the University of Alabama at Birmingham 

Institutional Animal Care and Use Committee.  Sera were obtained from B6 and BXD2 

mice at the specified ages by retro-orbital eye bleeding.  After separation from blood, 

sera were stored at -80°C. 
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Peptide Microarray  

Autoantibody profiles for linear peptides were determined using PEPperCHIP® 

technology (PEPperPRINT GmbH, Heidelberg, Germany).  For the PEPperCHIP® 

Autoimmune Epitope Microarray, 2,733 autoimmune disease-associated linear B-cell 

epitopes were selected unbiasedly using all linear epitopes that have been curated for 

humans or mouse models of autoimmune diseases from the Immune Epitope Database 

(27) (http://www.iedb.org/) including 192 citrullinated peptides.  Peptides shorter than 3 

amino acids, peptides too long for synthesis, and peptides including non-citrulline side-

chain modifications were not included on the chip.   Peptides were all printed in 

duplicate spots and framed by a fusion tag (Flag) peptide (DYKDDDDKGG, 186 spots) 

and influenza virus hemagglutinin (HA) epitope tag peptide (YPYDVPDYAG, 186 

spots) as controls.  Controls were detected by monoclonal anti-FLAG(M2)-LL-

DyLight800 and monoclonal anti-HA (12CA5)-LL-DyLight680 (1:1000) (Rockland 

Immunochemicals, Inc., Gilbertsville, PA).   

The microarray was initially incubated with the secondary goat anti-mouse IgG 

(H+L) DyLight680 antibody at a dilution of 1:5000 for 60 min at room temperature to 

analyze background interactions with the autoimmune epitopes, ensuring that there were 

no background interactions due to non-specific binding of the secondary antibody to the 

peptides.  Serum from six 8-10 month old BXD2 mice was pooled.  Before serum 

incubation with chip, peptide arrays were first incubated for 60 min in Blocking Buffer 

for Near Infra Red Fluorescent Western blotting (Rockland Immunochemicals, Inc., 

Gilbertsville, PA).  The microarray was washed twice in PBS, pH 7.4 with 0.05% 

http://www.iedb.org/
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Tween 20 (PBS-T), and incubated for an additional 30 min in washing buffer.  The array 

was then incubated overnight at 4°C with mouse sera diluted 1:1000 for anti-mouse IgG 

(H+L) analysis or 1:200 for gamma-chain-specific and 1:1000 for µ-chain-specific 

analysis in PBS-T (secondary anti-mouse Ig Abs from Rockland Immunochemicals, 

Inc., Gilbertsville, PA).  After multiple washes in washing buffer, the microarrays were 

incubated for 30 min with the secondary antibody in PBS-T at room temperature.  After 

two additional washes in washing buffer, the microarrays were rinsed with ultrapure 

water and dried in a stream of air.   

Green/red fluorescence intensities were acquired on an LI-COR Odyssey Imager 

(Lincoln, NE) at scanning intensities of 7/7 in both channels (700 nm/800 nm), 0.8 - 1.0 

mm offset, at a spatial resolution of 21 µm.  Staining of the Flag and HA control 

peptides that frame the arrays gave rise to high and homogeneous spot intensities with a 

coefficient of variation of <2%. PepSlide® Analyzer software was used to analyze the 

data. This program breaks down the fluorescence intensities of each spot into raw, 

foreground, and background signals, and calculates the standard deviation of the 

foreground median intensities.  Epitopes resulting in a binding intensity greater than five 

standard deviations from mean chip intensity were considered as positive.   

A PEPperCHIP® custom epitope microarray with 80 epitopes selected based 

upon the first array analysis was then prepared.  Analysis of serum from individual B6 

and BXD2 mice of different ages was carried out in the same fashion as the first 

microarray (serum dilution 1:200 for IgG analysis, 1:1000 for IgM analysis).  IgG and 

IgM reactivity was detected by goat anti-mouse IgG conjugated DyLight800 and goat 

anti-mouse IgM (µ chain) conjugated to DyLight680 at 1:1000 and 1:5000 dilutions 
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respectively (both Rockland Immunochemicals, Inc., Gilbertsville, PA).  For these 

analyses, epitopes resulting in a binding intensity of five-fold or greater compared to B6 

control mice were considered positive. 

 

Tetramer production  

Lupus La13-27 (LEAKICHQIEYYFGD) and SnRNP357-373 

(SHRSERERRRDRDRDRD) were produced and biotinylated at the N-terminus by 

Sigma-Aldrich and supplied as a lyophilized powder. Each peptide was suspended in 

DMSO to a stock concentration of 10 mM and diluted to 1 mM in pure dH2O.  

Suspended peptides were aliquoted and stored at -80˚C.  Tetramers were generated by 

adding biotinylated peptide step-wise in 1/10 volumes to 6.7 µM streptavidin-R-

phycoerythrin (SA-PE, ProZyme) at a molar ratio of 30:1 and allowed to incubate 60 

min at room temperature or overnight at 4˚C.  Tetramers were purified on a Sephacryl S-

300 FPLC size exclusion column. The tetramer fraction was concentrated using a 100-

kDa molecular weight cutoff Amicon Ultra filter (Millipore). The concentration of 

tetramer was calculated by comparison with a standard curve of PE absorbance at 540 

nM, which was measured using an Emax Precision Microplate Reader (Molecular 

Devices, Sunnyvale, CA). 

The nonspecific tetramer control was prepared by conjugating the core 

fluorochrome SA-PE to AF647 (Molecular Probes) according to the manufacturer’s 

protocol for 60 min at room temperature. The free AF647 was removed by 

centrifugation in a 100-kD molecular weight cut off Amicon Ultra filter (Millipore). The 

SA-PE*AF647 complex concentration was calculated by measuring the absorbance of 
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PE at 540 nm.  The SA-PE*AF647 complex was then incubated with 10-fold molar 

excess of free biotin for 30 min at room temperature.  

 

Tetramer enrichment  

Spleens were harvested from individual mice and single-cells suspensions 

prepared in RPMI supplemented by 5% fetal bovine serum (FBS).   Cell suspensions 

were prepared by gentle teasing apart of tissue with the plunger of a 3 mL syringe.  Cells 

were passed through a cell strainer to eliminate clumps and debris and washed with 

RPMI.  Red blood cells were lysed from the resuspended pellet with 3-5 mL ACK lysing 

buffer and washed twice in RPMI.  Lymphocytes were resuspended to 200 µl in anti-

CD16/32 Fc block (2.4G2; BioLegend) in 2% rat serum.  Next, PE*AF647-conjugated 

nonspecific tetramer was added at a concentration of 20-30 nM and incubated at 4˚C for 

5-10 minutes.  PE-conjugated peptide tetramer was added at a concentration of 10-20 

nM and incubated on ice for 30 min, followed by one wash in 15 ml cold fresh sorter 

buffer (PBS, 2 mM EDTA, 2% FBS).  Tetramer-stained cells were then resuspended to a 

volume of 80 µl of sorter buffer per 10
7 

cells, mixed with 5-10 µl anti-PE–conjugated 

magnetic microbeads (Miltenyi Biotec) per 10
7 

cells and incubated on ice for 30 min, 

followed by one wash with 10 ml sorter buffer.  In experiments where single-cell 

suspensions were divided into 1/2 and 1/4 mouse equivalents before tetramer 

labeling/enrichment, the volumes were scaled down appropriately.  The cells were then 

resuspended in 3 ml of cold sorter buffer and passed over a magnetized LS column 

(Miltenyi Biotec).  Bound cells were eluted according to manufacturer’s instructions.  
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Free peptide blocking experiments were performed on unenriched samples.  Free peptide 

(300 µM) was allowed to incubate with cells 30 minutes prior to tetramer staining.   

Flow cytometry analysis 

Cell pellets from the enriched and column flow-through fractions were re-

suspended in FACS buffer (PBS + 5% FBS) and incubated with surface antibodies for 

30 min on ice.  Surface antibodies included Pacific Blue–anti-CD19 (6D5; BioLegend) 

or Brilliant Violet 650-anti-CD19 (6D5; BioLegend), Brilliant Violet 605-anti-CD86 

(GL-1; BioLegend), Brilliant Violet 510-anti-CD69 (H1.2F3; BioLegend), FITC-anti-

CD21/35 (7E9; BioLegend), PE-Cy7-anti-F4/80 (BM8 BioLegend), PE-Cy7-anti-

Thy1.2 (30-H12; BioLegend) and FITC anti-CD93 (AA4.1, Biolegend).  Dead cells 

were excluded from analysis wtih APC-eFluor® 780 Organic Viability Dye 

(eBioscience).  After cell surface staining, cells were washed twice with 3 mL FACS 

buffer and fixed in 1% paraformaldehyde/FACS solution for cell surface marker 

analysis.  Cells (300,000–1 X 10
6
 /sample) were analyzed by flow cytometry.  FACS 

data were acquired with an LSRII FACS analyzer (BD Biosciences) and analyzed with 

FlowJo software (Tree Star Ashland, OR).  All flow cytometry analysis was carried out 

using a combination use of forward light scatter and side scatter height, area, and width 

parameters to exclude aggregated cells.   

 

ELISA 

The levels of autoantibodies specific for selected linear peptides in the sera of B6 

and BXD2 mice were determined by ELISA using a NeutrAvidin High Binding 

Capacity-coated 96-well plate (Thermo Scientific Pierce).  Briefly, biotinylated peptides 
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were conjugated to the plate overnight at 4˚C at a concentration of 30 µM (all peptides 

were purchased from Sigma Aldrich).   ELISAs were developed with either an HRP-

labeled goat anti-mouse IgG or a goat anti-mouse IgM Ab (Southern Biotechnology 

Associates) and tetramethylbenzidine substrate (Sigma-Aldrich).  OD450-650 was 

measured on an Emax Microplate reader.    

ELISPOT quantification of autoantibody-producing B cells 

NeutrAvidin High Binding Capacity coated plates (96 well) (Thermo Scientific 

Pierce) were coated overnight with 50 µM of peptide at 4°C, washed, and then blocked 

with complete medium.  Single cell suspensions of spleens isolated from B6 or BXD2 

mice were prepared as described above followed by erythrocyte removal by ACK lysis.  

Cells were washed twice and adjusted to a final volume of 200 μl containing 1 × 10
5
 

cells/well in the presence or absence of phorbol myristate acetate (PMA; 50 ng/ml; 

Sigma-Aldrich) and ionomycin (750 ng/ml; Sigma-Aldrich) which stimulates the 

calcineurin pathway and B cell affinity maturation (28).  After incubation for 24 h, 

plates were washed six times with PBS/0.05% Tween 20 and then incubated for 4 h 

with1 μg/ml HRP-conjugated goat anti-mouse IgM mAb (Southern Biotechnology 

Associates) or HRP-conjugated goat anti-mouse IgG (Southern Biotechnology 

Associates) in PBS/5% BSA.  Plates were washed six times with PBS/0.05% Tween 20, 

before spots were developed using 3-amino-9-ethylcarbazole. Plates were read using a 

CTL automatic ELISPOT reader and analyzed using Immunospot 3.1 software (CTL). 

All experiments were repeated in duplicate. 
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B cell stimulation 

For some experiments, different populations of tetramer
+
, non-specific and 

tetramer
neg

 B cells were sorted on a FACSAria and cultured in the presence of LPS 

(Sigma Aldrich, 20 µg/mL) and IL-4 (100 units/mL) for four days.  The supernatant was 

collected and used immediately or stored at -80˚C until analysis of reactivity for the 

secreted IgG autoantibodies. 

 

Full Length Protein and Western Blot Analysis 

Full length human recombinant La was purchased from ProSpec-Tany 

Technogene Ltd.  La protein was electrophoresed on 12% SDS polyacrylamide gels and 

transferred onto polyvinylidene difluoride membranes.  The membranes were incubated 

with supernatant from cultured cells overnight at 4 ˚C.  As a positive control, anti-La 

antibody (Cell Signaling Technology) was used at a dilution of 1:1000 to confirm the 

identity of the La protein on the blot.  Anti-mouse or anti-rabbit HRP-conjugated Abs 

(Life Technologies) were used at a 1:250 dilution. HRP Abs were detected using a 

chemiluminescent substrate (Pierce).  

 

Statistical Analyses 

All results were shown as mean ± standard error of the mean (SEM).  A two-tail t 

test was used when two groups were compared for statistical differences.  P values less 

than 0.05 were considered significant.  For microarray antigen distribution analyses, Chi 

squared analysis was performed, and a p-value less than 0.05 was considered significant. 
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Results 

Identification of autoAg-derived peptides recognized by antibodies from BXD2 

mice 

To test whether the PEPperCHIP autoimmunity microarray could be used to 

identify linear autoepitopes in the sera of autoimmune mice, we used pooled sera from 

six BXD2 mice that all have developed spontaneous lupus-like features (8-10-month 

old).  The microarray consists of 2,733 experimentally characterized autoimmune 

epitopes and 192 citrullinated variants.  All of these epitopes have been associated with 

autoimmune disease and are cataloged in the Immune Epitope Database (IEDB) (29).  

The BXD2 serum peptide-reactivity profile was detected by goat-anti-mouse IgG, 

revealing that the majority (79%) of BXD2 reactive autoepitopes derive from three main 

groups: nuclear proteins, endoplasmic reticulum (ER) or mitochondrial enzymatic 

proteins, and matrix proteins.  There was a significantly increased prevalence of 

reactivities to peptides deriving from nuclear Ags and ER/mitochondrial enzymatic 

proteins (Fig. 1A) and within the nuclear Ags, an increase in peptides deriving from 

ribonucleoprotein (RNP) Ags (Fig. 1B).  These results are consistent with our previous 

MALDI-TOF-MS analysis of BXD2 autoantibody-precipitated autoantigens resolved by 

2-dimensional electrophoresis, in which the major autoAgs targeted by serum from 8-10 

month old BXD2 mice were identified as nuclear proteins (snRNP, Ro, histone), heat-

shock proteins (GRP78 or “BiP”), enzymes (enolase, aldolase), and structural proteins 

(keratin, actin) (4, 26).   
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The identified BXD2 autoepitope profile advances knowledge concerning the 

autoantibody repertoire in the BXD2 mice.  Common lupus associated autoantigens such 

as snRNP, smD1, CENP-A, and Ro52 were represented by 53, 37, 39 and 46 reported B-

cell linear epitopes on the microarray, respectively (Fig. 1C).  This extensive coverage 

allowed identification of multiple BXD2 positive epitopes on a given autoantigen.  

Antigens displaying extensive reactivity with BXD2 serum (six or greater positive 

epitopes) were 70 kDa U1RNP, smD1, CENP-A, and Ro52 (Fig. 1C).  Similarly, the 

inclusion of citrulline-modified variants in the array content revealed that pooled BXD2 

serum was reactive with a citrullinated and a non-citrullinated version of fibromodulin, 

fibrinogen-β and BiP peptides (Fig. 1D).  This finding is consistent with reports that 

human autoantibodies recognize both an uncitrullinated and citrullinated variant of 

peptides deriving from common autoantigens (30, 31).  

 

Strategies for selection of linear autoepitopes for further analysis 

Given that the number of potential autoepitopes in BXD2 mice is extremely 

large, further analysis required development of an efficient, high throughput strategy 

that would generate the data required for informed selection of the linear autoepitopes of 

interest.  A secondary microarray was printed that included linear peptides representing 

the predominant epitopes identified in the original screening of pooled BXD2 sera, 

encompassing peptides from the three major categories of proteins targeted by BXD2 

autoantibodies and present in human disease (32), i.e., nuclear, matrix and 

enzyme/chaperone antigens (Table 1).                
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 As class switching is associated with the production of pathogenic autoantibodies 

(33), the secondary microarrays were probed with serum from individual BXD2 mice 

and control normal B6 mice using an isotype-specific analysis (Fig. 2).  In addition, 

because the emergence of class-switched, pathogenic autoantibodies follows a well-

defined age-associated progression in BXD2 mice (4), sera from BXD2 mice of 

different ages and age-matched B6 controls were included in this assay.  The results 

obtained from analysis of BXD2 sera indicated an increase in IgG autoantibodies to 

peptides deriving from nuclear autoantigens, with highest levels of anti-La, RNP and 

Ro60 in older BXD2 mice (Fig. 2A, 2B).  The predominant nuclear peptides that were 

reactive with BXD2 sera were associated with a cluster of key antigens, including La, 

the U1snRNP complex, Ro60, CENP-A/E, DNA topoisomerase, and RNA polymerase 

II (Fig. 2A).  Epitopes derived from matrix proteins fibrinogen-β and fibromodulin (Fig. 

2C) and enzyme proteins BiP and clusterin (Fig. 2D) were positive in most BXD2 mice.   

In contrast to the IgG autoantibodies, which were detected largely in BXD2 mice 

only, IgM autoantibodies were broadly present in both B6 and BXD2 mice (Fig. 2, 

Supplementary Fig. 1). These results are consistent with the previously described age-

associated emergence of class-switched Ro60, followed by heat-shock proteins 

including BiP, and finally histone and DNA autoantibodies in BXD2 mice (4).   

 

Verification of epitopes using synthesized peptides. 

To verify that the peptides discovered by screening the epitope microarray are 

authentic epitopes, selected peptides were synthesized with an N-terminal biotin (Table 

2).  These biotinylated peptides were analyzed for reactivity with IgM and IgG 
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autoantibodies in the sera of B6 and BXD2 mice by standard ELISA and ELISPOT 

analyses.  For these assays, we used high-binding capacity (HBC) neutravidin coated 96-

well plates for anti-peptide antibody detection.  Using this modified ELISA, we found 

significantly higher levels of IgG autoantibodies directed against all tested linear 

epitopes from BiP, histone, CENP-A, La, snRNP as well as structural antigen epitopes 

fibrinogen-β-cit and fibromodulin-cit in the sera of 7-9 month-old BXD2 compared to 

younger BXD2 mice and normal B6 mice (Fig. 3A, 3B). Also, consistent with the 

microarray data, we found IgM autoantibody reactivity with all peptides tested and, for 

most peptides, a lack of elevation in the levels of these autoantibodies between young or 

old B6 mice compared to young or old BXD2 mice (Fig. 3C).   

Using the modified ELISPOT, we also were able to enumerate anti-peptide 

antibody producing B cells from the spleens of 5-6 month old B6 and BXD2 mice, and 

observed a significantly increased number of IgG producing B cells from BXD2 mice 

that were reactive with La13-27, histone H1b205-219, and snRNP357-373, which was increased 

by stimulation with PMA + ionomycin (Fig. 4D).   There were, however, little to no 

detectable IgG producing autoantibody-reactive B cells from B6 mice (Fig. 4D).  For 

IgM isotype ELISPOT analysis, under unstimulated condition, there was a significantly 

lower number of IgM spots for H1b205-219 and snRNP357-373 in BXD2 compared to B6 

mice (Fig. 4E). 

 

Construction of tetramers and strategy for gating analysis  

From the above assays, the La13-27 epitope was selected for construction of an 

autoepitope tetramer using a protocol modified from Taylor et al (21).  Briefly, a 10-20 
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fold molar excess of biotinylated peptide was conjugated to R-phycoerythrin (PE)–

labeled streptavidin (SA).  To exclude cells binding irrelevant epitopes on PE or 

streptavidin, a non-specific tetramer was also produced by conjugating Alexa Fluor 647 

(AF647) to SA-PE loaded with biotin to block free binding sites.  For all tetramer 

experiments, single-cell suspensions were co-stained with the non-specific biotin-

PE*AF647 tetramer and the peptide-PE tetramer to discriminate between peptide-

binding and non-specific binding (21).  Lymphocytes were gated by forward and side 

scatter, followed by exclusion of doublets, non-viable cells, and non-B cells.  The 

resulting two-dimensional plot with biotin-PE*AF647 non-specific tetramer on the y-

axis and the peptide PE-tetramer on the x-axis yields a small population of La13-27 

binding B cells (Fig. 4A).  To test the specificity of tetramer-labeled B cells, cells were 

pre-incubated with free peptide prior to tetramer staining.  Pre-incubation of cells with 

La13-27 but not irrelevant OVA323-339 peptide, resulted in a significant decrease in La13-27 

tetramer-stained cells (Fig. 4B, 4C).   

Because epitope specific B cells are rare events within the B6 and BXD2 

polyclonal repertoire (Fig. 4D, left panels), tetramer-stained cells were enriched with 

magnetic anti-PE beads and a magnetized MACS column using the protocol described 

by Taylor et al (21).  While most cells obtained in the final enriched fraction bind 

nonspecifically to the column or Biotin-PE*AF647 tetramer, a smaller number of cells 

bind only the peptide-PE tetramer. This tetramer enrichment strategy enables isolation 

and analysis of rare peptide-specific B cells with significantly increased sensitivity as 

compared to a similar analysis of pre-enriched B cells and column flow-thru fractions 
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(Fig. 4D, 4E).  A similar method was used to generate, enrich and determine the B-cell 

binding specificity of a second snRNP357-373 tetramer (Supplementary Fig. 2). 

 

Increased La13-27 and snRNP357-373 reactive in selective B cell subsets in BXD2 mice 

Identifying a BXD2 autoepitope repertoire for tetramer design enables study of 

epitope-reactive B cells in non-transgenic autoimmune mice.  We therefore tested this 

approach in a proof-of-principle study designed to determine if autoantigen-reactive B 

cells are skewed towards separate B-cell subsets in B6 and BXD2 mice. Based on results 

from the aforementioned analyses, epitopes derived from La and snRNP were selected.  

These two RNA binding protein autoantigens are targets of human SLE autoantigens (6) 

and are present in apoptotic debris (34, 35).    Tetramer-reactive cell populations were 

gated as described in Figure 4.  There were comparable percentages of La13-27 or 

snRNP357-373 reactive B cells in the spleen of 6-8-mo-old B6 and BXD2 mice (Fig. 5A), 

though the total numbers of La13-27 
+
 or snRNP357-373 

+
 B cells were significantly higher 

in the spleen of BXD2 mice (Fig. 5B) as a result of splenomegaly in these mice (36).  

We have shown previously that IgM
hi

CD21
hi

CD23
hi

 marginal zone precursor 

(MZ-P) B cells can capture and present Ags derived from mOVA apoptotic debris to 

directly stimulate OT-II TCR- specific CD4 T cells (37).  We also have shown 

previously that splenic MZ-P B cells are increased in BXD2 mice and can capture and 

transport TNP-ficoll directly into the GC of BXD2 mice (38).  As both MZ and MZ-P B 

cells are increasingly implicated in the pathogenesis of SLE (9, 39, 40) and both 

populations are critical in BXD2 autoreactive GC development (41), we analyzed 

expression of IgM, CD21, and CD23, markers (42) to delineate subsets of B cell that 
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were reactive to  La13-27 and snRNP357-373 peptides.  From these analyses, both the 

IgM
hi

CD21
hi

 containing the MZ and MZ-P B subsets, and IgM
lo/-

CD21
lo/-

 B cell 

containing the FO B subset were represented in the tetramer
+
 population (Fig. 5C).  

There was an increased percent of La13-27 and snRNP357-373 reactive FO B cells in the 

BXD2 mouse compared to B6 mouse.  Furthermore, within the IgM
hi

CD21
hi

 population 

that contains both IgM
hi

CD21
hi

CD23
lo/‒

 MZ and IgM
hi

CD21
hi

CD23
+ 

MZ-P, there was a 

significant increase in the percentage of La13-27 and snRNP357-373 tetramer-reactive 

CD23
hi

 MZ-P B cells in BXD2 mice (Fig. 5C).  There were also significantly increased 

numbers of La13-27
+

 and snRNP357-373
+

 MZ-P B cells in the BXD2 mouse spleen (Fig. 

5D).  These results are consistent with our previous finding that BXD2 mice have a 

higher frequency and greater number of FO and MZ-P B cells than B6 mice (41) and 

further demonstrate that a fraction of these cells exhibit reactivity to La13-27  and 

snRNP357-373 epitopes. 

In vivo studies by other investigators have shown that counter selection against 

autoreactivity may take place at the transitional stage of B-cell development (43, 44).  

We further used CD93 (AA4) marker in combination with CD23 and sIgM staining to 

determine if there is abnormal deletion or selection of a transitional T1, T2 or T3 

population of B cells within tetramer
+
 B cells in BXD2 mice.  The results show that 

while T1 is the dominant La13-27
+
 or snRNP357-373

+
 population of CD93

+
 transitional B 

cells from B6 mouse spleens, there was abnormal skewing of La13-27
+
 and snRNP357-373

+
 

B cells to the T3 population in BXD2 mice (Fig. 5E, 5F).  Such abnormal expansion of 

T3 transitional B cells is also observed in the total B cell population in BXD2 mice 

(Supplementary Fig. 3A, 3B).  
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Increased activation and maturation of La13-27 reactive B cells in BXD2 mice 

The unusual expansion of MZ-P B cells and otherwise anergic T3 B cells (45) in 

BXD2 mice suggests that specific activation signals must exist to lead to expansion of 

these antigen-specific B cells.  We showed previously that type I IFN-mediated 

upregulation of CD69 and down-regulation of S1P1 results in their inward migration 

from the MZ into the follicle (39) where higher CD86 expression enables CD4 T-helper 

cell stimulation (46).  We therefore analyzed if the La13-27 -reactive and snRNP357-373 -

reactive MZ-P B cells exhibited an activation phenotype characterized by CD69 and 

CD86 expression.  Compared to B6 mice, there was a significant upregulation of CD69 

and CD86 in the tetramer
+
 MZ-P B cell population in BXD2 mice (Fig. 6A, 6B).  

Similar analysis of these markers in the tetramer
+
 IgM

lo/-
CD21

lo/-
 compartment, 

containing mainly FO and potentially GC B cells, revealed a slight increase in CD86, 

but not CD69 expression on both La13-27 and snRNP357-373 reactive cells (Fig. 6A, 6B).  

These results demonstrate that autoantigen La13-27 and snRNP357-373 specific MZ-P B 

cells in BXD2 mice exhibit upregulation of CD69 and CD86.   

As ELISPOT analysis demonstrated significantly elevated numbers of IgG anti-

La13-27 and anti-snRNP357-373 producing B cells, one important question is whether 

tetramer
+
 B cells from BXD2 mice can mature into IgG secreting cells reactive with the 

peptide epitope and the whole self-Ag when under appropriate stimulation.  This was 

tested by sorting of La13-27
+ 

B cells, non-specific PE*AF647
+
La13-27

+/-
, and double 

negative PE*AF647
neg

La13-27
neg

 B cell subsets, followed by stimulation of these cells in 
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vitro with LPS + IL-4.   We first tested cell culture supernatant reactivity against the 

La13-27
+
 peptide and an irrelevant histone H1b peptide (His205-219).  ELISA results 

verified that La13-27
+
 B cells indeed produced significantly higher levels of IgG 

antibodies that reacted specifically with the La13-27
+
 peptide, and not an irrelevant His205-

219 peptide.  In contrast, the non-specific PE*AF647
+
La13-27

+/- 
B cells produced low 

levels of antibodies for both His205-219 and La13-27 (Fig. 6C). The selective production of 

full-length 47 kDa La/SSB reactive IgG antibodies by LPS + IL-4 stimulated La13-27
+
 B 

cells but not other subsets of B cells was also verified using a western immunoblotting 

analysis using whole recombinant La/SSB (Fig. 6D).   

Finally, we applied the current tetramer approach to determine if, in vivo, BXD2 

mice indeed exhibited elevated numbers of mature and mutated B cells.  This was 

carried out by analyzing the presence of CD80
+
PD-L2

+
 memory B cells within the La13-

27 and snRNP357-373 reactive populations.  B cells upregulating these two molecules have 

been shown to be enriched in isotype-switched cells and in highly mutated cells, even 

when IgM bearing (47).  Using this classification, La13-27 and snRNP357-373 tetramer 

reactive B cells in BXD2 mice displayed a significantly higher frequency of CD80
+
PD-

L2
+
 B cells compared to the counterpart B cells from B6 mice (Fig. 6E, 6F).  There was 

also an increased frequency of CD80
+
PD-L2

+
 B cells in tetramer

+
 cells compared to 

non-tetramer gated total B cells from BXD2 mice (Fig. 6E, 6F).  Together, these results 

indicate that this tetramer approach can be used to identify abnormal development of 

autoreactive B cells at various developmental stages.  
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Discussion 

In this study, we demonstrate a step-wise approach to enable enrichment, 

isolation and characterization of autoantigen-reactive B cells in a mouse model that 

spontaneously develops autoantibody-mediated systemic autoimmune disease (4, 48).  

We demonstrate that an IEDB based peptide array of 2,733 autoimmune disease 

associated B-cell epitopes can reveal linear epitopes on known autoantigens in BXD2 

mice.  Further, the age-related emergence of class-switched autoantibodies identified 

using the peptide arrays paralleled previous observations using standard whole Ag 

ELISA assays (4).  Moreover, the serum reactivity of a panel of these identified 

autoepitopes was confirmed using ELISA and ELISPOT analysis of synthetic peptides.  

Peptide reactive tetramer B cells can also be stimulated to produce IgG antibodies that 

react with the full-length protein antigen. 

 The peptides identified as BXD2 autoepitopes by the epitope array assay indicate 

which of these may be considered to be immunodominant.  Potentially, this apparent 

immunodominance may simply reflect the array assay conditions.  However, the 

reactivity pattern of BXD2 autoantibodies showed a preference towards nuclear and 

RNP autoantigens.  Since initial observations of autoantigen clustering in apoptotic 

blebs (49), there has been growing awareness that chemical and structural modifications 

to autoantigens during cell death and neutrophil NETosis may provide B cells with 

access to normally concealed epitopes that may drive an aberrant adaptive immune 

response (50-52).   Multiple studies have demonstrated that the majority of autoantigens 

targeted in systemic autoimmune diseases are substrates for granzymes, particularly 

granzyme B (53-55), and La itself is cleaved during apoptosis (56, 57).   Similarly, the 
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70 kDa fragment of U1snRNP, another hallmark autoAg in patients with SLE, is 

specifically cleaved by the caspase-3 during apoptosis.  This cleavage converts the 

molecule into a truncated 40-kDa fragment and a smaller 96-residue C-terminal 

fragment (35, 58), containing the snRNP357-373 epitope identified here as a major BXD2 

autoAg.  Notably, this particular epitope is located in a structurally disordered region of 

the protein, a characteristic which may influence antigen capture, processing, 

presentation and immune dominance during cellular processes, including apoptosis (59).  

The peptide array identification of these autoepitopes is consistent with our previous 

observations of defective apoptotic body clearance and the ability of MZ-P B cells to 

directly capture antigen derived from uncleared apoptotic debris in BXD2 mice (37). 

 The present peptide array results also provide a clear picture of the transition 

from autoreactive IgM to IgG in BXD2 mice and confirm that this transition is absent 

for most linear autoepitopes in B6 mice, as we have described previously for full-length 

autoantigens (4).  The autoreactive IgG in BXD2 mice are highly pathogenic and form 

immune complexes that deposit in the kidney and joints (4).  It should be noted, 

however, that the current studies were focused on the identification of antigen-specific 

subsets of autoreactive B cells.  It has not yet been confirmed that the peptide-specific 

IgG autoantibodies that we identified are capable of forming pathogenic immune 

complexes or eliciting tissue damage.  

The IgM autoantibody pattern, which is often overlooked, also revealed some 

interesting features.   Although both B6 and BXD2 produce broadly autoreactive IgM, 

the IgM repertoire in both mice does exhibit specificity in that only some autoAg, but 

not all, are recognized.  Thus, in both strains, IgM appears to recognize a similar set of 
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key autoAgs.  These results are consistent with the observation that autoreactive and 

polyreactive autoantibodies are present both healthy and autoimmune humans (44, 60, 

61), an observation not limited to IgM but occurring commonly even within the IgG 

memory B-cell pool (62, 63).  These results suggest that BCR ability to recognize and 

engage self-Ag does not necessarily cause disease.  However, within a permissive 

environment, as in the BXD2 mouse, even small perturbations in B-cell development, 

selection, or phenotype may drive normally benign autoreactivity toward an auto-toxic 

response.   They further support the concept that while normal individuals may manifest 

some degree of autoimmunity to a set of self-antigens, this is benign as long as the 

regulatory capacity is intact (64).   

Consistent with the detection of IgM autoantibodies in both B6 and BXD2 mice, 

most of the autoAg tetramer
+
 B cells that are obtained directly from the spleen of a 

mouse are IgM
+
.  The most likely reason for this is that there is a larger population of 

splenic B cells that express both surface and secretory IgM compared to a relatively 

small number of IgG B cells that express both surface and secretory IgG (65).  However, 

in the spleen of BXD2 mouse, there is a decreased percent of IgM
hi 

B cells, compared to 

spleen B cells of B6 mouse B cells, both in the pan-B cell population (38) as well as the 

Ag specific tetramer
+
 B cell population (Figure 5C).    

Analysis of B cell subsets using the tetramer strategy enabled us to identify key 

differences between normal B6 and autoimmune BXD2 mice, and such observations 

may be highly applicable for characterization of autoreactive B cells in human disease, 

as tetramer
+
 B cells that exhibit abnormal phenotypes can be detected in well-defined B 

cell subsets in human PBMCs (66).  While La13-27 and snRNP357-373 reactive IgM
hi

 B 
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cells from B6 mice are primarily the CD21
hi

CD23
lo

 MZ B cells, the majority of these B 

cells in BXD2 mice display the CD21
hi

CD23
hi

 MZ-P B cell phenotype.  Furthermore, 

these Ag
+
 MZ-P B cells are skewed toward a hyper-reactive CD86

+
CD69

+
 phenotype in 

BXD2.  In mice, B cells with regulatory function have been observed within the 

transitional, B1 and marginal zone compartments (67).  We have previously shown that 

while the expression of Il10 and Tgfb was significantly higher, the expression of Il6 was 

significantly lower in MZ-P B cells of B6 mice, compared to MZ-P B cells BXD2 mice 

(37).  Consistent with this, CD23
+
CD21

hi
CD1d

hi
 B cells have been reported as the key 

pathogenic B cells in other mouse models of autoimmunity (68, 69).  In contrast, Evans 

et al. demonstrated that MZ-P B cells from spleens of healthy naïve DBA/1 mice 

adoptively transferred into immunized DBA/1 mice significantly prevented and 

ameliorated disease (70).  This and other reports (71) of MZ-P-like B cell regulatory 

functions suggest that, in the non-autoimmune state, these cells may indeed serve a 

regulatory role.  Regulatory roles of human B cells are less understood, but transitional 

B cells with an IL-10-mediated regulatory function have similarly been reported to be 

defective in patients with SLE (39).  Increased CD80
+
 and CD86

+
 B cells also coincide 

with the observation that naïve populations of B cells from SLE patients appear to be 

activated (72).   

Analysis of the CD93
+
 transitional population of La13-27

+
 or snRNP357-373

+
 B cells 

in BXD2 mice further revealed that there is an abnormal expansion of T3 transitional B 

cells, a phenotype that has not been identified in other autoimmune mouse models (45).  

T3 B cells generally are considered not strictly transitional but anergic B cells 

maintaining self-tolerance through rapid turnover in vivo (73, 74).  Interestingly, self-Ag 
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stimulation has been shown to promote regression of mature B cells into the T3 

compartment (74, 75).  Thus, expansion of these cells coupled with abnormal T-cell help 

(25, 76) may present a risk for B-cell tolerance loss to La13-27 or snRNP357-373 in BXD2 

mice.   

Consistent with the possible B-cell tolerance defects that can occur before or at 

the MZ-P B cell stage in BXD2 mice, there was a 10-fold increase in numbers of 

CD80
+
PD-L2

+
 tetramer

+
 B cells in the spleen of BXD2 mice compared to B6 mice, 

further suggesting that there is at least an additional checkpoint defect leading to 

differentiation of these memory-like tetramer
+
 B cells in BXD2 mice.  The percentage 

and number of B cells with this CD80
+
 PD-L2

+ 
phenotype is enriched five to six fold in 

the La13-27
+ 

and snRNP357-373 population compared to that within the total splenic B cells.  

Thus, the results suggest the specific Ag stimulation can lead to expansion of Ag-

specific memory B cell population in BXD2 mice. Notably, CD80
+
 PD-L2

+
 memory B 

cells have been shown to differentiate rapidly into antibody producing B cells upon re-

challenge without the need to go through another GC response (77).   The present results 

may thus help to identify mechanisms related to the high titers of IgG autoantibody 

production in BXD2 mice. 

The present proof-of-principle study establishes that the approach described in 

this work should provide a platform for integrating autoantibody profiles with 

underlying B-cell defects.  The ability to collect and compare comprehensive global 

autoantibody profiles coupled with the sensitivity and specificity of the tetramer 

approach provides a feasible strategy to address other clinically relevant questions.  The 

approach described in this work provides a platform for integrating autoantibody 
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profiles with underlying B cell defects to identify and isolate B cells that recognize 

autoantigen epitopes.    
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Table 2.  Summary of epitopes used for ELISA, ELISPOT, and tetramer analyses  

E=ELISA, ES=ELISPOT, T= Tetramer, [cit] or Z=citrullinated arginine 
E=ELISA, ES=ELISPOT, T= Tetramer, [cit] or Z=citrullinated arginine 
 

 

Peptide (Residue) Abbreviation             Sequence Confirmed 

by 

Nuclear or stress-response related proteins 

Bip-1525-541 Bip-1 TITNDQNRLTPEEIERM E 

Bip-1[cit]525-541 Bip-1-cit TITNDQNZLTPEEIERM E 

Bip-2298-314 Bip-2 ALSSQHQARIEIESFYE E 

Bip-2[cit] 298-314 Bip-2 ALSSQHQAZIEIESFYE E 

Histone H1b205-219 H1b KPKAAKPKKAAAKKK  E, ES 

CENP-A222-31 CENP-A2 PTPGPSRRGP  E 

CENP-A297-111 CENP-A3 AAEAFLVHLFEDAYL E 

CENP-A47-16 CENP-A4 SRKPEAPRRR  E 

La13-27 La LEAKICHQIEYYFGD E, ES, T 

U1 snRNP Sm-D197-109 snRNP-1 RGRGRGRGRGRGR  E 

70 kDa U1snRNP357-373 snRNP-2 SHRSERERRRDRDRDRD E, ES, T 

70 kDa U1snRNP112-128 snRNP-3 YDTTESKLRREFEVYGP  E 

Structural proteins 

Fibrinogen B420-434  Fib-β PRKQCSKEDGGGWWY E 

Fibrinogen B420-434 -[cit] Fib-β-cit PZKQCSKEDGGGWWY E 

Fibromodulin249-265 FMOD LYMEHNNVYTVPDSYFR E 

Fibromodulin249-265-[cit] FMOD-cit LYMEHNNVYTVPDSYFZ E 
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Fig. 1.  Autoantibody binding to peptide epitopes in BXD2 mice.  An array containing 

2,733 database derived linear peptide epitopes associated with autoimmune disease was 

probed with pooled sera (n=6).  (A) Antigen content distribution of entire chip compared 

to top 100 BXD2 positive epitopes, where positive is defined as greater than five-fold 

above the mean intensity score.  (B) Sub-classification of total chip nuclear antigens 

compared to top 100 BXD2 nuclear epitopes.  (C)  Number of BXD2 positive epitopes 

deriving from the indicated autoantigen. (D) BXD2 autoantibody binding intensity to 

un-citrullinated and citrulline modified peptides deriving from the indicated autoantigen. 
∗ 
P < 0.05 between the antigen content distribution of the top 100 BXD2 epitopes vs. the 

distribution of the entire epitope microarray.  
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Fig. 2.  Autoreactive IgG and IgM signal intensities to peptide epitopes in BXD2 or 

control B6 mice at the indicated ages.  Arrays were probed with serum (1:200 and 

1:1000 for IgG and IgM analysis, respectively) from B6 or BXD2 mice at the indicated 

ages.  (A) Heatmap of IgG and IgM signal intensities to peptides deriving from nuclear 

autoantigens.  (B) B6 and BXD2 IgG signal intensities to epitopes from the indicated 

RNA-binding protein (RBP) autoantigen (top) and non-RBP nuclear Ag (bottom) at the 

indicated ages.  Bars represent the average spot intensity (± SEM) of all epitopes 

deriving from the indicted autoantigen.  ∗
 
P < 0.05 between B6 and BXD2 of the same 

age.  (C) Heatmap of IgG and IgM signal intensities to peptides deriving from matrix 

autoantigens.  (D) Heatmap of IgG and IgM signal intensities to peptides deriving from 

enzyme or chaperone autoantigens. 
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Fig. 3.  Verification of synthesized peptides.  (A-C) ELISA of (A) IgG autoantibodies 

specific to BiP, histone, centromere, and ribonucleoprotein peptide epitopes; (B) IgG 

autoantibodies specific to fibrinogen and fibromodulin peptide epitopes, and (C) IgM 

autoantibodies specific to BiP, histone, centromere, and ribonucleoprotein peptide 

epitopes in the sera of B6 and BXD2 mice at the indicated ages.  All data are the mean ± 

SEM of at least four mice per group.  (D, E) ELISPOT assay of the (D) IgG or (E) IgM 

isotype autoantibody-producing B cells from B6 or BXD2 mice.  Total spleen cells from 

5-6 month-old B6 or BXD2 mice were cultured in vitro unstimulated (or stimulated with 

PMA + ionomycin in the IgG specific ELISPOT) on neutravidin ELISPOT plates coated 

with Lupus La13-27, histone H1b205-219 or snRNP357-373.  Right, mean ± SEM number of 

(D) IgG or (E) IgM autoantibody-forming spots.    Results are data from 3-5 mice and at 

least two independent experiments.  For all panels, ∗
 
P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.005 

versus control group (normal B6 mice or the indicated comparison).   
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Fig. 4.   Tetramer enrichment and gating strategy.  (A) Gating strategy for tetramer 

experiments.   Cells were gated based on forward and side scatter (lymphocyte gate) and 

signal height and widths (doublet exclusion).  B cells were selected as CD19
+
 F4/80

‒ 

Thy1.2
‒
.
   

Tetramer
+
 cells were identified as PE*AF647

- 
and PE peptide-tetramer

+
. The 

experiment and gating strategy shown are representative of similar tetramer 

experiments.  (B, C) Cells were incubated with 300 µM of monomeric La13-27 or 300 µM 

OVA323-339 peptide 30 min before La13-27 tetramer labeling.  Representative tetramer 

gated plots analyzed by flow cytometry (B), and bar graph showing the average of cell 

counts under each blocking condition (per 10
5 

events analyzed) (C).  ∗∗P < 0.01 

compared to OVA323-339 peptide blocked cells.  (D, E) Enrichment of tetramer
+
 B cells 

using anti-PE microbeads. Representative plots of enriched, pre-enriched, and flow-

through fractions of La13-27
+
 cells (D), and cell counts for plots shown in panel D (per 

10
5 

events analyzed) (E).  ∗∗P < 0.01; ∗∗∗P < 0.005 compared to enriched or unbound 

fractions (N=3-5 from at least 2 independent experiments).  
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Fig. 5.  Increased La13-27 and snRNP357-373 tetramer
+
 MZ-P and T3 B cells in BXD2 

mice. (A) Spleen cells from 6-8 month old B6 and BXD2 mice were tetramer stained 

and enriched for FACS analysis of the frequency and number of La13-27 or snRNP357-373 

tetramer
+
 B cells.  (B) Cell counts for La13-27 and snRNP357-373 tetramer

+ 
cells in total 

single cell suspension derived from the spleens of B6 and BXD2 mice.  (C) La13-27 and 

snRNP357-373 tetramer
+ 

cells were further analyzed for the frequency of IgM
hi

CD21
hi

 B 

cells or IgM
lo/-

CD21
lo/-

 B cells (top panels).  The IgM
hi

CD21
hi

 B cells were further gated 

into IgM
hi

CD21
hi

 CD23
-
 MZ and IgM

hi
CD21

hi
 CD23

+
 MZ-Ps (bottom panels), and the 

frequency of MZ or MZ-P B cells within this population is shown. (D) Cell counts for 

La13-27 and snRNP357-373 tetramer
+ 

MZ and MZ-P cells in spleens of B6 and BXD2 mice 

(per 10
5 

events analyzed).  (E) FACS analysis showing the frequency of La13-27 and 

snRNP357-373 tetramer
+
 transitional B cell subsets.  (F) Cell counts for La13-27 and 

snRNP357-373 tetramer
+ 

T1, T2, and T3 B cells in spleens of B6 and BXD2 mice.  Each 

panel is representative of 3-5 mice and at least two independent experiments.  ∗
 
P < 0.05 

and ∗∗P < 0.01 between B6 and BXD2. 
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Fig. 6.  Increased percentage of activated tetramer

+
 MZ-P and CD80

+
PD-L2

+
 memory B 

cells in BXD2 mouse spleens.  (A) Flow cytometry analysis of expression of CD69
+
 and 

CD86
+
 cells in La13-27 

+ 
and snRNP357-373 

+
 MZ-P (top) and IgM

lo/-
CD21

lo/-
 (bottom) B 

cells from B6 and BXD2 mice.  (B) Cell counts for histograms in panel A (per 10
5 

events analyzed). (C) ELISA analysis using supernatant collected from LPS + IL-4 

stimulated sorted cell culture as the primary antibody to probe against Histone H1b205-219 

or La13-27 peptide.  NS = supernatant produced by non-specific tetramer
+ 

B cells; La = 

supernatant produced by La13-27
+ 

B cells.  (D) Western blotting analysis using B6 or 

BXD2 serum (1:50) or supernatant from LPS + IL-4 stimulated sorted cell culture as the 

primary antibody to probe against recombinant La antigen.  DN = double tetramer 

negative supernatant; NS = non-specific tetramer
+
 supernatant; La = La13-27

+
 supernatant.  

(E) La13-27 (top) and snRNP357-373 (middle) tetramer
+ 

cells and total CD19
+
 B cells 

(bottom) were analyzed for the frequency of CD80
+
 PD-L2

+
 memory B cells.  (F) Mean 

cell counts for plots shown in E (per 10
5 

events analyzed). Data are representative of 2-3 

mice from at least two independent experiments.   ∗
 
P < 0.05; ∗∗P < 0.01, and ∗∗∗P < 

0.005 between B6 and BXD2. 

 

 

 



 147 

 

Supplementary Figure 1. Global autoantibody binding profile to peptide epitopes in 

BXD2 compared to B6 mice. Peptide microarray chips were probed with serum (1:200) 

from pooled 6-8 month old B6 or BXD2 mice to reveal IgG (A) and with serum (1:000) 

for IgM (B) autoantibody binding profiles to peptide autoepitopes derived from the 

Immune Epitope Database. 
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Supplementary Figure 2.Tetramer enrichment and gating strategy. (A) Gating strategy 

for tetramer experiments. Cells were gated based on forward and side scatter 

(lymphocyte gate) and signal height and widths (doublet exclusion). B cells were 

selected as CD19+ F4/80‒ Thy1.2‒.  Tetramer+ cells were identified as PE*AF647- and 

peptide-tetramer+. The experiment and gating strategy shown are representative of 

similar tetramer experiments in which the percentage of tetramer+ cells ranged from 0.3 

to 5%. (B, C) Cells were incubated with 300 μM of monomeric snRNP357-373 or 300 

uM OVA323-339 peptide 30 min before snRNP357-373 tetramer labeling. 

Representative tetramer gated plots analyzed by flow cytometry (B), and bar graph 

showing the average of cell counts under each blocking condition (per 105 events 

analyzed) (C). ∗∗P < 0.01 compared to un-blocked or OVA323-339 peptide blocked 

cells. (D, E) Enrichment of tetramer+ B cells using anti-PE microbeads. Representative 

plots of enriched, pre-enriched, and flow-through fractions of La13-27+ cells (D), and 

cell counts for plots shown in panel D (per 105 events analyzed) (E). ∗∗P < 0.01; ∗∗∗P < 

0.005 compared to enriched or unbound fractions (N=3-5 from 2 independent 

experiments) 
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Supplementary Figure 3. Transitional B cell subsets in total splenocytes from B6 and 

BXD2 mice. (A) FACS analysis showing the frequency of transitional B cell subsets T1, 

T2, and T3 in B6 and BXD2 mice. (B) Cell counts for T1, T2, and T3 B cells in spleens 

of B6 and BXD2 mice. Panels are representative of 2-3 mice from two independent 

experiments. Each panel is representative of 3-5 mice and at least two independent 

experiments. ∗∗P < 0.01 between B6 and BXD2. 
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DISCUSSION 

Newly generated B cells that escape negative selection in the BM migrate to the 

spleen.  It is here that these “transitional” T1 B cells acquire immune competence [32] 

and potentially come into contact with systemic products including “non-self” pathogens 

or “self” apoptotic debris.  The present research suggests that during this formative stage 

of B cell development, B cell produced IFNβ can influence the activity and development 

of these cells.  One unique aspect of these studies is the identification of IFNβ at the 

RNA and protein level in B cells isolated ex vivo from naïve autoimmune mice without 

artificial stimulation.  Our results highlight the autocrine activity of IFNβ produced 

specifically by immature T1 B cells, a formative stage of B cell development in mice 

and humans [31, 48].   

 

pDCs vs. B Cells 

Currently, pDCs are the main consideration in studies of type IFN production in 

SLE.  Certainly, the ability of pDCs to produce type I IFN that acts on multiple cell 

types including B cells is well documented [104, 105].  It is of course difficult to prove a 

causative association between pDCs and lupus in human SLE patients.  Studies that have 

measured the phenotype and frequency of circulating pDC in SLE patients revealed 

various abnormalities, but no consistent trend among different studies [199, 200].  The 

leading hypothesis is that the scarcity of pDCs in the circulation of SLE patients is due 

to their recruitment to tissues of SLE patients [105, 107-109].  However, the data that 
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these cells produce type I IFN at these cites is lacking.  The present work found that in 

BXD2 lupus mice and humans with SLE, freshly isolated pDCs show evidence of IFN 

gene and protein expression, but at levels equivalent to B lymphocytes (Figure 1).  It is 

surprising that so few studies in the literature include measurement of pDC type IFN 

expression.  One recent study reported a consistent result that freshly isolated IFNα1 

expression in pooled pDCs from SLE patients was only modestly increased (<2 fold) in 

SLE patients vs. healthy controls [72].  Interestingly, a more recent study found 

consistent results that circulating pDCs from SLE patients did not produce elevated 

IFNα compared to healthy controls, though pDCs from STING patients did exhibit 

increased IFNα production [110].   

While pDCs appear to be important in later stages of SLE [107, 108], questions 

remain including what is the source of type I IFN acting on B cells early in disease?  Are 

there certain patient populations where B cell endogenous type I IFN may drive autoAb 

formation?  Are there specific therapeutic windows where B cell derived IFNα or IFNβ 

may preferentially modulate the B cell responses?   The present research strongly 

implicates the importance of non-pDC cellular sources of type I IFN in SLE 

pathogenesis.  Our studies suggest that type I IFN production by B cells is an important 

mechanism for autoreactive B cell development.  In contrast to B cells, pDCs lack a 

specific antigen receptor capable of delivering TLR ligands to endosomal compartments.  

Thus, it has been proposed that pDCs are unlikely to be the primary sensors of nuclear 

antigens [115].  Instead, pDCs appear to be stimulated “downstream” of B cell 

activation and autoantibody production and immune complex formation [114-116].  This 

is consistent with the studies demonstrating that autoAbs precede disease by up to a 
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decade [6] suggesting a model where B cell tolerance is lost gradually early in disease 

progression, and pDC activation occurs in later stages of disease [107, 108].  Consistent 

with this, our data and the data of others suggest that B cell endogenous IFN may 

promote early B cell tolerance loss and autoAb formation, while pDC mediated end-

organ damage is a feature of later disease stages [107, 108].  

 

Figure 1. Type I IFN expression in BXD2 mice. 2-3 month old BXD2 female mice 

were sacrificed and spleens were collected for FACS sorting of the indicated cell 

population.  Following RNA isolation, Ifnb and Ifna gene expression was determined. 

 

There is a large body of literature that confirms pDCs produce large amounts of 

type I IFN following viral stimulation or stimulation with viral nucleic acid mimics 

[201].  Consistent with results from others [202], when we injected the mice with 

poly(I:C), sorted spleen pDCs produce >10 fold more IFN genes than B cells (Figure 2).  

However, it is intriguing that the BXD2 mice develop an IFNAR dependent autoimmune 

disease in the absence of such exogenous stimulation [23].  This is reminiscent of 

another lupus mouse model that developed anti-nuclear autoAbs and a large expansion 
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of pDCs in the absence of increased pDC produced type I IFN [111].  These 

observations suggest a role for other sources of type I IFN.  This is not mere speculation, 

as T1 B cell endogenous IFNβ had a significant impact on B cell gene expression, 

development and survival as described above in the manuscript.  Thus, a major theme of 

this work is that a more precise understanding of cell-type specific [79] and IFN-subtype 

specific contributions to autoimmunity including IFNα vs IFNβ downstream immune-

modulation [102] will be important to take into consideration in future design of IFN-

targeted therapies that will be suited to individual patients.  Moreover, understanding the 

mechanisms of action of the different type I IFNs in more detail would aid effective 

therapeutic design in settings where a defined cell type is to be targeted. 

 

Figure 2. Functional verification of sorted DC populations. 2-3 month old BXD2 

female mice were injected with HMW poly(I:C) LyoVec to activate the RIG1 and 

MDA5 cytosolic RNA sensing pathways.  After 4 hours, mice were sacrificed and 

spleens were collected for FACS sorting of the indicated cell population.  Following 

RNA isolation, Ifna4 and Ifnb gene expression was determined. 

 

B cells and IFN Production 

Several previous studies identified B cells as prominent type I IFN producing 

and responding cells [70, 203, 204].  An early observation in human B cells was that the 

IFN receptor is highly expressed on peripheral blood B cells [204].  B cells were also 

found to be the most significant producers of type I IFN following interaction with 
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foreign cells [203], and recently transitional B cells from a subset of lupus patients were 

shown to secrete high levels of IFNα [70].  Our findings that IFN-β is expressed at the 

RNA and protein level in early T1 B cells in BXD2 mice and lupus patients are 

consistent with these previous studies and suggests that rapid type I IFN production by B 

cells may be of extreme importance in initiating B cell mediated host defense 

mechanisms.  In addition, our findings that IFN-β was required for autoreactive B cell 

activation and survival suggests that tight transcriptional control of B cell IFN-α and 

IFN-β is critical for maintenance of B cell tolerance.  

The transcription factors that govern type I IFN production are cell type 

dependent.  In B cells, type I IFN production is IRF3 dependent [205], whereas 

induction of IFN-α and IFN-β mRNA upon viral infection was normal in IRF3 -/- pDCs 

but impaired in IRF7 -/- pDCs [150].  IRF3 is constitutively expressed in the cytoplasm 

of cells, and when activated translocates to the nucleus where it can associate with 

NFκB P65 to induce transcription primarily at the IFN-β locus, but also the IFNα4 locus 

[206].   IRF7, which is normally expressed at low levels in lymphoid cells but is induced 

by type I IFN, is activated downstream of the same pathways that activate IRF3, and 

preferentially stimulates IFN-α gene transcription [150].  In the early phase of infection 

or endogenous Ag stimulation, therefore, recognition of nucleic acids can induce IRF3 

activation and IFN-β production.  IFN-β induction of IRF7 then enables a feed-forward 

loop involving amplification of IFN-α gene transcription [207, 208].  This suggests that 

targeting of IRF3 may be an effective strategy to block B cell IFN-β induction, whereas 

IRF7 blockade may be more effective to block amplification of the IFN-α genes.  

Analysis of IRF3, IRF7, and IFN expression in single T1 B cells revealed that induction 



 155 

of IRF7 expression is rare as compared to IRF3 and IFNα4, suggesting that IRF7 

induction is a tightly controlled event in the type I IFN circuit (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Variability in IFN and IRF genes in T1 B cells from BXD2 mice.  Left, IRF7 

induction is limited to a few outlier T1 B cells, while IRF3 exhibits an expression 

pattern similar to Ifnb1 and Ifna4.  Dots represent normalized expression of the indicated 

genes in single cells.  Right, model for the generation of IRF7 high IFNα-high T1 B 

cells through overexpression of IFNβ through IRF3 

 

Significance of B cell type I IFN Heterogeneity 

The present work identified heterogeneous expression of Ifnb and Ifna genes in 

T1 B cells isolated from naive autoimmune BXD2 mice.  The tuning of Ifnb1 expression 

involves variable expression across individual cells, as demonstrated for viral infections 

of various myeloid cell types [209-213].  One outcome of Ifnb heterogeneity across cells 

is that first responder cells can shape the IFNβ response to stimulation, and 

dysregulation in Ifnb1 expression may lead to hyper-activation of the type I IFN system 

[213].  In the present studies, it is important to note that the expression patterns in T1 B 

cells are not artificially induced but represent a snapshot of in vivo gene expression.  
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What is the significance of this heterogeneity in BXD2 mice?   Multiple papers have 

studied heterogeneity in the type I IFN induction, though most if not all of these 

previous studies involved myeloid cells infected in vitro and did not study the induction 

of IFN genes themselves, but rather focused on IFN-response genes.  For a given cell 

type, the various murine IFN-α subtypes have been shown to all exhibit antiviral or 

stimulatory effects, though with variable induction kinetics and potencies.  This suggests 

that the heterogeneous induction of various IFN-α subtypes does not confer specific 

biological activities but enables specific expression patterns.  The sequential induction 

of type I IFNs where genes are induced with early, intermediate, or late kinetics is an 

important point.  Cytokines act locally in autocrine and paracrine fashion; thus certain 

early IFN subtypes may communicate the new appearance of an infection, informing 

naïve bystanders to induce other early genes that may control the infection.  Late 

subtypes may signal to nearby cells that amplification of the response is necessary to 

clear an infection (Figure 4).  Thus, the integration of the type I IFNs sensed by single 

T1 B cells may tune immune responses of the T1 B cells themselves and other cell-

types.     

The data described here suggest that coordinated expression of the different type 

I IFN genes is a prominent feature of T1 B cell development in the spleen of 

autoimmune mice.  In the spleens of BXD2 mice, T1 B cells segregated into Ifna
hi 

and 

Ifnb
hi

 sub-populations.  An important question is do these populations represent distinct 

effector populations, different stages of B cell development, or different stages in the 

evolution of the type I IFN response or all of these at once?  In support of different 

developmental stages, clustering of cells based on Cd23 and Cd93 revealed distinct 
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expression patterns of IFN genes and Tlr7 in early vs. late T1 B cells.  In the early T1 

subset (Cd93
hi

Cd23
lo

), Ifnb expression was significantly higher than Ifna7.  However, 

marked elevation of Ifna7 and Tlr7 expression occurred in T1 B cells that had down-

regulated early B cell marker Cd93.  This and in vitro experiments demonstrating the 

requirement of autocrine IFNβ for TLR7 responses in T1 B cells suggests that autocrine 

IFNβ driven TLR7 expression may be important in TLR7 competence of T1 B cells.  

What stimulates this B cell endogenous IFNβ - TLR7 pathway?  In B6 mice, 

spontaneous germinal centers are known to form in the absence of exogenous stimuli, 

but TLR7-deficient B6 mice showed a complete absence of spontaneous germinal center 

B cells [214].  This was B cell intrinsic and TLR7 specific as μMT mice receiving BM 

cells from TLR7 KO, but not TLR9 KO mice failed to form germinal centers [214].  The 

present work suggests that B cell produced IFNβ enhancement of TLR7 responses is a 

prominent feature of T1 B cells and is critical for shaping B cell responses to 

endogenous antigen.  

   

 

 

 

 

 

 

Figure 4. Model for interaction of T1 B cell IFN communication network 
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The heterogeneity in type I IFN expression may also represent different stages of a type 

I IFN response.  IFNβ is known to enable expression of certain IFNα subtypes [215], 

though this is complex and dependent on various factors such as the strength and 

multiplicity of the interferonogenic stimulus and the IFNα subtype [215]. Thus the Ifnb-

low T1 B cells with upregulated IFNα genes represent IFNβ-responding cells in vivo.  

One advantage of the single cell gene expression analysis is it reveals which genes are 

co-expressed.  IFNβ transcription is induced with immediate early kinetics due to its 

lack of dependency on the transcription factor IRF7; rather IRF3 is sufficient to induce 

IFNβ.  The IFNα genes Ifna1 and Ifna4 have also been reported to be early response 

genes.  Interestingly, single cell analysis of Ifnb, Ifna1 and Ifna4 revealed that although 

these three genes have early induction kinetics, the early IFNα genes are not induced in 

the same cell where IFNβ is induced (Figure 5).  However, Ifna1 and Ifna4 exhibited 

higher co-expression with Ifnb as compared to Ifna7 and Ifna11, which is consistent with 

previous observations that Ifna1 and Ifna4 are early response genes.  No IFNα gene 

showed significant co-expression with Ifnb suggesting that in most cells the activation of 

different type I IFNα loci vs. the IFN β locus do not occur simultaneously (Figure 5).    

An important focus of future studies using single cell RNA-seq would have 

greater ability to identify other IFNβ-response genes which may be essential to the 

genesis of a type I IFN cascade and thus potential targets for diseases involving type I 

IFN dysregulation.  We propose that the endogenous expression of different type 1 

interferons at the T1 subpopulation establishes initial trajectories for these T1 B cells 

that can influence their subsequent developmental potential, which would be highly 

dependent upon exogenous signals through the B cell receptor or TLR signaling.   
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Figure 5. Correlation plots showing co-expression of type I IFN genes.  Each dot 

represents the normalized expression of the indicated gene in a single cell (n=167). 

 

IFNβ in Mouse Autoimmunity 

There are several lupus prone mouse models that develop systemic autoimmune 

disease as a result of complex interactions of multiple genetic loci.  These include the 

NZB/W, SLE1.2.3 and BXD2 mice [22, 216].  Baccala et al. is the only study to date 

which has specifically investigated the role of IFN-β in the development of disease in a 

lupus-prone mouse, using NZB/W IFN-β-/- mice [217].  These investigators suggested 

that IFN-β was not required for anti-chromatin Abs or renal disease in NZB/W mice.  

Baccala et al. did not report on any other autoAb specificities besides anti-chromatin 

[217].  However, our data show that in BXD2 lupus-prone mice, IFN-β specifically 

promotes anti-DNA, anti-histone, and anti-La autoAbs and renal disease.  Additionally, 
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SLE patients with high intracellular IFN-β in our study were more likely to have high 

anti-Sm and renal disease.  Our findings are not the first to report an association with 

transitional B cell cytokine production and an immune-mediated renal dysfunction [71].  

Cherukuri et al. recently reported that the T1/T2 B cell ratio and associated cytokine 

production strongly correlated with renal allograft dysfunction.  

A role for abnormal B cell activity in the development of renal disease in 

NZB/W mice was recently implicated by successful amelioration of renal disease using 

a Btk specific inhibitor.  Interestingly, this study found that the reduced renal disease in 

Btk inhibited NZB/W mice was associated with gene expression signatures essential for 

splenic B cell terminal differentiation [218].  In the BXD2 mice, we showed that over-

production of IFN-β was most pronounced in the T1 B cell subset that developmentally 

precedes mature B cell fate commitment.  It is not known whether NZB/W mice also 

exhibit over-expression of IFN-β and in what cell types.  However, the lack of a 

phenotype reported in Baccala et al. may be due to genetic background differences 

leading to a unique type I IFN dysregulation or developmental compensatory effects of 

other IFNs in mice that developed without IFN-β from birth [217].  In human cells, 

constitutively expressed IRF-3 was shown to activate predominantly IFN-α1 and IFN-β, 

while IRF-7 expression subsequently induced multiple other IFN-α genes [219].  

Similarly, in mice, IFN-β is the earliest IFN response gene, where IFN-α1 and IFN-α4 

were subsequently induced with relatively early kinetics (relative to other “late” type I 

IFNs) [207, 220].  It is possible in a global IFN-β knockout mouse, the induction 

requirements of other specific IFN-α subtypes are such that they can be induced early 

and may compensate for the lack of IFN-β in global IFN-β ko mice.   
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In the present study, we sought to control for this possibility using competitive 

reconstitution experiments in which we reconstituted B6 RAG1-/- mice with a 1:1 ratio 

of Ifnb-/- to Ifnb+/+ B6 mice.  These studies revealed that development of germinal 

center, La
+
 autoreactive, and IgG class switched anti-DNA, anti-La and anti-Histone 

autoAb producing B cells were highly dependent upon endogenous IFN-β (Figure 6).  

Single-cell examination of Ifnb-/- vs. Ifnb+/+ T1 B cells further revealed distinct gene 

expression signatures associated with endogenous IFNβ, including significantly lower 

expression of CD86, TLR7, and PKR, and type I IFN genes as described in the 

manuscript above.  

   

 

 

 

 

 

 

 

 

 

Figure 6. B cell endogenous IFN-β is required for autoAb formation. (A) The 

percentage of GC and CXCR4
+
CD86

lo
 GC B cells derived from Ifnb-/- and Ifnb+/+.  

(B). Quantification of autoAb secreting B cells derived from Ifnb-/- and Ifnb+/+. 
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IFNβ in Human SLE 

In B cells, IRF3 dependent type I IFN production enhanced CD138 (Syndecan-1) 

expression and IgM production and was required for IgG2a production following CpG-

B stimulation, implicating B cell produced type I IFN in autoantibody production and 

the pathogenesis of certain autoimmune diseases.  Consistent with this, examination of 

human lupus T1 B cells in this study revealed that patients who had higher T1 B cell 

endogenous IFN-β also had significantly increased CD19
lo

CD27
+
CD38

hi
 plasma cells 

(Figure 7).  It is possible that some new emigrant B cells from the bone marrow may 

develop directly into antibody secreting cells following stimulation with endogenous 

nucleic acid antigens.  Indeed, an expansion of T1 B cells was observed in TLR7  

transgenic mice, and these T1 B cells had a phenotype resembling antibody-secreting 

plasmablasts.  In addition, SLE patients who had higher T1 B cell endogenous IFN-β 

also had a significantly increased IgD
-
CD27

-
 “double negative” population of CD19

+
 B 

cells (Figure 7).  The identity of these cells is not known, but they are potentially an 

effector memory population capable upon recall responses [221].  Clearly there is an 

advantage for cells to induce certain type I IFNs at the right time and environment in a 

highly regulated cascade (with IFN-β being the first type I IFN induced [222]).  We 

propose that in lupus-prone BXD2 mice and some SLE patients, blockade of IFN-β can 

dampen the type I IFN pathway without completely shutting it down making it a 

desirable therapeutic treatment in some patients. 

Our findings that IFNβ in SLE patients correlates positively with percentages of 

9G4 autoreactive mature naïve B cells implicate B cell IFNβ as both a potential 

biomarker and effector of disease.  Furthermore, SLE patients who have had anti-Sm 
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antibodies and who exhibited active renal disease at the time of sample collection also 

exhibited significantly increased frequency of IFNβ+ T1 B cells.  SLE patients who 

were positive for anti-DNA also showed increased frequency of IFNβ+ T1/T2 B cells. 

The data suggest that higher IFNβ expression by B cells is associated with the 

development of autoreactive B cells and renal disease.  In addition, African American 

patients in our studies were significantly enriched in B cell IFNβ expression, suggesting 

that polymorphisms in the IFNβ enhanceosome or other upstream factors may 

predispose this population to development of higher IFNβ expression by B cells.  

Therefore, for SLE, endogenous expression of IFNβ in transitional B cells is highly 

associated with the most classical clinical and laboratory features (AA race, nephritis 

and anti-Sm).  The clinical and laboratory features of the BXD2 mouse model of lupus 

also shares strong similarities to SLE [14, 15, 17].  In addition to the plasma cell 

population, the IgD-CD27- double negative (DN) population was also increased in IFN-

β-high SLE patients.  Importantly, these two phenotypes are both associated with 

increased SLE severity [221]. 
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Figure 7. T1 B cell endogenous IFNβ is associated with expansions in the plasma cell 

and IgD-CD27- double negative populations in SLE.  A) Gating strategy for human 

PBMC analysis.  B) The percentages of the indicated B cell subset in SLE patients 

segregated based on T1/T2 B cell IFNβ
lo

 or IFNβ
hi

. 

 

While IFNβ has been found to be important in RA, the cross talk between type I 

IFNs and TNFα, the major pathogenic cytokine in RA, is a key consideration [223, 224].  

The balance of type I IFN and TNFα may be a determining factor in the dysregulated 

immune response.   When the type I IFN arm prevails, IFN-driven autoimmunity such as 

SLE may occur, while RA may develop when TNFα dysregulation is dominant, which is 

consistent with early observations by Ivashkiv that a fraction of RA patients treated with 

anti-TNFα therapy develop antinuclear antibodies and even sometimes lupus-like 

syndromes [225].  The present work is consistent with the growing recognition that 

transitional B cells are prominent producers of regulatory cytokines [69, 71] which can 
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have a profound effect on immune responses. The ratio of transitional B produced IL-10 

to TNF-α was reduced in patients with allograft rejection [226], and more recently, 

dysregulation in these regulatory transitional B cells was strongly associated with 

subsequent deterioration in renal allograft function [71].  Our findings may also be 

relevant in the context of Sjogren’s syndrome, another disease which is primarily due to 

B cell infiltration and inflammation in the salivary gland and has been associated with 

type I IFN [227-229].  A better understanding of this disease could be obtained by 

analyzing B cell heterogeneity as related to IFNβ-IFNAR network, especially as recent 

work has shown that the patterns of IFN activity were heterogeneous in Sjogren’s 

syndrome [227].  A more precise understanding and ability to define different pathways 

of type I IFN dysregulation within a group of clinically similar patients should lead to 

improved targeted therapies in SLE and potentially other autoimmune diseases.  

 

Conclusion 

Together, these data highlight the role of IFNβ in shaping T1 B cell responses in 

the mouse spleen, including their survival and responses to TLR7.  Notably, they 

indicate that these effects are mediated through the endogenous expression of IFNβ in 

T1 B cells. This mechanism suggests that endogenous IFNβ-expressing T1 B cells are 

initially autonomous and that their expression of IFNβ plays a key role in regulating 

their responsiveness to external factors, including externally-derived type 1 IFNs and 

TLR7.  In lupus, overexpression of IFNβ in T1 B cells may promote the development of 

autoreactive mature B cells leading to the generation of polyreactive self-antigen-

reactive mature B cells.  The present data from SLE patients further suggests a need for 
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future human lupus studies into type I IFN dysregulation that pioneer beyond the view 

of pDC produced IFNα.  These results also provide a mechanistic basis for development 

of more effective therapies to dampen the type I IFN cascade by specifically targeting 

the high-affinity IFNβ or the enhanceosome components that promote its induction in a 

subgroup of lupus patients. 
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