
Article

The Rockefeller University Press  $30.00

J. Exp. Med. 2016 Vol. 213 No. 4 621–641

www.jem.org/cgi/doi/10.1084/jem.20151182
621

Follicular (Fo) B cells play an essential role in T cell–depen-

dent immunity and plasma cell and memory B cell generation 

(Pillai et al., 2011). Antigen-speci�c B cell activation leads 

to plasma cell and memory B cell development in special-

ized compartments called germinal centers (GCs). Antigen 

encounter, together with cognate T helper cells and critical 

cytokines, including IL-6 and IL-21, promotes the formation 

of GCs (Klein and Dalla-Favera, 2008). Within GCs, B cells 

undergo extensive proliferation accompanied by Ig V gene 

somatic hypermutation and isotype switching. This process 

occurs when B cells engage CD4+ Fo T helper cells (TFH cell; 

Crotty, 2011; Ueno et al., 2015). Through direct cell con-

tact and IL-6 production, B cells induce TFH cell di�erentia-

tion, which in turn promotes the proliferation of GC B cells 

through the secretion of IL-21, culminating in the formation 

of extra-Fo Ab-secreting cells (Nurieva et al., 2008; Crotty, 

2011). Although B cell activation and GC formation is criti-

cal for generating long-term humoral immunity, deregulated 

GC responses are intimately associated with human diseases, 

including systemic lupus erythematosus and lymphomas 

(Vinuesa et al., 2009; Sha�er et al., 2012).

The NFκB signaling pathway plays essential roles in 

in�ammation and cell survival, di�erentiation, and prolifer-

ation (Gerondakis and Siebenlist, 2010; de Valle et al., 2012). 

NFκB transcription factors are comprised of homo- and het-

erodimers of RELA, c-REL, and RELB, which have tran-

scriptional transactivation domains. However, p50-NFκB1 

and p52-NFκB2, derived from their respective precursors 

p105 and p100, lack intrinsic transactivating properties and 
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generally induce gene expression when paired with RELA, 

c-REL, and RELB (Hayden and Ghosh, 2011). Conversely, 

p50-NFκB1 and p52-NFκB2 homodimers function as tran-

scriptional repressors or, in certain instances, as inducers of 

gene expression when partnered with transcriptional coacti-

vators (Hayden and Ghosh, 2011). In most cells, the majority 

of transactivation-competent NFκB heterodimers are re-

tained in an inactive state within the cytoplasm by IκB pro-

teins. Stimuli, including cytokines, activate an upstream IκB 

kinase (IKK; αβγ subunits) complex, which phosphorylates 

IκB proteins, targeting them for proteasome-mediated degra-

dation (Hayden and Ghosh, 2011). NFκB heterodimers then 

translocate to the nucleus and regulate transcription by bind-

ing to κB elements within regulatory regions of target genes.

NFκB signaling regulates key roles in B cell devel-

opment, activation, and function (Kaileh and Sen, 2012). 

Noncanonical NFκB signaling generates p52-NFκB2 by 

p100-NFκB2 processing, with IKK-α– and NFκB2-de�cient 

mice showing impaired BAFF-driven survival of immature  

B cells and defective CD40-mediated B cell activation (Claudio  

et al., 2002; Kaileh and Sen, 2012). The conditional deletion 

of IKK-β or -γ reveals a cell-intrinsic requirement for the 

canonical pathway in mature B cells, manifested as a dramatic 

reduction in peripheral B cell numbers (Pasparakis et al., 2002; 

Li et al., 2003; Jacque et al., 2014). The most abundant NFκB 

proteins in mature Fo B cells are p50/c-REL plus p50/RELA 

heterodimers and p50 homodimers (Grumont and Geronda-

kis, 1994). Although B cell receptor (BCR), TLR, and CD40 

signals all rapidly activate NFκB signaling, the high levels of 

p50 homodimers that reside in the nuclei of resting B cells 

serve an unknown role. The c-REL subunit is required for the 

activation of mature B cells, controlling cell cycle progression, 

cell survival, and isotype switching (Grumont et al., 1998; 

Cheng et al., 2003). Although p50-NFκB1 cooperates with 

c-REL to regulate B cell activation (Grumont et al., 2002; 

Pohl et al., 2002), much less is known about its nonredundant 

role in mature Fo B cells. Young Nfκb1−/− mice display several 

B cell defects, including reduced numbers of transitional and 

marginal zone (MZ) B cells, enhanced Fo B cell turnover, 

and defects in Ig class switching (Sha et al., 1995; Snapper et 

al., 1996; Cariappa et al., 2000). This is in part the result of 

the distinct roles served by p50 and p105, both of which are 

absent in Nfκb1−/− mice. p105-NFκB1 regulates extracellu-

lar signal–regulated protein kinase (ERK) signaling through 

its interaction with the MEK1/2 kinase Tpl2 (Beinke et al., 

2003; Water�eld et al., 2003). In Nfκb1−/− mice, Tpl-2 is rap-

idly degraded, resulting in impaired ERK activity (Water-

�eld et al., 2003), which, in B cells, contributes to defects in 

TLR4-induced activation (Banerjee et al., 2008).

In this study, we report a critical role for p50-NFκB1 

in peripheral B cell homeostasis. Aging Nfκb1−/− mice were 

shown to develop lymphoproliferative and multiorgan auto-

immune disease. Using BM chimeric mice, we demonstrate 

that the absence of NFκB1 in Fo B cells elicits aberrant  

B cell proliferation and di�erentiation that culminates in the 

development of autoimmune pathologies. Fo B cells lacking 

NFκB1 spontaneously produce IL-6, which drives disease 

pathogenesis. Autocrine IL-6/IL-6R signaling was found 

to lower the BCR and TLR activation threshold in a pop-

ulation of proliferating IgMhi Nfκb1−/− Fo B cells, whereas 

the enhanced production of IL-6 acts in a paracrine manner 

to promote excessive TFH cell di�erentiation that results in 

the accumulation of GC B cells in Nfκb1−/− mice. Collec-

tively, our data reveal an essential negative regulatory role for 

NFκB1 in Fo B cells that prevents the spontaneous develop-

ment of autoimmune disease.

RES ULTS
Aging Nfκb1−/− mice develop 
multiorgan autoimmune pathology
Consistent with recent studies (Bernal et al., 2014; Jurk et al., 

2014), mice lacking Nfκb1 (Nfκb1−/−) housed in conventional 

or barrier air�ow conditions have a signi�cantly reduced lifes-

pan compared with WT mice on the same genetic (C57BL/6) 

background (median survival of Nfκb1−/− mice [587 d] vs. WT 

mice [860 d]). Despite a normal appearance up to 1 yr of age, 

Nfκb1−/− mice subsequently displayed cachexia that necessi-

tated euthanasia. At necropsy (453 ± 101 d), Nfκb1−/− mice 

exhibited multiorgan immune in�ltrates a�ecting the lungs, 

liver, salivary glands, pancreas, gastrointestinal tract, and kidney 

(not depicted). The kidneys from 53-wk-old Nfκb1−/− mice 

also showed a low incidence of glomerulonephritis, indicating 

that these mice developed autoimmune disease. To explore this 

further, we measured serum Ig levels and screened for auto- 

Abs. Basal IgM levels were elevated approximately threefold 

in 20-wk-old Nfκb1−/− mice compared with WT controls, 

whereas other Ig isotypes were signi�cantly reduced (IgG1, 

IgG2b, and IgG2c) or normal (IgA; Fig. 1 A). Reduced IgG2b 

levels are likely the result of impaired isotype switching, which 

requires NFκB1 (Snapper et al., 1996). Aged Nfκb1−/− mice 

also had auto-Abs to organs, including the stomach, lungs, pan-

creas, and salivary glands (Fig. 1 B). These data demonstrate that 

the reduced lifespan of Nfκb1−/− mice is associated with the 

development of multiorgan autoimmune disease.

Abnormally increased numbers of TFH and GC  
B cells in aged  Nfκb1−/− mice
The presence of auto-Abs prompted the examination of 

lymphoid cells in aging Nfκb1−/− mice. Like young Nfκb1−/− 

mice (6–10 wk), the B cell transition from T1 to T2 was im-

paired, and MZ B cell numbers were markedly reduced in 

40-wk-old Nfκb1−/− mice (Fig.  1  C). However, although 

young Nfκb1−/− mice contained normal numbers of naive 

Fo B cells, aged Nfκb1−/− mice developed splenomegaly, pri-

marily because of increased numbers of activated Fo B cells 

(Fig. 1, C and D). We extended our analysis to include GC  

B cells (B220+FAS+GL-7+), which gradually accumulate in 

the spleens of aging WT mice (Fig. 1 E). The number of GC 

B cells was signi�cantly reduced in young Nfκb1−/− mice but 

consistently higher in the older Nfκb1−/− mice (Fig.  1  E). 
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Figure 1. Aged Nfκb1−/− mice develop multiorgan autoimmune disease. (A) Serum Ig levels in 5-mo-old WT and Nfκb1−/− mice measured by ELI SA 

(n = 6 mice/genotype). (B) Mice with organ-speci�c auto-Abs (percentage incidence). Tissue cryosections from rag-1/J mice were stained with sera from 

aged or sick mice and detected by goat anti–mouse Ig-FITC (as shown in Fig 2 D). #, n = 5. (C–E) Flow cytometric analysis of splenic B cell subsets in WT and 

Nfκb1−/− mice (C). Absolute cell numbers of T1 (CD23−B220+CD21lo), T2 (CD23+B220+CD21hi), MZ (CD23−B220+CD21hi), and Fo (CD23+B220+CD21lo) B cells. 

(D) Cell surface markers in WT and Nfκb1−/− Fo B cells. (E) Absolute numbers of GC B cells (B220+FAS+GL7+). (F) H&E-stained splenic sections (top). Two-color 
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Regardless of age, Nfκb1−/− GC B cells expressed less mem-

brane-bound FAS and GL-7 (Fig. S1 A). To establish whether 

GC structures in the spleens of Nfκb1−/− mice were nor-

mal, we initially examined hematoxylin and eosin (H&E)–

stained sections. Although small GCs were observed in young 

WT mice, these were not detected in the Nfκb1−/− mice 

(Fig. 1 F). As reported recently (Jurk et al., 2014), there were 

large atypical GC-like structures in the spleens of the aged 

Nfκb1−/− mice. Staining with anti-B220 Ab and PNA lectin, 

a specialized GC marker, revealed that the spleens of both 

young and aging Nfκb1−/− mice were devoid of GC struc-

tures (Fig. 1 F). Thus, the phenotypic di�erences displayed by 

Nfκb1−/− GC B cells coincide with a failure to form bona 

�de GC structures in Nfκb1−/− mice.

Because excess numbers of TFH cells can increase the 

generation of GC B cells (Ueno et al., 2015), we examined 

TFH cell development in Nfκb1−/− mice. Based on the char-

acteristic TFH cell surface markers CXCR5, PD-1, and ICOS, 

young WT and Nfκb1−/− mice had comparably low numbers 

of TFH cells (Figs. 1 G and S1 B). However, compared with 

age-matched WT mice, an approximately threefold increase 

in TFH cell numbers was observed in old Nfκb1−/− mice 

(Fig. 1 G). Overall, these results are consistent with NFκB1 

curtailing the production of TFH and GC B cells.

Absence of NFκB1 in hematopoietic cells leads to aberrant 
lymphoproliferation and multiorgan autoimmune disease
To establish whether the aforementioned abnormalities are the 

result of a loss of NFκB1 within the stromal or hematopoi-

etic compartments, we used BM chimera mice. Engraftment 

of WT BM into lethally irradiated Nfκb1−/− hosts did not lead 

to multiorgan in�ammation or splenomegaly, and the distri-

bution of lymphoid cells was normal (Fig.  2, A and B; and 

Fig. 3 A). In marked contrast, irradiated ly5.1+ WT mice that 

received Nfκb1−/− BM presented with a phenotype resembling 

aged Nfκb1−/− mice but with a signi�cantly accelerated disease 

onset. These chimeras displayed abdominal swelling at 6–8 mo 

after reconstitution and, at autopsy, displayed splenomegaly and 

lymphadenopathy (Fig. 2 A). Histological analysis con�rmed 

the presence of multiorgan immune in�ltrates (Fig. 2 B, left), al-

though gastrointestinal pathology and glomerulonephritis were 

not detected. A�ected organs displayed a perivascular lymphoid 

in�ltrate (Fig. 2 B, left and top right), and tissue integrity was 

preserved in most organs, with the exception of exocrine ac-

inar cell destruction in the pancreas (Fig. 2 B, bottom right). 

The lymphoid in�ltrate in the pancreas was con�ned to exo-

crine tissue, and in severe cases, only islet cells were preserved 

(Fig. 2 B, bottom right). Overall, ∼98% (39/40) of hosts in-

jected with Nfκb1−/− BM displayed multiorgan in�ammation.

Mice engrafted with Nfκb1−/− BM also had an altered 

serum Ig pro�le (Fig. 2 C). IgM levels were signi�cantly ele-

vated, whereas IgG1 and IgG2c, which were markedly reduced 

in the aged Nfκb1−/− mice, were detected at high to nor-

mal levels. IgG2b levels, however, were signi�cantly reduced 

in both mouse models. The sera of these chimeric mice also 

contained auto-Abs to the liver, epithelial cells in the lungs, 

and, most commonly, the pancreas and salivary and lacrimal 

glands (Fig. 2 D, left and top right). In the pancreas, strong re-

activity was con�ned to the exocrine tissue (Fig. 2 D, bottom 

right). These mice also contained high levels of IgG antinu-

clear auto-Abs (ANAs) in their sera (Fig. 2 E). These �ndings 

show that the organs a�ected by a lymphoid in�ltrate are also 

the targets of organ-speci�c auto-Abs.

The splenomegaly in WT mice reconstituted with 

Nfκb1−/− BM was primarily attributed to an elevated number 

of mature B cells (Fig. 3 A). The altered distribution of pe-

ripheral B cell subsets resembled that seen in aged Nfκb1−/− 

mice, with a prominent increase in the numbers of Fo B cells, 

GC B cells, and TFH cells (Fig. 3, B–D; and Fig. S2, A–C). 

We also detected an expanded population of host-derived 

CD4+ T cells that contributed to the pool of TFH cells (not 

depicted). Examination of the Nfκb1−/− Fo B cells revealed 

heat-stable antigen expression was reduced (HSAlo) and ac-

tivation markers were acquired (CD80, CD86, CD40, and 

MHC II; Fig.  3 G). In marked contrast to our �ndings in 

Nfκb1−/− mice, the GC B cells in NFκB1 chimeras expressed 

normal levels of cell surface FAS and GL-7 and formed bona 

�de GCs in the spleen that were signi�cantly larger than the 

GCs observed in the control chimeras (Fig. 3, E and F; and 

Fig. S2 B). Collectively, our results demonstrate that NFκB1 

serves an essential role in the hematopoietic compartment to 

limit aberrant lymphoproliferation and prevent the develop-

ment of multiorgan autoimmune disease.

Disease development is caused by the loss of NFκB1 
function and not impaired ERK signaling
To determine whether the in�ammation in aging Nfκb1−/− 

mice and in WT mice reconstituted with Nfκb1−/− BM was 

the result of impaired Tpl-2–regulated ERK activity or the loss 

of p50-dependent gene expression, irradiated ly5.1+ WT mice 

were reconstituted with Map3k8−/− BM. At the time when dis-

ease was observed in WT mice transplanted with Nfκb1−/− BM, 

we found no evidence of lymphoproliferative or autoimmune 

disease in chimeras with a Tpl-2–de�cient hematopoietic 

system (Fig. 3, G–I). Therefore, the development of lymph-

oproliferative and multiorgan autoimmune disease in aging 

Nfκb1−/− mice and WT hosts reconstituted with Nfκb1−/− BM 

is the result of the loss of p105/p50, not impaired ERK activity.

immuno�uorescence staining with anti-B220 (B cells; green) and PNA lectin (GC cells; red). Images show individual and composite stains. Arrows indicate 

bona �de GCs; an atypical GC area (square bracket) is shown in the Nfκb1−/− spleen (>12 mo = 455 ± 68 d). (G) Absolute numbers of TFH cells (CD4+PD-1+ 

CXCR5+). Data in C–G are representative of at least two independent experiments (n = 3–5 mice/genotype). All graphs are shown as the mean ± SEM, and 

statistical signi�cance was determined using unpaired Student's t tests. *, P ≤ 0.05, **, P < 0.001. ns, not signi�cant. Bars, 100 µm.

http://www.jem.org/cgi/content/full/jem.20151182/DC1
http://www.jem.org/cgi/content/full/jem.20151182/DC1
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Figure 2. Selective loss of NFκB1 in hematopoietic cells causes multiorgan autoimmunity. (A–E) Lethally irradiated ly5.1+ WT and Nfκb1−/− (ly5.2+) hosts 

were reconstituted with Nfκb1−/− (ly5.2+) or ly5.1+ WT BM cells, respectively. As controls, ly5.1+ WT hosts were reconstituted with WT (ly5.2+) BM. Chimeras were 

analyzed 7 mo after engraftment. (A) Splenomegaly in hosts reconstituted with Nfκb1−/− BM; w, white pulp; r, red pulp. (B) Left: H&E-stained tissue sections 

(bars = 200 µm). Top right: Mononuclear cell in�ltrate in the pancreas (scale = 50 µm). Bottom right: Cell in�ltrate (arrow) and acinar cell destruction in the pan-

creas (top-to-bottom bars = 50, 100 and 200 µm); v, venule; h, hepatocyte; b, bronci; a, acinar cells; i, islet. (C–E) Screening of sera from BM-reconstituted mice. 

(C) Serum Ig titers (mean ± SEM); each symbol represents one mouse. (D) Left: Detection of auto-Abs by indirect immuno�uorescence as described in Fig. 1 B; 

green: positive staining, blue: DAPI nuclear counterstain. Images are representative of six mice per group. Top right: Summary of auto-Abs to speci�ed organs: 
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NFκB1-de�cient Fo B cells display increased in�ammatory 
and autoimmune transcripts
To determine the mechanisms underlying the increased 

activation of Nfκb1−/− Fo B cells, mRNA expression pro-

�ling was performed on Fo B cells from young WT and 

Nfκb1−/− mice. Of the 84 genes examined that were as-

sociated with in�ammation and autoimmunity, 21 were 

di�erentially expressed (>1.5-fold) in Nfκb1−/− Fo B cells 

compared with WT counterparts (Fig.  4  A). Prominent 

changes in mRNA expression were detected for C4b (4.6-

fold increase), Cxcl9 (4.18-fold increase), Ptgs2 (3.87-fold 

decrease), Bcl-6 (2.6-fold increase), and Il-6 (3.36-fold in-

crease). Importantly, this indicates that the Fo B cells have 

a pattern of gene expression that is consistent with the de-

fects seen in the Nfκb1−/− mice.

Deregulated production of IL-6 is driven by the 
loss of NFκB1 in Fo B cells
Aging Nfκb1−/− mice contain elevated serum levels of 

proin�ammatory cytokines, including TNF and IL-6 (Jurk 

et al., 2014). Interestingly, an increase in the serum levels of 

IL-6, but not IL-1α or TNF, coincided with disease onset 

at 4 mo in Nfκb1−/− BM chimeras, whereas both IL-1 and 

IL-6 were signi�cantly elevated at the later stage of disease 

pathogenesis (Fig. 4 B).

To determine whether high Il-6 transcript levels of 

Nfκb1−/− Fo B cells coincide with elevated IL-6 production 

by these cells, splenic sections from aged BM-reconstituted 

mice were subjected to immuno�uorescence staining with 

anti–IL-6 Abs. Although low levels of IL-6 staining were 

seen in control spleens, extensive staining was detected in 

the spleens of Nfκb1−/− BM chimeras (Fig. 4 C). Two-color 

staining using anti–IL-6 and anti-B220 Abs revealed that IL-6 

expression was con�ned to the B cell follicles within a sub-

population of B cells that resided in close proximity to GC 

B cells (Fig. 4 C). IL-6 was also observed in the spleens of 

Nfκb1−/− mice, with strong focal staining detected in the 

aging Nfκb1−/− mice (Fig. 5 A). Almost all IL-6 staining co-

localized with IgM but not with IgG1 or IgD (Fig.  5  A). 

Prominent staining for CD80 and CD86 was only observed 

in the aged Nfκb1−/− mice (Fig. 5 A), but this did not co-

localize with the majority of IL-6–expressing cells, which 

were primarily positive for Ki67 in both young and aging 

Nfκb1−/− mice (Fig. 5 A). These results suggest that a pop-

ulation of peripheral IgM+Ki67+Nfκb1−/− B cells secrete 

abnormally high amounts of IL-6, a conclusion con�rmed 

by the increased numbers of IL-6–producing Nfκb1−/−  

B cells detected by intracellular staining and �ow cytomet-

ric analysis (Fig. 5 B).

Despite these �ndings, it was unclear whether exces-

sive IL-6 production by Nfκb1−/− B cells was an indirect 

consequence of the in�ammatory milieu. We addressed this 

by examining naive Fo B cells in 6-wk-old Nfκb1−/− mice 

before disease. When cultured without stimuli, Nfκb1−/− 

Fo B cells produced signi�cantly more IL-6 than their WT 

counterparts (Fig. 5 C). Collectively, these �ndings suggest 

that the excessive IL-6 production is linked to an absence of 

NFκB1 in B cells and that IL-6 is a major mediator of chronic 

disease in Nfκb1−/− mice.

Spontaneous GC formation and enhanced IL-6 production is 
caused by the loss of NFκB1 in B cells
To address whether the altered function of Fo B cells was 

the result of an intrinsic loss of NFκB1, mixed BM (mBM) 

chimeric mice were established by engrafting lethally irra-

diated ly5.1+ WT hosts with an equal mix (1:1) of ly5.1+ 

WT and ly5.2+ Nfκb1−/− BM or control (WT; ly5.1+ and 

ly5.2+) BM. When exposed to the same hematopoietic en-

vironment, only Nfκb1−/− Fo B cells displayed an activated 

phenotype (CD80hiCD86hiCD40hi) and increased cell di-

vision (Fig.  6, A and B; and not depicted). Bcl-6, which 

serves as a master transcriptional regulator of GC B cells 

(Basso and Dalla-Favera, 2012), although expressed at low 

levels in WT and Nfκb1−/− transitional B cells, was ele-

vated in Nfκb1−/− Fo B cells (Fig.  6  C), suggesting that 

these cells are committed to GC B cell di�erentiation. 

Consistent with this notion, the Nfκb1−/− but not WT 

GC B cell population was expanded, and the number of 

IgG1
+ Nfκb1−/− B cells signi�cantly increased (Fig.  6, A 

and B). Bcl-6 expression was elevated in Nfκb1−/− Fo but 

not GC B cells, with intracellular IL-6 staining con�rming 

that only Nfκb1−/− Fo B cells produce excessive amounts 

of IL-6 (Fig. 6, D and F). Together, these data indicate that 

NFκB1 plays an essential intrinsic role in mature Fo B 

cells to prevent the uncontrolled production of IL-6 and 

the spontaneous generation of GC B cells.

To determine the contribution of CD4+ T cells to 

Nfκb1−/− GC B cell di�erentiation, WT and Nfκb1−/− TFH 

cells were examined in mBM-reconstituted mice. Although 

a small population of mature TFH cells was detected in con-

trol mBM chimeras, a threefold increase in TFH cells of both 

genotypes was observed in mutant mBM chimeras (Fig. 6 E). 

This indicates that cell-extrinsic signals promote enhanced 

TFH cell di�erentiation in Nfκb1−/− mice.

positive (+), negative (−), and trace staining (+/−). Bottom right: Enlarged image of the pancreas from the left side shows auto-Ab reactivity primarily against 

the exocrine but not endocrine tissue. Dashed line delineates the border between the acinar and islet cells. Bars, 75 µm. (E) Serum ANA levels (mean ± SEM)  

measured by ELI SA. Each symbol represents one mouse. Statistical signi�cance in C and E was determined by independent samples Student's t tests. *, P < 0.05; 

**, P < 0.001. ns, not signi�cant. In A and B, results are representative of n = 7 (WT→WT and Nfκb1−/−→WT) or n = 3 (WT→Nfκb1−/−) mice. Data in A–E are 

derived from more than two independent experiments.
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Figure 3. Absence of NFκB1 in hematopoietic cells alters peripheral B cell homeostasis. BM chimera mice were established as described in Fig 2. 

Spleens were harvested from control (WT→WT) and mutant (WT→Nfκb1−/−, Nfκb1−/−→WT, and Map3k8−/−→WT) BM-reconstituted mice 7–10 mo after 

transplantation. (A–D) Flow cytometric analysis of T and B cell subsets in the spleens of BM chimeric mice. (A) Lymphoid cell numbers (three to seven mice 

per group from two independent experiments). (B) Absolute numbers of B cell subsets (see gating strategy in Fig. S2). (C and D) GC B (B220+FAS+GL7+; C) and 

TFH (CD4+CXCR5+ICOS+PD-1+; D) cell numbers. (E) Spleen cryosections stained with anti-B220 (B cells; green) and PNA lectin (GC; red). Arrows indicate GC 

areas. (F) FAS expression (mean �uorescence intensity [MFI]) examined by �ow cytometry on GC B cells from 10-mo-old mice or BM chimera mice. (G) Cell 

surface markers examined by �ow cytometry on Fo B cells. Results from B–G are derived from at least three independent experiments (n = 6 mice/group). 

http://www.jem.org/cgi/content/full/jem.20151182/DC1
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In vivo neutralization of IL-6 reduces GC B and 
TFH cell differentiation
Our �ndings were consistent with a model whereby IL-6–

secreting Nfκb1−/− Fo B cells facilitate increased TFH cell 

di�erentiation. To test this hypothesis, mBM chimeric mice 

were treated with neutralizing anti–IL-6 Abs or control Ig 

isotype–matched Abs. After 6 wk of biweekly injections, only 

mBM chimeric mice injected with anti–IL-6 Abs displayed 

several notable changes in both the B and T cell compartment 

(Fig. 7). The distribution of Nfκb1−/− transitional and MZ B 

cells was not a�ected by IL-6 neutralization, but Nfκb1−/− Fo 

and GC B cell numbers were signi�cantly reduced (Fig. 7, 

A–C; and Fig. S3 A), in particular the number of proliferating 

Nfκb1−/− Fo B cells (Fig. 7 B). Both WT and Nfκb1−/− TFH 

cell numbers were also reduced to near-normal levels by anti–

IL-6 Ab treatment (Figs. 7 D and S3 A), and tissue-speci�c 

serum auto-Ab levels were lower (Fig. 7, G and H). These re-

sults demonstrate that deregulated IL-6 production is respon-

sible for the abnormal increase in Fo B cells and the excessive 

di�erentiation of GC B and TFH cells in mice lacking NFκB1.

IL-6 can signal via the classical pathway or by engaging 

a trans-signaling pathway where soluble IL-6/IL-6R com-

plexes associate with gp130 on target cells (Rose-John, 2012). 

To determine which pathway IL-6 uses to drive the B cell 

abnormalities in Nfκb1−/− mice, mBM chimeras were treated 

with a soluble form of gp130 (sgp130Fc) that only inhibits 

IL-6 trans-signaling (Schuett et al., 2012). In marked contrast 

to the application of anti–IL-6 Abs, which block both IL-6 

signaling pathways, treatment with sgp130Fc did not inhibit 

the excessive di�erentiation of TFH or GC B cells caused by 

the absence of NFκB1 (Fig. 7, E and F; and Fig. S3 B). In 

fact, WT TFH cell di�erentiation was signi�cantly enhanced, 

which could re�ect the change in IL-6 levels that regulate the 

balance of speci�c T cell subsets (Rose-John, 2012). These 

�ndings establish that classical IL-6 signaling promotes Fo  

B cell accumulation and enhanced GC B and TFH cell di�er-

entiation in Nfκb1−/− mice.

Absence of NFκB1 mediates the aberrant 
activation of Fo B cells
To determine how the increased secretion of IL-6 a�ects the 

function of Nfκb1−/− Fo B cells, WT and Nfκb1−/− Fo B cells 

were isolated from young mice and stimulated with graded 

concentrations of antigen receptor agonists. As a measure of 

early activation, we examined calcium mobilization. After BCR 

cross-linking, early B cell signaling was found to be enhanced 

in Nfκb1−/− Fo B cells, with a sharp increase in intracellular 

calcium �ux [Ca2+]i (Fig. 8, A and B). Di�erences in [Ca2+]i  

levels between WT and Nfκb1−/− Fo B cells were greatest at 

suboptimal concentrations (2, 5, and 10 µg/ml) of anti–IgM 

F(ab′)2 Ab fragments, with [Ca2+]i levels in WT Fo B cells being 

undetectable (2 µg/ml) or low (5 and 10 µg/ml). At optimal 

concentrations (20 µg/ml) of anti–IgM F(ab′)2 Ab fragments, 

[Ca2+]i levels were comparable between WT and Nfκb1−/− Fo 

B cells. Interestingly, enhanced [Ca2+]i levels were primarily as-

sociated with IgMhi Nfκb1−/− Fo B cells, which includes the 

IL-6–secreting Nfκb1−/− B cells, whereas IgMloNfκb1−/− Fo B 

cells responded like their WT counterparts (Fig. 8 B).

To establish whether IL-6 exposure alone is su�cient 

for the increased antigen responsiveness of IgMhi Nfκb1−/− 

Fo B cells, we examined ly5.1+ WT and Nfκb1−/− splenic 

B cells from mBM-reconstituted mice using low concentra-

tions of anti–IgM F(ab′)2 (Fig. 8 C). The [Ca2+]i levels were 

signi�cantly higher in the Nfκb1−/− but not WT Fo B cells 

(Fig. 8 C), which resembled our �ndings in Nfκb1−/− mice. 

Therefore, exposure to increased IL-6 levels in vivo is in-

su�cient for enhancing the stimulatory response of WT B 

cells. Instead, our �ndings suggest that autocrine IL-6 sig-

naling allows Nfκb1−/− Fo B cells to be activated by low 

levels of BCR stimulation.

Next, proliferation was assessed using CFSE-stained 

WT and Nfκb1−/− Fo B cells. No proliferation of Fo B cells of 

either genotype was detected in the absence of BCR ligation 

(Fig. 8 D). However, the proliferation of Nfκb1−/− Fo B cells 

was markedly higher in response to BCR cross-linking with 

suboptimal concentrations of anti–IgM F(ab′)2 applied alone 

or combined with CD40 stimulation or in response to sub-

optimal concentrations of CpG (Fig. 8, D and E). In contrast, 

WT and Nfκb1−/− Fo B cell proliferation was comparable at 

optimal concentrations of these B cell agonists. Overall, WT 

and Nfκb1−/− Fo B cells showed similar proliferation kinetics, 

but a greater proportion of proliferating Nfκb1−/− Fo B cells 

was detected at suboptimal mitogen concentrations. Our �nd-

ings indicate that NFκB1 prevents Fo B cells from responding 

to low levels of signaling through the BCR or TLR9.

Increased autocrine IL-6/IL-6R signaling enhances the 
proliferation of Nfκb1−/− Fo B cells
To determine whether the enhanced sensitivity of Nfκb1−/− 

Fo B cells to stimulation was the result of autocrine or 

paracrine IL-6/IL-6R signaling, co-cultures of WT and 

Nfκb1−/− Fo B cells were subjected to BCR cross-linking in 

the presence of neutralizing anti–IL-6 or Ig isotype–matched 

control Abs. The control Ab did not a�ect the calcium mobi-

lization or proliferation of Nfκb1−/− Fo B cells, but blocking 

IL-6 reduced the [Ca2+]i response and restored proliferation 

and cell numbers to normal levels (Fig. 9, A–D; and Fig. S4). 

IL-6 neutralization had no impact on the [Ca2+]i levels or 

proliferation of WT Fo B cells (Fig. 9, A–D). Under similar 

conditions, the addition of exogenous IL-6 to B cell cultures 

(H) H&E-stained tissue sections from control and Tpl-2–de�cient chimera mice. (I) Absolute cell numbers of splenic lymphoid cells. (J) Flow cytometric anal-

ysis of Fo B cells. In H–J, results are from two independent experiments; four to �ve mice per group. Graphs are shown as the mean ± SEM, and statistical 

signi�cance was determined using unpaired Student's t tests. *, P < 0.05; **, P < 0.001. Bars: (E) 50 µm; (H) 200 µm.

http://www.jem.org/cgi/content/full/jem.20151182/DC1
http://www.jem.org/cgi/content/full/jem.20151182/DC1
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revealed that WT Fo B cells now displayed enhanced calcium 

mobilization, proliferation, and increased cell numbers that 

resembled Nfκb1−/− Fo B cells (Fig. 9, A–D). This demon-

strates that paracrine IL-6 signaling is su�cient to increase 

the activation and proliferation of both WT and Nfκb1−/− Fo 

B cells, whereas autocrine IL-6/IL-6R signaling drives the 

enhanced activation and proliferation of Nfκb1−/− Fo B cells.

p50-NFκB1 is a direct negative regulator of IL-6 gene 
expression in Fo B cells
The aberrant production of IL-6 by Nfκb1−/− Fo B cells 

raised the question of whether p50-NFκB1 directly regulates 

the Il-6 gene in Fo B cells. Using imaging �ow cytometry, 

we examined the intracellular localization of p50-NFκB1 and 

its major dimer partner, RELA (Fig. 10 A). p50-NFκB1 was 

almost exclusively in the nuclei of WT Fo B cells, whereas 

the majority of RELA was cytoplasmic (Fig. 10, A and B). 

In contrast, there was signi�cant colocalization of RELA 

with the nuclear dye in Nfκb1−/− Fo B cells (Fig. 10, A and 

B), indicating that the absence of p50-NFκB1 increases 

RELA nuclear localization.

Using the TRA NSF AC database, four consensus 

κB-binding sites predicted to bind p50-NFκB1 with high 

probability were identi�ed in the Il-6 locus (Fig. 10 C). Chro-

matin immunoprecipitation (ChIP) was used to validate these 

putative p50-NFκB1–binding sites. In WT Fo B cells, p50-

NFκB1 bound to all four sites, whereas no or only minimal 

RELA binding was detected (Fig. 10 D). Interestingly, with 

the exception of region 2, RELA binding to each κB site was 

signi�cantly higher in Nfκb1−/− Fo B cells (Fig. 10 D). These 

Figure 4. Loss of NFκB1 in B cells is linked 
with deregulated IL-6 production. (A) Relative 

mRNA expression of 84 genes associated with 

in�ammation and autoimmunity was analyzed 

in Fo B cells from the LNs of 6–8-wk-old WT 

and Nfκb1−/− mice. Genes in red denote statisti-

cal signi�cance (P < 0.05). Data are derived from 

three independent experiments, each with pooled 

samples from four mice per genotype (n = 12). (B) 

Serum cytokine levels in BM-reconstituted mice at 

the indicated time points (each symbol represents 

one mouse; two or three independent experi-

ments). P-values as indicated were determined by 

unpaired Student's t test. (C) Spleen cryosections 

were stained with anti-B220 (B cells; red) or PNA 

lectin (GG; red) combined with anti–IL-6 (green). 

Colocalization is shown in yellow (n = 4 mice/

group; three independent experiments). Bar, 50 

µm.
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results demonstrate that the negative regulation of Il-6 by p50-

NFκB1 in Fo B cells coincides with RELA being excluded 

from binding these κB elements in the Il-6 locus.

DIS CUS SION
Herein, we identify a novel role for NFκB1 in preventing the 

development of lymphoproliferative and multiorgan autoim-

mune disease. The absence of NFκB1 promotes the aberrant ex-

pansion of Fo B cells that leads to enhanced TFH and GC B cell 

di�erentiation. In aged NFκB1-de�cient mice, this culminates 

in autoimmune pathology that includes hyper–γ-globulinemia, 

tissue-speci�c auto-Abs, and multiorgan immune cell in�l-

trates. Disease pathology was largely attributed to the excessive 

production of IL-6 by a population of IgM+Ki67+ Nfκb1−/− 

Figure 5. Increased IL-6 production by a popula-
tion of IgM+Ki67+Nfκb1−/− Fo B cells. (A) Splenic 

cryosections from WT and Nfκb1−/− mice were subjected 

to single anti–IL-6 Ab staining (green) and in combina-

tion with a panel of Abs (red). Colocalization (yellow) 

was detected by merging the images and shown (inset) 

for a representative area. (B and C) Cytokine analy-

sis in the spleens of young WT and Nfκb1−/− mice.  

(B) Percentage of IL-6–producing cells as determined 

by intracellular staining and �ow cytometric analysis.  

(C) Secreted cytokines measured by a cytokine bead 

array in the supernatant of Fo B cell cultures at 72 h. 

Data are presented as the mean ± SEM. In A–C, n ≥ 3  

mice/genotype (tested in two to four independent 

experiments). Statistical signi�cance was deter-

mined using independent samples Student's t tests. 

*, P < 0.05. Bar, 100 µm.
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Figure 6. Enhanced B cell differentiation is the result of the cell-intrinsic loss of NFκB1. (A–F) mBM chimera mice were generated by mixing ly5.1+ 

WT BM cells with Nfκb1−/− or WT (both ly5.2+) BM cells (1:1 ratio) and transferred into lethally irradiated ly5.1+ WT hosts. After 16 wk, spleens were isolated 

and processed for �ow cytometry analysis. Splenocytes were de�ned on the basis of ly5.2 expression. (A) Ki67 expression in Fo B cells (B220+CD21intIgMlo); 

dot plots show GL7 versus Bcl6 staining gated on B220+ cells (GCs; GL7+Bcl6+) and IgG1 staining versus FSC gated on Fo B cells (IgG1+ B cells). The numbers 
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Fo B cells, with IL-6 acting in an autocrine/paracrine manner 

to alter the function and homeostasis of Nfκb1−/− Fo B cells 

and promote the excessive di�erentiation of Nfκb1−/− TFH and 

GC B cells. Our �ndings show that NFκB1 is a negative reg-

ulator of Il-6 transcription in Fo B cells that prevents RELA- 

dependent Il-6 transcription. Collectively, this establishes that 

NFκB1 maintains the homeostasis of mature Fo B cells and 

prevents the development of autoimmune disease, in part by 

suppressing Il-6 transcription.

Consistent with other studies (Oakley et al., 2005; Ber-

nal et al., 2014; Jurk et al., 2014), we show that Nfκb1−/− mice 

develop a chronic in�ammatory condition. Our observations 

indicate that the premature death of Nfκb1−/− mice is associ-

ated with the development of multiorgan autoimmune disease 

involving auto-Abs targeting various tissues. Using BM- 

reconstituted mice, we established that the absence of NFκB1 

within hematopoietic cells was su�cient to induce autoim-

mune disease. The abnormalities observed in the Nfκb1−/− 

chimeras resembled those seen in the aged Nfκb1−/− mice, 

but glomerulonephritis and gastrointestinal pathology were 

not seen in BM-reconstituted mice. The inability of Nfκb1−/− 

hematopoietic cells to recapitulate all aspects of disease seen 

in Nfκb1−/− mice indicates that a loss of NFκB1 in nonhe-

matopoietic cells is necessary but insu�cient to induce cer-

tain pathologies. This interpretation is consistent with the 

role for NFκB1 in regulating in�ammatory cytokine produc-

tion by gastric and intestinal epithelial cells (Erdman et al., 

2001; Burkitt et al., 2013).

Autoimmune pathology in aged NFκB1-de�cient mice 

was accompanied by progressive changes in the peripheral  

B cell compartment. Aging Nfκb1−/− mice accumulate a pop-

ulation of IL-6–secreting Fo B cells that promote autoimmune 

disease, splenomegaly, and lymphoid in�ltrates in various or-

gans. It remains unclear how this population of IL-6–producing  

B cells arises in the periphery of young Nfκb1−/− mice. With 

roles ascribed to NFκB1 in transitional B cell survival (Snap-

per et al., 1996) and the consequent impaired transition of 

Nfκb1−/− B cells from the T1 to T2 stage, this could lead to 

a breakdown of B cell tolerance, resulting in the generation 

of mature B cells with an autoreactive-biased BCR reper-

toire. In the aging and BM chimeric Nfκb1−/− mice, disease 

also tracks with a population of activated splenic Fo B cells 

with the vast majority of IL-6–secreting Nfκb1−/− B cells re-

siding in close proximity. Although it remains unclear how 

the activated B cells contribute to the disease phenotype of 

the Nfκb1−/− mice, our evidence suggests that increased IL-6 

levels promote the generation of activated Nfκb1−/− B cells, 

which contributes to enhanced GC B cell di�erentiation. In 

mBM-reconstituted mice, only the NFκB1-de�cient B cell 

compartment contributed to the expanded population of Fo 

B cells, which is consistent with a critical B cell–intrinsic role 

for NFκB1 (Sha et al., 1995; Snapper et al., 1996). The �nd-

ing that Bcl-6 expression is abnormally elevated suggests that 

Nfκb1−/− Fo B cells have a propensity to become activated 

and form GC B cells. This coincides with Nfκb1−/− Fo B 

cells alone contributing to the increased GC B cells numbers 

in the mBM chimeric mice. Collectively, this shows that an 

absence of NFκB1 has a signi�cant cell-intrinsic impact on 

the Fo B cell population.

Although NFκB activity is very low or undetectable in 

most human GC B cells, a subset of centrocytes expresses 

nuclear RELA, c-REL, and p50-NFκB1 (Basso et al., 2004; 

Victora et al., 2010). In the absence of NFκB1, GC B cells 

expressed reduced levels of cell surface FAS and GL-7, with 

transient GC formation severely disrupted in both young 

and aged Nfκb1−/− mice. This failure to form bona �de GC 

structures in the Nfκb1−/− mice is likely to account for the 

signi�cantly reduced serum IgG1 levels. A clue to understand-

ing these �ndings came from the BM chimera models, where 

the expansion of host-derived T cells in the complete BM 

chimeras or of WT T cells in the mBM chimeras resulted 

in the accumulation of Nfκb1−/− GC B cells with a normal 

phenotype and the formation of bona �de GC structures. Al-

though excessive numbers of TFH cells are intimately associ-

ated with Nfκb1−/− GC B cell di�erentiation, the presence of 

WT TFH cells in the Nfκb1−/− BM-reconstituted mice coin-

cided with the increased levels of serum IgG1 and ANAs. We 

propose that WT TFH cells accelerate disease development in 

the BM chimeric mice by facilitating Fo B cell di�erentiation 

and GC formation. Overall, these results implicate TFH cells 

in the spontaneous formation of GC B cells and the auto-

immune phenotype observed in aging Nfκb1−/− mice. These 

data also raise doubts about the functional competency of TFH 

cells in Nfκb1−/− mice.

We have previously shown that the Nfκb1−/− mice im-

munized with NP-KLH displayed a markedly reduced anti–

NP-KLH (IgG1) response (Pohl et al., 2002). The size and 

frequency of GCs was signi�cantly reduced in the spleens, but 

clearly demarcated GCs were formed in the absence of NFκB1. 

Similarly, the IgG1 response was diminished in immunized 

c-rel−/− mice, with small irregular GCs detected. However, 

immunized Nfκb1−/−c-rel−/− mice were completely devoid 

of GCs, indicating that both c-REL and NFκB1 play critical 

nonredundant roles in GC formation in response to T cell– 

dependent antigens. Studying the role of NFκB1 in GC B 

cells is currently restricted by the absence of a conditionally 

represent percentages. (B) Absolute cell numbers of Ki67+ Fo B cells, GC B cells, and IgG1+ B cells. (C) Expression of Bcl-6 in B cell subsets derived from WT 

or Nfκb1−/− BM cells in mBM chimeric mice. (D) Bcl-6 expression (mean �uorescence intensity [MFI]) in Fo and GC B cells. (E) Absolute numbers of WT and 

Nfκb1−/− TFH cells (CD4+CXCR5+PD-1+). (F) Intracellular IL-6 expression in Fo B cells from mBM chimera mice. Results were derived from two independent 

cohorts of reconstituted mice (n = 6/group). Statistical signi�cance was determined using independent or paired samples Student's t tests as appropriate. 

*, P < 0.05; **, P < 0.001. ns, not signi�cant.
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Figure 7. In vivo neutralization of IL-6 inhibits TFH and GC B cell differentiation. mBM-reconstituted mice were established as described in Fig. 6. 8 

wk after engraftment, control (ly5.1+ WT and ly5.2+ WT) and mutant (ly5.1+ WT and ly5.2+Nfκb1−/−) mBM chimeras were injected twice per week with anti–

IL-6 or an isotype control Ab (both at 10 mg/kg). After 6 wk of treatment, chimeras were euthanized and their spleens were harvested for �ow cytometric 

analysis. (A) Absolute numbers of peripheral B cell subsets from hosts engrafted with WT and Nfκb1−/− BM cells. (B) Ki67 expression in WT and Nfκb1−/− Fo 

B cells from mutant mBM chimera mice. Graph shows the percentage of Ki67+ Fo B cells. (C and D) Absolute numbers of GC B cells (C) and TFH cells (D; see 
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targeted mouse, although the conditional deletion of c-Rel 
and Rela in GC B cells revealed that c-REL was required to 

maintain GC populations, whereas RELA promoted Blimp-1– 

mediated plasma cell development (Heise et al., 2014).

A recent study using Nfκb1SSAA mice that express a 

mutant form of p105 resistant to IKK-induced proteolysis 

showed that NFκB1 was required for BCR-induced di�er-

entiation of GC B cells and plasma cells (Jacque et al., 2014). 

Although this mutation had no impact on Fo B cell homeo-

stasis, the IgM and IgG1 responses to T cell–dependent an-

tigens was impaired, and the spleens lacked GC structures. 

Similar to our study, the B cell defects were attributed to 

impaired NFκB1 activity and not Tpl-2–dependent ERK 

signaling. However, unlike Nfκb1−/− mice, which lack both 

p105 and p50, Nfκb1SSAA mice retain p105. Given that p105 

functions as an IκB for RELA and c-REL (Savinova et al., 

2009), it is conceivable that the loss of p105 in the Nfκb1−/− 

mice leads to enhanced RELA and c-REL activity in B cells 

that promote chronic disease pathogenesis.

Our �ndings revealed that in the absence of NFκB1, 

the BCR and TLR9 activation threshold is reduced and 

is consistent with NFκB1 being required to limit Fo B 

cell activation (Shokhirev and Ho�mann, 2013), most no-

tably in a population of proliferating IgMhi Nfκb1−/− Fo 

B cells that produce IL-6. Because Fo B cells were the 

major source of IL-6 produced in Nfκb1−/− mice, we tested 

whether autocrine/paracrine IL-6/IL-6R signaling in�u-

ences the antigen responsiveness of not only Nfκb1−/− but 

also WT Fo B cells. Indeed, IL-6 neutralization reduced the 

increased calcium �ux and proliferative response to low-

level BCR ligation of Nfκb1−/− Fo B cells to near-WT 

levels. However, WT Fo B cell activation was not enhanced 

by exposure to IL-6 produced by Nfκb1−/− Fo B cells in the 

mBM chimeras or co-culture assays. When cultured in the 

presence of exogenous IL-6, this led to the enhanced acti-

vation and proliferation of WT Fo B cells to an extent that 

resembled Nfκb1−/− Fo B cells. These �ndings indicate that 

autocrine/paracrine IL-6/IL-6R signaling can enhance the 

activation of Nfκb1−/− as well as WT Fo B cells, but unique 

properties in Nfκb1−/− Fo B cells might increase the sen-

sitivity of these cells to IL-6 signaling. Although B cells 

from young Nfκb1−/− mice expressed normal levels of cell 

surface IL-6R (not depicted), increased IL-6R signaling re-

mains a possibility after BCR ligation.

Elevated IL-6 levels can promote severe immunopa-

thology; this is exempli�ed by Castleman’s disease in humans 

(Hunter and Jones, 2015). We found that a loss of NFκB1 

activity in B cells was su�cient to cause increased systemic 

levels of IL-6, although it is possible that other cell types con-

tribute to the increased IL-6 levels, particularly at the late 

stage of pathogenesis in the aging Nfκb1−/− mice. IL-6 and 

IL-21 appear to cooperatively promote TFH and GC B cell 

di�erentiation (Karnowski et al., 2012), but an absolute re-

quirement for IL-6 in TFH and GC development remains 

controversial (Kopf et al., 1998; Nurieva et al., 2008; Poholek 

et al., 2010). Our �nding that blocking IL-6 signaling in 

mBM-reconstituted mice signi�cantly reduces aberrant TFH 

and GC B cell di�erentiation supports a critical role for IL-6 

in promoting TFH and GC B cell di�erentiation, particularly 

in the absence of NFκB1. Collectively, our �ndings indicate 

that NFκB1 negatively regulates classical IL-6/IL-6R signal-

ing during TFH and GC B cell development.

The Il-6 gene is a direct NFκB target in hematopoietic 

cells (Libermann and Baltimore, 1990; Matsusaka et al., 1993), 

yet its detailed cell type and context-speci�c regulation, in-

cluding in B lineage cells, remains unclear. After exposure to 

LPS, IL-6 synthesis appears to �rst depend on RELA then 

later on c-REL (Alves et al., 2014). Our �ndings highlight a 

previously unrecognized role for p50-NFκB1 in the negative 

regulation of Il-6 expression. In naive WT Fo B cells, most 

p50-NFκB1, but not RELA, was found in the nucleus, with 

p50-NFκB1 bound to multiple κB motifs in the Il-6 pro-

moter. The loss of NFκB1 in Fo B cells markedly enhanced 

the nuclear localization of RELA and increased RELA bind-

ing to the κB motifs, which even in the absence of stimu-

lation coincided with the enhanced production of IL-6 in 

Nfκb1−/− Fo B cells. Our data support a model in which p50-

NFκB1 homodimers repress Il-6 transcription in mature Fo 

B cells, which is consistent with p50-NFκB1 homodimers 

and histone deactylase 1 being constitutively bound to the 

Il-6 promoter in certain cell lines (Zhong et al., 2002; Wilson 

et al., 2015). However, it remains to be determined whether 

p105-NFκB1 serves a role in repressing Il-6 expression in Fo 

B cells by acting as an IκB-like protein.

In summary, we have examined the roles of NFκB1 in 

Fo B cell homeostasis and function and found that the loss 

of NFκB1 leads to the development of aberrant lymphop-

roliferation and multiorgan autoimmunity in mice. Disease 

manifestation was primarily the result of NFκB1-de�cient Fo 

B cells producing excessive amounts of IL-6 which, through 

autocrine/paracrine signaling, resulted in the enhanced dif-

ferentiation of GC B and TFH cells. We also established that 

gating strategy in Fig. S3). Ly5.1+ (white bars) and ly5.2+ (black bars) splenocytes were de�ned and genotypes shown for each treatment group (x axis).  

(E and F) At 8 wk, mBM-reconstituted mice were injected twice weekly with 0.5 mg/kg sgp130Fc or vehicle (PBS). Spleens were harvested and analyzed by 

�ow cytometry after 6 wk of treatment. As described in C and D, absolute numbers of GC B cells (E) and TFH cells (F) are shown for each genotype. All data 

in A–F are shown as the mean ± SEM derived from two independent experiments (n = 4–8 mice/genotype). Statistical signi�cance was determined using 

independent or paired samples Student's t tests. *, P < 0.05; **, P < 0.001; ***, P < 0.0001. ns, not signi�cant. (G and H) Tissue cryosections from rag-1/J mice 

were subjected to sera from anti–IL-6 or isotype-treated mBM chimera mice, and auto-Abs were detected with FITC goat anti–mouse Ig. (G) Representative 

images of tissue staining. Bar, 100 μm. (H) Incidence of organ speci�c auto-Abs, derived from two independent experiments.

http://www.jem.org/cgi/content/full/jem.20151182/DC1
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Figure 8. NFκB1-de�cient Fo B cells show increased activation and proliferation in response to BCR and TL9 stimulation. (A) Relative intracellu-

lar Ca2+ levels were measured by �ow cytometry. Fo B cells were puri�ed from LNs of WT and Nfκb1−/− mice (6–8 wk), loaded with Fluo-4 AM and stimulated 

with graded concentrations of anti–IgM F(ab’)2 Ab fragments (added after 30 s; arrows). (B) Graphs show the mean �uorescence intensity (MFI) of Fluo-4 

Ca2+ in Fo B cells as in A, 2 min after addition of the indicated stimuli: Total Fo B cell population (top), or for IgMhi and IgMlo Fo B cells. (C) Calcium mobili-

zation (as in A) was examined in ly5.1+ WT and Nfκb1−/− splenic Fo B cells from mBM-reconstituted mice at 14 wk after engraftment (see Fig. 6). (D) Puri�ed 
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p50-NFκB1 regulates Il-6 transcription in Fo B cells by re-

stricting RELA-dependent induction. Collectively, these 

�ndings demonstrate an essential negative regulatory role for 

p50-NFκB1 in Fo B cells that prevents the spontaneous gen-

eration of autoimmune disease.

MAT ERI ALS AND MET HODS
Mouse strains.  The Nfκb1−/− (Sha et al., 1995) and Map3k−/− 

(Dumitru et al., 2000) mice were originally generated on a 

mixed C57BL/6 × 129/SV background using 129/SV-de-

rived embryonic stem cells but were backcrossed for more 

than nine generations onto a C57BL/6 background. All 

mouse strains, including C57BL/6 (WT), C57BL/6-ly5.1+ 

congenic, Nfκb1−/−, and Map3k−/− mice, were bred and 

maintained under speci�c pathogen–free conditions at the 

Alfred Medical Research and Education Precinct or the Wal-

ter and Eliza Hall Institute animal facility. In all aging exper-

iments, the Nfκb1−/− mice were from a colony that was 

maintained on a homozygous-null background and com-

pared with age- and sex-matched C57BL/6 mice. For other 

experiments, Nfκb1+/+ and Nfκb1−/− littermates were used, 

which were generated by intercrossing Nfκb1+/− heterozy-

gous mice. The generation of BM chimera mice is described 

in detail in the Generation of BM chimeric mice section. All 

experiments were conducted under the approval of the re-

spective Animal Ethics Committees of the above institutions 

and in accordance with National Health and Medical Re-

search Council (NHM RC) Australia guidelines. Mice were 

provided by P. Tsichlis (Molecular Oncology Research Insti-

tute, Tufts Medical Center, Boston, MA).

Cell suspensions and cell counting.  Single-cell suspensions 

were prepared from spleens, LNs, or BM (tibia) using standard 

protocols. Red blood cells in suspensions from the spleen were 

lysed by a brief incubation in an ammonium chloride–based 

lysis bu�er containing 0.1 mM EDTA, 150 mM NH4CL, and 

10 mM NaHCO3 in H2O, pH 7.4. Cell counting was per-

formed using trypan blue dye exclusion and a hemocytometer.

Abs and �ow cytometry.  Surface staining for �ow cytometric 

analysis was performed using the following �uoro-

chrome-conjugated mAbs: anti–CD19-FITC (1D3), anti–

CD24-FITC (M1/69), anti–B220-APCCy7 (RA3-6B2), 

anti–PD-1–PE (J43), anti–CXCR5-APC (2G8), anti–CD21-

APC (7G6), anti–CD45.2-biotin (104), anti–ICOS-biotin 

(7E.17G9), anti–IgM-biotin (R6-60.2), anti–CD86-FITC 

(GL1), anti–CD80-PE (16-10A1), anti–MHC class II–biotin 

(AF6-120.1), anti–IgG1-biotin (A85-1), anti–FAS-biotin 

(Jo2), anti–CD8-APCCy7 (53-6.7), anti–CD11b-APC 

(M1/70), and anti–CD3-PE (145-2C11; all from BD); and 

anti–CD23-FITC, -APC (B3B4), anti-CD4-PE, -biotin 

(GK1.5), anti–CD45.1-APC, -FITC (A20), anti–CD40- 

biotin (1C10), and anti–GL7-eFluor660 (GL-7; all from 

eBioscience). Biotinylated Abs were detected by incubation 

with steptavidin-PE or -PECy7 (eBioscience).

For intracellular staining, cells were �xed and permea-

bilized using the Foxp3 Staining Bu�er Set (eBioscience) and 

incubated for 1  h with Alexa Fluor 488–anti-Bcl6 (K112-

91; BD) or Alexa Fluor 647–anti-Ki67 (B56; BD). For in-

tracellular cytokine staining, spleen cells were cultured with 

GolgiStop (BD) for 5 h at 37°C, surface stained, �xed, and 

permeabilized using the Biosciences Cyto�x/Cytoperm Plus 

Fixation/Permeabilization kit (BD) and then stained with 

PE-conjugated anti–IL-6 Ab (MP5-20F3; BD). Cell samples 

were analyzed in FAC SCaliber, LSR II, or FAC SCanto II �ow 

cytometers (BD) with a minimum of 30,000 events acquired 

per sample. Data were analyzed using CellQuest Pro (BD) 

or FlowJo (Tree Star) software. Forward and side scatter light 

pro�les were used to exclude erythrocytes and cell debris, and 

viable cells were identi�ed by exclusion of propidium iodide.

Histology and immuno�uorescence staining of tissues.  Or-

gans were �xed in 10% neutral bu�ered formalin, and 3-µm 

sections were stained with H&E. Immuno�uorescence 

staining was performed on 5–7-µm optical cutting tempera-

ture compound–embedded frozen tissue sections. After ace-

tone �xation, sections were incubated with 10% normal 

goat serum to block nonspeci�c binding of Ig. Primary 

staining was performed using rat anti–mouse B220 

(RA3-6B2; eBioscience), IL-6 (MP5-20F3; Bio X Cell), or 

peanut agglutinin (Vector Laboratories). Bound biotinylated 

Abs or lectin was detected by staining with Texas red– 

conjugated Streptavidin (Invitrogen) or Alexa Fluor 488–

conjugated goat anti–rat IgG(H+L) Abs (Molecular Probes). 

Bright-�eld and �uorescence images were captured on a 

microscope (BX51 or IX51; Olympus) equipped with a 

camera (NP70; Olympus). Image analysis was performed 

using ImageJ software (National Institutes of Health).

Auto-Ab detection by indirect immuno�uorescence stain-
ing.  Screening for auto-Abs in sera was performed by indi-

rect immuno�uorescence staining of frozen tissue sections 

(Mason et al., 2013). To avoid background staining, organs 

were harvested from 8-wk-old RAG-1/J mice, which lack 

endogenous Ig. 5-µm tissue sections were �xed in 100% ac-

etone for 10 min and then incubated with mouse sera di-

luted in PBS. Bound auto-Abs were detected by secondary 

staining with FITC-conjugated goat anti–mouse IgM, IgA, 

and IgG Abs (Cappel) and counterstained with DAPI (Sigma- 

Aldrich). Sections were viewed on a confocal microscope 

WT or Nfκb1−/− Fo B cells were labeled with CFSE and cultured in the presence of IgM F(ab’)2 Ab fragments plus or minus anti-CD40 or CpG. Cell division 

was measured by CFSE dilution at 72 h. (E) Percentage of divided (CFSE−) cells at 72 h. Data are from three (A, B, D, and E) or two (C) individual experiment 

(n ≥ 6 mice/group). Graphs show the mean ± SEM. *, P < 0.05, **, P < 0.001, determined by unpaired Student's t tests.
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Figure 9. Autocrine IL-6 signaling causes enhanced sensitivity of NFκB1-de�cient Fo B cells. Fo B cells were puri�ed from LNs of ly5.1+ WT and 

Nfκb1−/− mice (6–8 wk), mixed equally (1:1), and cultured in the presence of anti–IL-6 or isotype control Ab (both at 10 µg/ml). For the addition of exogenous 

IL-6, B cells were precleared of endogenous IL-6 by incubation with 10 µg/ml anti–IL-6 Ab for 1 h and then cultured with 10 ng/ml IL-6. B cell cultures were 

stimulated with graded concentrations of anti–IgM F(ab’)2 Ab fragments then examined by �ow cytometry. (A) Intracellular Ca2+ levels were measured in 

ly5.1+ WT and Nfκb1−/− Fo B cells as in Fig 8 A; genotypes were de�ned by ly5 expression. (B) Graphs show the mean �uorescence intensity (MFI) of Fluo-4 
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(DIM IRE2; Leica) and assessed for the presence of 

positive auto-Ab staining.

Cell isolation and tissue culture.  B cells were puri�ed 

(>98% purity) by negative selection using the mouse B cell 

enrichment kit (EasySep; STE MCE LL Technologies). For 

cell culture assays, B cells were seeded at 5 × 105 cells per 

well in RPMI + GlutaMAX (Gibco) supplemented with 

10% FCS (In Vitro Technologies), 100 U/ml penicillin/

streptomycin (Gibco), and 50 µM 2-mercaptoethanol. For 

stimulation assays, B cells were cultured in graded concen-

trations of CpG (Invitrogen) and F(ab′)2 anti–mouse IgM 

Ab fragments (Jackson ImmunoResearch Laboratories, Inc.) 

with or without 10 ng/ml anti-CD40 Ab (IC10) at 37°C 

(5% CO2). For in vitro IL-6 neutralization, cultured cells 

were incubated with 10 ng/ml anti–IL-6 Ab (MP5-20F3; 

Bio X Cell). However, cultures with exogenous IL-6 were 

precleared by incubation with 10 µg/ml anti–IL-6 Ab for 

1 h before the addition of 10 ng/ml mIL-6 (R&D Systems).

Calcium �ux and cell proliferation assays.  Puri�ed B cells 

were loaded for 30 min at room temperature with the �uo-

rescent calcium indicator Fluo-4 AM (Molecular Probes) at 

1 µM in HBSS solution. For IL-6 neutralization, cells were 

preincubated with 10 ng/ml anti–IL-6 Ab for 1 h at 37°C. 

Cells were analyzed on a FAC SCanto II for 30 s to establish a 

baseline of intracellular calcium levels, brie�y removed from 

the FACS machine, and stimulated as indicated. Cells were 

then vortexed and immediately placed back on the FACS 

machine, and intracellular calcium concentration was ana-

lyzed for a further 4 min. Calcium �ux was assessed by mea-

suring changes in �uorescence of the Fluo-4 dye (520 nm) 

over time, and kinetic analysis was performed using FlowJo 

software. For proliferation assays, cells were labeled with 

2.5 µM CFSE (Invitrogen) and CFSE dilution (a consequence 

of cell division) assessed over time in a FAC SCanto II �ow 

cytometer. Forward and side light scatter pro�les as well as 

propidium iodide staining were monitored to evaluate the 

extent of cell death. Cell numbers in each division generation 

were determined using FlowJo software.

ELI SA.  ANAs were examined by ELI SA. Plates precoated 

with puri�ed nuclear antigens (The Binding Site Ltd) were 

incubated with dilutions of mouse sera, and bound Abs were 

detected by secondary staining with HRP-conjugated goat 

anti–mouse IgG or Ig(H+L) Abs (SouthernBiotech) followed 

by the addition of TBM substrate. The reactions were stopped 

by the addition of 3 M phosphoric acid, and optical density 

was read at 450 nm with a reference �lter of 595 nm. Total 

serum Ig levels were measured as previously described 

(O’Reilly et al., 2009). Maxisorp ELI SA plates (Thermo 

Fisher Scienti�c) were coated with 50  µl/well of captured 

Abs at 2 µg/ml (goat anti–mouse Ig[H+L] Ab). Serum sam-

ples were diluted in a blocking solution (4% skim milk pow-

der and 0.1% Tween-20 in PBS), and myeloma-derived Abs 

(SouthernBiotech) were used to generate a standard calibra-

tion curve. Alkaline phosphatase–conjugated secondary Abs 

against mouse IgM, IgG, IgA, or IgE (SouthernBiotech) were 

used at 0.5 µg/ml in a blocking solution, and reactions were 

developed using 1 mg/ml ABTS (Sigma-Aldrich) in a P-NPP 

substrate bu�er (1 M diethanolamine [0.5 mM MgCl2, pH 

9.8]). Optical density was read at 405 nm with a ref-

erence �lter of 490 nm.

Cytokine bead array.  Cytokine concentrations in sera or cell 

culture supernatants were determined using a multiplex cyto-

metric bead array. The mouse Th1/Th2/Th17/Th22 13-plex 

FlowCytomix Multiplex kit (BMS822FF; eBioscience) was 

used according to the manufacturer’s instructions. In brief, 

samples or serial dilutions of cytokine standards were incu-

bated with �uorescent cytokine capture beads and biotin- 

conjugated anticytokine Abs. Captured cytokines were de-

tected by incubation with PE-conjugated streptavidin. 

Samples were analyzed on a �ow cytometer (FAC SCanto 

II), and data were processed using FlowCytomix Pro 3.0 

software (eBioscience).

Nuclear translocation analysis using ImageStream.  Cells 

were �xed (Lyse/Fix bu�er; BD), stained for cell type– 

speci�c surface markers, permeabilized in Perm bu�er III 

(BD), and then stained intracellularly with Abs against p50-

NFκB1 or p65/RelA (Abcam). Staining was detected with 

Alexa Fluor 488–conjugated secondary anti–rabbit Ig(H+L) 

Abs (Invitrogen). 5 µM of nuclear dye (Vybrant DyeCycle 

violet; Invitrogen) was added before the analysis. Fluorescent 

images were viewed on an Amnis ImageStream 100 imaging 

�ow cytometer (EMD Millipore) with a minimum of 

10,000 events acquired per sample. A mask on the nucleus 

was created, and colocalization of transcription factors and 

nuclear dye was measured by overlap within this area using 

Amnis IDE AS software (EMD Millipore).

Generation of BM chimeric mice.  BM chimeric mice were 

generated as previously described (Gugasyan et al., 2012). BM 

cells were �ushed from the femora and tibiae of ly5.2+ WT, 

Nfκb1−/−, or Map3k8−/− donor mice, and 1–2 × 106 BM cells 

were injected i.v. into lethally irradiated (2 × 550 rads; 3 h 

apart) ly5.1+ WT or Nfκb1−/− hosts. mBM chimeric mice 

Ca2+ in Fo B cells from A (top) 2 min after the addition of the indicated stimuli. (C and D) Percentage of divided (CFSE−) cells (C) and absolute numbers of WT 

and Nfκb1−/− Fo B cells (D) per cell division peak. WT and Nfκb1−/− Fo B cells were labeled with CFSE and cultured as described in Fig. 8 for 72 h. Cell division 

was assessed by dilution of CFSE (gating strategies are shown in Fig. S4). Data are from two independent experiments (n = 5 mice/genotype). Graphs in B–D 

show mean ± SEM. *, P < 0.05, determined by unpaired Student's t tests.

http://www.jem.org/cgi/content/full/jem.20151182/DC1
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were established by injecting lethally irradiated ly5.1+ WT 

hosts with an equal mix (1:1) of BM cells from either ly5.1+ 

WT and Nfκb1−/− or ly5.1+ and ly5.2+ WT donor mice. All 

host mice were maintained on antibiotic water (Neomycin) 

for 6 wk and acidi�ed drinking water thereafter.

IL-6 neutralization.  For IL-6–blocking experiments, mBM 

chimeric mice were randomly assigned to treatment groups 

8 wk after engraftment. To neutralize IL-6 in vivo, chimeras 

were injected i.p twice weekly with anti–IL-6 Ab (clone 

MP5-20F3, rat IgG1; Bio X Cell) or an Ig isotype–matched 

control mAb (both at 10 mg/kg body weight; anti–rat IgG1; 

Bio X Cell). To disrupt trans–IL-6 signaling, chimeras were 

injected i.p twice weekly with 0.5 mg/kg body weight– 

soluble gp130Fc protein (CON ARIS; Schuett et al., 2012) 

or vehicle (PBS). All mice were euthanized and analyzed 

after 6 wk of treatment.

Quantitative PCR (qPCR) array.  RNA was isolated from cells 

using the RNeasy Mini kit (QIA GEN). Total RNA was reverse 

transcribed using the RT2 First Strand cDNA kit (QIA GEN), 

and the levels of 84 autoimmune and in�ammatory immune 

response genes were analyzed using the RT2 Pro�ler PCR 

Array (Format E; PAMM-077Z; QIA GEN) according to the 

manufacturer’s instructions.

ChIP.  ChIP was performed on 6 × 107 puri�ed B cells ac-

cording to the manufacturer’s guidelines (EMD Millipore). 

Cells were �xed for 10 min in 1% paraformaldehyde, 

quenched with glycine (EMD Millipore), and washed in ice-

cold PBS. DNA was fragmented by sonication for 45 cycles 

of 30 s each at the maximum speed using a Bio-Ruptor 4000 

(OMNI International Inc). Immunoprecipitation was per-

formed with 10 µg ChIP-grade Abs against p50-NFκB1 or 

p65/RelA (both from Abcam) or an equivalent amount of 

Figure 10. p50-NFκB1 is a direct negative regulator of the Il-6 gene in Fo B cells. (A) Nuclear/cytoplasmic translocation of p50-NFκB1 and 

p65/RelA was examined by Amnis ImageStream. Images show p65/RelA or p50-NFκB1 combined with a nuclear dye in WT and Nfκb1−/− Fo B cells 

(B220+CD21intIgMlo). (B) Relative colocalization of p65/RelA or p50-NFκB1 with the nuclear dye in Fo B cells. (C and D) ChIP was performed on puri�ed 

Fo B cells from WT and Nfκb1−/− mice with an anti-p50, anti-p65/RelA, or isotype control Ab. (C) Schematic representation of four putative p50-NFκB1–

binding sites in the Il-6 promoter. (D) Enrichment of Il-6 κB regions 1–4 as measured by qPCR (mean ± SEM). Data are from two to four independent 

experiments (n ≥ 4 mice/genotype).
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rabbit IgG as a negative control. To measure enrichment, 

qPCR was performed with the primers listed in Table S1. 

Reactions were performed in triplicate with SYBR green 

PCR master mix (QIA GEN) on an ABI 7800HT ma-

chine (Applied Biosystems).

Statistical analysis.  The graphing and statistical analysis of 

data was performed using Prism (GraphPad Software), and 

statistical signi�cance was determined using independent 

or paired-sample Student’s t tests. All data are presented as 

mean ± SEM, and di�erences are considered statistically 

signi�cant if P < 0.05.

Online supplemental material.  Fig. S1 shows gating strategies 

for Fig. 1. Fig. S2 shows gating strategies for Fig. 3. Fig. S3 

shows gating strategies for Fig.  7. Fig. S4 shows gating 

strategies for Fig. 9. Table S1 lists the primers used for qPCR 

of ChIP DNA. Online supplemental material is available at 

http ://www .jem .org /cgi /content /full /jem .20151182 /DC1. 
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