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EAF2 deficiency attenuates autoimmune
disease in Faslpr mice by modulating
B cell activation and apoptosis

Yingying Luan,1 Qing Min,2,4 Runyun Zhang,1 ZichaoWen,1 Xin Meng,1 Ziying Hu,3 Xiaoqian Feng,1 Meiping Yu,2

Lulu Dong,1 and Ji-Yang Wang1,2,4,5,*
SUMMARY

MRL/lpr mice develop systemic lupus erythematosus-like autoimmunity due to defective FAS-mediated
apoptosis. We generated Faslpr mice deficient in EAF2, a transcription elongation-associated factor
known to promote apoptosis in germinal center (GC) B cells and crucial for preventing autoimmunity. Con-
trary to expectations, EAF2 deficiency significantly reduced lymphadenopathy and splenomegaly,
extended lifespan, and alleviated nephritis by decreasing renal immune complex deposition. Additionally,
EAF2 deficiency markedly reduced accumulation of activated B cells, GC B cells, plasma cells, and the
abnormal B220+CD3+ T cells in Faslpr mice. Further analysis revealed that Eaf2�/�Faslpr B cells showed hy-
peractivation upon various stimulations, followed by increased death. RNA sequencing of the B220+CD3+

cells revealed a downregulation in survival-promoting genes such as Bcl-2 and Akt and an upregulation of
proapoptotic genes. We conclude that the combined deficiency in FAS- and EAF2-mediated apoptotic
pathways leads to B cell hyperactivation and subsequent death, thereby ameliorating systemic autoimmu-
nity in this model.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease with significant morbidity and mortality. The disease is characterized by

autoantibody production and the deposition of immune complexes, leading to multiorgan damage affecting the kidneys, skin, lungs, brain,

and joints.1–3 In MRL/lpr mice, a classic animal model for SLE, the lymphoproliferation (lpr) mutation arises from the insertion of a 5.3 kb early

transposable (ETn) element into intron 2 of the Fas gene. This insertion causes premature termination and aberrant splicing of the Fas tran-

script,4–6 leading to a defect in apoptosis. As a result, mice carrying the lpr mutation exhibit extensive lymphadenopathy and splenomegaly,

elevated lymphocyte activation, autoantibody production, lupus nephritis (LN), and the accumulation of large numbers of nonmalignant

B220+CD3+ T lymphocytes in lymph nodes and spleen, with LN being a primary cause of mortality.4,7,8

Several immune cell lineages are abnormally activated in SLE, with B cells playing essential roles in both the onset and progression of

the disease.9 They serve as precursors to antibody-secreting cells (ASCs), contributing to LN through autoantibody production.10,11 Addi-

tionally, B cells act as antigen-presenting cells (APCs) for T cell activation and produce both inflammatory and regulatory cytokines.12–14

However, despite the development of B cell targeted immunotherapies, including B cell activating factor inhibitors and B cell specific

depleting antibodies,15,16 the prognosis of SLE remains poor.17 This underscores the need for a deeper understanding of the role of B

cells in SLE.18

Human upregulated gene 19 (U19)/ELL-associated factor 2 (EAF2) is a potential prostate tumor suppressor19 and may also be involved in

the development of acute myeloid leukemia.20 As part of the super elongation complexes (SEC), EAF2 regulates transcriptional elongation

through interactions with RNA polymerase II (Pol II) elongation factors known as eleven-nineteen Lys-rich leukemia (ELL) proteins.21–23 The

SEC, comprising AF4/FMR2 (AFF) family proteins (AFF1–4), YEATS domain-containing proteins ENL or AF9 (encoded by the MLLT1 and

MLLT3 genes), ELL proteins, and positive transcription elongation factor b (P-TEFb), is crucial for facilitating rapid andproductive transcription

by releasing RNA Pol II through its P-TEFb module and promoting transcriptional processivity with its ELL2 subunit.24 Our previous work has

demonstrated that EAF2 is highly expressed in germinal center (GC) B cells, where it mediates apoptosis and plays an important role in main-

taining the balance between immunity and tolerance.25 In the present study, we show that absence of EAF2 in Faslpr mice significantly alle-

viates LN by attenuating GC B cell expansion and plasma cell (PC) formation. Moreover, the abnormal B220+CD3+ T cells were also
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significantly reduced in Eaf2�/�Faslpr mice. In vitro studies suggest that the dual deficiency in FAS- and EAF2-mediated apoptotic pathways

leads to B cell hyperactivation followed by increased death, which contributes to the amelioration of systemic autoimmunity. These findings

provide insights into the regulatory mechanisms of lymphocyte death in SLE.

RESULTS
EAF2 deficiency reduces mortality in Faslpr mice

To assess disease progression, we examined the body condition of mice at various ages. The body weights of wild type (WT), Eaf2�/�, Faslpr,
and Eaf2�/�Faslpr mice showed no significant differences over time (Figure 1A). However, EAF2 deficiency significantly prolonged the survival

of Faslpr mice (Figure 1B). This was accompanied bymarkedly reduced lymph node enlargement in Eaf2�/�Faslpr mice (Figure 1C), particularly

in the axillary (Figures 1D and 1E) and inguinal lymph nodes (Figures 1F and 1G), and diminished splenomegaly (Figures 1H and 1I).

EAF2 deficiency alleviates lupus nephritis in Faslpr mice

Eaf2�/�Faslpr mice showed significant reductions in levels of IgG anti-sm/RNP (Figure 2A) and IgG anti-ANA antibodies (Figure 2B) compared

to Faslpr mice, with no changes in IgG anti-ssDNA (Figure 2C) and anti-dsDNA (Figure 2D) antibodies. These autoantibodies form immune

complexes and deposit in renal glomeruli, leading to LN,26 a major cause of mortality in SLE. Histological analyses of kidney sections stained

with hematoxylin and eosin (H&E) (Figure 2E) and periodic acid-Schiff (PAS) (Figure 2F) revealed significant reductions in glomerular area (Fig-

ure 2H) and cellularity (15 glomeruli analyzed randomly for each mouse) (Figure 2I) in Eaf2�/�Faslpr mice. Additionally, EAF2 deficiency

reduced glomerular immune complex deposition in Faslpr mice (Figure 2G). In agreement with the results of histological analysis, loss of

EAF2 significantly lowered blood urea nitrogen (BUN) (Figure 2J) and urine protein (UP) levels (Figure 2K) in Faslpr mice. Collectively, these

results indicate that EAF2 deficiency alleviates lupus nephritis in Faslpr mice.

Loss of EAF2 affects B cell development and maturation in Faslpr mice

B cells, crucial for SLE progression, are categorized into B-1, comprising B-1a and B-1b, and B-2, including marginal zone (MZ) and follicular

(FO), B cells.27 B-1a cells, part of the innate immune system, secrete natural antibodies to neutralize invading pathogens.28 While Faslpr mice

exhibited a reduction in B-1a cells, which is consistent with previous results,29,30 EAF2 deficiency restored their levels (Figures S2A and S2E).

No significant changes were observed in B-1b cells (Figure S2F). Transitional B cells, including T2 cells, were significantly reduced (Figures S2B

and S2C, S2G–S2J), while T1 cells were increased in Eaf2�/�Faslpr mice (Figures S2C and S2H). In addition, the proportion of MZ B cells was

restored in the absence of EAF2, with minimal impact on FO B cells (Figures S2D, S2K, and S2L).

EAF2 deficiency reduces accumulation of activated B cells, GC B cells, and plasma cells in Faslpr mice

Defective B cell apoptosis in Faslpr mice led to a marked increase in both the proportion (Figure 3A) and number (Figure 3B) of CD69+ B

cells, which largely diminished in Eaf2�/�Faslpr mice. In the GC, B cells undergo massive expansion, affinity maturation, and finally differ-

entiate into memory B cells or plasma cells that produce high-affinity antibodies.25 As shown in Figures 3C and 3D, GC B cells spon-

taneously accumulated in Faslpr mice, and loss of EAF2 markedly reduced both the proportion and number of GC B cells. Ex vivo

apoptosis experiments conducted with annexin-V and 7-AAD staining revealed that the late (annexin-V+7AAD+) apoptotic cells were

significantly reduced in Eaf2�/� mice and Faslpr mice compared to WT mice (Figures 3E and 3F), consistent with the notion that

both EAF2 and FAS mediate GC B cell apoptosis. Remarkably, Eaf2�/�Faslpr GC B cells exhibited elevated proportions of the late

apoptotic populations compared to Faslpr GC B cells (Figures 3E and 3F), suggesting that the dual loss of EAF2 and FAS resulted in

increased death of GC B cells. Faslpr mice also contained a high proportion and absolute number of B220+CD138+ plasmablasts

(Figures 3G and 3H) and B220�CD138+ plasma cells (Figures 3G and 3I) in the spleen, which were significantly reduced in the absence

of EAF2. Consistent with these findings, EAF2 deficiency resulted in greatly reduced levels of total immunoglobulin M (IgM), IgA, and

IgG antibodies (Figures 3J–3L).

EAF2 deficiency reduces excessive PC formation in Faslpr B cells by inducing cell death

To investigate whether the accumulation of plasma cells in Faslpr mice (Figures 3G–3L) is due to an intrinsic abnormality in B cells, we isolated

naive B cells and induced their PC differentiation in vitrowith either CD40L + IL4 + IL21 (CII) or LPS stimulation for 72 h. The purity of B cells was

>90% as revealed by their B220 and CD3 expression (Figure S3A), with <1% of abnormal B220+CD3+ cells, <1% of B220+CD138+ PB, and <3%

of GL7+ GC B cells (Figures S3A–S3C). In line with the in vivo data, Faslpr B cells generated a higher proportion of the B220+CD138+ plasma-

blasts thanWT B cells under both CLL and LPS stimuli (Figures 4A, 4B, 4G , and 4H), which were significantly reduced in the absence of EAF2.

ELISPOT enumeration also confirmed fewer IgM and IgG secreting cells in Eaf2�/�Faslpr mice (Figures 4C–4F; 4I–4L).

To understand themechanismbehind the decreased PC formation in Eaf2�/�Faslpr B cells, we examined B cell activation and death during

their PC differentiation in vitro. After 24 h of CII and LPS stimulation, B cells from Eaf2�/�Faslpr mice displayed significantly higher levels of

CD86 expression (Figure 4M), increased cell size (Figure 4N), and reduced cell death (Figures 4O and S4B), indicating higher cellular activation

compared to Faslpr mice. Similar results were obtained when Eaf2�/�Faslpr B cells were stimulated with F(ab’)2-anti-IgM antibodies, CD40L

and IL4 (ACI) (Figure S4A). The increased cell size persisted even after 72 h of either CII or LPS stimulation (Figure 4P). However, these hyper-

activated Eaf2�/�Faslpr B cells exhibited elevated death compared to Faslpr B cells after 72 h of stimulation (Figure 4Q and S4B).
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Figure 1. EAF2 deficiency reduces mortality in Faslpr mice

WT, Eaf2�/�, Faslpr, and Eaf2�/�Faslpr female mice were evaluated, with all mice sacrificed at 25 weeks (n R 3).

(A) Body weight monitored from ages 7 to 23 weeks.

(B) Survival curves. We included 12 WT, 12 Eaf2�/�, 10 Faslpr, and 12 Eaf2�/�Faslpr female mice in the survival analysis. **p < 0.01 (Log rank test).

(C) Appearance of Faslpr and Eaf2�/�Faslpr female mice.

(D–G) (D and E) Axillary and (F and G) inguinal lymph node sizes.

(H and I) Spleen size. Lymph node and spleen weight index is expressed asmg/g body weight. Results from three ormore independent experiments are shown as

mean G SEM. **p < 0.01; ****p < 0.0001 (one-way ANOVA).
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Carboxyfluorescein succinimydyl ester (CFSE) in vitro proliferation assays indicated that EAF2 deficiency did not affect B cell proliferation (Fig-

ure S4C). We hypothesize that the excessive activation of Eaf2�/�Faslpr B cells, as revealed by increased CD86 expression and significantly

enlarged cell size, is followed by increased death, consequently reducing PC generation.
EAF2 deficiency reduces abnormal B220+CD3+ and CD4�CD8� double-negative T cells in Faslpr mice through enhanced

apoptosis

The splenomegaly and lymphadenopathy in Faslpr mice are associated with the accumulation of aberrant B220+CD3+ T cells, the majority

of which were CD4�CD8� double-negative (DN) T cells. These B220+CD3+ DN T cells contribute to autoimmunity by producing pro-in-

flammatory cytokines, inducing GC formation, promoting autoantibody production, and contributing to organ damage.31–33 Notably,

the B220+CD3+ cells were significantly reduced in Eaf2�/�Faslpr mice compared to Faslpr mice (Figures 5A and 5B). To determine why

the abnormal T cells accumulate in Faslpr mice, we examined the apoptosis of these B220+CD3+ cells using flow cytometry, employing

annexin-V and 7-AAD staining. In Faslpr mice, there was a marked decrease in the annexin-V+7-AAD+ cells, which was significantly

increased in Eaf2�/�Faslpr mice (Figures 5C and 5D). Within the B220+CD3+ cells, the proportion of the DN T cells was further reduced

in Eaf2�/�Faslpr mice(Figures 5E and 5F). This reduction was associated with an increase in apoptosis (Figures 5G and 5H), indicating

that EAF2 and FAS double deficiency enhanced apoptosis in the DN T population. However, EAF2 deficiency in Faslpr mice had little effect

on the proliferation of these abnormal T cells, as measured by Ki-67 expression (Figure S5), suggesting that apoptosis, rather than prolif-

eration, regulates these cells.
iScience 27, 111220, November 15, 2024 3



Figure 2. EAF2 deficiency alleviates lupus nephritis in Faslpr mice

(A–D) WT, Eaf2�/�, Faslpr, and Eaf2�/�Faslpr female mice at 17 weeks were evaluated for levels of IgG anti-sm/RNP (A), IgG anti-ANA (B), IgG anti-ssDNA (C), and

IgG anti-dsDNA autoantibodies (D).

(E–G) Kidney damage evaluated at age 25 weeks (E) H&E staining of kidney sections. Scale bar: 50 mm. (F) PAS staining. Scale bar: 50 mmand 30 mm (inset). (G) IgG

immune complex deposition, indicated by red arrows. Scale bar, 50 mm.

(H) Glomerular area and (I) Glomerular cell numbers.

(J and K) Levels of BUN and UP. Data analyzed using one-way ANOVA or one-tailed unpaired Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Results presented as mean G SEM.
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EAF2 deletion promotes apoptosis in B220+CD3+ cells: Evidence from RNA-seq analysis

To delineate the signaling pathways involved in apoptosis, we sorted B220+CD3+ cells from Faslpr and Eaf2�/�Faslpr mice for RNA sequencing

(RNA-seq) analysis. As expected, EAF2 expression was low in the abnormal T cells from Eaf2�/�Faslpr mice compared with those from Faslpr

mice (Figure 6A). RNA-seq data identified 196 genes significantly down-regulated and 592 genes up-regulated in Eaf2�/�Faslpr mice

compared with Faslpr group. (Q value%0.05; Log2FCR 1) (Figure 6B). Gene Set Enrichment Analysis (GSEA) (Figure 6C) and Kyoto Encyclo-

pedia of Genes andGenomes (KEGG) analysis (Figure 6D) highlighted significant enrichment in genes associated with apoptosis and those in

the MAPK, TNF, and NF-kB signaling pathways in EAF2-deficient B220+CD3+ cells. Visualizations including a volcano plot (Figure 6E), heat-

map (Figure 6F), and violin plot (Figure 6G) highlighted multiple enrichment terms emphasizing changes in both anti-apoptosis and pro-

apoptosis genes. Notably, levels of anti-apoptosis genes (Figure 6G) Bcl-2 and phosphorylated-protein kinase B (Akt) were decreased in

the B220+CD3+ cells of Eaf2�/�Faslpr mice, while transcription levels of pro-apoptosis genes (Figure 6H), such as Atf4, Jun, and Fos were

increased. These findings underscore the role of EAF2 deficiency in promoting apoptosis within this specific T cell subset.

DISCUSSION

Our previous work established that EAF2 mediates apoptosis in GC B cells, playing a crucial role in preventing excessive B cell activation and

autoimmunity. Notably, the present study demonstrates that EAF2 deficiency actually ameliorates, rather than exacerbates, systemic auto-

immunity in Faslpr mice. This presents a paradox where the loss of two apoptotic pathways results in an unexpected reversal of the anticipated

phenotype, underscoring the complex interplay within the immune system.

Faslpr mice characteristically display immunological abnormalities including the accumulation of activated B cells, GC B cells, PC cells, and

abnormal B220+CD3+ T cells, along with splenomegaly and lymph adenopathy. Remarkably, EAF2 deficiency reversed all these aberrant phe-

notypes, including the reduction of B220+CD3+ T cells, despite EAF2 primarily being expressed in GC B cells among the immune cells. This

finding is consistent with prior studies that have highlighted the central role of B cells in lymphoproliferation observed in Faslpr mice.34–36 FAS
4 iScience 27, 111220, November 15, 2024



Figure 3. EAF2 deficiency reduces accumulation of activated B cells, GC B cells, and plasma cells in Faslpr mice

(A–D) Flow cytometry analysis of B cell activation (A and B) and GC B cell expansion (C and D).

(E and F) Proportion of apoptotic cells among GC B cells.

(G–I) Proportions and absolute numbers of PB and PC.

(J–L) Levels of total IgM, IgG, and IgA antibodies measured by ELISA. Data expressed as mean G SEM, with statistical significance determined by one-way

ANOVA and paired t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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expression in GC B cells has been shown to be crucial for maintaining T and B cell homeostasis.37 Thus, by promoting B cell apoptosis, EAF2

deficiency significantly mitigated the immune dysregulation in Faslpr mice.

LN is by far the major determinant of long-term prognosis andmortality in patients with SLE due to its serious complications.38,39 Similarly,

Faslpr mice develop LN, resulting in a significantly shortened lifespan.40,41 Our findings show that the absence of EAF2 extended lifespan in

these mice, accompanied by decreased autoantibody production, reduced immune complex deposition in the kidneys, and attenuated LN,

as revealed by improved histology of glomeruli and significantly lower UP levels. Thus, EAF2 deficiency not only reverses all aberrant immune

phenotypes but also substantially alleviates the lethal nephritis in Faslpr mice.

Activation-induced cell death (AICD) generally follows lymphocyte activation and is primarily mediated by FAS-FAS ligand interaction.42,43

Our data suggest that EAF2 deficiency leads to hyperactivation of Faslpr lymphocytes, which is followed by increased cell death. This is evi-

denced by a significant reduction in both the proportion and total number of GC B cells in Eaf2�/�Faslpr mice compared to Faslpr controls,

along with increased apoptosis. Further in vitro experiments showed that Eaf2�/�Faslpr B cells expressed significantly higher levels of CD86

after 24 h of stimulation with either LPS, CD40L + IL4 + IL21 or a–IgM+CD40L + IL4, compared to Faslpr B cells. Notably, these hyperactivated

cells subsequently experienced increased cell death. RNA-seq analysis also showed elevated expression of pro-apoptotic genes and a reduc-

tion in anti-apoptotic genes in the abnormal B220+CD3+ T cells from Eaf2�/�Faslpr mice. These observations collectively suggest that the
iScience 27, 111220, November 15, 2024 5
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Figure 4. Absence of EAF2 reduces excessive PC generation in Faslpr B cells by inducing cell death

Purified naive B cells fromWT, Eaf2�/�, Faslpr, Eaf2�/�Faslpr female mice were induced to differentiate into PC in vitrowith CII and LPS stimulation for 72 h (nR 3).

(A) Representative flow cytometry plots showing PC populations (B220low/�CD138+) after CII stimulation for 72 h.

(B) Summary of results from 5 independent experiments, analyzing 5 mice from each genotype (WT, Eaf2�/�, Faslpr, and Eaf2�/�Faslpr).
(C–F) ELISPOT analysis of IgM (C and E) and IgG (D and F) plasma cells after CII stimulation.

(G and H) Proportions of PC after LPS stimulation.

(I–L) ELISPOT analysis for IgM (I and K) and IgG (J and L) plasma cells.

(M) CD86 expression in B cells after 24 h stimulation with CII or LPS.

(N–Q) Forward scatter (FSC) of live B cells and cell death after 24 h (N and O) or 72 h (P and Q) stimulation with CII or LPS. Data expressed as mean G SEM.

*p < 0.05; **p < 0.01; ****p < 0.0001 (M, two-way ANOVA; E, F, K, and L, two-tailed unpaired Student’s t test; B, H, N–Q, paired t test).
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concurrent deficiency of FAS and EAF2 apoptotic pathways does notmerely exacerbate the expected phenotype but can lead to an opposite

outcome. This outcome may resemble AICD but is not mediated by the traditional FAS-FASL system. One hypothesis is that the excessive

activation and proliferation observed in Eaf2�/�Faslpr B cells may not be sustainable due to insufficient nutrition supply. It is also conceivable

that the absence of both FAS and EAF2 pathways sensitizes or activates alternative cell death pathways by allowing them to utilize effector

molecules typically engaged by FAS- or EAF2-triggered signals. Since the experiments were performed on F2mice with a mixed B6 andMRL

genetic background, we cannot rule out the possibility that a gene derived fromB6, whichmay limit autoimmunity, is closely linked to the Eaf2

allele. Further studies are required to explore how the dual absence of these apoptotic pathways induces cell death. Understanding this cell

death mechanism could provide valuable insights into developing alternative therapeutic strategies for lymphoproliferation disorders, such

as autoimmune lymphoproliferative syndrome (ALPS), which is caused by FAS mutations, and other disorders associated with immune dys-

regulation and lymphocyte accumulation.

SLE is a chronic autoimmune disease predominantly affecting women, especially those of childbearing age,44 presenting with a spectrum

of symptoms ranging frommild arthralgias and rash to more severe nephropathy, hematological abnormalities and neuropsychiatric involve-

ment.45 Despite advances in understanding themechanisms contributing to SLE, treatment options remain limited.Given the high expression

of EAF2 in human B cells and Burkitt’s lymphomas (Figure S6), the potential impact of targeting EAF2 on SLE pathogenesis and B lymphomas

remains to be investigated.
Figure 5. EAF2 deficiency reduces abnormal B220+CD3+ T cells in Faslpr mice through enhanced apoptosis

(A–D) Frequency of the abnormal B220+CD3+ cells (A and B) and apoptotic cells (C and D) in WT, Eaf2�/�, Faslpr, and Eaf2�/�Faslpr female mice (7–12 weeks,

n R 3).

(E–H) Proportions of B220+CD3+ DN T cells (E andF) and apoptotic cells (G and H).Data in B and D are shown as mean G SEM, with statistical significance

analyzed by one-way or two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

iScience 27, 111220, November 15, 2024 7



Figure 6. EAF2 deletion promotes apoptosis in B220+CD3+ cells: evidence by RNA-Sequence

B220+CD3+ cells were sorted from Faslpr and Eaf2�/�Faslpr female mice aged 7–12 weeks (n = 4).

(A) Eaf2 expression in B220+CD3+ cells from Faslpr and Eaf2�/�Faslpr mice. Left, Log2 (TPM+1); right, TPM.

(B) Differentially expressed genes (DEGs) between the B220+CD3+ cells from Faslpr and Eaf2�/�Faslpr mice.

(C) Gene Set Enrichment Analysis (GSEA).

(D) KEGG bubble chart.
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Figure 6. Continued

(E) Volcano plot.

(F) Heatmap.

(G) Expression of anti-apoptosis genes Bcl-2 and Akt.

(H) Expression of pro-apoptosis genes Atf4, Chop, Fos, and Jun. Statistics calculated by two-tailed unpaired Student’s t test, **p < 0.01; ***p < 0.001;

****p < 0.0001.
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In summary, EAF2 deficiency in Faslpr mice led to an amelioration, rather than exacerbation, of systemic autoimmunity. Further investiga-

tion revealed that Eaf2�/�Faslpr B cells become hyperactivated upon stimulation, followed by elevated cell death. These observations under-

score the complexity of the gene regulatory network in activated lymphocytes and suggest a potentially alternative approach for alleviating

systemic autoimmunity caused by FAS deficiency.
Limitations of the study

This study was performed using mice with a mixed B6 and MRL genetic background. Consequently, it is possible that a gene from the B6

lineage, whichmay suppress autoimmunity, is closely linked to the Eaf2 allele, potentially influencing the results. Additionally, while our results

indicate that Eaf2�/�Faslpr B cells are hyperactivated upon stimulation, followed by elevated cell death, the specific mechanisms that trigger

alternative apoptosis pathways have not been fully elucidated and warrant further investigation.
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PE-Cyaine 7-conjugated anti-mouse -CD8 Biolegend Cat#140416; RRID: AB_2564385

7-amino-actinomycin D Invitrogen Cat#00-6993-50

APC- conjugated Annexin-V BD Biosciences Cat#550474; RRID: AB_2868885

FITC- conjugated Annexin-V BD Biosciences Cat#556420; RRID: AB_2665412

AP-conjugated anti-mouse IgG (H + L) Southern Biotech Cat#1031-04; RRID: AB_2794306

AP-conjugated anti-mouse IgM Southern Biotech Cat#1021-04; RRID: AB_2794239

F(ab’)2 anti-mouse m chain-specific antibodies Jackson ImmunoResearch Cat#715-006-020; RRID: AB_2340760

Chemicals, peptides, and recombinant proteins

Mouse IL-4 R&D Cat#404-ML

Mouse IL-21 R&D Cat#594-ML

Annexin-V Binding buffer Biolegend Cat#422201

Lipopolysaccharide Sigma Cat#437627

CD40 ligand This paper N/A

Critical commercial assays

Urine protein quantification test kit Nanjing Jiancheng

Bioengineering institute

Cat#C035-2-1

Mouse B Lymphocyte Enrichment Set-DM BD Biosciences Cat#557792

BCIP/NBT substrate Beyotime Cat#C3206

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse ANA ELISA kit Creative Diagnostics Cat#DEIA-BJ2332

Deposited data

RNA-seq data GEO Accession numbers

：GSE278963

Experimental models: Organisms/strains

MRL/lpr female mice Jackson Laboratory N/A

Eaf2�/� mice Li et al.25 N/A

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com/

ImageJ NIH https://imagej.nih.gov/ij/

FlowJo BD Biosciences https://www.flowjo.com/

SOAPnuke (v1.6.5) Chen et al.46 https://github.com/BGI-flexlab/SOAPnuke

HISAT (v2.2.1) Kim et al.47 http://www.ccb.jhu.edu/software/hisat

Bowtie2 (v2.4.5) Langmead et al.48 http://bowtie-bio.sourceforge.net/Bowtie2/index.shtml

RSEM (v1.3.1) Li et al.49 http://deweylab.biostat.wisc.edu/

rsem/rsem-calculate-expression.html
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse model

MRL/lpr mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Eaf2�/� mice, previously generated,25 were crossed with MRL/

lpr mice to produce F1 offspring.50 These F1 mice carrying the Eaf2+/�Fas+/lpr genotype underwent brother-sister mating to generate F2

mice51 with various genotypes includingWT, Eaf2�/�, Faslpr/lpr (hereafter Faslpr), andEaf2�/�Faslpr on amixed genetic background. F2 siblings

were further mated to obtain a sufficient number of mice with various genotypes. The Eaf2 genotype was determined using previously

describedmethods [25], and the lpr genotypewas identified by genomic PCR of tail DNA following the vendor’s protocol. Twenty-fourmouse

tails from the initial cohort and from a subsequent one-year interval were sent to Shanghai Biowing Applied Biotechnology for genomic single

nucleotide polymorphism (SNP) testing, confirming comparable genetic backgrounds across the four genotypes (Figure S1). Only female

mice aged 7 to 25 weeks were used for phenotypic and functional analyses. All mice were housed under specific pathogen-free conditions

at the Laboratory Animal Facility of Fudan University, with a standard diet and a 12-h light–dark cycle, maintained at controlled temperature

and humidity. All animal procedures were approved by the Animal Experimentation Committee of Fudan University.
METHOD DETAILS

Evaluation of renal injury

Urine samples were collected biweekly from individual mice using the ‘bladder massage’ approach, and urine protein (UP) concentrations

were measured at 17 weeks with a urine protein quantification test kit (C035-2-1, Nanjing Jiancheng Bioengineering institute). Serum blood

urea nitrogen (BUN) levels were assessed at 17 weeks using a fully automated biochemical analyzer at the Laboratory Animal Facility of Fudan

University. Kidneys were fixed in 4% polyformaldehyde, embedded in paraffin, and sectioned for staining with hematoxylin and eosin (H&E)

and periodic acid-Schiff (PAS). Glomeruli areas and numbers weremeasured with ImageJ software. Immunofluorescence staining for immune

complex deposition in kidneys was performed on 4-mm paraffin sections using Alexa Fluor 488 goat anti-mouse IgG antibody (A28175,

Invitrogen).
ELISA

Sera collected at 17 weeks were analyzed for antibodies and autoantibodies using an enzyme-linked immunosorbent assay (ELISA). Plates

were coated with 1 mg/mL sm/RNP and incubated overnight at 4�C. Samples or standards were added, followed by HRP-conjugated anti-

mouse IgG (H + L) antibody (1030-05, Southern Biotech). For IgG anti-ssDNA detection, 10 mg/ml calf thymus DNA was denatured before

coating the plates, left at room temperature for 1 h, and processed as described above. ANA levels were measured using a mouse ANA

ELISA kit (DEIA-BJ2332, Creative Diagnostics) according to the manufacturer’s protocol. To analyze IgG, IgM, IgA concentrations in serum

and culture supernatants of mouse splenic B cells, anti-mouse Ig antibody (1010-01, Southern Biotech) was used as the primary antibody, fol-

lowed by HRP-conjugated secondary antibodies specific for IgG (H + L), IgM (1020-05, Southern Biotech), and IgA (1040-05, Southern

Biotech).
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Flow cytometry

Single-cell suspensions were incubated with anti-CD16/32 (2.4G2, 553142; BD Biosciences) to block FcgR, and then stained with the following

fluorochrome-conjugated Abs including a-CD43(553270, BD Biosciences), a-CD5 (100626, Biolegend), a-B220 (552094, BD Biosciences;

103222, 103235, Biolegend), a-CD93 (17-5892-81, eBioscience), a-IgM (553408, BD Biosciences), a-CD23 (101614, Biolegend), a-CD21/35

(553818, BD Biosciences), a-CD69 (560689, BD Biosciences), a-CD86 (17-0862-82, Invitrogen), a-GL-7 (144604, Biolegend), a-CD138

(558626, 553714, BD Biosciences), a-CD3 (152323, 100235, Biolegend), a-CD4 (100412, Biolegend), and a-CD8 (140416, Biolegend).

7-amino-actinomycin D (7-AAD, Invitrogen, 00-6993-50) was used to distinguish live from dead cells. Samples were analyzed on a

FACSVerse flow cytometer (BD Biosciences), and data were processed using FlowJo software (Tree Star, Ashland, OR, USA).
Apoptosis assay

Single cell suspensions were first stained for surface markers, washed twice with Binding buffer (422201, Biolegend), and then stained with

Annexin-V (550474, BD Biosciences, 1:100) and 7-AAD (1:100) on ice for 15 min. Samples were analyzed using a FACSVerse flow cytometer

(BD Biosciences), and data were processed using FlowJo software.
B cell purification and ex vivo stimulation

B cells were isolated using the Mouse B Lymphocyte Enrichment Set-DM (BD Biosciences) via magnetic bead negative selection. Briefly,

splenic single-cell suspensions from mice aged 7–12 weeks were mixed with Biotinylated Mouse B Lymphocyte Enrichment Cocktail. After

washing, IMag Streptavidin Particles Plus were added to the cell suspension, and the bound cells were separated using a magnetic stand.

The purity of the cell population was confirmed by flow cytometry to be >90%. Purified B cells were stimulated with Lipopolysaccharide

(LPS) (Sigma, 20 mg/mL), CD40 ligand (CD40L) (housemade, 0.1V)52 + IL4 (R&D, 20 ng/mL) + IL21 (R&D, 30 ng/mL) (CLL), or F(ab’)2 anti-mouse

m chain-specific antibodies (Jackson ImmunoResearch, 10 mg/mL) + CD40L + IL4 (ACI), and cultured in 96-well U plates for 24 and 72 h to

analyze cell activation and differentiation.
ELISPOT assay

The PVDFmembrane of an ELISPOT plate was activated with 70% ethanol, coated with anti-mouse Ig antibody overnight at 4�C, and blocked

for 2 h. LPS- or CII-stimulated cells were added to wells and incubated for 4 h at 37�C in a cell culture incubator. AP-conjugated secondary

antibodies (anti-mouse IgG, 1031-04; anti-mouse IgM, 1021-04; SouthernBiotech) and BCIP/NBT substrate (C3206, Beyotime) were applied

for detection. Data were acquired using an enzyme-linked spot analyzer, iSpot.
RNA sequencing (RNA-seq)

B220+CD3+ cells were sorted from Faslpr and Eaf2�/�Faslpr mice for RNA-Seq at BGI Genomics. The raw data was filtered with SOAPnuke46

(v1.6.5, https://github.com/BGI-flexlab/SOAPnuke) to obtain clean reads stored in FASTQ format. The clean data was mapped to the refer-

ence genome by HISAT47 (v2.2.1, http://www.ccb.jhu.edu/software/hisat). The clean data was mapped to the assembled specific gene by

Bowtie248 (v2.4.5, http://bowtie-bio.sourceforge.net/Bowtie2/index.shtml). The expression level of genes was calculated by RSEM49

(v1.3.1, http://deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html). The subsequent analysis and data mining were performed

onDr. TomMulti-omics Datamining system (https://biosys.bgi.com) except for the volcano plot, whichwas depicted using an online platform

for data analysis and visualization (https://www.bioinformatics.com.cn).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted usingGraphPad Prism version 8.4.2 software. Two-tailed unpaired and paired Student’s t-tests were used

to assess differences between two groups or time points, respectively. One-way and two-way ANOVA were used to test effects among mul-

tiple groups. Log rank test was used to analyze survival data inmice. p-values <0.05 were considered to be statistically significant, represented

as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as meanG SEM, except for the body weight and survival curves.
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