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Systemic lupus erythematosus (SLE), a severe autoimmune disorder, is characterized by systemic inflammatory response,
autoantibody accumulation and damage to organs. The dysregulation of double-negative (DN) T cells is considered as a crucial
commander during SLE. Neddylation, a significant type of protein post-translational modification (PTM), has been well-proved to
regulate T cell-mediated immune response. However, the function of neddylation in SLE is still unknown. Here, we reported that
neddylation inactivation with MLN4924, a specific inhibitor of NEDD8-activating enzyme E1 (NAE1), or genetic abrogation of Ube2m
in T cells decreased DN T cell accumulation and attenuated murine lupus development. Further investigations revealed that
inactivation of neddylation blocked Bim ubiquitination degradation and maintained Bim level in DN T cells, contributing to the
apoptosis of the accumulated DN T cells in lupus mice. Then double knockout (KO) lupus-prone mice (Ube2m” Bim” Ipr) were
generated and results showed that loss of Bim reduced Ube2m deficiency-induced apoptosis in DN T cells and reversed the
alleviated lupus progression. Our findings identified that neddylation inactivation promoted Bim-mediated DN T cell apoptosis and
attenuated lupus progression. Clinically, we also found that in SLE patients, the proportion of DN T cells was raised and their
apoptosis was reduced. Moreover, compared to healthy groups, SLE patients exhibited decreased Bim levels and elevated Cullin1
neddylation levels. Meantime, the inhibition of neddylation induced Bim-dependent apoptosis of DN T cells isolated from SLE
patients. Altogether, our findings provide the direct evidence about the function of neddylation during lupus, suggesting a

promising therapeutic approach for this disease.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a multisystem autoimmune
disorder with the breakdown in self-tolerance and the generation
of autoantibodies.' Double-negative (CD3"CD4°CD8’, DN) T cells,
a unique subset of T cells lacking CD4 and CD8 co-receptors, play
a significant role in the pathogenesis of autoimmune diseases,
such as SLE.* During SLE progress, DN T cells invade into multiple
organs, contributing to the loss of tolerance. Besides, DN T cells
are able to facilitate B cell differentiation to enhance the
generation of autoantibodies. Moreover, DN T cells produce
significant amounts of IFN-y and IL-17, which can promote the
development of SLE.>™ As a result, the homeostasis of DN T cells is
critical for lupus pathogenesis.*®™'® Thus, elucidation of the
signaling events mediating the homeostasis of DN T cells could
provide new potential therapeutic options for SLE.

Neddylation is a type of protein post-translational modification
(PTM). In this process, neuronal precursor cell-expressed devel-
opmentally downregulated protein 8 (NEDD8), an ubiquitin-like
protein, binds to substrate proteins to regulate their stability,
localization or activity.'""'? Similar to ubiquitination, neddylation is
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also catalyzed by a three-step enzymatic cascade of NEDDS8-
activating enzyme E1 (NAE1), NEDD8-conjugating enzyme E2
(Ube2m or Ube2f) and substrate-specific NEDD8-E3 ligases (RBX1/
ROC1, RBX2/ROC2, etc.)." The Cullin family, indispensable parts of
Cullin-RING ubiquitin E3 ligases (CRL), is well-characterized as
substrates for NEDD8 modification. Cullin neddylation is essential
for the ubiquitin ligase activity of CRLs, which transfer the
ubiquitin from recruited E2-ubiquitin to protein substrates and
finally promote substrate ubiquitination.'*'*

It is well established that neddylation modification is a critical
PTM in modulating T cell-mediated immune response. Recently
published researches have demonstrated the essential role of
neddylation in regulatory T cell fitness, as well as its requirement
for CD4" T cell activation, survival, proliferation and T cell
differentiation into various T helper subsets (Th1, Th2), regulatory
T (Treg) cells, and T follicular helper (Tfh) cells to effectively
regulate immune-related disorders.'®™'® Thus, neddylation serves
as a critical modulator for T cell functions. However, the precise
involvement of neddylation in SLE remains unclear.
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In our study, we firstly identified that blockade of neddylation
pathway with MLN4924, a pharmacological inhibitor of NAE,*°
significantly attenuated SLE progress with reduced DN T cell
number in lupus-prone mice. To explore the function of
neddylation pathway in SLE, Ube2m, the NEDD8-conjugating
enzyme E2, was specifically knockout (KO) to generate sponta-
neous lupus-prone mice with Ube2m deficiency in T cells
(Ube2m™ Ipr), where the neddylation was inactivated. Results
showed that Ube2m deficiency attenuated SLE development.
Subsequent experiments revealed that this effect resulted from
the decreased number of DN T cells. Mechanism studies identified
that inactivation of neddylation impaired Bim ubiquitination
degradation and maintained Bim level in DN T cells, which
induced the apoptosis of accumulated DN T cells in lupus mice. To
confirm that neddylation pathway regulated the homeostasis of
DN T cells via Bim, we generated the double KO lupus-prone mice
(Ube2m” Bim”"Ipr) and found that the deficiency of Bim disrupted
the apoptosis of DN T cells for Ube2m deficiency and cannot
inhibit the development of lupus. Clinically, we also found that SLE
patients exhibited an accumulation of DN T cells with reduced
apoptosis. Furthermore, comparing the DN T cells from SLE groups
with the healthy control, we discovered that the neddylation level
of Cullin1 was enhanced while Bim level was decreased. Further
research showed that neddylation inhibition with MLN4924
facilitated Bim-dependent apoptosis in DN T cells isolated from
SLE groups. Our results confirmed that neddylation is necessary
for the homeostasis of DN T cells. Neddylation inhibition initiates
Bim-mediated mitochondrial apoptosis and restores the disor-
dered immune tolerance in SLE. These results highlight the
importance of neddylation pathway for SLE and suggest a novel
therapeutic intervention of lupus via targeting neddylation
pathway in DN T cells.

RESULTS

Inhibition of neddylation attenuated lupus progression in MRL/
Ipr mice

To investigate the function of neddylation during lupus, female
MRL/Ipr mice with the Fas gene mutation were used. From about
12weeks of age, MRL/Ipr mice exhibit the expansion of
lymphocytes and spontaneously develop SLE-like symptoms
resembling human SLE.'® We then treated MRL/MpJ and MRL/lpr
group with DMSO or MLN4924 (a specific inhibitor of neddylation)
every 3rd day from 12 weeks to 20 weeks of age (Fig. 1a). Firstly, we
found that treatment of MLN4924 remarkably inhibited the
neddylation of Cullin1 in splenocytes of MRL/Ipr mice (Fig. 1b),
suggesting that MLN4924 indeed suppressed neddylation pathway
in vivo. Notably, MRL/Ipr mice treated with MLN4924 showed
significantly higher survival rates than controls (Fig. 1c). Besides,
MLN4924 treatment resulted in a significant reduction in spleen
size as evidenced by a decreased spleen index (spleen weight/
body weight ratio) (Fig. 1d) and decreased splenocyte number in
MRL/Ipr mice (Fig. 1e). Additionally, we assessed the levels of serum
IgG and anti-dsDNA antibodies, which are important diagnostic
markers of lupus.2’ We found that MLN4924 prominently reduced
IgG (Fig. 1f) and anti-dsDNA (Fig. 1g) antibody levels in MRL/Ipr
group (Fig. 1f, g). To assess the impact of MLN4924 on kidney
function, urine samples were obtained and the levels of urinary
total protein, albumin and creatinine were quantified. We noticed
that MRL/Ipr mice administrated with MLN4924 exhibited a
significantly decrease in total protein (Fig. 1h) and albumin/
creatinine ratio (Fig. 1i). Histological analysis of kidney sections
stained with PAS revealed that MLN4924 markedly reduced the
crescent glomerulonephritis in MRL/Ipr group (Fig. 1j), indicating a
protective role of MLN4924 in renal function. Serum cytokine levels
were evaluated and results indicated that the production of IL-6, IL-
17, TNF-a and IFN-y was inhibited in MRL/Ipr group with MLN4924
administration while IL-1B and IL-10 level remained unchanged
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(Fig. 1k). Together, our data suggest that MLN4924 treatment
attenuates lupus symptoms as exemplified by increased survival
rate, reduced splenomegaly and autoantibody production, ame-
liorated renal function, and suppressed inflammatory cytokine
levels.

MLN4924 significantly reduced the number of DN T cells in MRL/
Ipr mice

As indicated in Fig. 1e, splenic cell accumulation was considerably
reduced for MLN4924 treatment. Thus, we investigated the impact
of MLN4924 on splenic cells by examining the T and B cell
proportions. Flow cytometry analysis revealed a significant
decrease of the percentage and total count of T cells in
MLN4924-administered MRL/Ipr mice compared to DMSO-
treated mice (Fig. 2a-c) while the proportion and number of B
cells remained unchanged (Fig. 2a, d, e). Further analysis showed a
moderate reduction in DN T cell percentage but a significant
decrease in DN T cell number for MLN4924 treatment (Fig. 2f-h),
indicating that inhibition of neddylation suppressed the accumu-
lation of DN T cells in MRL/Ipr mice.

Deficiency of Ube2m in T cells attenuated SLE development
To thoroughly assess the role of neddylation in SLE, LckcreUbe2m
IMRLFasP” mice (termed Ube2m™lpr mice) were generated
according to the procedure in Supplementary Fig. 1a. Ube2m™ Ipr
mice showed Ube2m-specific deletion in T cells and spontaneously
developed lupus. To assess deletion efficiency, Ube2m protein
levels were monitored and results showed a clear reduction in
purified T cells of Ube2m” Ipr mice, while Ube2f, another E2 NEDD8
conjugating enzyme, remains unchanged (Supplementary Fig. 1b),
which suggested the specific deletion of Ube2m in Ube2m™ mice.
Both the percentages and numbers of different T cell subsets
from thymus of these mice were analyzed and results showed that
Ube2m™ and Ube2m™ Ipr mice exhibited normal T cell development
in thymus, including normal DN T cells, DP cells, CD4" and CD8*
T cells (Supplementary Fig. 2a—e). Based on the presence of the
specific surface markers, CD25 and CD44, the DN stages have been
classified as DN1, DN2, DN3 and DN4.%? Therefore, we further
characterized DN populations according to the expression of CD25
and CD44 to explore whether Ube2m deficiency in T cells affects the
development of DN T cells. As shown in Supplementary Fig. 2¢, f, g,
T cells lacking Ube2m exhibited unchanged DN T cells. The normal
development of T cells in thymus of Ube2m KO mice allowed further
investigation of the effects of Ube2m deficiency on the pathogen-
esis of lupus. As shown in Fig. 3a-c, Ube2m”Ipr mice showed
dramatically reduced splenomegaly (Fig. 3a, b) and decreased
number of splenocytes (Fig. 3c) compared with WTlpr at 8 months.
Moreover, the serum IgG and anti-dsDNA antibody production was
notably abated (Fig. 3d, e). Furthermore, we also found that
deficiency of Ube2m ameliorated lupus nephritis, including lessened
total protein (Fig. 3f) and albumin/ creatinine ratio (Fig. 3g), restored
renal structures (Fig. 3h, i). In addition, Ube2m”lpr mice showed
markedly reduced levels of inflammatory cytokines (Fig. 3j).
Collectively, these results clearly showed that neddylation inactiva-
tion in T cells significantly attenuated lupus progression.

fl/

Loss of Ube2m promoted DN T cell apoptosis

In vivo evidence establishing the crucial role of Ube2m in lupus
development, we further explored how Ube2m regulated lupus
progress. Firstly, we measured the number and proportion of T cells
in spleen and results revealed that loss of Ube2m prominently
blocked total T cell accumulation both in spleen (Fig. 4a-c) and
peripheral blood (Supplementary Fig. 3a, b). Further research showed
that DN T cell accumulation in spleen (Fig. 4d-f) and peripheral blood
(Supplementary Fig. 3¢, d) were significantly inhibited in Ube2m”Ipr.
Our previous results (Supplementary Fig. 2c-g) have demonstrated
that the development of DN T cells in thymus is not affected by
Ube2m KO. Therefore, we then detected the influence of Ube2m on
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Fig. 1

MLN4924 significantly attenuated SLE progress of MRL/Ipr mice. a The female MRL/IJpr and MRL/MpJ mice (12 weeks) were randomly

allocated into two groups and treated with either control or MLN4924 (10 mg/kg) following the indicated scheme. n =5 (MRL/MpJ group) or
n=10 (MRWIpr group). b The inhibition of neddylation with MLN4924 was evaluated via the neddylation level of Cullin1 in splenocytes.
c Survival curve of MRL/Ipr mice treated with control or MLN4924. n = 10 mice/group. *P < 0.05. d, e Spleen index (spleen weight /body weight
ratio) and the number of splenocytes were calculated. n =5 (MRL/MpJ group), 4 (MRL/Ipr treated with DMSO), or 9 (MRL/Ipr treated with
MLN4924). *P < 0.05, **P < 0.01, ***P < 0.001. f, g The serum was collected at 20 weeks, followed by monitoring of IgG and anti-dsDNA antibody
levels. n =5 (MRL/MpJ group), 4 (MRL/Ipr administered with DMSO), or 9 (MRL/Ipr administered with MLN4924). *P < 0.05, **P < 0.01. h, i Total
protein, albumin and creatinine in urine were assessed and albumin/creatinine was calculated. n=5 (MRL/MpJ group), 4 (MRL/Ipr
administered with DMSO), or 9 (MRL/Ipr administered with MLN4924). *P < 0.05, **P < 0.01. j Representative images of PAS staining of kidneys
from 20-week-old mice. Scale bar =50 pm. Then, pathological score was calculated. n =5 (MRL/MpJ group), 4 (MRL/Ipr administered with
DMSO), or 9 (MRL/Ipr administered with MLN4924). **P < 0.01, ***P < 0.001. k Cytokine profile in serum was analyzed using Bio-Plex Pro™
Mouse Cytokine Th17 panel A6-plex. n=5 (MRL/MpJ groups, MRL/Ipr administered with MLN4924 group) or 4 (MRL/Ipr administered with

DMSO). *P < 0.05, **P < 0.01, ***P < 0.001

DN T cells in spleens. In view of the deficit of Fas-triggered apoptosis
in Ipr mice,” we firstly measured the level of T cell apoptosis in
spleens. Consistent with our above-mentioned phenotype, the
apoptosis of DN T cells was blocked in WTlpr mice compared to
WT mice, while disruption of Ube2m restored the normal apoptosis
of T cells, especially DN T cells (Fig. 4g—i). Similar results were found in
peripheral blood (Supplementary Fig. 4a—c). Consistently, we also
observed that loss of Ube2m significantly promoted DN T cell
apoptosis (Fig. 4j, k) and attenuated disease progression (Supple-
mentary Fig. 5) in pristane-induced lupus mice. Then,
JC-1 staining assay indicated that Ube2m-deleted DN T cells
exhibited reduced MMP, as evaluated by the ratio of JC-1 aggregates
to monomer (Fig. 4l), which indicated increased apoptosis.
Consistently, we also found that Ube2m deficiency resulted in an
elevated cleaved-caspase 3 level (Fig. 4m) in DN T cells, which is
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required for cell apoptosis. Besides, the excessive T cell proliferation is
another striking abnormality of jor mice?® and our results showed
that Ube2m deficiency inhibited total T cell proliferation in vivo
(Supplementary Fig. 6a, b). Notably, loss of Ube2m mainly restrained
proliferation of CD4" and CD8™" T cells while having minimal effect
on DN T cell proliferation (Supplementary Fig. 6a, c), which suggested
differential functions of Ube2m in different T cell subsets. These
findings demonstrated the essential role of Ube2m in the survival of
DN T cells, and deletion of Ube2m facilitated DN T cell apoptosis in
lupus mice.

Neddylation inactivation upregulated Bim level by inhibiting Bim
ubiquitination degradation

We have shown that loss of Ube2m promoted DN T cell apoptosis
and contributed to alleviated lupus development (Figs. 3 and 4),
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Fig. 2 Reduced T cell accumulation in MLN4924-treated MRL/Ipr mice. a Proportion of T and B cells in spleens was evaluated by flow
cytometry. n = 4/group. b-e The percentage and absolute numbers of T cells and B cells were quantified and calculated statistically based on
the analysis of flow cytometry. n = 4/group. *P < 0.05, **P < 0.01, ***P < 0.001. f CD3" T cell subsets in spleens were analyzed using flow
cytometry. n = 4/group. g, h Percentage and total count of T cell subsets were quantified and calculated based on the flow cytometric

analysis, n = 4/group. *P < 0.05, **P < 0.01, ***P < 0.001

while the mechanism remained unknown. Therefore, DN T cells
were sorted and an unbiased quantitative proteomic analysis was
conducted to screen for the differential protein between WTipr
and Ube2m™Ipr mice. Results indicated that the protein Bim
(encoded by the Bcl2I11 gene) showed the most significant
increase among the apoptosis-related proteins for Ube2m
deficiency (Fig. 5a). Next, the mRNA level of Bim was measured
and results indicated that the transcriptional expression of Bim
remained unchanged for loss of Ube2m (Fig. 5b, c). Based on our
data, we speculated that neddylation pathway regulated Bim
degradation. Consequently, MG-132, a proteasome inhibitor, was
used to treat DN T cells. Results indicated that Bim was
accumulated upon MG-132 treatment (Fig. 5d), suggesting that
Bim degradation was proteasome-dependent. Previous studies
have proven that Bim ubiquitination degradation is dependent on
the neddylation of Cullin1.*?® As a result, the neddylation of
Cullin1 was detected and results showed that Cullin1 neddylation
was at a lower level in normal mice and remained little change for
Ube2m deficiency, resulting in unchanged Bim protein level in DN
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T cells under normal physiological condition (Fig. 5e). However, we
found that Ube2m expression and the neddylation of Cullin1 was
significantly increased in lupus conditions (Fig. 5e), suggesting
that the neddylation pathway activation was necessary for DN T
cell abnormal survival in lupus progression. Then, loss of Ube2m
prominently blocked the neddylation of Cullin1, contributing to
the Bim protein accumulation (Fig. 5e) and finally promoting DN T
cell apoptosis in lupus mice (Fig. 4g, i). Furthermore, Co-IP assay
revealed that the ubiquitination degradation of Bim was indeed
remarkably inhibited for Ube2m deletion in DN T cells (Fig. 5f). In
vitro results also showed that neddylation inactivation with
MLN4924 promoted DN T cell apoptosis (Fig. 5g, h), with elevated
Bim and cleaved-caspase 3 protein levels (Fig. 5i). Further Co-IP
assay also indicated that MLN4924 treatment disrupted Bim
ubiquitination degradation, contributing to the accumulation of
Bim (Fig. 5j). Taken together, we demonstrated that neddylation
inactivation impairs Bim ubiquitination degradation and maintains
Bim level, ultimately promoting the apoptosis of DN T cells in
lupus mice.

Signal Transduction and Targeted Therapy (2024)9:18
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Fig. 3 Ube2m-deficient mice were protected from lupus. a Representative photographs of spleens from WT, Ube2m™, WTlpr and Ube2m™ Ipr
mice at 8 months. b, ¢ Spleen index and the number of splenocytes were calculated. n =4 or 5/group. ***P < 0.001. d, e The serum was
collected at 8 months then level of IgG and anti-dsDNA antibodies were measured. n = 4 or 5/group. **P < 0.01. f, g Total protein, albumin and
creatinine in urine were assessed and albumin/creatinine was calculated. n=4 or 5/group. *P<0.05, **P<0.01, ***P<0.001.
h, i Representative images of PAS and HE staining from kidneys of 8-month-old mice were shown. Scale bar =50 um. Then, pathological
score was calculated. n = 4 or 5/group. *P < 0.05, ***P < 0.001. j Cytokine profile in serum was measured using Bio-Plex Pro™ Mouse Cytokine

Th17 panel A6-plex. n =4 or 5/group. *P < 0.05, **P < 0.01

Loss of Bim reduced Ube2m deficiency-induced apoptosis in DN T
cells and reversed the alleviated lupus progression

According to our obtained findings, we hypothesized that Bim is a
pivotal protein downstream mediated by neddylation pathway,
responsible for DN T cell homeostasis. To further test our
hypothesis, LckcreBim™ MRL.Fas®" (termed Bim™Ipr) and LckcreU-
be2m™ Bim" MRL.Fas?" (termed Ube2m”Bim”lpr) mice were
generated. Firstly, we found that deletion of Bim in T cells led to
an increase both in splenic and T cell numbers (Fig. 6a, b). Further
analysis revealed that there was a dramatic increase in the
proportion and number of DN T cells (Fig. 6¢c-e) due to reduced
apoptosis (Fig. 6f-h) in Bim”lpr compared with WTlpr mice,
suggesting a significant function of Bim in DN T cell homeostasis.
Then, we also found that lack of Bim blocked the increased
apoptosis of DN T cells resulted from Ube2m deficiency (Fig. 6f, h),
contributing to more DN T cells in Ube2m™ Bim™” Ipr mice compared
with Ube2m”|pr mice (Fig. 6¢c—e). Moreover, when Bim is lost, the
lack of Ube2m has little effects on the apoptosis and number of DN
T cells (Fig. 6¢-h). Thus, Bim served as a key downstream protein of
neddylation pathway to regulate DN T cell apoptosis. In addition,
Ube2m” Bim” lpr mice showed reduced T cell (Fig. 6b) and CD4™ T
cell number (Fig. 6e) with unchanged T cell and CD4" T cell
apoptosis compared with Bim”lpr mice (Fig. 6f-h), which
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suggested that there are some Bim-independent mechanisms to
regulate CD4" T cell homeostasis.

Considering the important function of DN T cells in lupus
progress, lupus syndrome of these mice was also detected in
Supplementary Fig. 7. Consistently, Bim”lpr mice exhibited the
most severe lupus syndrome, including splenomegaly (Supplemen-
tary Fig. 7a), the accumulation of autoantibodies (Supplementary
Fig. 7b, ¢), renal destruction (Supplementary Fig. 7d-g) as well as
increased inflammatory cytokine level (Supplementary Fig. 7 h).
Meanwhile, compared with Bim”Ipr mice, Ube2m” Bim”Ipr mice
also showed slightly remission on lupus development (Supplemen-
tary Fig. 7), indicating a Bim-independent manner of Ube2m on
lupus development. In addition, we also found that the attenuated
lupus phenotypes in Ube2m KO mice were mainly reversed in
Ube2m” Bim”lpr mice (Supplementary Fig. 7). Collectively, these
evidences clearly identified that Bim is an indispensable down-
stream protein governed by neddylation pathway to regulate DN T
cell apoptosis, which mediates the development of lupus.

Inhibition of neddylation pathway promoted Bim-dependent DN T
cell apoptosis in SLE patients

We have verified that neddylation inactivation induced Bim-
dependent DN T cell apoptosis in lupus-prone mice. However,
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Fig.4 Increased DN T cells apoptosis in Ube2m KO lupus-prone mice. a Proportion of T cells in spleens was analyzed by flow cytometry. n =4
or 5/group. b, ¢ The percentage and number of T cells were calculated based on the data of flow cytometry. n =4 or 5/group. *P < 0.05.
d CD3" T cell subsets of spleens were analyzed via flow cytometry. n =4 or 5/group. e, f The percentage and count of T cell subsets were
determined using flow cytometry data. n = 4 or 5/group. *P < 0.05, **P < 0.01, ***P < 0.001. g The early apoptosis (Annexin V*/7-AAD) of total
T cells, DN T cells, CD4" and CD8" T cells was evaluated with flow cytometry. n =4 or 5/group. h, i The apoptosis of total T cells and T cell
subsets was quantified based on the analysis of flow cytometry. n =4 or 5/group. *P < 0.05, **P < 0.01, ***P < 0.001. j DN T cell apoptosis
(Annexin V*/PI") in spleens from pristine-induced mice was analyzed with flow cytometry. n = 4 or 5/group. k DN T cell apoptosis in spleens of
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apoptosis of DN T cells. n = 3/group

the impact of neddylation inactivation on DN T cells derived from that Bim protein level was reduced, while the neddylation of
SLE patients remains unknown. Peripheral blood samples were Cullin1 was increased in DN T cells of SLE group (Fig. 7f). On this
collected from both healthy individuals and patients with active basis, MLN4924 was used to treat the PBMC isolated from SLE
SLE. Firstly, we observed that patients with SLE showed a higher patients and results revealed that neddylation inhibition
percentage of total DN T cells with lower apoptosis in declined the DN T cell percentage (Fig. 7g, h) and promoted
comparison to the healthy group (Fig. 7a-c). The subsequent the apoptosis of DN T cells (Fig. 7i, j). Consistently, we found the
correlation analysis revealed a positive association between the Bim level was upregulated (Fig. 7k) upon neddylation inhibition.
percentage of DN T cells and SLE-DAI scores (Fig. 7d), then a These clinical data identified that neddylation inactivation
negative association between the apoptosis proportion of DN promotes the Bim-dependent DN T cell apoptosis, thus
T cells and SLE-DAI scores (Fig. 7e). Further exploration showed contributing to the reduction of DN T cells. Our data suggested
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Fig. 5 Bim level was increased with impaired ubiquitination degradation in DN T cells for neddylation inhibition. a The proteins annotated
with apoptosis were selected and ranked based on the ratio value from the proteomic results of DN T cells. Red dots represented proteins

significantly upregulated (FC> 1.5, P <0.05); Blue dots represented

proteins significantly downregulated (FC < 0.667, P < 0.05). n = 4/group.

b, ¢ The mRNA levels of Ube2m and Bim in DN T cells were evaluated via real-time PCR. n = 3/group. *P < 0.05, **P < 0.01. d Immunoblotting
assay and densitometric analysis evaluated the protein level of Bim in DN T cells treated with MG-132. *P < 0.05. e Western blot assay was
conducted to determine the level of Cullin1 neddylation, Ube2m and Bim in DN T cells. One band represented one mouse. n=3.
f Ubiquitination degradation of Bim in DN T cells was measured via Co-IP assay. Data were representative of three independent experiments.
g The apoptosis of DN T cells treated with MLN4924 were detected via flow cytometry (Annexin V7/7-AAD"). h The apoptosis of DN T cells
treated with MLN4924 was quantified based on the analysis of flow cytometry. n=3/group. *P<0.05. i Immunoblotting assay and
densitometric analysis showed the level of Bim and Cleaved-caspase3 in MLN4924 treated-DN T cells. *P < 0.05. j Ubiquitination degradation
of Bim in MLN4924-treated DN T cells was measured via Co-IP assay. Data were representative of three independent experiments

that inhibition of neddylation pathway is a promising therapeutic
option for SLE.

In conclusion, our research uncovers the role of neddylation
pathway in DN T cell homeostasis (Fig. 8), thereby providing a
novel treatment approach for SLE.

DISCUSSION
SLE is an autoimmune disorder and the underlying causes remains
mostly unknown. The abnormal accumulation of DN T cells, which

Signal Transduction and Targeted Therapy (2024)9:18

led to the peripheral tolerance defects and systemic damage, is a
key pathogenesis of SLE.**” Thus, it is necessary to elucidate the
mechanisms controlling the homeostasis of DN T cells during SLE.
Here, we functionally characterized the unique role of neddylation
in DN T cell homeostasis with a specific inhibitor of neddylation
and a genetic approach. Neddylation inactivation promoted the
apoptosis of DN T cells via stabilizing the Bim level and
contributed to SLE remission. These findings underscore the
crucial role of neddylation in DN T cell functions and indicate
neddylation as a potential target for SLE therapy.
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Fig. 6 Loss of Bim reduced Ube2m deletion-induced apoptosis of DN T cells. a The number of splenocytes was calculated. n = 5/group.
*P < 0.05, **P < 0.01, ***P < 0.001. b The number of T cells in spleens was measured. n = 5/group. **P < 0.01, ***P < 0.001. ¢ CD3" T cell subsets
in spleens were analyzed using flow cytometry. n = 3/group. d, e The percentage and number of T cell subsets were quantified and calculated
based on the flow cytometry data. n = 3/group. *P < 0.05, **P < 0.01. f-h The apoptosis (Annexin V/7-AAD") of total T cells, DN T cells, CD4*
and CD8" T cells was evaluated and quantified. n = 3/group. *P < 0.05, **P < 0.01, ***P < 0.001

Neddylation, a post-translational modification, attaches NEDD8
to substrate proteins to affect their localization, stability or activity.
CRLs can be activated by neddylation, which facilitate the
ubiquitylation and degradation of substrates and then mediate
lots of cellular processed including cell cycle progression, cell
apoptosis and cell survival?®*7° In addition, ongoing investiga-
tions implicate neddylation is necessary for the regulation of
immune cell functions and involved in the pathogenesis of related
immune disorders.?' For example, neddylation plays a pivotal role
in pro-inflammatory cytokine production in innate immune cells,
including macrophages, neutrophils and dendritic cells (DCs).22~3*
Neddylation is also required for the IFN production against RNA
viral infection in myeloid DCs.>* Additionally, neddylation has
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been proven as an indispensable process for the activation,
proliferation and polarization of CD4" T cells to regulate T cell-
mediated immunity response.'®'9*¢73% However, the role of
neddylation in DN T cells remains to be explored.

The homeostasis of DN T cells was involved in the development
of SLE*'® DN T cell apoptosis and timely clearance are critical for
immune tolerance, which avoided the release of autoantigen and
the induction of autoimmunity. Once the apoptosis of DN T cell was
disturbed, excessive accumulation of DN T cells will initiate
autoimmune response.****! Therefore, the normal apoptosis and
clearance of DN T cells are beneficial for lupus remission. Bim,
belonging to the Bcl-2 family, is a crucial BH3 protein promoting cell
intrinsic apoptosis.* In mammalian, two main pathways govern the
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Fig. 7 Neddylation inhibition induced the Bim-dependent DN T cell apoptosis isolated from SLE patients. a The percentage and the apoptosis
of DN T cells from both SLE groups and healthy individuals were assessed using flow cytometry. n = 9/group. b DN T cell percentage was
quantified based on the results of flow cytometry. n = 9/group. *P < 0.05. ¢ The proportion of DN T cell apoptosis were quantified based on the
results of flow cytometry. n = 9/group. *P < 0.05. d Analysis of the correlation between the SLE-DAI scores and the percentage of DN T cells in
SLE groups. n = 9/group. R =0.8951, **P < 0.01. e Analysis of the correlation between the SLE-DAI scores and the apoptosis percentage of DN
T cells in SLE groups. n = 9/group. R = —0.8536, **P < 0.01. f Inmunoblotting assay and densitometric analysis evaluated the protein level of
Bim and Cullin1 neddylation in DN T cells isolated from healthy and SLE group. In HC group, each band was a combination of two samples,
while in SLE group, one band represented one samples. **P <0.01. g, h The PBMC isolated from SLE patients was incubated with MLN4924
(0.5 uM) and the proportion of DN T cells were analyzed via flow cytometry. The results were quantified based on the data of flow cytometry.
n=3/group. *P < 0.05. i, j The PBMC isolated from SLE patients was treated with MLN4924 (0.5 pM) and the apoptosis of DN T cells were
assessed via flow cytometry (Annexin V*'/PI 7). The results were quantified based on the flow cytometry data. n = 3/group. **P<0.01.
k Immunoblotting assay evaluated the protein level of Bim and Cullin1 neddylation in DN T cells isolated from SLE patients treated with
MLN4924 (0.5 pM). Data were representative of three independent experiments

initiation of apoptosis. One is the extrinsic pathway (or death Fas signaling and Bim showed overlapping but non-redundant roles
receptor pathway), triggered by ligand engagement of cell surface in lymphadenopathy and splenomegaly.*’*® However, the precise
death receptors such as Fas. Another is intrinsic apoptotic pathway, role of Bim in DN T cells and the underlying regulatory mechanism
which is mediated by Bcl-2 protein family.** Fas-dependent death governing Bim homeostasis remained elusive. In our study, we
receptor pathway and Bim-mediated intrinsic apoptosis have been found that neddylation inactivation observably reduced DN T cell
proven to suppress chronic immune responses and prevent accumulation in lupus mice with upregulated Bim protein level and
autoimmunity.***® Loss of either Fas or Bim resulted in marked normal transcription of Bim. MG-132 treatment suggested that Bim
lymphadenopathy and splenomegaly, and deficiency of Bim in MRL/ degradation was mediated by ubiquitin-proteasome system. Pre-
Ipr mice developed more extreme lymphadenopathy, indicating that vious studies have proven that Bim protein was the substrates of
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Fig. 8 Schematic illustration showed the mechanism of neddylation pathway in lupus treatment. DN T cells enrichment results in the
destruction of immune tolerance with the mass secretion of IFN-y and IL-17, autoantibody accumulation and the damage of multi-organs,
leading to the development of lupus. Inactivation of neddylation pathway (MLN4924 treatment or Ube2m KO in T cells) impaired the
neddylation of Cullin1 and then interrupted the ubiquitination of Bim, contributing to the Bim-dependent DN T cell apoptosis, which restores
the immune tolerance and finally alleviates lupus symptoms. This figure was created by Figdraw (www.figdraw.com)

CRL1 and neddylation inhibition increased Bim protein level to
promote the apoptosis of B cells.>>?%*° Therefore, we also detected
the Bim ubiquitination degradation and found that the Bim
degradation was significantly inhibited accompanied with impaired
Cullin1 neddylation in DN T cells when neddylation was inactivated.
However, Bim accumulation and Cullin1 neddylation inhibition of
DN T cells were only found in lupus mice rather than in non-lupus
group. Our data indicated that Ube2m specifically regulates Bim in
SLE group. In normal physiological condition, the remaining low
level of Ube2m after Cre driven deletion appears to be sufficient to
maintain the basal level of Cullin1 neddylation. However, under
lupus conditions, Ube2m was significantly induced to ensure
sufficient Cullin1 neddylation to activate CRL1, which is consistent
with the previous work showing that Ube2m is a stress inducible
protein.>® And Ube2m deletion failed to provide enough Cullin1
neddylation, leading to CRL1 inactivation and subsequent Bim
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accumulation to induce apoptosis in lupus groups. To further verify
the involvement of Bim in neddylation-mediated DN T cell
apoptosis, Ube2m”Bim”lpr mice were generated and results
showed that when Bim was deleted, neddylation inactivation failed
to promote DN T cell apoptosis, suggesting that neddylation
pathway mediated DN T cell apoptosis via regulating Bim protein
degradation.

In our research, we also found that neddylation function has
heterogeneity in different T cell subsets. Our data revealed that
neddylation inactivation also blocked Bim ubiquitination and
increased Bim protein level in CD4* and CD8* T cells similar with
DN T cells (Supplementary Fig. 8a—d). However, the susceptibility
of DN T cells to Bim-induced apoptosis was found to be the
highest (Fig. 4g-i, Fig. 5g, h and Supplementary Fig. 8e-h). It has
been well demonstrated that cellular metabolism can influence
cell sensitivity to apoptosis.>'>? We hypothesized that the
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heterogeneity of neddylation functions in different T cells
depended on their distinct metabolic profiles. More research is
necessary to comprehensively elucidate the metabolic modes of
different T cells as well as the relationship between apoptosis and
metabolic modes during lupus. Besides, we found that neddyla-
tion inactivation notably suppressed the proliferation of CD4"
T cells and blocked the differentiation of T follicular helper (Tfh)
cells in MRL/Ipr mice and pristane-induced lupus models (data not
shown). CD4™ T cells, such as Th1, Tfh and Th17 cells also
contribute to tissue inflammation and autoantibody production,
promoting the pathogenesis of SLE.>*>** These changes also
explained why Ube2m™” Bim™” Ipr mice exhibited slightly reduced T
cell number and attenuated lupus symptoms compared with
Bim™ Ipr mice. However, the mechanism of neddylation pathway
in regulating the function of CD4" T cells during SLE progression
requires further investigation.

In summary, we have identified a significant role of neddylation
in maintaining DN T cell homeostasis and mediating SLE
progression. Suppression of neddylation with MLN4924 or genetic
abrogation of Ube2m significantly ameliorated the progression of
SLE via reconstructing the normal apoptosis of DN T cells. Further
experiments indicated that the interception of apoptosis in lupus
mice was indeed recovered for neddylation inactivation, which
resulted from the inhibition of Bim ubiquitination and the rise of
Bim-mediated apoptosis. The clinical data also showed that SLE
patients displayed accumulated DN T cells with defects in apoptosis
while neddylation inhibition promoted the apoptosis of DN T cells
via up-regulating Bim protein level. The findings enhance our
comprehension about the pathogenesis of SLE and suggest that
neddylation pathway might be a promising target for SLE therapy.

MATERIALS AND METHODS

Mice

We purchased MRL/Ipr and the control MRL/Mpj mice (female,
6 weeks) from SLRC laboratory Animal centre. From 12 weeks to
20 weeks, MLN4924 (15 mg/kg) (MCE) or DMSO were intraper-
itoneally injected into these mice every 3rd day. The mice status
and the deaths were observed and recorded daily. The mice were
narcotized at 20 weeks in order to obtain serum and blood for
flow cytometry. After that, the mice were sacrificed. Kidneys and
spleens were obtained. The weight of spleens was evaluated and
the total count of splenic cells was determined using the CEDEX
XS system (Roche). The Ube2m™" mice were generous gifts from
Yi Sun (Zhejiang University) and C57BL/6MRLFas?”" mice were
generous gifts from Jun Yan (University of Louisville). Lckcre mice
and Bim™" mice were bought from Shanghai Model Organisms.
LckereUbe2m™ mice (termed Ube2m™ mice) were generated by
crossing Lckere mice with Ube2m™" mice. Then these mice were
crossed with C57BL/6MRL.Fas® mice to acquire spontaneous
lupus-prone mice with Ube2m deficiency (LckcreUbe2m™"
MRL.Fas?", termed Ube2m™lpr mice) in T cells. LckcreUbe2m™*
MRL.Fas®" or Ube2m™ MRL.Fas® mice were as control (termed
WTlpr mice). LckereBim™" mice (termed Bim” mice) were
generated by crossing Lckcre mice with Bim™" mice. Then these
mice were crossed with C57BL/6MRL.Fas® mice to acquire
LckereBim™ MRL.FasPmice, termed Bim™lIpr. LckcreUbe2m™"
Bim™ MRL.FasP" mice, termed Ube2m” Bim” lpr, were generated
by crossing LckcreUbe2m™ MRL.Fas® with Bim™"MRL.Fas®" mice.
LckcreUbe2m ™ Bim™"MRL.Fas® or  Ube2m™"Bim™"MRL.Fas®"
mice were as control (collectively called WTipr mice). Thymus
index (thymus weight to mouse weight ratio) and the number of
cells in thymus were calculated and T cell subsets in thymus were
examined via flow cytometry from 8-week mice. At 8 months, the
blood was obtained for flow cytometry and serum was collected.
Subsequently, the mice were euthanized, and their kidneys and
spleens were obtained for subsequent experimental analysis. For
pristane-induced lupus, WT and Ube2m” female mice (2 months)
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were administered with 0.5 ml of pristane or PBS via intraper-
itoneal injection. At 8 months, serum was collected and the mice
were euthanized. Spleens and kidneys were obtained for following
experiments.

All animal experiments in the study underwent review and were
approved by the Institutional Animal Care and Use Committee of
Zhejiang Chinese Medical University.

Human samples

We collected peripheral blood samples with EDTA anticoagulant
from normal and active SLE subjects. The patients met the
classification criteria of the 2012 Systemic Lupus International
Collaborating Clinics (SLICC) and were subjected to full history
taking, thorough clinical and laboratory investigations.>®> Then SLE
disease activity index (SLE-DAI) was employed to determine the
disease activity level. Healthy people were age and gender-
matched individuals without underlying medical conditions. The
research received approval from the Medical Ethics Committee of
Zhejiang Chinese Medical University (2021-KL-1230-1) and consent
informed consents have been provided freely by all participants.

Detection of autoantibodies

The concentrations of total IgG and anti-dsDNA in serum were
measured following the guidelines provided by the manufacturer
(Multisciences Biotech Co., Ltd).

The assessment of renal function

Fresh urine samples were manually harvested prior to sacrificing
the mice. Then urine protein, albumin and creatinine were
determined with corresponding kits following the instructions
provided by Dia Sys Diagnostic Systems GmbH. The periodic acid-
Schiff (PAS) and hematoxylin eosin (H&E) staining of renal
histology as well as the pathological scores were performed
according to our previous study.>®

Bio-Plex cytokine assay

Serum cytokines including IL-1B, IL-6, IL-10, IL-17, TNF-a and IFN-y
were measured using a Bio-Plex Pro Mouse Cytokine 6-plex panel
(Bio-Rad) in accordance with the manufacturer’s protocols.

FACS analysis

To explore the development of T cells in thymus, single-cell
suspensions in thymus were prepared and subsequently stained
with the following anti-mouse antibodies: anti-CD4 (PE-CY7), anti-
CD8 (BV510), anti-CD25 (APC) and anti-CD44 (AF700). The
proportion of T and B cells in mice was determined by staining
splenic cells with anti-mouse antibodies: anti-CD3 (PE) and anti-
CD19 (PB450) antibodies (Biolegend). To detect the CD3™ T cell
subsets, splenic cells were stained with the indicated anti-mouse
antibodies: anti-CD3 (PE), anti-CD4 (PE-CY7), anti-CD8 (APC)
(Biolegend). To detect T cell percentage in human peripheral
blood, anti-human CD3 (FITC), anti-human CD4 (PE-CY7) and anti-
human CD8 (BV510) antibodies were used. All these stained cells
were evaluated using Beckman CytoFlex S system (Beckman).

Purification of DN T cells and T cells

DN T cells of spleens from mice were isolated using fluorescent
cell sorting via BD FACSAria (BD Biosciences) by staining cells with
anti-CD3 (PE), anti-CD4 (PE-CY?7), anti-CD8 (APC) antibodies. CD4"
and CD8" T cells from mice were obtained from spleens with
corresponding Mouse T Cell Isolation Kits following the protocols
provided by manufacturer (Stem Cell Technologies Inc). DN T cells
of human peripheral blood were also isolated using a human DN T
cell isolation kit (Miltenyi Biotec).

4D label free quantitative proteomic analysis

The 4D label-free quantitative proteomic analysis was conducted
by lJingjie PTM BiolLabs including protein extraction, trypsin
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digestion, HPLC fractionation, LC-MS/MS analysis, and bioinfor-
matics analysis according to the method described previously.>’

Apoptosis assay

Annexin V/Pl and Annexin V/7-AAD Staining Kit (Beyotime) were
used to detect cell apoptosis. Splenic cells or peripheral blood in
mice were stained with anti-CD3 (APC), anti-CD4 (PE-CY7) and
anti-CD8 (BV510) antibodies (Biolegend), as well as Annexin V-PE
and 7-AAD. Human peripheral blood was stained with anti-human
CD3 (FITC), anti-human CD4 (PE-CY7) and anti-human CD8 (BV510)
antibodies as well as Annexin V-PE and 7-AAD. Purified CD3"
T cells obtained from MRL/Ipr mice were incubated with DMSO or
MLN4924 (0.1 and 0.5uM) for 12h and then stained with the
indicated antibodies: anti-CD3 (APC), anti-CD4 (PE-CY7) and anti-
CD8 (BV510) (Biolegend). Peripheral Blood Mononuclear Cell
(PBMC) isolated from patients were treated with 0.5uM
MLN4924 for 6 h and then stained with anti-human CD3 (APC-
CY7), anti-human CD4 (PE-CY7) and anti-human CD8 (BV510)
antibodies as well as Annexin V-FITC and PI-PE to detect cell
apoptosis. All these cells were analyzed with Beckman CytoFlex S
system (Beckman).

Proliferation assays in vivo

The BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 488
(Beyotime) was employed for the detection of DN T cell
proliferation. Mice were intraperitoneally administered with EdU
(50 mg/kg) twice a day for 1week according to previously
described methods.*® Then spleen single-cell suspensions were
stained with anti-mouse CD3 (APC), anti-mouse CD4 (BV510) and
anti-mouse CD19 (PB450) antibodies (Biolegend). At last, the Click-
iT reaction was carried out based on the protocols of manufacturer
and cells were examined using Beckman CytoFlex S system
(Beckman).

Mitochondrial membrane potential (MMP) determination

The MMP in DN T cells was quantified using the JC-1 assay kit
(Beyotime). Following the manufacturer’s recommendations, after
surface staining with anti-mouse CD3 (APC-CY7), anti-mouse CD4
(PE-CY7) and anti-mouse CD8 (APC) antibodies, cells were
incubated with JC-1 staining buffer at 37 °C for 20 min, and then
analyzed by flow cytometry. The ratio of aggregates to monomers
represents the change of MMP.

Immunoblotting analysis

Cells were homogenized in RIPA buffer, containing phosphatase
and protease inhibitors (Beyotime). The protein from cell lysate
(40 ug) was processed with SDS-PAGE and transferred to
nitrocellulose paper. Then the following proteins were detected
with appropriate antibodies: Bim (Cell Signaling), Ube2m (Abcam),
Ube2f (Proteintech), Cullin1 (Abcam), Caspase 3 (Cell Signaling
Technology), Cleaved-caspase 3 (Cell Signaling Technology) and
B-actin (Sigma-Aldrich). The band intensity was quantified with
Image J software (NIH).

Quantitative PCR analysis

The mRNA extraction, reverse transcription and real-time quanti-
tative PCR were conducted in accordance with our previous
article.>® The primer sequences were designed as follows: actin,
sense 5- GGCTGTATTCCCCTCCATCG-3', antisense 5'- CCAGTTGG-
TAACAATGCCATGT —3', Ube2m, sense 5-AACCTGCCCAA-
GACGTGTG-3', antisense 5-AGCTGAATACAAACTTGCCACT-3’, Bim,
sense 5'-CCCGGAGATACGGATTGCAC-3, antisense 5’-
GCCTCGCGGTAATCATTTGC —3'. The mRNA levels were deter-
mined with /A /A Ct method.

Co-immunoprecipitation (Co-IP)

Cells were lysed in NP-40 buffer (Beyotime) supplemented with
phosphatase and protease inhibitors, and the lysates were
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immunoprecipitated at 4 °C overnight with the SureBeads protein
A (Bio-Rad) conjugated with the Bim antibody (Cell Signaling).
Precipitates were washed three times with lysis buffer. Protein
levels were evaluated using immunoblotting analysis with
ubiquitin antibody (Thermo).

Statistical analysis

The data were expressed as the mean + SEM and analyzed with
GraphPad Prism 8 software. Statistical significance was deter-
mined by t-test or two-way ANOVA, with P-values< 0.05
considered significant.

DATA AVAILABILITY

The paper and Supplementary Materials contain all the necessary data for evaluating
the conclusions. The proteomic data has been submitted to the ProteomeXchange
Consortium via the PRIDE (Project accession: PXD045686).

ACKNOWLEDGEMENTS

The authors thank Professor Jun Yan from University of Louisville for providing
C57BL/6 MRLFas® mice. We express our gratitude for the exceptional technical
support provided by the Public Platform of Medical Research Center of Zhejiang
Chinese Medical University. We also thank Figdraw (www.figdraw.com) for expert
assistance to create a graphical abstract. This work was supported by Regional
Innovation and Development Joint Fund of the National Foundation of China
(U21A20402) to C.W., National Natural Science Foundation of China (No. 82074375)
and the Research Project of Zhejiang Chinese Medical University (No. 2023JKZDZCO01)
to Y.Z, Chongging International Institute for Immunology (2020YJC10) to L.L.,
National Natural Science Foundation of China (No. 82074217) to Z.H.

AUTHOR CONTRIBUTIONS

Y.Z, LL. and CW. designed research and guarantee the overall content; L.D., CW.
(Chenxi Wang) and Z.J. performed the experiments; Q.D., Y.L. and ZH. performed
analysis; LH. and ZX. collected the clinical samples; Y.Z. and LH. wrote the
manuscript, Y.S., LL. and CW. edited the manuscript. All authors have read and
approved the article.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541392-023-01709-9.

Competing interests: The authors declare no competing interests.

REFERENCES

. Suarez-Fueyo, A, Bradley, S. J., Klatzmann, D. & Tsokos, G. C. T cells and auto-
immune kidney disease. Nat Rev Nephrol. 13, 329-343 (2017).

. Suarez-Fueyo, A, Bradley, S. J. & Tsokos, G. C. T cells in systemic Lupus Erythe-
matosus. Curr Opin Immunol. 43, 32-38 (2016).

. Carter, E. E, Barr, S. G. & Clarke, A. E. The global burden of SLE: prevalence, health
disparities and socioeconomic impact. Nat Rev Rheumatol. 12, 605-620 (2016).
4. Li, H. & Tsokos, G. C. Double-negative T cells in autoimmune diseases. Curr Opin

Rheumatol. 33, 163-172 (2021).

. Chen, Y. & Tian, B. IFN-y promotes the development of systemic lupus erythe-
matosus through the IFNGR1/2-PSTAT1-TBX21 signaling axis. Am J Transl Res. 14,
6874 (2022).

6. Li, H. et al. Systemic lupus erythematosus favors the generation of IL-17 produ-
cing double negative T cells. Nat Commun. 11, 2859 (2020).

. Koga, T, Ichinose, K. & Tsokos, G. C. T cells and IL-17 in lupus nephritis. Clin
Immunol. 185, 95-99 (2017).

. Newman-Rivera, A. M., Kurzhagen, J. T. & Rabb, H. TCRap+ CD4-/CD8- “double
negative” T cells in health and disease-implications for the kidney. Kidney Int. 102,
25-37 (2022).

9. Li, H., Boulougoura, A., Endo, Y. & Tsokos, G. C. Abnormalities of T cells in systemic
lupus erythematosus: new insights in pathogenesis and therapeutic strategies. J
Autoimmun. 132, 102870 (2022).

10. Du, L. J. et al. Norcantharidin ameliorates the development of murine lupus via

inhibiting the generation of IL-17 producing cells. Acta Pharmacol Sin. 43,

1521-1533 (2022).

N

w

wv

~N

oo

Signal Transduction and Targeted Therapy (2024)9:18


http://www.figdraw.com
https://doi.org/10.1038/s41392-023-01709-9

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Zhou, Q. Y. et al. Neddylation inhibition induces glutamine uptake and meta-

bolism by targeting CRL3(SPOP) E3 ligase in cancer cells. Nat Commun. 13, 3034
(2022).

. Enchev, R. I, Schulman, B. A. & Peter, M. Protein neddylation: beyond cullin-RING

ligases. Nat Rev Mol Cell Biol. 16, 30-44 (2015).

. Gong, L. & Yeh, E. T. Identification of the activating and conjugating enzymes of

the NEDD8 conjugation pathway. J Biol Chem. 274, 1203612042 (1999).

. Ochiiwa, H. et al. TAS4464, a NEDD8-activating enzyme inhibitor, activates both

intrinsic and extrinsic apoptotic pathways via c-Myc-mediated regulation in acute
myeloid leukemia. Oncogene. 40, 1217-1230 (2021).

. Pan, Z. Q. Kentsis, A., Dias, D. C,, Yamoah, K. & Wu, K. Nedd8 on cullin: building an

expressway to protein destruction. Oncogene. 23, 1985-1997 (2004).

. Wuy, D, Li, H,, Liu, M., Qin, J. & Sun, Y. The Ube2m-Rbx1 neddylation-Cullin-RING-

Ligase proteins are essential for the maintenance of regulatory T cell fitness. Nat.
Commun. 13, 3021 (2022).

. Wu, D. & Sun, Y. The Functional Redundancy of Neddylation E2s and E3s in

Modulating the Fitness of Regulatory T Cells. Research. 6, 0212 (2023).

. Cheng, Q. et al. Neddylation contributes to CD4+ T cell-mediated protective

immunity against blood-stage Plasmodium infection. PLoS Pathog. 14, e1007440
(2018).

. Jin, H. S, Liao, L. J,, Park, Y. & Liu, Y. C. Neddylation pathway regulates T-cell

function by targeting an adaptor protein Shc and a protein kinase Erk signaling.
Proc Natl Acad Sci USA. 110, 624-629 (2013).

Yu, H. et al. The NEDD8-activating enzyme inhibitor MLN4924 reduces ischemic
brain injury in mice. Proc Natl Acad Sci USA. 119, e2111896119 (2022).

Kasagi, S. et al. Anti-programmed cell death 1 antibody reduces CD4+PD-1+
T cells and relieves the lupus-like nephritis of NZB/W F1 mice. J Immunol. 184,
2337-2347 (2010).

Jin, J. et al. Deletion of Trpm7 disrupts embryonic development and thymopoi-
esis without altering Mg(2+) homeostasis. Science. 322, 756-760 (2008).
Watanabe-Fukunaga, R, Brannan, C. |, Copeland, N. G., Jenkins, N. A. & Nagata, S.
Lymphoproliferation disorder in mice explained by defects in fas antigen that
mediates apoptosis (Reprinted from Nature, vol 356, pg 314-317, 1992). J
Immunol. 189, 5101-5104 (2012).

Balomenos, D., Shokri, R, Daszkiewicz, L., Vasquez-Mateo, C. & Carlos, M. A. On
how Fas apoptosis-independent Pathways Drive T cell Hyperproliferation and
Lymphadenopathy in Ipr mice. Front Immunol. 8, 237 (2017).

Moujalled, D. et al. Cyclic-cAMP-dependent protein kinase A regulates apoptosis
by stabilizing the BH3-only protein Bim. EMBO Rep. 12, 77-83 (2011).

Zhou, H. et al. Selective inhibition of cullin 3 neddylation through covalent tar-
geting DCN1 protects mice from acetaminophen-induced liver toxicity. Nat
Commun. 12, 2621 (2021).

Brandt, D. & Hedrich, C. M. TCR alpha beta(+)CD3(+)CD4(-)CD8(-) (double
negative) T cells in autoimmunity. Autoimmun Rev. 17, 422-430 (2018).

Betsch, L. et al. TCTP and CSN4 control cell cycle progression and development
by regulating CULLINT neddylation in plants and animals. PLoS Genet. 15,
€1007899 (2019).

Ai, T. J. et al. Inhibition of neddylation by MLN4924 improves neointimal
hyperplasia and promotes apoptosis of vascular smooth muscle cells through
p53 and p62. Cell Death Differ. 25, 319-329 (2018).

Li, L. H. et al. Neddylation pathway regulates the proliferation and survival of
macrophages. Biochem Biophys Res Commun. 432, 494-498 (2013).

Zou, T. & Zhang, J. Y. Diverse and pivotal roles of neddylation in metabolism and
immunity. Febs J. 288, 3884-3912 (2021).

Mathewson, N. et al. Neddylation plays an important role in the regulation of
murine and human dendritic cell function. Blood. 122, 2062-2073 (2013).

Jin, J. Y. et al. MLN4924 suppresses lipopolysaccharide-induced proinflammatory
cytokine production in neutrophils in a dose-dependent manner. Oncol Lett. 15,
8039-8045 (2018).

Jiang, Y. Y. et al. Neddylation regulates macrophages and implications for cancer
therapy. Front Cell Dev Biol. 9, 681186 (2021).

Zhao, M. et al. Myeloid neddylation targets IRF7 and promotes host innate
immunity against RNA viruses. PLoS Pathog. 17, 1009901 (2021).

Mathewson, N. D. et al. SAG/Rbx2-dependent neddylation regulates T-cell
responses. Am J Pathol. 186, 2679-2691 (2016).

Best, S. et al. Immunomodulatory effects of pevonedistat, a NEDD8-activating
enzyme inhibitor, in chronic lymphocytic leukemia-derived T cells. Leukemia. 35,
156-168 (2021).

Kumar, B. et al. The ubiquitin ligase Cul5 regulates CD4(+) T cell fate choice and
allergic inflammation. Nat Commun. 13, 2786 (2022).

Signal Transduction and Targeted Therapy (2024)9:18

Neddylation is a novel therapeutic target for lupus by regulating double...

Zhang et al.

39.
40.
41,

42.

43,
44,
45,

46.
47.
48.
49.
50.
51.
52.
53.

54,

55.
56.
57.
58.

59.

Cheng, J. et al. Protection from Fas-mediated apoptosis by a soluble form of the
Fas molecule. Science. 263, 1759-1762 (1994).

Fisher, G. H. et al. Dominant interfering Fas gene mutations impair apoptosis in a
human autoimmune lymphoproliferative syndrome. Cell. 81, 935-946 (1995).
Tarbox, J. A. et al. Elevated double negative T cells. Pediatr Autoimmun J Clin
Immunol. 34, 594-599 (2014).

Kaufmann, T. et al. Fatal hepatitis mediated by tumor necrosis factor TNFalpha
requires caspase-8 and involves the BH3-only proteins Bid and Bim. Immunity. 30,
56-66 (2009).

Bouillet, P. & O'Reilly, L. A. CD95, BIM and T cell homeostasis. Nat Rev Immunol. 9,
514-519 (2009).

Tsai, F. et al. Bim suppresses the development of SLE by limiting myeloid
inflammatory responses. J Exp Med. 214, 3753-3773 (2017).

Ludwinski, M. W. et al. Critical roles of Bim in T cell activation and T cell-mediated
autoimmune inflammation in mice. J Clin Invest. 119, 1706-1713 (2009).
Stranges, P. B. et al. Elimination of antigen-presenting cells and autoreactive
T cells by fas contributes to prevention of autoimmunity. Immunity. 26, 629-641
(2007).

Hutcheson, J. et al. Combined deficiency of proapoptotic regulators Bim and Fas
results in the early onset of systemic autoimmunity. Immunity. 28, 206-217
(2008).

Hughes, P. D. et al. Apoptosis regulators Fas and Bim cooperate in shutdown of
chronic immune responses and prevention of autoimmunity. Immunit 28,
197-205 (2008).

Godbersen, J. C. et al. The Nedd8-activating enzyme inhibitor MLN4924 thwarts
microenvironment-driven NF-kB activation and induces apoptosis in chronic
lymphocytic leukemia B cells. Clin Cancer Res. 20, 1576-1589 (2014).

Zhou, W. et al. UBE2M is a stress-inducible dual E2 for Neddylation and Ubi-
quitylation that promotes targeted degradation of UBE2F. Mol Cell. 70,
1008-1024.€1006 (2018).

Hong, H. S. et al. OXPHOS promotes apoptotic resistance and cellular persistence
in TH17 cells in the periphery and tumor microenvironment. Sci Immunol. 7,
eabm8182 (2022).

Bajpai, R. et al. Targeting glutamine metabolism in multiple myeloma enhances
BIM binding to BCL-2 eliciting synthetic lethality to venetoclax. Oncogene. 35,
3955-3964 (2016).

Ma, K. et al. B1-cell-produced anti-phosphatidylserine antibodies contribute to
lupus nephritis development via TLR-mediated Syk activation. Cell Mol Immunol.
20, 881-894 (2023).

Wang, Z. et al. E4BP4-mediated inhibition of T follicular helper cell differentiation
is compromised in autoimmune diseases. J Clin Invest. 130, 3717-3733 (2020).
Petri, M. et al. Derivation and validation of the Systemic Lupus International
Collaborating Clinics classification criteria for systemic lupus erythematosus.
Arthritis Rheum. 64, 2677-2686 (2012).

Du, Y. et al. Cryptotanshinone ameliorates the pathogenesis of systemic lupus
erythematosus by blocking T cell proliferation. Int Inmunopharmacol. 74, 105677
(2019).

Li, Q. et al. Dihydroartemisinin regulates immune cell heterogeneity by triggering
a cascade reaction of CDK and MAPK phosphorylation. Signal Transduct Target
Ther. 7, 222 (2022).

Yin, J. et al. Knockdown of long non-coding RNA SOX20T downregulates SOX2 to
improve hippocampal neurogenesis and cognitive function in a mouse model of
sepsis-associated encephalopathy. J Neuroinflammat. 17, 320 (2020).

Du, L. et al. Jieduquyuziyin prescription promotes the efficacy of prednisone via
upregulating Nrf2 in MRL/LPR kidneys. J Ethnopharmacol. 298, 115643 (2022).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this

license, visit http://

creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE

13


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Neddylation is a novel therapeutic target for lupus by regulating double negative T cell homeostasis
	Introduction
	Results
	Inhibition of neddylation attenuated lupus progression in MRL/lpr�mice
	MLN4924 significantly reduced the number of DN T�cells in MRL/lpr�mice
	Deficiency of Ube2m in T cells attenuated SLE development
	Loss of Ube2m promoted DN T cell apoptosis
	Neddylation inactivation upregulated Bim level by inhibiting Bim ubiquitination degradation
	Loss of Bim reduced Ube2m deficiency-induced apoptosis in DN T cells and reversed the alleviated lupus progression
	Inhibition of neddylation pathway promoted Bim-dependent DN T cell apoptosis in SLE patients

	Discussion
	Materials and methods
	Mice
	Human samples
	Detection of autoantibodies
	The assessment of renal function
	Bio-Plex cytokine�assay
	FACS analysis
	Purification of DN T�cells and T�cells
	4D label free quantitative proteomic analysis
	Apoptosis�assay
	Proliferation assays in�vivo
	Mitochondrial membrane potential (MMP) determination
	Immunoblotting analysis
	Quantitative PCR analysis
	Co-immunoprecipitation (Co-IP)
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




