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Abstract

Background:Increased apoptosis and/or defect in clearance apoptotic cells resulting in massive
secondary necrosis have been recognized as the main causes of systemic lupus erythematosus. Recent
findings have revealed that GSDME, a membrane pore protein downstream of caspase-3, is a key
mediator of secondary pyroptosis and cellular membrane disruption. Here, we aim to investigate the
effects of secondary pyroptosis on disease activity in lupus mice.

Methods:In vivo, Pristane-induced lupus mice were treated with JNK inhibitor SP600125 or vehicle. The
disease severity was evaluated and the expression of GSDME and cleaved-caspase-3 detected. In vitro,
HK2 human tubular epithelial cells were pretreated with SP600125, followed by treatment with apoptosis
inducer, TNF+CHX, or SLE sera. And then the secondary pyroptosis were examined.

Results:In vivo, high levels of GSDME expression were revealed in renal tubules in PIL mice and SLE
patients. In lupus mice, SP600125 administration effectively ameliorated lupus-like features and
importantly, reduced the expression of GSDME and cleaved caspase-3 in renal tubules. In vitro, treatment
with TNF+CHX or SLE sera induced HK2 cells to undergo secondary pyroptosis in a caspase-3-GSDME
dependent manner. Likewise, SP600125 significantly reduced GSDME expression and decreased the
secondary pyroptosis in HK2 cells.

Conclusions:The GSDME-mediated pyroptosis may be one of the pathogenesis of SLE and targeting
GSDME may be a potential strategy for treating SLE.

Introduction

Systemic lupus erythematosus (SLE) is a complex autoimmune disease involving multiple organs[1].The
overall incidence of SLE ranges from 30.0 to 37.6 per 100,000 per year in China[2].To date, extensive
studies have been conducted on the pathogenesis and treatment of SLE, but the molecular mechanism of
SLE pathogenesis remains unclear. Increased apoptosis and defective clearance are observed in SLE and
these apoptotic cells are more prone to progress to secondary necrosis. Many previous studies have
demonstrated that secondary necrosis of apoptotic cells plays an important role in the pathogenesis and
development of SLE[3-5].

Cell death plays an important role in the maintenance of homeostasis and immune response, and
different ways of cell death have different effects on immune response. More than 10 years ago, our
research group proposed the "Cell death" recognition model[6, 7]that emphasized the different patterns of
cell death in determining the outcomes of immune responses. Necrotic cells initiate the secretion of pro-
inflammatory cytokines to activate immune response, while apoptotic cells induce immune tolerance by
inducing anti-inflammatory cytokines. Although apoptotic cells themselves induce immune tolerance,
secondary necrosis occurs when apoptotic cells are not cleared timely and effectively, which can
significantly promote inflammatory factors release, enhance immune response, and participate in the
pathogenesis of SLE[5].Therefore, preventing the secondary necrosis of apoptotic cells and maintaining
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the cells in the apoptotic stage may become one of the choices to prevent autoimmune diseases such as
SLE.

Secondary necrosis after apoptosis was once considered to be a passive and uncontrollable process of
cell death due to the exhaustion of cell energy, failing to maintain osmotic pressure[8, 9]. However, recent
findings revealed that secondary necrosis after apoptosis was also a programmed process called
pyroptosis that was mediated by GSDME[10, 11]. In the GSDME-high cells, a previously presumed key
apoptosis inducer, activated caspase-3, cleaves GSDME to generate the GSDME-N domain. Subsequently,
the GSDME-N domain assembles in cellular membrane to form pores, thereby resulting in secondary
necrosis. This finding is very encouraging because it opens a window to prevent the secondary necrosis
of apoptotic cells and raises new hope for the treatment of SLE.

C-jun N-terminal kinases (JNKs) are a member of MAPK kinases,and they can be activated by different
stress stimuli and have various regulatory functions[12].

JNKs are involved in the development and progression of inflammatory diseases[13].

Importantly, studies have shown that increased JNK activation associated with disease activity and
organ injury in patients with SLE[14]. Interestingly, one study has found that SP600125,a JNK inhibitor,
can prevent GSDME-mediated cell death[15], suggesting that JNK may be a target for regulating GSDME.

Therefore, this study mainly aimed to investigate whether inhibiting JNK could reduce secondary
pyroptosis and thus alleviated the disease condition of pristane-induced lupus mice.

Materials And Methods

Materials

Rabbit polyclonal antibodies recognizing cleaved Caspase 3 and the N-terminal of GSDME were
purchased from Abcam(Catalogue No.ab13847 and No.ab175614,Cambridge, UK). Rabbit monoclonal
antibodies to GSDME-N-terminal or JNK1+JNK2+JNK3 or JNK1 + JNK2 + JNK3 (phospho
T183+T183+T221) also from Abcam(Catalogue No.ab215191 or No.ab179461 or
No.ab124956,Cambridge, UK). TNF-a was purchased from InvivoGen (Catalogue No.rcyc-htnfa,San Diego,
USA).Cycloheximide(CHX) was purchased from Sigma-Aldrich (Catalogue No.66-81-9,St.Louis, MO,
USA).TNF-a+ CHX acts as an inducer of apoptosis[11].The JNK inhibitor SP600125 was purchased from
Selleck(Catalogue No.S1460, Houston, TX, USA).

Cell culture

Human tubular epithelial cell line (HK2) was from Bio-Rad Laboratories (Shanghai, China) and the cells
cultured in DNME/F12 media containing 10% FBS and 1% penicillin streptomycin. The cells were
stimulated with TNF-a(20 ng/ml) and CHX(10pg/ml) to induce cell death, with or without pretreatment
with SP600125 (30uM) for 1 h.
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LDH release assay

After TNF-a and CHX treatment, the activity of LDH released into cell culture supernatants was measured
by using the LDH release kit (Promega) according to the manufacturer’s protocol. The supernatant LDH
activity was expressed as a percentage of total LDH in the cell lysate.

Microscopy

To examine the morphological changes of apoptotic or secondary pyroptotic cells, HK2 cells were seeded
in the 6-well plates and subjected to indicated treatments. Bright field cell images were captured using the
Optical inverted microscope (Olympus, Japan).All the image data displayed represents at least three
random field of view.

HK2 cell Hoechst/PI fluorescent staining

HK2 cells were seeded in the 24-well plates and treated with TNF-a and CHX. Then, cells were stained with
Hoechst (Beyotime, China) and PI(BD, USA).Images were collected with a fluorescence microscope(Carl
Zeiss, Germany).

Immunofluorescent analysis of GSDME

After treatment with TNF-a and CHX, the expression of GSDME was detected by immunofluorescence.
Cells were fixed with 4 % paraformaldehyde, permeabilized with 0.2 % Triton X-100, and blocked with 5 %
fetal bovine serum (FBS). Then, the cells were stained with rabbit anti-GSDME antibody, followed by
incubation with a Cy3-conjugated goat secondary antibody against rabbit IgG (Servicebio,China,).Finally,
the cells were stained with DAPI(Thermo Fisher

Scientific, USA). Images were captured and analyzed with a fluorescence microscope (Carl Zeiss,
Germany).

Western blot

Cells or tissues were lysed in RIPA protein lysate (Beyotime, China). Cell lysates were fractionated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF membranes (Roche, Swit).
Blots were probed with appropriate antibodies. Expressions of full length-GSDME and GSDME-N-terminal
were detected using anti-GSDME antibodies. Data were analyzed by Image J Software.

Pristane induced lupus (PIL) models

As described previously,female BALB/ C mice at 6-8 weeks were intraperitoneally injected with 0.5ml
Pristane(Sigma-Aldrich)[16]. Urine protein was detected at 6 weeks after modeling, and urine protein score
measured once every two weeks. Albustix test paper was used to determine the urinary protein. The mice
were stimulated to urinate by gentle massage of the abdomen, and urine was collected. The fresh urine
was dropped into the reaction area of the test paper, and the results were read within Tmin. The urine
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protein score was determined according to the comparison between the color degrees of the reaction area
and the standard color band. If urine protein score was more than 1 point in two consecutive tests, it was
decided that the modeling was successful.

PIL mice were divided into three groups, named vehicle only control group, PIL group (n=9), and
PIL+SP600125 group(n=9) respectively. Six normal mice were treated with vehicle as control group. In the
PIL group, mice received the same amount of vehicle solution (DMSO and PBS). In PIL+SP600125 group,
mice were injected intraperitoneally with SP600125 dissolved in 2% dimethyl sulfoxide (DMSO) in PBS at
a dose of 30 mg/kg body weight once per day [17].

Immunofluorescence analysis of GSDME/Caspase-3 p17

The frozen kidney sections were blocked with 5% fetal bovine serum and then stained with rabbit anti-
GSDME antibody(Abcam, Catalogue No.ab215191) and rabbit anti-caspase3 p17 antibody (Abcam,
Catalogue No.ab13847), followed by staining with a second Cy3-conjugated goat anti-rabbit
immunoglobulin G (IgG) antibody (Servicebio, Catalogue No.GB21303).For assessment of mouse IgG
deposition in kidneys, the frozen kidney sections were stained with Alexa Fluor 555-conjugated goat anti-
mouse IgG(Abcam, Catalogue No.b150114).

Assessment of histopathological changes

Renal tissues were fixed with 10% formalin and paraffin-embedded for tissue sectioning. The sections
were then stained with hematoxylin and eosin (H&E). Histopathological changes were examined by
pathologists unaware of the experimental information. Austin score to grade lupus disease activity was
used as described previously [18].

Statistical analysis

All data were expressed as mean + standard deviation, analyzed by SPSS 20.0 software, and plotted by
GraphPad Prism 7.0 . One-way ANOVA was used for the comparison of the mean between groups.The
difference was considered statistically significant where p<0.05 between comparisons.

Results

Increased GSDME expression in the kidneys of SLE patients and PlLmice

Lupus nephritis, as the main clinical manifestation of SLE[19],develops in most SLE patients within 5
years of diagnosis[20].Therefore, we tested the kidney specimens of SLE patients and PIL mice.

In the kidneys of SLE patients or PIL mice, the renal tubulointerstitium was infiltrated by a large number
of inflammatory cells, with disrupted renal tubules, glomerular atrophy and interstitial fibrosis(Fig.1A and
C). Importantly, GSDME protein was highly expressed in renal tubules (Fig.1B) in SLE patients and PIL
mice (Fig.1D-E).
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TNF-a and CHX induced secondary pyroptosis in HK2 cells

It has been known that GSDME plays a key role in the secondary pyroptosis[10, 11]. Given that high levels
of GSDME were found in renal tubules of lupus kidneys, next we investigated whether renal tubules
epithelial cells could develop secondary pyroptosis. In vitro, human tubular epithelial cells (HK2 cells)
were treated with the previous presumed apoptosis inducer (TNF-a+CHX)[11], and the secondary
pyroptosis of HK2 cells examined.

After the treatment of TNF-a+CHX, necrotic HK2 cells were significantly increased(Fig.2 A and C), and the
dying cells showed evident swelling with characteristic large bubbles protruding from the plasma
membrane(Fig.2 B).What's more, TNF-a+CHX treated HK2 cells showed elevated expression of activated
caspase-3 and GSDME-N (Fig.2 D). These results confirmed that TNF-a and CHX induced HK2 cells to
undergo secondary pyroptosis. When siRNA was used to silence GSDME expression(Fig.2 E),secondary
pyroptosis was significantly reduced(Fig.2 F and G).

SP600125 inhibited secondary proptosis

JNK is a member of MAPK kinases, and it is involved in the pathological process of inflammation.
Previous study has reported that the JNK inhibitor SP600125 blocks GSDME-mediated cell death [21].
Next, we investigated the effect of SP600125 on secondary pyroptosis of HK2 cells. We found that
SP600125 significantly decreased the secondary pyroptosis, manifested by decreased LDH release (Fig.3
A), diminished cell swelling (Fig.3 B) and reduced numbers of PI positive cells(Fig.3 C). Interestingly,
GSDME expression increased after TNF-a+CHX treatment, but decreased significantly when SP600125
was applied (Fig.3 D). It has been known that the total GSDME includes full length GSDME(GSDME-FL)
and GSDME-N-terminal(GSDME-N). We found that SP600125 inhibited the production of total GSDME
and GSDME-N(Fig.3 E) , suggesting that SP600125 can inhibit both expression and activity of GSDME.
These results confirmed that SP600125 significantly blocked the secondary pyroptosis of HK2 cells by
reducing the GSDME mediated cell signaling.

Sera of lupus patients increased GSDME expression

As we found that GSDME expression increased in renal tubular epithelial cells of lupus patients, it is
important to know the mechanisms underlying the increased GSDME expression. To this end, HK2 cells
were stimulated with serum from lupus patients and examined GSDME expression. The sera of lupus
patients or healthy controls were prepared, and then added them to the medium to prepare 10% cell
culture medium. HK2 cells were cultured in prepared medium for 72h. Interestingly, we found the serum of
lupus patients significantly enhanced the expression of GSDME(Fig.4 A and B) and secondary
pyroptosis(Fig.4 C). Likewise, SP600125 treatment reduced serum-induced GSDME expression and
secondary pyroptosis of HK2 cells(Fig.4 C).

SP600125 effectively attenuated disease activity in PIL mice
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Mice intraperitoneally administered pristane develop autoantibodies and clinical manifestations similar
to those of SLE[22, 23].0ne study demonstrated that pristane-induced increased apoptosis, provided
autoantigens and initiated immune response that led to the development of lupus like autoimmunity[24].
To know whether SP600125 could attenuate SLE activity, we treated PIL mice with SP600125 for 16
weeks. Importantly, SP600125 treatment resulted in not only reduced proteinuria (Fig. 5A), but also
decreased levels of anti-dsDNA and anti-Sm antibodies (Fig. 5B). In addition, kidney H&E staining
revealed that SP600125 treatment alleviated renal injury (Fig. 5C) , decreased the deposition of IgG (Fig.
5D), and declined plasma IL-6 and TNF-a levels (Fig. 5E).Taken together, these findings suggested that
SP600125 treatment could alleviate lupus-like features in PIL mice.

SP600125 inhibited GSDME-mediated secondary pyroptosis in PIL mice

Compared with the control group , the expression of GSDME in renal tubular epithelial cells in the PIL
mice group was significantly increased(Fig.6A), as well as the expression of cleaved
caspase3(Fig.6B).Importantly, lupus-prone mice treated with SP600125 showed a reduction in the protein
expression levels of GSMDE and cleaved caspase-3(Fig.6A and B). Particularly, abundant GSDME-N in
kidney were easily detected in vehicle-treated PIL mice, but rarely found in SP600125-treated PIL mice
(Fig. 6C). Based on these results, SP600125 inhibited GSDME-mediated secondary pyroptosis in kidney.

Discussion

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by the presence of nuclear
autoantibodies,and involved in multiple organs[25]. Although the survival rate of SLE patients has
improved in the past decade [26], recent advances have not reduced mortality or the development of end-
stage lupus nephritis [27, 28], which suggests that further study on the pathogenesis of SLE is of great
clinical value.

In this study, high levels of GSDME were revealed in renal tubules from SLE patients. Meanwhile, the
expressions of GSDME and cleaved caspase-3 in renal tubules of Pristane-induced lupus (PIL) mice were
also increased, suggesting that GSDME-mediated secondary pyroptosis may play an important role in the
pathogenesis and development of SLE (Figs. 1 and 6).

Subsequently, renal tubular epithelial cells (HK2) were selected as the study objects to verify the
mechanism of GSDME-mediated secondary pyroptosis. HK2 cells stimulated with TNF + CHX showed
elevated protein expression levels of cleaved caspase-3 and GSDME-N domain and increased secondary
pyroptosis(Fig. 2). Importantly, sera of SLE patients also induced HK2 cells to undergo secondary
pyroptosis (Fig. 4).

Interestingly, a JNK inhibitor, SP600125, significantly reduced the expression of GSDME and the
secondary pyroptosis of HK2 cells (Fig. 3). In vivo, SP600125 administration effectively ameliorated
lupus-like features in PIL mice, showed by a reduction in levels of autoantibodies, a decrease in
proteinuria and an improvement in pathology of kidneys (Fig. 5). Importantly, PIL mice treated with
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SP600125 showed a reduction in the expression levels of GSMDE and cleaved caspase-3(Fig. 6). Based
on these results, we believe that SP600125 effectively attenuates disease activity in PIL mice by
inhibiting GSDME-mediated secondary pyroptosis.

GSDME, also known as DFNAS5 (Deafness, Autosomal Dominant 5), was first associated with
sensorineural hearing loss in humans [29]. Most deafness-causing mutations in GSDME lead to deletion
of GSDME C-terminal transcription and could induce spontaneous pyroptosis[30].In addition to hearing
loss, GSDME has been linked to many cancers, such as breast[31, 32], epatocellular[33], gastric[34]
colorectal[35]cancers. In these cancers, GSDME methylation was significantly increased, resulting in
GSDME epigenetic silencing, which reduced GSDME levels[36]. GSDME can be regulated by p53 because
the presence of p53 binding sites in GSDME intron 1[36].Treatment with the demethylating agent, such as
5-aza-2'-deoxycytidine, can restore p53-induced GSDME expression[37]. Based on these reports, GSDME
is considered to be a tumor suppressor gene because inactivation of GSDME inhibits its necrotic function,
thus promoting tumor formation.

GSDME actually has roles in the switch of the cell death mode from apoptosis to secondary
pyroptosis[38].Caspase-3 specifically clevages and activates GSDME, resulting in pyroptosis.This
changes the concept of programmed cell death as caspase-3 is long considered a marker of apoptosis.In
fact, it is the expression level of GSDME that determines the cell death mode of Caspase-3 activated
cells[11].Cells with high GSDME expression undergo pyroptosis upon the stimulation of apoptotic inducer
like chemotherapy drug. Whereas, cells lacking sufficient GSDME develop apoptosis.

GSDME may play a role in chemotherapy-induced caspase-3-dependent cell death due to its ability to
regulate apoptosis and secondary pyroptosis[11]. In vivo study, Gsdme™~ mice were protected from
chemotherapy drug induced tissue damages and weight loss[11]. Peritoneal injection of cisplatin or 5-FU
caused severe small intestinal impairment and infiltration of immune cells in Gsdme*’* mice, whereas
these signs of tissue damage were reduced in Gsdme™~ mice[38].Moreover, Gsdme™~ mice showed
attenuated lung injury and inflammation in response to cisplatin or bleomycin[38].These observations
confirmed a significant role of GSDME-mediated cell death in promoting inflammation and organ
damage. However, the role of GSDME-mediated secondary pyroptosis in lupus has not been reported.
Here, we found that high levels of GSDME were found in kidney specimens from SLE patients and lupus-
prone mice. We also provided evidence that GSDME-mediated secondary pyroptosis may play an
important role in the pathogenesis and development of SLE. Therefore, preventing GSDME-mediated
secondary is a new strategy and target for the treatment of SLE.

C-jun N-terminal kinases (JNKs), as a member of the mitogen-activated protein kinases (MAPK) family,
regulate physiological processes such as neuronal function, immune function and embryonic
development by influencing gene expression, cytoskeleton protein dynamics and cell death/survival
pathways[39]. In response to apoptotic stimulation, JNKs regulate the activity of various pro-apoptotic
and anti-apoptotic proteins, thus participating in extrinsic and the intrinsic apoptotic
pathways[40].Multiple abnormalities of the JNK pathway are involved in several autoimmune diseases,
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including chronic idiopathic urticaria, inflammatory bowel disease, and systemic lupus erythematosus
(SLE)[41]. In SLE patients, increased JNK activities correlate with disease activity[42] and long-term organ
damagel[43]. SP600125 is a common JNKs highly selective inhibitor. Studies have shown that JNKs
inhibitors, including SP600125, can significantly alleviate the symptoms of immune diseases[14].0ne
study has found that the JNK inhibitor SP600125 can block GSDME-mediated cell death[15], but the
mechanism is unclear. We found that SP600125 could significantly improve the symptoms of lupus mice
by inhibiting secondary pyroptosis in two ways. Firstly, SP600125 can inhibit the activation of caspase3
protein and reduce the production of apoptotic cells. Second, SP600125 can reduce the expression and
activation of GSDME, which inhibit the secondary pyroptosis, but initiate apoptotic signaling. From this
perspective, SP600125 may be an ideal drug for the treatment of lupus.

A limitation of this study should be noted. SP600125 can only indirectly regulate GSDME expression and
activation and, currently, there are no specific GSDME inhibitors. Therefore, our next work will focus on
the effect of GSDME knockout on lupus mouse model and the search for GSDME-specific inhibitors.

Conclusions

In conclusion, our data demonstrated that JNK inhibitor SP600125 effectively attenuated disease activity
in PIL mice by inhibiting GSDME-mediated secondary pyroptosis. This implies the important role of
GSDME-mediated secondary pyroptosis in SLE pathogenesis and development, and suggests that
SP600125 may be a potential drug for treating SLE.
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Figure 1

GSDME was highly expressed in renal tubular cells in SLE patients and Pristane-induced lupus mice. (A)
H & E staining renal pathological changes of health controls and SLE patients.(B)immunofluorescence
analysis of the expressions of GSDME in kidney specimens from health controls and SLE patients. (C)H &
E staining renal pathological changes and (D) immunofluorescence analysis of GSDME expression in
control and PIL mice kidney .(E)Western blot (top) and quantitative analysis (bottom) of the expressions
of GSDME in control and PIL mice kidney. Data were shown as mean + SD, **p < 0.01.
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Figure 2

TNF+CHX induced secondary pyroptosis in HK2 cells. (A)HK2 cells were treated with TNF-a and CHX for
12h, then the cell viability was detected using LDH release.(B) Phase-contrast imaging assay of HK2 cells
after TNF-a and CHX treatment.(C)Flow cytometry of propidium iodide (PI) and Annexin V- FITC-stained
cells. (D)Western blot (left) and quantitative analysis (right) of the expressions of GSDME (n=3). (E) HK
cells were transfected with NC- or GSDME-siRNA. (F)LDH releases and (G)phase-contrast images of HK2
cells were detected after TNF-a and CHX treatment. Arrows, the pyroptotic cells. Data were shown as
mean = SD, **p < 0.01,***p < 0.001,****p < 0.0001.
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Figure 3

SP600125 inhibited GSDME mediated secondary pyroptosis in HK cells. HK2 cells were pretreated with
SP600125 for 1h and then exposed to TNF-a and CHX for 12h. (A)Levels of LDH were detected. (B)Phase-
contrast images of HK2 cells were detected. (C)HK2 cells were stained with Hochest(blue) and Pl(red).
(D)Immunofluorescence staining for GSDME(red) was assessed.(E)Expression of GSDME-FL and
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GSDME-N were detected by western blot. Data were shown as mean + SD, *p < 0.05,**p < 0.01,***p <
0.001.
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Figure 4

Sera of lupus patients induced high expression of GSDME in HK cells. The sera of lupus patients(n=5) or
healthy controls(n=3) were mixed together, and then added them to the medium to prepare 10% cell
culture medium.HK2 cells were cultured in prepared medium for 72h.(A)Western blot (left) and
quantitative analysis (right) of the expressions of GSDME.(B)HK2 cells were immunofluorescent stained
by DAPI(blue) and GSDME(red).(C)HK2 cells were pretreated with SP600125 for Th and then exposed to
the serum of lupus patients or normal controls, western blot and quantitative analysis of the expressions

of GSDME. Data were shown as mean + SD, **p < 0.01,***p < 0.001.
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Figure 5

SP600125 effectively attenuated disease activity in PIL mice. (A)Albustix test paper was used to
determine the urinary protein. Urine protein score was measured once every two weeks. (B,E)The levels of
autoantibodies(anti-dsDNA antibody and anti-Sm antibody) and cytokines(IL-6 and TNF-a) were
examined by ELISA kit.(C)Representative H&E staining of glomerular and renal tubular lesions in kidneys
were shown (left). Austin scores of kidneys were determined (right).(D)Immunofluorescence showed IgG
deposition in the kidney. Data were shown as mean + SD, *p < 0.05,**p < 0.01,***p < 0.001.
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SP600125 inhibited GSDME mediated secondary pyroptosis in PIL Mice. (A,B)Immunofluorescence
staining for GSDME and cleaved caspase-3 in each group mouse kidney were assessed.(C)Western blot
and quantitative analysis of the expressions of GSDME and cleaved caspase-3.Data were shown as
mean = SD, *p < 0.05,**p < 0.01.
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