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DDIT3 deficiency ameliorates systemic lupus 
erythematosus by regulating B cell activation and 
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Systemic lupus erythematosus (SLE) is characterized by the overproduction of autoantibodies, and B cells are con-
sidered to be the primary cells involved in the development of SLE. Studies have shown that DNA damage responses 
play a role in B cell activity in SLE. However, the exact role of DNA damage-induced transcript 3 (DDIT3) in humoral 
immune response and SLE pathogenesis remains unknown. We observed increased expression of DDIT3 in B cells of 
SLE patients and this expression was positively correlated with disease activity. In DDIT3-knockout mice, we observed 
disturbances in B cell development and differentiation, inhibition of B cell activation, and BCR signaling. In addition, 
DDIT3 deficiency leads to a reduction in T-cell-dependent humoral immune responses. Mechanistically, we found that 
DDIT3 promotes the transcription and expression of Itgad, which enhances PI3K signaling and B cell activation. Finally, 
we found that DDIT3 deficiency attenuated lupus autoimmunity and reduced germinal center responses. In conclusion, 
our study reveals for the first time the role of DDIT3 in adaptive immune responses, especially in B cell homeostasis, B 
cell activation, BCR signaling, and B cell function. These findings provide a new potential target for therapeutic inter-
vention in SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a common autoim-
mune disease that mainly affects women. It is characterized by 
the deposition of large amounts of autoantibodies and antigen–
antibody complexes, leading to multiple organ involvement. SLE 
causes serious harm to vital organs, such as the kidneys, blood, 
and nervous system, often resulting in irreversible damage that 
accumulates over time and ultimately leads to patient death [1, 
2]. However, the exact pathogenesis and etiology of SLE remain 
incompletely elucidated.

The pathogenesis of SLE is characterized by the produc-
tion of large amounts of autoantibodies, and B cells, the primary 
effector cells for antibody production, are considered to be the key 
immune cells involved in the development of SLE immunologi-
cal abnormalities [2]. Current studies suggest that abnormalities 
in B cell development and differentiation, as well as dysregula-
tion of the B cell receptor (BCR) signaling pathway, are involved 
in the pathogenesis and immunological manifestations of SLE 
[3–5]. In the peripheral circulation, mature B cells are activated 
by self-antigens or exogenous antigens, resulting in the forma-
tion of germinal center B cells (GCB) within the germinal center. 
These GCBs further differentiate into memory B cells (MBCs) and 
plasma cells, which eventually produce specific antibodies [6, 7]. 
Spontaneously reactive germinal centers contain auto-reactive 
B cells that produce pathological autoantibodies, thus contribut-
ing to the development of autoimmunity [8]. Furthermore, B cell 
differentiation, development, and function are regulated by BCR 
signals. Studies have shown that in SLE and lupus-like mouse 
models, BCR signaling is disrupted leading to an enhanced reac-
tive state that promotes the onset and progression of SLE disease 
[9–12]. Therefore, correcting the abnormal development and dif-
ferentiation of B cells, as well as addressing the BCR signaling 
and B cell function in SLE, is essential to address the root causes 
of SLE onset and progression.

The DNA damage responses (DDR) are a dynamic aspect 
of the development and function of the immune system. DDR is 
critical for the gene rearrangement, which is necessary for the 
formation of lymphocyte antigen receptors, antibody production, 
maturation, and rapid division [13, 14]. Previous studies have 
indicated that DDR underlies B-cell dysfunction in SLE [15]. 
DDR induces the upregulation of DNA damage-inducible tran-
script 3 (DDIT3) expression [16]. As a member of the CCAAT/
enhancer-binding protein (C/EBP) family, DDIT3 regulates the 
expression of target genes by forming homologous dimers or 
binding to other C/EBP family members to form heterodimers 
[17]. Recent research has discovered that DDIT3 plays a signifi-
cant role in innate immune response and viral infections [18–20]. 
However, the function of DDIT3 in adaptive immune responses, 
particularly in B cells, remains unclear. Studies on childhood SLE 
have found that DDIT3 expression is significantly elevated and 
positively correlates with MBCs [21]. This suggests that DDIT3 
may be involved in the pathogenesis of SLE.

In this study, we found for the first time that DDIT3 expression 
was increased in SLE B cells and positively correlated with dis-
ease activity. DDIT3 knockout (KO) mice were used to investigate 
the role of DDIT3 in B-cell development and differentiation, B cell 
activation, BCR signaling, and T-cell-dependent humoral immune 
responses. We found that DDIT3 KO mice showed increased pro-
portions of pre-pro-B cells and late pre-B cells, decreased pro-
portions of early pre-B cells, and recirculating mature B cells in 
bone marrow (BM). DDIT3 KO mice showed significant reductions 
in splenic GCB cells and marginal zone (MZ) B cells. In addi-
tion, B cells from DDIT3 KO mice showed decreased levels of 
phosphorylation of proximal BCR signaling, BLNK and Syk, and 
distal signaling of PI3K–Akt–mTORC1 following BCR activation. 
Furthermore, DDIT3 deficiency suppressed T-cell-dependent 
humoral immune responses and ameliorated lupus symptoms in 
the Bm12-induced lupus model. Mechanistically, DDIT3 positively 
regulates Itgad transcription and expression, which enhances 
actin cytoskeletal reorganization and promotes B cell activation 
and PI3K signaling. In conclusion, our study identifies a novel role 
of DDIT3 in B cells and SLE pathogenesis, which provides a novel 
target for SLE treatment.

Results

DDIT3 expression is increased in B cells from SLE and 
positively correlated with the disease activity

To investigate the role of DDIT3 in the pathogenesis of SLE, we 
first analyzed the expression of DDIT3 in the dataset GSE72326 
and GSE110169 and found that the expression of DDIT3 in SLE 
was significantly higher than that in healthy controls (HC) (Fig. 
1A). In addition, we also found that DDIT3 expression in lupus 
nephritis (LN) in the dataset GSE65391 was significantly higher 
than that in SLE without nephritis and HC (Fig. 1A). Next, we used 
flow cytometry to analyze the DDIT3 expression in immune cells 
in SLE patients and HC (Fig. S1) and found that there was no 
significant difference in the mean fluorescence intensity (MFI) of 
DDIT3 in CD4+ T cells, CD8+ T cells, regulatory T cells (Tregs), 
and monocytes between patients and HC (Fig. 1B). However, the 
MFI of DDIT3 in total B cells, naïve B cells, and unswitched MBCs 
were significantly higher in patients than that in HC (Fig. 1C and 
1D). These findings suggest that DDIT3 may play a crucial role 
in the pathogenesis of SLE by affecting B cells rather than other 
lymphocytes.

To further explore the impact of high expression of DDIT3 in 
B cells on the disease activity of SLE, patients were categorized 
into two groups: inactive group (SLEDAI ≤ 4) and active group 
(SLEDAI ≥ 5) based on the SLEDAI-2K (SLE Disease Activity 
Index 2000). The expression of DDIT3 in total B cells, DN (CD27 
and IgD double negative) B cells, naïve B cells, transitional B 
cells, and unswitched MBCs were significantly higher in active 
group than in the inactive group (Fig. 1E). Additionally, the MFI 
of DDIT3 in the severe group (SLEDAI ≥ 10) was significantly 
higher than that in the non-severe group (SLEDAI ≤ 9) (Fig. 1F). 

http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
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Figure 1. DDIT3 was highly expressed in SLE B cells and positively correlated with SLEDAI.
 (A) log2 fold-change of normalized RNA abundance for comparisons between groups from the dataset GSE72326 (HC, n = 20; SLE, n = 159),
GSE110169 (HC, n = 77; SLE, n = 82), and GSE65391 (HC, n = 41; SLE, n = 245; LN, n = 667). (B) Statistical analysis of DDIT3 expression
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We further analyzed the correlation between SLEDAI and DDIT3 
expression, and discovered that the MFI of DDIT3 in total B cells, 
naïve B cells, switched MBCs, unswitched MBCs, DN B cells, 
plasmablast cells (PBCs), and transitional B cells was markedly 
positively correlated with SLEDAI (Fig. 1G–M). Additionally, the 
DDIT3 gene has been identified to encode multiple alternative 
splicing transcript variants of two isotypes of different lengths 
(Fig. S2A). To identify which transcription plays a role in SLE, we 
detected DDIT3 in peripheral blood B cells of SLE patients by 
Western blot (WB). The results showed that only one transcription 
of DDIT3 was expressed in B cells, and it was significantly higher 
in patients than in HC (Fig. S2B and S2C). These data above indi-
cate that DDIT3 may be involved in the pathogenesis of SLE by 
affecting B cells.

DDIT3 deficiency disrupts the development and 
differentiation of B cells

To investigate the role of DDIT3 in B cells, we used DDIT3 KO 
mice (Ddit3−/−) and wild-type mice (WT, Ddit3+/+), which were gen-
otyped by PCR, and WB (Fig. S3A and 3B). We first examined the 
expression of DDIT3 in B cell subpopulations using flow cytom-
etry and found that DDIT3 was expressed in all B cell subpop-
ulations in BM and spleen (Fig. S3C). Next, flow cytometry was 
used to analyze the B cell differentiation and development in the 
BM, spleen, and peritoneal cavities of KO and WT mice. In the 
BM, the numbers and percentages of pro-B cells and late pre-B 
cells in KO mice were significantly increased when compared to 
WT mice. However, compared to WT mice, the numbers and per-
centages of recirculating mature B cells in KO mice were signifi-
cantly decreased, and the percentages of early pre-B cells in KO 
mice were significantly decreased while the numbers remained 
unchanged. There were no significant differences in the numbers 
and percentages of pre-pro-B cells and immature B cells between 
WT and KO mice (Fig. 2A–C). Since CD127 plays a crucial role 
in the survival, proliferation, and maturation of BM B cells [22], 
we also examined the changes in WT and KO mice but found no 
significant differences (Fig. 2D). In brief, these results indicate that 
DDIT3 can affect the development of BM B cells.

In the spleen, there were no significant differences in the per-
centage and number of follicular (FO) B cells, transition type I (T1) 
B cells, transition type II (T2) B cells, and isotype-switched (IS) B 
cells between the WT and KO mice (Fig. S4A–E). However, the 
percentage and number of GCB (Fig. 2E and 2F) and MZ B (Fig. 
2G and 2H) were significantly lower in the KO group than that in 

the WT group. We then examined the proliferation and apoptosis 
of B cell subsets in the spleen and found no significant differences 
between the WT and KO mice (Fig. S4F and 4G). In addition, we 
examined peritoneal B1 cells in WT and KO mice and found no 
changes in proportions of B1a and B1b cells in these two groups 
(Fig. S4H–J). These results revealed that DDIT3 deficiency affects 
the differentiation of splenic B cell subpopulations, but not via 
alterations in cell proliferation and apoptosis.

To exclude the effect of DDIT3 deletion in other cells on B 
cell development and differentiation, we generated BM chimeras 
by transferring a mixture of BM cells with a 1:1 ratio of WT or 
DDIT3 KO mice and CD45.1 mice into irradiated CD45.1 mice. 
After 8 weeks, the proportions of GCB and MZ B cells in CD45.2+ 
cells from KO-CD45.1 chimera mice were lower than those in 
WT-CD45.1 chimera mice (Fig. 2I–L). However, the proportions of 
GC and MZ B cells in CD45.1+ cells showed no change between 
KO-CD45.1 chimera mice and WT-CD45.1 chimera mice (Fig. 2J 
and 2L). What is more, the proportions of FO, T1, T2, and IS B 
cells in both CD45.2+ cells and CD45.1+ cells showed no change 
between KO-CD45.1 chimera mice and WT-CD45.1 chimera mice 
(Fig. S4K). These results indicate that the decrease of GC and MZ 
B cells in KO mice is intrinsic to B cells.

Given the critical role of T cells in B cell differentiation, we also 
examined the percentage and number of T cell subpopulations in 
the spleen, thymus, and lymph nodes of KO and WT mice (Fig. 

S5A). We found no significant differences in the percentages and 
numbers of CD4+, CD8+, and regulatory T cells in the spleens, thy-
mus, and LN from KO and WT mice (Fig. S5B–D). In addition, PMA 
and ionomycin were used to stimulate CD4+ T and CD8+ T cells 
from the spleen, thymus, and LN. No differences were found in the 
proportions of Th1 (CD44+IFNγ+CD4+), Th2 (CD44+IL4+CD4+), and 
Th17 (CD44+IL17+CD4+) cells in CD4+ T cells, nor in the propor-
tions of cytotoxic T (CTL, CD44+IFNγ+CD8+) cells in CD8+ T cells 
between KO and WT mice (Fig. S5E–H). Hence, the absence of 
DDIT3 did not affect T cell development and differentiation. Taken 
together, our findings suggest that DDIT3 plays a crucial role in 
BM B cell development and peripheral B cell differentiation.

DDIT3 deficiency weakens the B cell activation and BCR 
signaling

BCR signaling is critical for B cell development and differentiation. 
It has been reported that the expression of DDIT3 in B cells of the 
mouse spleen increases when stimulated with anti-IgM [23]. To 
further investigate the involvement of DDIT3 in B cell activation 

in T cell subpopulations and monocytes from SLE patients (n = 20) and healthy donors (n = 14). (C) Statistical analysis of DDIT3 expression 
in B cell subpopulations from SLE patients (n = 49) and healthy donors (n = 27). (D) Representation of DDIT3 fluorescence histograms in 
total B cells, naïve B cells, and unswitched MBCs from SLE patients and healthy donors. (E) Statistical analysis of DDIT3 expression in B cell 
subpopulations from active SLE patients (n = 36), inactive SLE patients (n = 13), and healthy donors (n = 27). (F) Statistical analysis of DDIT3 
expression in B cells from severe SLE patients (n = 19) and non-severe SLE patients (n = 30). (G–M) Correlation analysis of DDIT3 expression 
and SLEDAI in different B cell subpopulations from SLE patients (n = 49). ns = no significance, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
unpaired student’s t-test and one-way ANOVA.

http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
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Figure 2. DDIT3 is essential for the development of bone marrow B cells and differentiation of peripheral B cells.
 (A–C) Representative flow diagrams and statistical analysis of pre-pro (a), pro (b), early-pre (c), late-pre (d), immature (e), and recirculating 
mature (f) B-cell in bone marrow from WT (n = 6) and DDIT3 KO mice (n = 6). (D) Statistical analysis of MFI of CD127 in pre-pro (a), pro 
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and BCR signaling, we stimulated splenic B cells at different time 
points using soluble antigenic stimulant (sAg), anti-mouse Ig 
(M+G) F(ab’)2 and found that the correlation coefficients between 
BCR and DDIT3 gradually increased and reached their peak after 
5 min of stimulation and then gradually decreased (Fig. 3A and 
3B). The correlation coefficients between DAPI and DDIT3 gradu-
ally increased after BCR stimulation (Fig. 3C). We also found that 
BCR internalization after 30 min of stimulation was impaired in KO 
B cells compared to WT B cells (Fig. 3D). These results suggest 
that DDIT3 plays a role in B cell activation. We then investigated 
the role of DDIT3 in the regulation of BCR signaling using confocal 
microscopy and WB. The correlation coefficients between phos-
phorylated tyrosine (pY, total BCR signaling), phosphorylated 
BLNK (pBLNK), phosphorylated Syk (pSyk), and phosphorylated 
PI3K (pPI3K) and BCR were significantly decreased at 5 min in 
KO B cells when compared to that of WT B cells (Figs. 3D–F, S6A–
D). Upon sAg stimulation, the levels of pY, pBLNK, pSyk, pPI3K, 
and downstream signaling molecules phosphorylated Akt (pAkt), 
phosphorylated mTOR (pmTOR), phosphorylated S6 (pS6), and 
phosphorylated FoxO1 (pFoxO1) were dramatically reduced at 5 
min and/or 10 min in KO B cells compared to WT B cells (Figs. 
3G, 3H and S6E–K). These results above indicate that DDIT3 is 
involved in B cell activation and enhances BCR signaling.

DDIT3 promotes B cell activation and BCR signaling by 
regulating actin reorganization

We further explored how DDIT3 regulates B cell activation and 
BCR signaling. Splenic B cells were isolated from WT and KO 
mice using mice B cell magnetic bead sorting kit and RNA-
sequencing was conducted. 60 differential genes were screened 
in B cells of WT and KO mice, of which 30 were up-regulated and 
30 were down-regulated (Fig. 4A; Table S3). Subsequently, KEGG 
and GO enrichment analysis of these differential genes indicated 
that DDIT3 plays a significant role in the regulation of actin cyto-
skeleton, SLE (Fig. 4B), humoral immune response, activation of 
immune response, and actin-based cell projection (Fig. S7A). Our 
previous study has demonstrated that the reorganization of actin 
during B cell activation plays a crucial role in B cell activation, 
BCR signaling, and antigen presentation [24, 25]. Additionally, 
WASp, an important actin-nucleating factor, is known to regulate 
actin reorganization during the early B cell activation. Therefore, 
we next further explored whether DDIT3 is involved in regulating 
actin cytoskeleton in B cells by confocal microscopy and phos-
flow. We observed that the correlation coefficient between pWASp 
and BCR in KO B cells was noticeably reduced after 5 min of sAg 
stimulation compared to WT B cells (Fig. 4C and 4D). Moreover, 

the MFI of pWASp and F-actin in KO B cells were also significantly 
decreased at 5 min after sAg stimulation when compared to that 
of WT B cells (Fig. 4E and 4F). Consistent with these findings, the 
level of pWASp in KO B cells at 5 min after sAg stimulation was 
lower than that in WT B cells (Fig. 4G). Based on these results, we 
hypothesized that DDIT3 might regulate WASp phosphorylation 
by interacting with WASp. To demonstrate the interaction between 
DDIT3 and WASp, we performed co-immunoprecipitation. The 
results showed that DDIT3 interacted with WASp, and the pWASp 
increased with the activation of B cells (Fig 4H). Taken together, 
these results indicate that DDIT3 may promote B cell activation 
and BCR signaling through phosphorylating WASp and regulating 
actin polymerization.

DDIT3 regulates actin reorganization by promoting Itgad 
transcription and expression

We further investigated how DDIT3 regulates the actin cytoskel-
eton by verifying the expression of three differential genes in the 
pathway of “Regulation of actin cytoskeleton”, Itgad, Dock1, and 
Itga7 (Fig. 5A) by qPCR. Consistent with the sequencing results, 
Itgad expression was significantly decreased in KO mice (Fig. 
5B), while no significant differences in Dock1 and Itga7 expres-
sion were found between WT and KO mice (Fig. S7B and S7C). 
Moreover, we extracted RNA from B cells of SLE patients and 

healthy controls for qPCR validation, confirming that ITGAD mRNA 
levels were higher in patients than in HC (Fig. 5C). The expression 
of Itgad in splenic B cells from the BM12-induced lupus model 
mice was also significantly increased when compared to control 
mice (Fig. 5D). To investigate whether DDIT3 regulates the tran-
scription of Itgad, we conducted chromatin immunoprecipitation 
(ChIP)-qPCR and dual luciferase reporter assays. We found that 
DDIT3 could bind to the Itgad promoter (Fig. 5E and 5F) at the 
indicated binding site (Fig. 5G). Additionally, in the dual luciferase 
assay, the fluorescence intensity of HEK293T cells transfected 
with pGL3-Itgad promoter plus pAd5-E1-CMV-Ddit3 was signifi-
cantly higher than that of cells transfected with pGL3-Itgad pro-
moter plus pAd5-E1-CMV (Fig. 5H). These results above verified 
that DDIT3 positively regulates Itgad transcription and expression.

β2-integrins have been reported to enhance actin polymer-
ization and stimulate PI3K in human neutrophils [26–28], leading 
to a decrease in PtdIns [4, 5]P

2 (PIP2) levels and an increase in 
PtdIns [3–5]P3 (PIP3) levels. They can also activate downstream 
signaling molecules such as Src family tyrosine kinases, Syk, and 
Vav in T cells and B cells [29]. Therefore, we constructed a plas-
mid that overexpressed ITGAD and transfected it into KO B cells. 
The expression of ITGAD was significantly increased in the KO B 

(b), early-pre (c), late-pre (d), immature (e), and recirculating mature (f) B-cell in bone marrow from WT (n = 6) and DDIT3 KO mice (n = 6). 

(E–H) Representative flow diagrams and statistical analysis of splenic GC and MZ B cells in WT (n = 6) and DDIT3 KO (n = 6) mice. (I–L) 
Representative flow diagrams and statistical analysis of splenic GC and MZ B cells in CD45.2+ and CD45.1+ cells from chimera mice (n = 5). 
*P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001, unpaired student’s t-test.

http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
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Figure 3. DDIT3 positively regulates the B cell activation and BCR signaling.
 Splenic B cells from WT and DDIT3 KO mice were stimulated with anti-F(ab’)2 goat anti-mouse IgG + IgM (10 μg/mL) for the indicated time, 
and the BCR signaling was analyzed by confocal and WB. (A–C) Confocal analysis of DDIT3 in splenic B cells from WT mice. Representative 
pictures and Pearson correlation coefficients between BCR and DDIT3/DAPI. (D–F) Confocal analysis of pY and pBLNK in splenic B cells from 
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cells after transfection (Fig. 5I). Next, we examined the levels of 
ITGAD downstream signaling molecules through WB. Upon acti-
vation with sAg, KO B cells transfected with the plasmid overex-
pressing ITGAD exhibited restored or increased levels of pSyk, 
pVav, pPI3K, as well as its downstream signaling molecules pAkt, 
pmTOR, pS6, and pFoxO1 (Fig. 5J). Furthermore, we examined 
F-actin levels using phosflow and found that the MFI of F-actin
was significantly higher in KO B cells overexpressing ITGAD than
in KO B cells at 0 and 5 min, with levels comparable to those in WT 
B cells after 0 and 5 min of B cell activation (Fig. 5K). Meanwhile,
we measured the levels of PIP2 using phosflow and found that KO
B cells showed significantly higher levels of PIP2 at 0, 5, and 30
min compared to WT B cells (Fig. 5L). The MFI of PIP2 in KO B
cells overexpressing ITGAD was significantly decreased at 5 min
and partially restored at 30 min compared to KO B cells (Fig. 5L). 
These data suggest that DDIT3 regulates B cell activation, BCR
signaling, and actin reorganization by promoting Itgad transcrip-
tion and expression.

DDIT3 deficiency reduces humoral immune response and 
impairs germinal center response

To investigate the impact of DDIT3 on B cell-mediated humoral 
immune response, we administered WT and KO mice with  
thymus-dependent antigen (NP-KLH) (Fig. 6A). Firstly, 33 days 
later after the first immunization, we analyzed splenic lympho-
cytes by flow cytometry and found that the frequencies and num-
bers of IS, MZ, GCB, and NP-specific switched MBCs were visibly 
reduced in KO mice compared to WT mice (Fig. 6B–J). And, the 
numbers of NP-specific unswitched MBCs and T1 B cells were 
diminished but the frequencies were unchanged (Figs. 6H, 6J and 
S8A). However, the frequencies and numbers of FO B cells, T2 
B cells, PBC, PC, follicular helper T cells, and total CD4+ T cells 
were not significantly changed (Fig. S8B–K).

What’s more, we examined follicles and germinal centers in 
the spleens of WT and KO mice using H&E staining and confocal 
microscopy, which showed that KO mice had fewer and smaller 
follicles (Fig. 6K) and smaller GC areas (Fig. 6L and 6M) com-
pared to WT mice. Furthermore, although there was no change 
in the frequencies of NP+GCB between WT and KO mice, the 
number of NP+GCB was significantly decreased in KO mice when 
compared to WT mice (Fig. S8L and S8M). These results suggest 
that DDIT3 deficiency impairs germinal center responses.

Finally, we measured NP-specific antibodies, including anti-
NP36-IgM, anti-NP2-IgG1 (high affinity), and anti-NP36-IgG1 (low 
affinity) in the serum of WT and KO mice by ELISA. We found 
that there was no difference in the anti-NP36-IgM in serum from 
WT and KO mice (Fig. 6N). Whereas, the levels of anti-NP2-IgG1 

and anti-NP36-IgG1 significantly decreased in the serum of KO 
mice compared to WT mice (Fig. 6O and 6P). Furthermore, the 
affinity of anti-NP-IgG1 antibodies (expressed as the ratio of NP2-
IgG1/NP36-IgG1) was significantly lower than that in WT mice (Fig. 
6Q). These results indicate that DDIT3 deficiency can attenuate 
antibody responses. What’s more, we further performed the BCR 
sequence and analyzed BCR cloning frequency. Here, we divided 
the clone frequencies into single, median, and large. We found 
single and median rosed slightly for IgH in KO mice (Fig. S8N). 
Meanwhile, there was no change in the cloning frequency for IgK 
and IgL (Fig. S8O and S8P). These results suggest that DDIT3 
plays a critical role in humoral immune response and germinal 
center response.

DDIT3 deficiency ameliorates lupus-like autoimmunity and 
renal injury in a cGVHD model

To investigate the impact of DDIT3 on the development of SLE, we 
conducted a chronic graft-versus-host disease (cGVHD) lupus-
like model by transferring CD4+ T cells from Bm12 mice into WT 
and KO mice [30]. Initially, we assessed the levels of anti-dsDNA 
antibodies and blood urea nitrogen (BUN) in the serum after Bm12 
induction for 4 weeks, as well as urinary protein and urinary cre-
atinine in both WT and KO mice, and discovered that anti-dsDNA 
antibodies (Fig. 7A), serum BUN (Fig. 7B), and urinary protein 
(Fig. 7C) were markedly reduced, but no change in urinary creati-
nine (Fig. 7D) in KO mice when compared to WT mice. The ratio of 
urine protein to urine creatinine is commonly used to estimate the 
24-hour urine protein level in mice because random urinary pro-
tein tends to yield large errors. Our further analysis revealed that
the ratio was significantly lower in KO mice than in WT mice (Fig. 
7E). Subsequently, we examined the deposition of complement
C3 and total IgG in the kidneys of WT and KO mice using confocal
microscopy and found that less C3 and total IgG were depos-
ited in the glomeruli of KO mice compared with WT mice (Figs. 
7F, S9A and S9B). Additionally, compared with WT mice, less cell
infiltration in the glomeruli and renal pathological amelioration
were observed in KO mice (Figs. 7G and S9C). These results indi-
cated that DDIT3 deficiency improves laboratory parameters and
alleviates renal histological alterations.

Lastly, to further investigate whether the attenuated humoral 
immune response in KO mice is related to the pathogenesis of 
SLE, we examined the germinal centers and splenic lympho-
cytes using confocal microscopy and flow cytometry, respectively. 
Compared with WT mice, the germinal center area was smaller 
in the spleens of KO mice after Bm12 induction (Fig. 7H and 
7I). Furthermore, the frequencies and numbers of T2 and MZ B 
cells (Fig. S9D–G), GCBs, and PBCs were significantly reduced 

WT and DDIT3 KO mice. Representative plots and Pearson correlation coefficients between BCR and pY, BCR and pBLNK. Scale bar, 2 μm. 
Data were collected from more than 50 cells. (G, H) Immunoblot of pY, pBLNK, pSyk, pPI3K, pAkt1, pmTOR, pFoxO1, pS6, and total proteins 
in B cells from WT and DDIT3 KO mice. Representative plots from three independent experiments are shown. *P < 0.05; **P < 0.01; ***P < 
0.001, ****P < 0.0001, unpaired student’s t-test and one-way ANOVA.
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http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
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Figure 4. DDIT3 is involved in actin recombination.
 (A) Volcanic map analysis of RNA-seq for splenic B cells from WT (n = 3) and DDIT3 KO (n = 3) mice. (B) KEGG analysis of RNA-seq for
splenic B cells from WT and DDIT3 KO mice. Splenic B cells from WT and DDIT3 KO mice were stimulated with AF594 labeled or unlabeled
anti-F(ab')2 goat anti-mouse IgG + IgM (10 μg/mL) for the indicated time, and the BCR signaling was analyzed by confocal, phosflow cytometry, 
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in KO mice compared with WT mice (Fig. 7J–M). However, there 
were no significant differences observed in the frequencies and 
numbers of PCs (Fig. 7N), FO, IS, and T1 B cells, and follicular 
helper T cells (Tfh) cells between WT and KO mice (Fig. S9H–N). 
Additionally, we analyzed the expression of CD69, CD80, and 
CD86 as activation markers on splenic B cells, and observed 
that the MFI of CD69 was significantly diminished in KO B cells 
compared to WT B cells. However, there were no significant dif-
ferences in the MFI of CD80 and CD86 between WT and KO 
mice (Fig. 7O–R). Furthermore, we detected the B cell activation, 
proliferation, and apoptosis in vitro upon LPS stimulation by flow 
cytometry. We found that both the proliferation and apoptosis in 
KO B cells were significantly decreased when compared to WT B 
cells (Fig. S9O and S9P). And the MFI of CD80 was significantly 
increased but CD86 and CD69 were significantly decreased in KO 
B cells when compared to WT B cells (Fig. S9Q and S9R). These 
data suggest that deficiency of DDIT3 ameliorates the develop-
ment of SLE by inhibiting the germinal center response and B cell 
activation, thereby reducing autoantibodies and renal injury.

Discussion

DDIT3 has been reported to play a key role in host innate immu-
nity and viral replication. DDIT3 enhances the replication of 
bovine viral diarrhea virus by inducing the expression of OTU deu-
biquitinating 1, which leads to the degradation of mitochondrial 
antiviral signaling and inhibits IFN-I production [19]. Additionally, 
DDIT3 promotes bovine viral diarrhea virus replication by induc-
ing SQSTM1-mediated autophagy and promoting STING degra-
dation, thereby inhibiting innate immunity [20]. However, the role 
of DDIT3 in adaptive immunity remains unknown. In this study, 
we discovered that DDIT3 deficiency disrupts B cell development 
and differentiation. Moreover, DDIT3 enhances B cell activation 
and BCR signaling by enhancing Itgad transcription and expres-
sion, which regulates the reorganization of the actin cytoskeleton 
and PI3K BCR signaling. Furthermore, using the NP-KLH immune 
model, we found that DDIT3 is crucial for humoral responses 
and GC responses. Deficiency of DDIT3 ameliorates lupus-like 
autoimmunity and renal injury by inhibiting the germinal cen-
ter response and B cell activation (Fig. 8). Therefore, our study 
reveals for the first time the role and function of DDIT3 in B cells, 
humoral immunity, and SLE development.

DDR plays a crucial role in the development and function-
ing of the immune system. It is involved in the formation of anti-
gen receptors, maturation and differentiation of lymphocytes, and 

production of antibodies [13, 14]. Recent studies have reported 
abnormal DDR in various autoimmune diseases such as SLE, 
multiple sclerosis, and rheumatoid arthritis [13, 31–34]. In SLE, 
dysfunctional B cell activity is based on DDR [15]. One import-
ant member of the DNA damage signaling pathway, DDIT3, is 
upregulated by DDR [16]. A recent study constructed an artificial 
neural network diagnostic model for cSLE and identified several 
relevant signature genes, including DDIT3. DDIT3 expression is 
significantly increased in cSLE compared to healthy controls, and 
it is correlated with memory B cells in cSLE [21]. However, the 
role of DDIT3 in B cells of SLE remains unknown. In our study, 
we observed a significant increase in DDIT3 expression in total, 
naïve, and unswitched memory B cells of adult SLE patients 
compared to healthy controls. Furthermore, DDIT3 expression 
was higher in active SLE patients with high SLEDAI than in inac-
tive SLE patients with low SLEDAI. DDIT3 expression showed 
a positive correlation with SLEDAI in total B cells and subpop-
ulations. These findings suggest that DDIT3 may be involved in 
the pathogenesis of SLE by affecting B cells. Additionally, DDIT3 
could serve as an indicator of disease activity and a potential ther-
apeutic target. Furthermore, DDIT3 is also correlated with other 
immune cells such as activated dendritic cells, neutrophils, mac-
rophages, CD8+ T cells, and resting memory CD4+ T cells in cSLE 
[21]. Therefore, it is worth investigating whether DDIT3 contrib-
utes to the pathogenesis of SLE by affecting these immune cells. 

In our study, there were no differences in DDIT3 expression on 
CD4+ T cells, CD8+ T cells, Tregs, and monocytes between SLE 
patients and healthy controls. Besides, in our study, we found that 
loss of DDIT3 did not affect the development and differentiation of 
CD4+ and CD8+ T cells as well as subpopulations. These results 
indicated that DDIT3 participates in the pathogenesis of SLE by 
affecting B cells but other lymphocytes.

Beta2-integrins are leukocyte-specific and comprise four 
members: CD11a/CD18 (LFA-1, alphaLbeta2), CD11b/CD18 
(Mac-1, alphaMbeta2), CD11c/CD18 (CR4, alphaXbeta2), and 
CD11d/CD18 (αDβ2, alphaDbeta2) [35]. These integrins play a 
role in leukocyte trafficking, immunological synapse formation, 
TLR signaling, TCR signaling, and BCR signaling [35]. ITGAD, 
also known as CD11d, is an alpha subunit of beta2-integrins 
and is highly expressed in myeloid cells, B cells, and NK cells. 
It has low expression on peripheral blood leukocytes and higher 
expression on γδ T cells compared to αβ T cells [36, 37]. ITGAD 
has been reported to affect T cell development and proliferation 
in response to staphylococcal enterotoxin [38]. However, the 
role of ITGAD in B cells has been less studied. In our study, we 

and WB. (C, D) Confocal analysis of pWASp and F-actin in splenic B cells from WT and DDIT3 KO mice. Representative pictures and Pearson 
correlation coefficients between BCR and pWASp. Scale bar, 2 μm. (E, F) Phosflow analysis of MFI of pWASp and F-actin in splenic B cells 
from WT (n = 3) and DDIT3 KO (n = 3) mice. (G) Immunoblot of pWASp and WASp in B cells from WT and DDIT3 KO mice. Representative 
plots from three independent experiments are shown. (H) Lysates of splenic B cells from WT mice treated with 10 µg/mL sAg for 5 min, followed 
by immunoprecipitation with anti-DDIT3 and immunoblot analysis of pWASp. *P < 0.05, **P < 0.01, unpaired student's t-test.
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http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
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Figure 5. DDIT3 positively regulates the BCR signaling pathway and actin reorganization by promoting Itgad 
transcription and expression.
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discovered that DDIT3 enhances ITGAD expression, thereby pro-
moting both proximal and distal BCR signaling, particularly PI3K 
signaling. BCR signaling is crucial for B cell function, suggesting 
that ITGAD may have an impact on humoral immune responses. 
ITGAD-KO mice could serve as a valuable tool for further inves-
tigation. On the other hand, another member of beta2-integrins, 
CD11b/CD18, has been reported to inhibit BCR signaling to main-
tain autoreactive B cell tolerance [39], and CD11b is one of the 
strongest genetic risk factors for SLE [40, 41]. These results indi-
cated the different roles of β2-integrins in SLE and B cells.

B cell hyper-activation is critical to autoimmune B cell differ-
entiation and autoantibodies secretion in the pathogenesis of 
SLE. B cell activation is regulated by actin cytoskeleton reorga-
nization, and β2-integrins were reported to promote actin polym-
erization by inducing PIP3 formation [26–28], and then activates 
downstream of Src family tyrosine kinases, Syk, and Vav in T 
cells and B cells [29]. Upon engagement with antigen (Ag), BCR 
microclusters aggregate, which is regulated by actin and PIP3. 
B cells from SLE exhibit stronger BCR microclusters and higher 
levels of PIP3. Additionally, they also display hyper-activated PI3K 
signaling compared to healthy controls [12, 42]. According to the 
aforementioned results, our study has discovered that DDIT3 
facilitates the activation of PI3K, actin polymerization, B cell acti-
vation, and BCR signaling by positively regulating the expression 
of ITGAD. Interestingly, it has been reported that the hyper- 
activation of mTOR leads to the loss of MZ B cells [43, 44]. 
However, in our study, we observed a decrease in MZ B cells in 
DDIT3 KO mice, along with a decrease in mTOR activation. This 
contradiction suggests that DDIT3 may regulate the differentiation 
of MZ B cells through another, potentially more significant, molec-
ular mechanism.

Another intriguing discovery is the significant increase of 
CD69 in KO B cells within our Bm12-induced cGVHD model. 
CD69 is classified as an early activation marker for lympho-
cytes. However, the mechanism by which DDIT3 regulates CD69 
expression in the Bm12-induced cGVHD model has yet to be 
investigated.

Our study collectively demonstrates that DDIT3 plays a role 
in the pathogenesis of SLE by regulating the development and 
differentiation of B cells, the activation of B cells, BCR signaling, 
and humoral immunity response. Additionally, we discovered that 

DDIT3 deficiency could ameliorate the symptoms of SLE (Fig. 8), 
thereby presenting a novel therapeutic target for lupus-like auto-
immune responses.

Research limitations

Although DDIT3 has been shown to promote the development 
and progression of SLE by regulating B cell development and dif-
ferentiation, BCR signaling, and humoral immune response, this 
study has some limitations in planning and design. First, the exact 
mechanism needs to be further elucidated. For example, in CD21 
or CD23 B-cell-specific knockout DDIT3 mice, the effect of DDIT3 
on the pathogenesis and development of SLE through the regu-
lation of actin polymerization pathway mediating B-cell function is 
further verified. In addition, the overexpression of DDIT3 in SLE 
mouse models requires further exploration to explore its effects on 
tissues throughout the body at different stages of SLE.

Methods
Microarray data and analysis

Series matrix files of the dataset GSE72326, GSE110169, and GSE65391 
were downloaded from Gene Expression Omnibus (GEO) database. The 
dataset GSE72326 contained 177 peripheral blood mononuclear cells 
(PBMCs), 157 from SLE patients, and 20 healthy controls. The dataset 
GSE110169 contained 159 PBMC, 82 from SLE patients, and 77 healthy 
controls. The dataset GSE65391 contained 953 PBMC, 667 from LN, 245 
from SLE patients, and 41 from healthy controls. Use the R package to 
standardize the expression matrix and annotate genes, and extract the 
expression values of DDIT3 for plot analysis based on grouping.

Patients and PBMCs collection

Forty-nine patients diagnosed with SLE, and twenty-seven healthy indi-
viduals of similar age were recruited from Shanxi Bethune Hospital in 
Taiyuan, China. Patients with malignancy, lymphoproliferative disease, 
active infection, or other autoimmune diseases were excluded from the 
study. The basic characteristics of patients and healthy controls are shown 
in Table S1. The disease activity of SLE was assessed using the SLE 
Disease Activity Index 2000 (SLEDAI-2K). Prior to participation, all indi-
viduals provided written informed consent, and the study was approved 
by the Ethics Committee of Shanxi Bethune Hospital (YXLL-2023-227). 
Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll 
according to the provided instructions and frozen to liquid nitrogen accord-
ing to the cell cryopreservation procedure until specimen collection was 
completed.

 (A) The heatmap of differential genes of RNA-seq for spleen B cells from WT (n = 3) and DDIT3 KO (n = 3) mice. (B) RT-qPCR analysis of
Itgad mRNA in splenic B cells from WT (n = 3) and DDIT3 KO (n = 3) mice. (C) RT-qPCR analysis of ITGAD mRNA in B cells from SLE patients 
(n = 6) and healthy donors (n = 5). (D) RT-qPCR analysis of Itgad mRNA in splenic B cells from WT (n = 5) and BM12 induced-WT (n = 4)
mice. (E, F) ChIP-qPCR analysis of DDIT3 binding to the promoter of Itgad in B cells after stimulation for the indicated time. (G) Transcription
binding sites of Itgad for DDIT3. (H) Statistical analysis of relative light units (RLUs) of HEK293T cells transfected with pGL3-Itgad promoter
plus pAd5-E1-CMV-Ddit3 and pGL3-Itgad plus pAd5-E1-CMV. (I) KO B cells were transfected with the plasmid overexpressing ITGAD for 48
h. Shown are immunoblot of ITGAD. (J) WB analysis of pSyk, Syk, pPI3K, PI3K, pmTOR, mTOR, pS6, S6, pFoxO1, FoxO1, pAkt, Akt, and
pVav in WT, KO, and transfected KO B cells. (K, L) Phosflow analysis of F-actin and PIP2 in WT, KO, and transfected KO B cells. ##P < 0.01; 
###P < 0.001; *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001, unpaired student’s t-test and one-way ANOVA.

http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
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Figure 6. DDIT3 deficiency reduces the T-dependent immune response.
 (A) WT (n = 4) and DDIT3 KO (n = 4) mice aged 8–10 weeks were immunized by intraperitoneal injection with 40 μg NP-KLH in adjuvant on
day 1 and 28, and on day 33, mice were sacrificed. (B–J) Representative flow diagrams and statistical analysis of FO, T1, T2, IS, MZ, and GC
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Mice

Ddit3−/− mice were generated using Ddit3+/− mice, which were provided 
by Professor Wang Cong-yi from Huazhong University of Science and 
Technology, Wuhan, China. The mice used in the experiment were aged 
8–12 weeks, and Ddit3+/+ mice were used as the WT control. CD45.1 mice 
were purchased from Cyagen Biosciences (Guangdong, China). Bm12 
mice (B6(C)-H2-Ab1bm12/KhEgJ) were provided by Professor Zheng 
Fang from Huazhong University of Science and Technology, Wuhan, 
China. The mice were housed and fed in individually ventilated cages 
under specified pathogen-free conditions. All animal study protocols were 
approved by the Institutional Review Board of Shanxi Medical University 
(2023-SKY-L-N103).

Cell isolation and purification of B cells

Splenic lymphocytes were isolated through density gradient centrifugation 
using Ficoll, while spleen B cells were purified via complement-dependent 
cytotoxicity that T cells were lysed using anti-CD90.2 and guinea pig com-
plement. Monocytes/macrophages were then eliminated by adhering to 
T75 at 37°C for 1 hour.

B cells for RNA-sequencing and RT-qPCR were purified with mouse 
CD19 microbeads.

Immunoblot analysis

Purified B cells were incubated with Biotin-SP-conjugated AffiniPure 
F(ab’)2 Fragment Goat Anti-Mouse IgG + IgM (H + L) (10 μg/mL, sAg) 
on ice for 30 min. Streptavidin (10 μg/mL) was added and incubated for 
an additional 10 min. The cells were then activated at 37°C for the indi-
cated time. The cell lysates were separated by SDS–PAGE and trans-
ferred to a nitrocellulose membrane. After being blocked with 5% milk in 
TBST, the bands were probed with anti-phosphotyrosine, anti-pWASp, 
anti-pPI3K, anti-pBLNK, anti-pSyk, anti-pFoxO1, anti-FoxO1, anti-PI3K, 
anti-pS6, anti-S6, anti-pmTOR, anti-mTOR, anti-Syk, anti-BLNK, anti-
pAkt, anti-Akt, anti-WASp, anti-pVav, and anti-ITGAD. β-actin was used 
as a loading control. The immunoreactive bands were captured using the 
ChemiDoc™XRS-imaging systems, and the intensity was quantified using 
the Image Lab software.

Hematoxylin-eosin staining

Mouse spleens and kidneys were formalin-fixed, embedded, and sec-
tioned as described previously [45], and tissues were visualized under 
a Thermostatic freezing microtome by hematoxylin-eosin staining. The 
evaluation of glomerulonephritis and perivascular cellular infiltration was 
carried out by two renal pathologists, using semi-quantitative criteria to 
assess the renal biopsies.

Flow cytometry and phosflow

Human peripheral PBMC were labeled with PE-anti-CD14, APC-anti-CD25, 
PE-Cy7-anti-CD127, PB-anti-CD4, BV510-anti-CD8, PE-anti-CD27, 
APC-CD19, PE-Cy7-anti-CD24, BV510-anti-IgD, Fixable Viability Stain 
620, PB-anti-CD38 to analyze Lymphocyte subsets. To perform intracel-
lular staining for DDIT3, the cells were fixed and permeabilized using a 

fixation/penetration kit and labeled with anti-DDIT3 and Alexa Fluor™ 
488-Goat anti-Rabbit.

BM cells were extracted from the tibia and femur of mice. Red
blood cells were lysed using a red blood cell lysis buffer. BM cells were 
then stained with FITC-anti-B220, PE-anti-BP-1, 7-AAD, APC-anti-IgM, 
PE-Cy7-anti-CD43, PB-CD24, and BV510-CD127.

Splenic lymphocytes were labeled with PE-anti-CD95, AF647-
anti-GL-7, FITC-Annexin V, PE-anti-CD21/CD35, Percp/Cy5.5-anti-CD23, 
PB-anti-IgD, BV510-anti-CD19, BV510-anti-CD45.2, PE-Cy7-anti-CD45.1, 
FITC-anti-CD80, PE-anti-CD86, Percp-anti-B220, APC-anti-CD69 and 
BV510-anti-CD138, BV421-anti-IgM, PE-anti-ICOS (CD278), Percp-
anti-CD44, APC-anti-CD4, PE-Cy7-anti-PD-1, BV421-anti-CXCR5, FITC-
anti-B220, APC-anti-IgM, 7-AAD, and PE-NP to analyze B cell peripheral 
differentiation. To perform intracellular staining for PE-Cy7-anti-Ki-67, the 
cells were fixed and permeabilized using a fixation/penetration kit.

To detect DDIT3 expression in bone marrow and spleen B-cell sub-
sets of wild-type mice, cells were stained with specific antibodies B-cell 
subsets. After fixed and permeabilized using a fixation/penetration kit, 
cells were labeled with anti-DDIT3, and followed by DyLight 488-Goat 
anti-mouse.

Peritoneal cavity cells were stained with FITC-anti-CD19, PB-anti-
CD1d, PE-anti-CD5, Percp/Cy5.5-anti-CD11b, APC-anti-IgM, and 
PB-anti-IgD.

The lymphocytes of spleens, thymus lymphocytes, and lymph nodes 
were labeled with PE-anti-CD8, FITC-Annexin V, APC-anti-CD25, BV510-
anti-CD8, Fixable Viability Stain 620, Percp-anti-CD44, PB-anti-CD4 to 
analyze T cell peripheral differentiation. To perform intracellular staining 
for AF488-anti-Foxp3, the cells were fixed and permeabilized using a fix-
ation/penetration kit.

To perform phosflow analysis, purified B cells were subjected to the 
following steps: firstly, they were stained with BV510-anti-CD19 at 4°C 
for 30 min. Then, the cells were incubated with sAg on ice for 30 min. 
Subsequently, the cells were activated at 37°C for the indicated time. After 
activation, the cells were fixed and permeabilized using a fixation/penetra-
tion kit. Next, the cells were labeled with ActinGreen 488 ReadyProbes™ 
and anti-pWASp. Finally, the cells were incubated with AF647-Goat 

anti-Rabbit IgG (H + L) secondary antibody.
The samples were analyzed using FACSCantoTM Ⅱ Flow Cytometry, 

and data analysis was performed using the software FlowJo software.

T cell stimulation in vitro

The lymphocytes were stimulated in the medium containing 750 ng/mL 
Ionomycin and 50 ng/mL phorbol 12-myristate 13-acetate. 1 h later, 1× 
Brefeldin A was added to prevent protein transport. After 4 h, the lym-
phocytes were stained with PB-anti-CD4 and BV510-anti-CD8. Then cells 
were fixed and permeabilized using a fixation/penetration kit, and stained 
with PE-anti-IL-17A, APC-anti-IL-4, and PE-anti-IFN-γ.

Confocal microscopy analysis

Purified splenic B cells were incubated with Alexa Fluor 594-AffiniPure 
F(ab’)2 Fragment Goat Anti-Mouse IgG + IgM (H + L) on ice for 30 min, 

B cells, as well as switched MBC and unswitched MBC in spleens from WT and DDIT3 KO mice. (K) H&E analysis of spleens from immunized 
WT and DDIT3 KO mice. Scale bar, 50 μm. (L) Immunofluorescence staining of splenic sections from immunized WT and DDIT3 KO mice. 
Shown are representative GCs using anti-CD4 (blue), anti-B220 (green), and anti-GL-7 (red). Scale bar, 20 μm. (M) Quantification of the area 
of GCs from WT (n = 3) and DDIT3 KO (n = 3) mice. (N–Q) ELISA analysis of NP36-IgM, NP2-IgG1, NP36-IgG1, and ratio of NP2-IgG1/NP36-IgG1 
in serum from immunized WT (n = 4) and DDIT3 KO (n = 4) mice. ns = no significance, *P < 0.05; **P < 0.01; ***P < 0.001, unpaired student’s 
t-test.
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Figure 7. DDIT3 deficiency ameliorates lupus-like autoimmunity and renal injury in a cGVHD model.
 (A) ELISA analysis for anti-dsDNA antibody in serum from BM12 induced-WT (n = 7) and KO mice (n = 6) for 4 weeks. (B) Serum BUN in WT
(n = 7) and KO (n = 6) mice. (C) BCA analysis of urinary protein in WT (n = 7) and KO (n = 6) mice. (D) Urinary creatinine in WT (n = 7) and
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followed by activation at 37°C for the specified duration. The cells were 
then fixed with 4% paraformaldehyde and permeabilized with 0.05% 
saponin. They were subsequently stained with anti-DDIT3, anti-pY, 
ActinGreen 488 ReadyProbes™, anti-pSyk, anti-pBLNK, anti-pPI3K, anti-
pAkt, anti-pS6, and anti-pWASp. Lastly, cells were incubated with AF405-
Goat anti-Rabbit IgG (H + L), AF647-Goat anti-Rabbit IgG (H + L), and 
DyLight 488 Conjugated AffiniPure Goat Anti-Mouse IgG (H + L). Images 
were captured using confocal microscopy. Data were analyzed using FV31 
ASW software.

Bone marrow chimeras

CD45.1 mice were subjected to hematopoietic lethal irradiation, with a dose 
of 9 Gy. 4 h later, a mixture of BM cells from WT or KO with CD45.1 at a ratio 
of 1:1, totaling 5 × 106 cells per mouse, was intravenously transferred into 
the irradiated CD45.1 mice. After 8 weeks, the chimeric mice were analyzed.

Induction of lupus mouse model

Splenic lymphocytes were collected from female Bm12 mice. The lympho-
cytes, totaling 4 × 107 cells per mouse, were then transferred intraperitoneally 

Figure 8. DDIT3 deficiency ameliorates SLE by regulating B cell activation and differentiation.
 DDIT3 expression is increased in B cells from SLE patients and positively correlated with disease activity. Mechanistically, DDIT3 promotes the 
Itgad transcription and WASp phosphorylation, which enhances actin polymerization, promoting B cell activation, BCR signaling, and B cell 
differentiation. Finally, DDIT3 deficiency attenuates lupus autoimmunity and disease symptoms in a cGVHD model.

KO (n = 6) mice. (E) Ratio of urinary protein to urinary creatinine in WT (n = 7) and KO (n = 6) mice. (F) Immunofluorescence staining of C3 
and total IgG in kidneys from induced WT and KO mice. Scale bar, 10 μm. (G) H&E analysis of kidneys from WT and KO mice. Scale bar, 250 
μm. (H) Immunofluorescence staining of GCs from WT and KO mice. Shown are representative GCs using anti-CD4 (blue), anti-B220 (green), 
and anti-GL-7 (red). Scale bar, 20 μm. (I) Quantification of the area of GCs from WT (n = 3) and KO (n = 3) mice. (J–N) Representative flow 
diagrams and statistical analysis of GCB, PBC, and PC in BM12 induced WT (n = 5) and KO (n = 5) mice. (O–R) Flow cytometry analysis of 
CD80, CD86, and CD69 expression in B cell from BM12-induced WT (n = 5) and KO mice (n = 5). ns = no significance, *P < 0.05; **P < 0.01; 
***P < 0.001, ****P < 0.0001, unpaired student’s t-test.
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(i.p.) into female WT and DDIT3 KO mice aged 8–10 weeks. Four weeks 
later, serum, urine, and spleens were collected for analysis.

T-cell-dependent immune model

According to the specification, a mixture of NP-KLH and adjuvant was
prepared with a concentration of 0.2 mg/mL. Subsequently, WT and
KO mice, aged 8–10 weeks, were subcutaneously injected with 200 μL
of the mixture. After 28 days of the first immunization, the mice were re- 
immunized with the same dose. Finally, the spleens and serum were col-
lected 33 days after the first immunization.

Enzyme linked immunosorbent assay (ELISA)

The serum immunoglobulins were quantified using the ELISA method. To 
begin with, the plates were coated with 2 μg/mL NP2-BSA and NP36-BSA. 
After that, the plates were blocked using 10% bovine serum albumin BSA. The 
mouse serum was diluted according to the specified titers and added to the 
coated plates. Subsequently, HRP-IgG1 or HRP-IgM were added, followed by 
the addition of the substrate. The absorbance of OD450 was measured using 
a microplate reader. The levels of anti-dsDNA in the serum were determined 
using the mouse dsDNA-Ab ELISA KIT, following the provided instructions.

Immunofluorescence analysis of spleen and kidney

After performing optical cutting temperature reagent embedding on the 
spleen and kidney samples of WT and Ddit3 KO mice, the samples were 
cut into 5 mm sections. These sections were then fixed with acetone for 5 
min and allowed to dry at room temperature. Next, the spleen and kidney 
sections were blocked using a solution containing 5% BSA and 10% Fc 
blocker. Afterwards, the sections were stained overnight at 4°C with the 
following antibodies: AF647-anti-GL7, PB-CD4, FITC-anti-CD45R/B220, 
DyLight 488 Conjugated AffiniPure Goat Anti-Mouse IgG (H + L), and 
AF488-anti-C3. To prevent fluorescence quenching, an anti-quenching 
agent was added. Confocal microscopy was used to capture images, and 
the data were analyzed using FV31 ASW software. The ImageJ software 
quantifies positive signals in glomeruli as mean optical density.

DDIT3 transcript analysis

Eight transcripts of DDIT3 were compared in the National Center of 
Biotechnology Information (NCBI) database.

PBMCs of HC or patient are prepared as described previously. These 
cells split red and then lysed by RIPA. The lysates were detected by immu-
noblotting and were probed with anti-DDIT3.

RNA-sequence

RNA extraction was performed using the Total RNA Extraction reagent fol-
lowing the manufacturer’s instructions. The extracted total RNA samples 
were then sent to Novogene Inc. for RNA sequencing. Subsequently, the 
sequencing was performed on the Illumina NovaSeq 6000 platform. The 
downstream differences were analyzed using DESeq2 software (1.20.0). 
GO enrichment and KEGG analysis of the differentially expressed genes 
were conducted using clusterProfiler software (3.8.1).

Urea, creatinine, and urine protein measure

Urea and creatinine levels were quantified using the urea content test 
kit and creatinine content test kit, respectively, employing enzymatic and 
sarcosine oxidase methods. Furthermore, the BCA protein concentration 
assay kit was utilized to measure urine protein levels.

qPCR analysis

Total RNA was extracted with Total RNA Extraction reagent, and cDNA 
was synthesized with Reverse Transcription Kit. mRNA expression was 
detected by SYBR Green Master Mix according to the manufacturer’s 

instructions. The primer sequences (Table S2) were synthesized by 
Sangon (China).

ChIP-qPCR

ChIP was conducted using the SimpleChIPTM Enzymatic Chromatin 
IP Kit (Magnetic Beads) according to the manufacturer’s instructions. 
Subsequently, we immunoprecipitated the digested lysates with 1μg of 
anti-DDIT3, anti-Histone H3, and normal Rabbit IgG. The fragment of the 
Itgad promoter was amplified by qPCR. The qPCR products were verified 
by gel electrophoresis on a 2% agarose gel in TBE buffer. The primer 
sequences can be found in Table S2.

Dual-luciferase reporter gene assay

HEK293T cells were cultured in 6-well plates and co-transfected with 
pGL3-mITGAD promoter-luciferase and pAd5-E1-CMV/pAd5-E1-CMV-
mDDIT3 using lip3000 transfection reagents (L3000015, Invitrogen), 
pCMV-RL as calibration. After 48 h, Cells were collected and tested 
according to the Dual-Luciferase® Report Assay Systems Kit.

Co-immunocoprecipitation

Purified splenic B cells (1 × 107) were activated for 0 and 5 min using the 
same method as described above. Cells were lysed and were incubated 
with 1 μg of the anti-DDIT3 or Rabbit Control IgG for 2 h, was incubated 
with 20 μL rProtein-A/G Plus Magpoly Beads overnight. The beads were 
washed with TBS and the immunoprecipitates were eluted using SDS 
loading buffer and boiled. The samples were analyzed by WB. The bands 
were probed with anti-pWASp, anti-WASp and anti-DDIT3.

B cell stimulation in vitro

2 × 106 WT and KO purified B cells stimulated for 3 days with 10 μg/mL 
LPS. Percp-anti-B220, FITC-anti-CD80, PE-anti-CD86, APC-anti-CD69 
were stained to detect the B cell activation by flow cytomertry.

B cell proliferation and apoptosis in vitro

2 × 106 WT and KO purified B cells were washed twice with PBS, and then 
Cell Proliferation Dye eFluor™ 450 was added at a concentration of 5 μM 
for labeling before stimulation for 3 days with LPS. FITC-anti-B220 and 
PE-Annexin V were stained to detect the B cell proliferation and apoptosis 
by flow cytometry.

BCR-sequence and analysis

After 33 days of immunization, 1 × 107 cells/sample were frozen with dry 
ice from spleens WT and DDIT3 KO mice and sent to the Singleron Inc. for 
bulk BCR-seq. The core methodology involves capturing mRNA, RT-PCR 
amplification, BCR enrichment and library construction. The resultant 
library can be sequenced using the Illumina sequencing platform Novaseq 
6000, employing a PE150 strategy for sequencing. BCR clonotype assign-
ment was performed using celescope (v2.1.0) bulk VDJ pipeline with the 
IMGT database as reference.

Research ethics

Prior to participation, all individuals provided written informed con-
sent, and the study was approved by the Ethics Committee of Shanxi 
Bethune Hospital (YXLL-2023-227). All animal study protocols were 
approved by the Institutional Review Board of Shanxi Medical University 
(2023-SKY-L-N103).

Statistical analysis

Prism 9.0 software was used for data analysis. Unpaired two-tailed 
Student’s t-tests were performed to assess the statistical difference 
between the two groups when the data were normally distributed. 

https://imagej.net/ij/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
http://academic.oup.com/lo/article-lookup/doi/10.1093/lifemedi/lnaf009#supplementary-data
https://github.com/singleron-RD/CeleScope
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Multiple comparisons were performed using one-way ANOVA. Data 
were represented as mean ± SEM (standard error of mean). The cor-
relation analysis was performed by Pearson’s r-test. P < 0.05 was con-
sidered significant.

Supplementary data
Supplementary material is available at Life Medicine online.
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