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Abstract

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection. Sestrin2 (SESN2),
a highly evolutionarily conserved protein, is critically involved in the cellular response to various stresses and has been
confirmed to maintain the homeostasis of the internal environment. However, the potential effects of SESN2 in regulating
dendritic cells (DCs) pyroptosis in the context of sepsis and the related mechanisms are poorly characterized. In this study,
we found that SESN2 was capable of decreasing gasdermin D (GSDMD)-dependent pyroptosis of splenic DCs by inhib-
iting endoplasmic reticulum (ER) stress (ERS)-related nucleotide-binding oligomerization domain-like receptor protein
3 (NLRP3)-mediated ASC pyroptosome formation and caspase-1 (CASP-1) activation. Furthermore, SESN2 deficiency
induced NLRP3/ASC/CASP-1-dependent pyroptosis and the production of proinflammatory cytokines by exacerbating
the PERK—-ATF4-CHOP signaling pathway, resulting in an increase in the mortality of septic mice, which was reversed
by inhibiting ERS. These findings suggest that SESN2 appears to be essential for inhibiting NLRP3 inflammasome hyper-
activation, reducing CASP-1-dependent pyroptosis, and improving sepsis outcomes through stabilization of the ER. The
present study might have important implications for exploration of novel potential therapeutic targets for the treatment of
sepsis complications.
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Introduction

Sepsis is defined as life-threatening organ dysfunction
caused by a dysregulated host response to infection and
remains one of the predominant medical challenges in inten-
sive care units [1, 2]. The degree to which the number of
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Inflammasomes, which constitute a class of cytoplasmic
multi-protein complexes, are programmed to selectively
sense pathogen-associated molecular patterns (PAMPs) and
danger-associated molecular patterns (DAMPs) [10, 11].
The nucleotide-binding oligomerization domain (NOD)-like
receptor protein 3 (NLRP3) inflammasome is the most com-
prehensively characterized canonical inflammasome, and its
activation can promote the activation of caspase-1 (CASP-1)
via recruitment of the adaptor apoptosis speck-like protein
containing a caspase recruitment domain (ASC) in response
to various pathogenic, endogenous, and environmental dan-
ger signals [12, 13]. Gasdermin D (GSDMD), the critical
executioner of pyroptotic cell death, is cleaved [14], and the
GSDMD N-terminal domain (GSDMD-N) oligomerizes into
a ring-like structure to form transmembrane pores, resulting
in cell lysis and cytosolic contents release, which are the
main characteristics of pyroptosis [15, 16]. It was previously
reported that several signaling pathways, including endo-
plasmic reticulum (ER) stress (ERS), are involved in inflam-
masome activation [17]. The inflammasome is important for
clearing invaded pathogens [18]; however, excessive activa-
tion of the inflammasome induces damage and dysfunction
of non-infected tissue and multiple organs, leading to the
development of inflammatory diseases [19]. Therefore, it
is of great importance to explore the specific intracellular
pathways associated with NLRP3 inflammasome-related
pyroptosis during sepsis.

The ER is a large endomembrane compartment that
serves as a platform for linking cellular stress and the inflam-
matory response [20, 21]. A wide range of insults can affect
the protein-folding capacity of the ER. When a large num-
ber of misfolded proteins accumulate in the ER lumen, the
unfolded protein response (UPR) is triggered, resulting in
the restoration of ER homeostasis through a decrease in
protein translation and promotion of protein degradation.
However, regulated cell death is initiated when restoration
of ER homeostasis by the UPR fails [22]. Our previous stud-
ies showed that prolonged ERS is responsible for apoptosis
and dysfunction of DCs, which contribute to disruption of
the host immune system in the context of both sepsis and
severe thermal injury [23, 24]. Increasing studies have high-
lighted the pivotal role of ERS in inducing inflammasomes
activation. As reported, in nonalcoholic steatohepatitis mod-
els, activation of the protein kinase RNA-like ER kinase
(PERK)-activating transcription factor 4 (ATF4) pathway is
capable of increasing C/EBP homologous protein (CHOP)
expression, further enabling activation of the NLRP3 inflam-
masome followed by increased secretion of inflammatory
cytokines, by promoting the pyroptosis of hepatocytes [25].

It has been demonstrated that three pathways involving
ERS markers, i.e., PERK/ATF4, inositol-requiring enzyme
1 (IRE1)-X-box binding protein 1 (XBP1) and ATF6, are
responsible for enhanced expression of Sestrin2 (SESN2) in
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infectious and inflammatory diseases [26]. The expression
of SESN2, a stress-inducible protein, is upregulated in vari-
ous immune cells in response to septic insults, and SESN2
plays protective roles under septic conditions by serving
as an anti-inflammation, anti-apoptotic, and antioxidative
target [26, 27]. Furthermore, an early study confirmed that
SESN?2 is capable of preventing persistent activation of the
NLRP3 inflammasome. Deficiency of SESN2, however,
results in overactivation of CASP-1 and excessive produc-
tion of inflammatory cytokines, e.g., interleukin (IL)-1p and
IL-18 [28]. Our previous report verified that SESN2 alle-
viates excessive inflammation and dysfunction of DCs by
interacting with ATF4 to decrease the extent of ERS during
sepsis [29]. Nevertheless, the potential role of SESN2 in
NLRP3-CASP-1-dependent pyroptosis and its relationship
with ERS remain unclarified. Therefore, the present study
was carried out to investigate the protective impacts and
mechanisms of SESN2 in regulating NLRP3—CASP-1-me-
diated pyroptosis of DCs in the context of septic challenge.

Results

Sepsis induces NLRP3-CASP-1-dependent
pyroptosis of splenic DCs

Splenic DCs were harvested from mice at different time
points after cecal ligation and puncture (CLP)-induced sep-
sis. We examined the DC pyroptosis rate and found that it
was significantly increased at 6 h post CLP, and peaked at
24 h (Fig. 1A). Moreover, unlike DCs in the sham group,
DCs in the CLP groups showed morphological features of
pyroptosis, such as membrane collapse, cytoplasmic swell-
ing, perinuclear chromatin aggregation, cytoplasmic vacu-
olization, and swelling of the ER and mitochondria at 24 h
and 72 h after CLP (Fig. 1B).

The protein levels of NLRP3, ASC, cleaved CASP-1, and
GSDMD-N were significantly increased at 12, 24, and 48 h
after CLP compared with those in the sham group (Fig. 1C).
We also measured the plasma levels of cleaved CASP-1 and
noted that they were elevated at 24 h and 72 h after CLP
(Fig. 1D). These results suggested that consistent with DC
pyroptosis, the NLRP3 inflammasome was activated after
sepsis. In accordance with the in vivo results, the expression
of NLRP3, ASC, cleaved CASP-1, and GSDMD-N in DCs
was significantly upregulated after priming with 1 pg/ml
lipopolysaccharide (LPS) for 24 h and subsequent treatment
with nigericin (Nig, an activator of the NLRP3 inflamma-
some) for 30 min in vitro (Fig. S1A). In addition, cleaved
CASP-1 levels in the supernatants of stimulated DCs were
identical to those found in cellular lysates by Western blot-
ting (Fig. S1B).
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Fig. 1 Sepsis induces pyropto-
sis and NLRP3 inflammasome
activation in splenic DCs. DCs
were isolated from spleens at
6h,12h,24h,48h,and 72 h
after CLP or sham operation.
A, The DC pyroptosis was
analyzed by flow cytometry.
DCs were stained with CASP-1
(FAM-FLICA) and 7-AAD,
and analyzed using two-color
flow cytometry. Representative
flow cytometry plots are shown
on the left, and quantitative
analysis of FLICA* 7AAD*
DCs is shown on the right
(n=6). The data are presented
as the mean+ SD. B, DC
morphology was visualized by
electron microscopy at 24 and
72 h after CLP. Representative
electron micrographs (20,000,
50,000 %) of morphological
changes in the cell membrane,
ER, and mitochondria of
treated splenic DCs (the red
arrows indicate mitochondria,
the orange arrows indicate the
ER, the black triangles indicate
cytoplasmic vacuoles, and the
black arrows indicate membrane
pores). C, Immunoblotting

was employed to measure the
protein expression of NLRP3,
CASP-1, ASC, and GSDMD.
The values are protein levels
relative to p-actin level. The
data shown are representative of
3 independent experiments (3
mice were pooled together for
each independent experiment).
D, The plasma levels of cleaved
CASP-1 were measured by
ELISA. The data are expressed
as the mean+SD (n=5). Sepsis
was induced by CLP, and the
sham group mice underwent
surgery without CLP. Statistical
significance: “P <0.05 versus
the control group

1)UL RV
10 1,
< H
)
2 10 0,
N ufl 3

oo
FAM FITC-A

Sham

LT
34.19%

10 1 |lﬂ~ B \70‘ ;0’
FANFLICA FITC-A

24h

Sham

Pro-caspl {

0 1o 108 o

10'

UR
27.34%

o

T

6h

S

@ e e
FAM-FLICA FITC-A

48h

12h

” 10" W‘ T
FAN-FLICA FITC-A

72h

-45kDa
-42kDa
- -35kDa

-12kDa
Caspl p12
Casp1 Pio -10kDa
B-actin -43kDa
CLP(h) Sham 6 12 24 48 72
50
—_~ *
o
£
& *
< 30-
2 i =
= _ 3 |I===|
2 .
© 10
o !
S S
0- U T
CLP-24h CLP-72h

N W

Pyroptosis %

Sham 6h  12h  24h

CLP24h CLP72h

GSDMD-full =~ =5 s

GSDMD-N

NLRPS S -
ASC e s S,
B-actin 0 -..

CLP(h)  Sham 6 12 24 48 72

-53kDa

-32kDa
-106kDa

-22kDa

-43kDa

@ Springer



8212

negative - P1

x1000 x100
250 250
200 200
< 150 98.5%
P2 5
100
3 50
s 3 3 "
° 10" 102 108 10 10° o 10 102 10* 104 10°
CD11c APC-A CD11c APC-A
x1000
250
200°
o,
[ 150 98.50% 7241%
R
I 100~
50- 50
0 0
10" 102 10* 104 105 10' 102 100 10 10° 10" 10 10° 104 10°%
CD11c APC-A CD11c APC-A CD135 PE-A
Sham
16 10 10
k| 0, <
L 82.92% hy 3
3 S E
Q. =G c
>0 4 -
2 2 210
= 0 E
5 10 £ e
o1 o 8o
10"
I w
00 1 100 0t 108 % 10 s
10¢ -10% 10° 10° 10° 0 10° 108
MHC-1I PerCP-Cy5.5-A CD135 PE-A D135 PE-A
X1000 - - 1000
250~ < 10’[ P4 ;su
n o 7 )
200 Pl ,‘ @ 200
< 150] 95.49% g3 2/ < 150 54.32%
2 P2 2 @”\/]‘ ]
2 100 & [
50- > T
L =
ot B T TS R
o T 0 o s BT T T T BT 0010 10 100 10
CD11 APC-A CD11c APC-A CD135 PE-A
CLP l
It i
52.40% ! k
£ ; . by
8 2 3 E‘“‘
>0 g -
2 < @10
= o 8
g £ &
)
o S Sy
o e e e o o 0 o w
MHC-Il PerCP-Cy5.5-A D135 PE-A D135 PEA
Sham CLP24h CLP+VX-765
P UR m’;UL
[ i
» 57.01% P
< <
L S
ER 3
I3 S
Il |
il Rl
e e e 108 0 1 1 10t 100 7 LU [ (U
Fam FITC-A Fam FITC-A Fam FITC-A

Pro-caspl {

Caspl-pl2
Caspl-pl0

Pro-IL-1B

IL-1p

GSDMD-full

GSDMD-N

B-actin

Sham

CLP CLP+VX-765

@ Springer

-45kDa 15
-42kDa s
- -35kDa §
21
&
H
-12kDa &0
-10kDa H
E
0.0
31kDa
-17kDa
15
s
-33kDa £io
&
-32kDa H
1 05
-43kDa s
£y

Caspl-pl0
&

*

Sham CLP  CLP+VX-T65

GSDMD-N/GSDMD
* &

Sham

cLp CLP+VX-765

25000- CDICCDIB™MHCAT*CDIS CDIIS DC
_ 200
5 .
= 15000
£ fo00-
@
5000
0
Sham CLP24h
£
S8
g
>
2 =
260
]
¢
=
S
S
S
H
s 0
s Sham CLP2th
=40
S
3 f
o
S
24
S
2
s
s
o
< Sham CLP24h

Re latis

Protein Expression

Sham cLp CLP+VX-T66.

Sham

cLp CLP+VX-765



Sestrin2 protects against lethal sepsis by suppressing the pyroptosis of dendritic cells 8213

«Fig.2 Splenic DCs express NLRP3 inflammasome compo-
nents. Splenic DCs were isolated from mice at 24 h after CLP
or sham operation. A, Representative flow cytometry plots
showing the gating strategy used to distinguish DCs and mac-
rophages using the markers of CDllc, CDI11b, MHC-II, FIt3

(CD135), CDI115. CASP-1 (FAM-FLICA) staining of pri-
mary splenic CD11c¢*CD11b™MHC-IIMCD135*CD115~
DCs was analyzed by flow cytometry. The numbers of

CD11c¢*CD11b™MHC-II"'CD135*CD115~ DCs, the parents of
CD11c* MHC-IICD135* DCs and the parents of CASP-17 DCs are
shown on the right. B, The DC pyroptosis rate was assessed by flow
cytometry, and DCs were labeled with active CASP-1 (FAM-FLICA)
and 7-AAD. Representative flow cytometry plots are shown on the
left, and quantitative analysis of FLICA* 7AAD* DCs is shown
on the right (n=6). C, The protein expression levels of CASP-1,
GSDMD, and IL-1p were determined by Western blotting. The val-
ues are protein levels relative to the B-actin level. The data shown are
representative of 3 independent experiments. Statistical significance:
“P <0.05 versus the sham or control group

The proinflammatory microenvironment
in the context of septic challenge

Given that the release of inflammatory cytokines, such as
IL-1p and IL-18, is a hallmark of inflammasome activation
and pyroptosis, we examined the secretion of IL-1f, IL-18,
and other inflammatory cytokines both in vivo and in vitro.
Plasma levels of IL-1p, IL-6, IL-18, and tumor necrosis fac-
tor (TNF)-a were elevated after CLP and peaked at 24 h,
which was in line with the activation of NLRP3-CASP-1
inflammasome markers. High mobility group box-1 pro-
tein (HMGB1) expression was upregulated 6 h after CLP,
while the IL-25 level was slightly higher at 24 h after CLP
than in the sham group. However, the IL-10 level was
increased at 24 h following septic challenge and peaked
at 72 h (Fig. S2A. a—g). Additionally, treatment with LPS
and Nig significantly increased the concentrations of these
cytokines in the supernatants of DCs (Fig. S2B. a—g). Thus,
these results indicated that the initiation of pyroptosis might
be closely associated with the cytokine storm in the early
phase of sepsis.

Splenic DCs express NLRP3 inflammasome
components during sepsis

A previous experiment reported that the expression of
inflammasome components is heterogeneous in differ-
ent subsets of DCs and that granulocyte—-macrophage
colony-stimulating factor-induced monocyte-like DCs do
not express NLRP3—ASC-CASP-1 inflammasome com-
ponents when treated with various stimuli, while primary
splenic DCs exhibit an obvious inflammasome signature
[30, 31]. In the current study, we isolated primary splenic
CD11c* DCs based on the expression of surface markers,
including CD11b, major histocompatibility complex class
II (MHC-II), F1t3 (CD135), and CD115. We found that the

number and percentage of CD11c*MHC-II"CD135" DCs
were decreased following sepsis (Fig. 2A), which is con-
sistent with the results of previous studies [32]. CASP-1
activation was markedly enhanced in primary splenic
CD11c*CD11b™MHC-TI"CD135*CD115~ DCs at 24 h
after CLP (Fig. 2A). Moreover, the percentages of CASP-
1-positive and TUNEL-positive cells were significantly
increased, and the colocalization of NLRP3 and ASC was
obviously increased at 24 h after CLP compared with those
in the sham group (Fig. S3).

To further confirm the effect of CASP-1 inflammasome
activation during sepsis, we examined changes in the DCs
pyroptosis rates. The DC pyroptosis rates was significantly
increased at 24 h post CLP but decreased by pretreatment
with VX-765 (a selective inhibitor of CASP-1) (Fig. 2B).
The expression of cleaved CASP-1, GSDMD-N, and IL-1§
was markedly increased at 24 h following CLP, while pre-
treatment with VX-765 inhibited the activation of cleaved
CASP-1, GSDMD-N, and IL-1p (Fig. 2C). Thus, suppres-
sion of CASP-1 activity can attenuate DC pyroptosis second-
ary to sepsis.

ERS induces NLRP3/CASP-1-dependent pyroptosis
and SESN2 expression in DCs

To assess the activation of PERK-ATF4-CHOP signaling
during sepsis, we examined the expression of glucose reg-
ulated-protein (GRP)78, ATF4, and CHOP at various time
points during sepsis. The expressions of GRP78, ATF4, and
CHOP was significantly enhanced in DCs from 24 to 72 h
after CLP, and CHOP expression peaked at 72 h (Fig. 3A).
Additionally, the protein levels of GRP78, ATF4, and CHOP
were augmented after treatment with LPS following Nig
administration (Fig. S4A).

To further investigate the relationship between ERS and
pyroptosis, we used tunicamycin (TM) as a specific ERS
inducer both in vivo and in vitro. According to our previous
study, DCs were treated with 2 pg/ml TM for 24 h. Fol-
lowing TM treatment, the NLRP3 inflammasome was sig-
nificantly activated and the expression of ASC, NLRP3 and
cleaved CASP-1 was upregulated (Fig. 3B). Furthermore,
GSDMD-N formation was increased upon NLRP3-CASP-1
inflammasome activation (Fig. 3B). Simultaneously, TM
treatment obviously increased the expression of SESN2.
In vivo, 2 mg/kg TM significantly elevated the expression of
SESN2 and the activation of NLRP3, ACS, cleaved CASP-
1, and GSDMD-N in DCs (Fig. 3C), and the DC pyropto-
sis rate was increased after TM exposure in vitro (Fig. 3D).
Moreover, we analyzed the potential role of ERS in mediat-
ing DC pyroptosis. As shown in Fig. S4B, inhibition of ERS
by pretreatment with salubrinal (a specific inhibitor of eIF2a
dephosphorylation) for 1 h followed by treatment with LPS
and Nig remarkably decreased NLRP3, cleaved CASP-1,
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and ASC activation and reduced SESN2 expression. These
results suggested that ERS might be responsible for NLRP3
inflammasome-mediated pyroptosis and the expression of
SESN2 during sepsis.

The expression of SESN2 under septic condition

To determine the protective impact of SESN2 against DC
pyroptosis under septic conditions, we quantified the expres-
sion of SESN2 in both the spleens and splenic DCs of mice
subjected to CLP or treated with LPS. In vivo, the protein
level of SESN2 in splenic DCs was increased at 24 h after
CLP and peaked at 72 h compared with that in the sham
group (Fig. 4A a, b). Consistently, the protein expression
of SESN2 in the spleen was significantly upregulated
at 24 h but decreased on day 5 after CLP (Fig. 4A c, d).
Moreover, the fluorescence intensity of SESN2 in CD11c*
DCs was markedly enhanced at 24 h after CLP (Fig. 4B).
In vitro, treatment with LPS followed by Nig also upregu-
lated SESN2 expression in DCs in a time-dependent manner
(Fig. S5).

SESN2~'~ DCs exhibit severe ERS response,
pyroptosis, and inflammatory damage during sepsis

SESN2 deficiency exacerbates sepsis-induced ERS

In line with our previous study [29], SESN2 was colocal-
ized with ER, and the fluorescence intensity of SESN2
was enhanced at 24 h after CLP (Fig. 5A). As shown in
Fig. 5B, SESN2 deficiency significantly exacerbated ERS
at 24 h after CLP, as indicated by upregulated expression of
GRP78, ATF4, and CHOP compared with that in the wild-
type (WT) group. Moreover, GRP78, ATF4, and CHOP
protein levels were increased in SESN2~'~ DCs after prim-
ing with LPS and subsequent treatment with Nig (Fig. S6).
Additionally, expansion and fragmentation of the ER were
aggravated (Fig. 5C) and ATF4 activity and nuclear loca-
tion were obviously increased in the SESN2 knockout group
compared with the WT group at 24 h after CLP (Fig. 5D).
Immunoblotting indicated that SESN2 knockout facilitated
the translocation of ATF4 to the nucleus following septic
challenge, in turn causing excessive ERS (Fig. 5E).

SESN2 deficiency exacerbates pyroptosis
and hyperactivation of the NLRP3 inflammasome

To investigate the effect of SESN2 in primary splenic mon-
onuclear cells, we examined the number of CD11ct cells
among splenic lymphocytes. Sepsis induced a decrease in
the number of CD11c* splenic cells, while SESN2~/~ mice
showed a significantly fewer CD11c* splenic cells than WT
mice at 24 h after CLP (Fig. S7A). In addition, DCs from

SESN2~'~ mice showed significantly increased pyropto-
sis compared with those from WT mice at 24 h after CLP
(Fig. 6A). Moreover, the CCK-8 assay showed that the via-
bility of DCs was decreased by more 20% in the SESN2-
deficient group compared to the WT group at 24 h after
CLP (Fig. S7B). Electron microscopy revealed that DCs
from WT and SESN2~'~ mice subjected to sham surgery
displayed normal morphology; however, more severe rupture
of the plasma membrane, greater cytoplasmic vacuolization,
and more organelle swelling were observed in DCs from
SESN2~'~ mice than those from WT mice at 24 h after CLP
(Fig. 6B).

At 24 h after the onset of septic challenge, the activation
of CASP-1, NLRP3, and ASC was aggravated and the pro-
cessing of pro-GSDMD into GSDMD-N was significantly
increased in the SESN2 knockout group (Fig. 6C). The
plasma levels of cleaved CASP-1 were markedly elevated
in SESN2~'~ mice subjected to CLP compared with those
in WT mice (Fig. 6D). Similar to what was observed in
the in vivo study, SESN2 knockout significantly increased
the expressions of cleaved CASP-1, NLRP3, ASC, and
GSDMD-N after LPS treatment followed by Nig administra-
tion (Fig. S7C). Much higher levels of cleaved CASP-1 were
observed in the supernatant of SESN2~~ DCs than in that of
WT DCs after treatment with LPS and Nig (Fig. S7D). The
colocalization of the NLRP3 and ASC proteins was higher
in the sepsis group than in the sham group and was mark-
edly increased in the SESN2~~ septic mice compared to WT
septic mice (Fig. 6E). These results indicated that SESN2
deficiency decreases the number of CD11c* splenic cells
and exacerbates DC pyroptosis and inflammasome hyper-
activation during sepsis.

Knockout of SESN2 worsens the inflammatory response
and septic outcomes in mice

To explore the potential role of SESN2 in the develop-
ment of sepsis in vivo, we observed the survival rates of
WT and SESN2~'~ mice after CLP. Compared to WT mice,
SESN2~/~ mice exhibited significantly decreased survival
rates (Fig. 7A). Overactivation of the inflammasome has
been shown to exacerbate cell injury and inflammation
during sepsis [15]. To test the effect of SESN2 on the
inflammatory response in the context of sepsis, we meas-
ured the levels of inflammatory cytokines in both WT and
SESN2~~ mice. Consistent with the higher mortality rate
observed in SESN27~~ mice than in WT mice, the plasma
levels of IL-1p, IL-6, IL-18, IL-25, HMGB1, and TNF-«
were significantly elevated in SESN2~/~ mice compared
with WT mice at 24 h after CLP (Fig. 7Ba—f). Although the
expression of IL-10 was upregulated in the SESN2~'~ CLP
group, the degree of the increase in IL-10 expression was
less than that in the WT CLP group (Fig. 7Bg). In addition,
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Fig.4 The expression of SESN2 in DCs and spleens under septic
conditions. A, The protein expression of SESN2 in DCs and spleens
after CLP (5 mice per group) was examined by Western blotting.
A(a, b) SESN2 levels in DCs were examined at 6 h, 12 h, 24 h, 48 h,
or 72 h after CLP. A (¢, d) The expression of SESN2 in the spleen
was analyzed at 6 h, 12 h, 24 h, 48 h, and 72 h, and on day 5 fol-
lowing the onset of sepsis. B, The protein expression of SESN2 in

very high concentrations of inflammatory cytokines (IL-1p,
IL-6, IL-18, HMGBI1, and TNF-«) (Fig. S8a—e) and a slight
increase in IL-10 expression were observed in the superna-
tants of SESN2~/~ DCs after treatment with LPS followed by
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DCs was assessed by laser confocal scanning microscopy at 24 h
after CLP. CD11c was labeled with APC, SESN2 was labeled with
DyLight 488 (green), and nuclei were stained with DAPI (blue). The
images are representative of six independent spleen samples from the
CLP group. The data are presented as the mean +SD of at least three
independent experiments. Statistical significance: “P <0.05 versus the
control group

Nig (Fig. S8g). However, the level of IL-25 was unaffected
(Fig. S8f). Taken together, these data indicated that SESN2
deficiency aggravated the inflammatory storm in the early
stage of sepsis.
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Fig.5 SESN2 deficiency exac-
erbates sepsis-induced ERS.
WT mice and SESN2~/~ mice
were subjected to sham surgery
or CLP. A, SESN2 expres-
sion and the ER in DCs were
examined by laser scanning
confocal microscopy 24 h after
CLP. DyLight 488 (green)-
labeled SESN2 protein, ER
tracker (red), and DAPI-stained
nuclei (blue) were visualized
using indirect immunofluores-
cence and confocal microscopy
(x 600, % 1200). B, Immunoblot
analysis of GRP78, ATF4, and
CHOP expression in DCs from
WT and SESN2~/~ mice at 24 h
after CLP. C, Morphological
alterations in the ER in DCs
from WT and SESN2~/~ mice
were measured by immunofluo-
rescence staining at 24 h after
CLP (x600,x% 1200). D, ATF4
(DyLight 594, red) expression
in DCs was observed by using
indirect immunofluorescence
and confocal microscopy, and
DAPI-stained nuclei (blue) in
DCs from WT and SESN27~
mice were visualized at 24 h
after CLP (x 600, x 1200). E,
Immunoblot analysis of ATF4
expression in the cytosol and
nucleus. p-actin served as a
control for cytosolic proteins.
Histone3 served as a control
for nuclear proteins. The data
are presented as the mean+SD
of at least three independent
experiments. Statistical sig-
nificance: “P <0.05 versus the
sham group
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«Fig.6 Genetic deficiency of SESN2 exacerbates pyroptosis and
NLRP3 inflammasome hyperactivation in sepsis. DCs were iso-
lated from the spleen at 24 h following CLP. A, Pyroptosis of DCs
was analyzed by flow cytometry, and DCs were labeled with active
CASP-1 (FAM-FLICA) and 7-AAD. Representative flow cytometry
plots are shown on the left, and quantitative analyses of FLICA™*
7AAD* DCs are shown on the right (n=6). B, Representative elec-
tron micrographs (10,000x, 50,000%) of morphological alterations
in the cell membrane, cytoplasm, ER, and mitochondrial organelles
of splenic DCs (the red arrows indicate mitochondria, the orange
arrows indicate the ER, the black triangles indicate cytoplasmic vacu-
oles, and the black arrows indicate membrane pores). C, Immunoblot
analysis of CASP-1, GSDMD, NLRP3, and ASC expression in DCs
from WT and SESN2~~ mice at 24 h after CLP. B-actin served as an
internal control. D, The plasma levels of cleaved CASP-1 were meas-
ured by ELISA at 24 h after CLP (n=5). E, Representative confocal
immunofluorescence microscopy images of NLRP3 colocalized with
ASC. DyLight 488 (green)-labeled ASC protein, DyLight 594 (red)-
labeled NLRP3 protein, and DAPI (blue)-stained nuclei are shown.
The images are representative of six independent spleen samples
from the CLP group. The data are presented as the mean+SD of at
least three independent experiments. Statistical significance: “P <0.05
versus the control group

The PERK-ATF4-CHOP pathway is critically involved
in the inhibitory effects of SESN2 on pyroptosis

As shown in Fig. 8A, SESN2~~ mice exhibited a marked
increase in DC pyroptosis at 24 h after sepsis, which was
reversed by pretreatment with salubrinal. Moreover, SESN2
deficiency aggravated the activation of NLRP3, cleaved
CASP-1, and GSDMD-N, which is in line with the upregu-
lation of the expression of ERS markers, including GRP78,
phosphorylated (p)-PERK, ATF4, and CHOP (Figs. 8B, S9).
Pretreatment with salubrinal prevented ERS from activating
the PERK-ATF4-CHOP signaling pathway, and inhibited
the effect of SESN2 on NLRP3 inflammasome activation
(Figs. 8B, S9). The colocalization of the NLRP3 and ASC
proteins was increased in SESN2~'~ DCs at 24 h after CLP,
while pretreatment with salubrinal significantly decreased
the activation of the NLRP3 inflammasome, as evidenced
by the reduction in the colocalization of the NLRP3 and
ASC proteins (Fig. 8C). Overall, these results revealed that
SESN?2 suppresses CHOP-mediated activation of NLRP3/
CASP-1-dependent pyroptosis during sepsis.

Impact of SESN2 on the survival rates of sepsis
model mice

To evaluate the impact of SESN2 in sepsis and the molecular
mechanism, we further examined the 7-day survival rates
of mice subjected to CLP and pretreated with or without
salubrinal. Sepsis mortality rates were markedly higher for
SESN2~~ mice then for WT mice, while treatment with
salubrinal (2 mg/kg) 1 h prior to CLP provided significant
protection against CLP-induced mortality in both WT and
SESN2~'~ mice (Fig. 8D). Salubrinal significantly reduced

the mortality rate of SESN2~/~ mice but not that of WT mice
(Fig. 8D), which confirmed that SESN2 plays a protective
role in sepsis by alleviating ERS. Therefore, SESN2 might
inhibit excessive activation of PERK-ATF4-CHOP to sup-
press NLRP3/CASP-1 pathway-mediated pyroptosis of DCs
following septic challenge.

Discussion

Sepsis is a complex but severe immune disorder in response
to various pathogens and is characterized by both excessive
systemic inflammation and overwhelming immunosuppres-
sion [34]. Increased programmed cell death, such as apop-
tosis, pyroptosis or necroptosis, of immune cells contributes
to a significant decrease in the number of effective immune
cells in the circulation, resulting in host immune dysfunction
during sepsis [35, 36]. The duration and extent of immune
cell death are closely associated with the severity and mor-
tality of septic patients [37]. Currently, it is widely accepted
that the number of DCs is decreased and that DC dysfunc-
tion occurs due to the aberrant response of the immune sys-
tem [38, 39]. Indeed, maintaining the activity of DCs has
been shown to alleviate endotoxin-induced immune depres-
sion and mortality in septic mice [40].

Emerging evidence suggests that sepsis causes pro-
longed activation of the NLRP3 inflammasome, thereby
contributing to a persistent inflammatory response and
extensive cell injury, especially in innate immune cells
[41]. However, Erlich et al. [30] showed that bone mar-
row-derived DCs comprised a heterogeneous popula-
tion of DCs (CD11c¢*CD11b™MHC-IIMCD1157FlIt3*)
and monocyte-derived macrophages
(CD11c*CD11bM"MHC-II'CD115%F1t37) and high-
lighted the obvious difference between these cell subsets
in inflammasome component expression and activation. It
was also revealed that unliked bone marrow-derived DCs,
primary splenic DCs express all inflammasome compo-
nents. In a previous study, primary splenic DCs originat-
ing from common DC progenitors were isolated according
to the expression of surface molecules, including CDl1c,
MHC-II, and Flt3 [42]. FIt3 is specifically expressed by
DCs and serves as an excellent marker for distinguishing
DCs from macrophages. Although macrophages can express
low levels of CD11c and MHC-II, they express high lev-
els of CD11b and CD115. Therefore, we distinguished
CD11c¢*CD11b"MHC-II'""CD115%FIt3~ macrophages
from CD11c*CD11b™MHC-1I"CD1157Flt3* DCs on the
basis of their phenotypic features and further compared
pyroptosis of these cells. In the current study, activation
of the NLRP3 inflammasome accompanied by increased
secretion of IL-1p, IL-18, and HMGB1 was noted in
CD11¢*CD11b™MHC-IIMCD1157FIt3* splenic DCs after
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«Fig.7 The effect of SESN2 on the inflammatory response and out-
comes in septic mice. A, The survival rates of WT mice (n=11) and
SESN2~/~ mice (n=12) were monitored at the indicated time points.
B, The plasma levels of IL-1f, IL-6, IL-10, IL-18, IL-25, HMGBI,
and TNF-a were measured by ELISA at 24 h after CLP (n=7-9).
The data are presented as the mean + SD. Sepsis was induced by CLP
in WT mice and SESN2~'~ mice. Mice in the sham group underwent
surgery without CLP. Statistical significance: ‘P <0.05 versus the
control group

induction of sepsis. Our results were in accordance with
Erlich and Guermonprez, who showed that the splenic DC
subset express of essential inflammasome components [30,
31]. Notably, our experiments revealed that the DC pyrop-
tosis rate was significantly increased in response to septic
insults, possibly due to a profound decrease in the number
of these DCs. Collectively, these data suggest that pyropto-
sis has a cell type-dependent effect on the decrease in the
number of splenic DCs during sepsis.

The NLRP3 inflammasome has been confirmed to be
activated in monocytes and macrophages under septic con-
ditions [43, 44]. Similarly, we found that significant acti-
vation of NLRP3-ASC-CASP-1-mediated pyroptosis and
excessive release of inflammatory cytokines are mainly
characteristics of the initial hyperinflammatory phase of
sepsis. These data demonstrated that a complex yet dynamic
immune/inflammatory process occurs during sepsis progres-
sion, hinting that treatments with both anti-inflammation and
immunomodulatory effects are needed to improve sepsis out-
comes. Interestingly, we found that the DC pyroptosis rate
was decreased at 72 h after CLP, at which point the levels of
cleaved CASP-1 in plasma and supernatant were still high.
Our previous study showed that sepsis induces apoptosis
of DCs in a time-dependent manner [29]. Thus, cleaved
CASP-1 contributes to apoptosis induction, which might
explain the inhibition of NLRP3-ASC-CASP-1-mediated
pyroptosis. Additionally, several studies have noted a link
between pyroptosis and apoptosis after infection [45, 46]. As
reported, RNA virus-induced NLRP3 inflammasome activa-
tion can trigger the activation of CASP-3/7-dependent apop-
tosis [47]. Thus, we infer that pyroptosis and apoptosis are
tightly connected and can cross-regulate each other; how-
ever, the mechanism underlying the switch between these
two cell death types needs further study.

Growing evidence recently indicated that ERS is crit-
ically involved in the process of sepsis [33, 48]. Many
studies have demonstrated that three ERS signaling path-
ways (the PERK/ATF4, IRE1/XBP1, and ATF6 pathways)
can lead to CHOP transcription. Severe ERS, especially
ERS via the PERK/ATF4/CHOP pathway, causes cell
death under certain physiological and pathophysiological
conditions. CHOP can serve as an important mediator of
the inflammatory response in the development of sepsis
[49]. Our findings indicated that the expression of ERS

components (GRP78, ATF4, and CHOP) was significantly
upregulated in DCs after the initiation of sepsis, showing
the same tend as inflammasome activation, hinting at a
relationship between PERK-ATF4-CHOP signaling and
CASP-1-mediated pyroptosis. We further observed that an
ER stressor (TM) significantly triggered NLRP3/CASP-1
activation and increased pyroptosis-related gene expres-
sion and the DC pyroptotic rate. However, inhibition of
ATF4 signaling substantially decreased the expression of
NLRP3 inflammasome components. Other studies have
demonstrated that the NLRP3 inflammasome is activated
during ERS, as its activation requires Ca’*, reactive oxy-
gen species or potassium efflux [50, 51]. Nevertheless,
the specific mechanism underlying ERS-induced NLRP3
inflammasome-dependent pyroptosis in sepsis remains to
be elucidated.

The expression of SESN2, which acts as an essential mol-
ecule for maintaining homeostasis of the ER by decreasing
ERS severity and exerts protective effects against ERS-asso-
ciated diseases, was markedly increased in response to the
activation of any of the three branches of the ERS response
[52, 53]. Consistent with our previous study [29], SESN2
expression was significantly upregulated upon septic chal-
lenge, and SESN?2 deficiency aggravated ER protein loading,
subsequently leading to excessive ERS. Moreover, SESN2-
deficient mice exhibited hyperactivation of the NLRP3
inflammasome and excessive production of inflammatory
cytokines, which contributed to augmenting pyroptotic cell
death and increasing the mortality of septic animals. The
protective impact of SESN2 in regulating NLRP3 inflamma-
some-dependent pyroptosis is consistent with a recent report
showing that SESN2 protects the host from sepsis by sup-
pressing prolonged activation of the NLRP3 inflammasome
[28]. Therefore, the present study advances our understand-
ing of the inhibitory effect of SESN2 on the regulation of
pyroptosis during ERS.

Although there is no evidence of the role of ERS in
SESN2-induced modulation of NLRP3 inflammasome-
mediated pyroptosis in sepsis, the link between ERS and
NLRP3 is supported by findings from other models. For
instance, Han et al. [54] found that CHOP is capable of inter-
acting with the NLRP3 gene and is necessary for NLRP3
inflammasome activation in liver injury models. Inhibition
of the PERK-CHOP pathway suppresses NLRP3 activa-
tion, which greatly attenuates ERS-induced hepatocyte
injury. Of note, we further observed that inhibition of the
PERK-ATF4-CHOP axis by salubrinal prevented SESN2
deficiency-induced excessive activation of the NLRP3
inflammasome and pyroptosis in DCs under septic condi-
tions. Similarly, adiponectin prevents the development of
breast cancer by inhibiting the NLRP3 inflammasome and
ERS activation via the SESN2/AMPK axis [55]. These
observations support the notion that SESN2 can serve as a
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key regulator for inhibiting ERS-associated pyroptosis by
suppressing inflammasome activation secondary to sepsis.

Nonetheless, our study has some limitations. First,
we verified the potential effects of SESN2 in regulat-
ing NLRP3/CASP-1-dependent pyroptosis through
PERK-ATF4-CHOP signaling, but the precise mechanism
underlying PERK-ATF4-CHOP signaling should be inves-
tigated in future experiments. However, we noticed that the
noncanonical CASP-11 pathway is activated during sep-
sis, but we did not valuate the possible role of SESN2 in
this noncanonical pathway, which is worth investigating in
further study. Second, the potential effects of SESN2 and
ATF4 double knockdown in sepsis models need to be further
tested. Third, clinical studies are warranted in the near future
to strengthen our observations and make reasonable clinical
interpretations.

In summary, we propose that SESN2 impedes
NLRP3-ASC-CASP-1-mediated pyroptosis by preserv-
ing ER homeostasis during sepsis. The expression of
SESN2 significantly increases in response to ERS, which
is triggered by both specific stimuli and sepsis. In turn,
SESN2 might have a negative feedback effect on ERS, as
genetic deletion of SESN2 leads to overactivation of the
PERK-ATF4-CHOP pathway, thereby contributing to aug-
mentation of NLRP3—-ASC-CASP-1-mediated pyroptosis,
uncontrolled inflammation, and increased mortality in septic
animals. However, inhibition of ERS obviously abates the
above-mentioned effects in the context of sepsis (Fig. 9).
This study might have important implications for the explo-
ration of novel potential therapeutic targets for the treatment
of sepsis complications.

Materials and methods
Mice

WT C57BL/6 J mice (6-8 weeks old, male, weight range:
20-25 g) were purchased from the Institute of Laboratory
Animal Science, Peking Union Medical College (Beijing,
China). Sesn2~'~ mice on the C57BL/6 J background were
generated by Shanghai Model Biological Center (Shanghai,
China). The mice were housed under SPF conditions on a
12-h light/dark cycle for at least 3 days before the experi-
ments. All experimental manipulations were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals with the approval
of the Scientific Investigation Board of the Chinese PLA
General Hospital, Beijing, China. WT and Sesn2~'~ mice
were randomly divided into six groups: the WT sham group,
the WT CLP group, the WT CLP + salubrinal group, the
Sesn2~'~ sham group, the Sesn2~'~ CLP group, and the
Sesn2~'~ CLP + salubrinal group.

Reagents

CD11c* (N418) microbeads were purchased from Miltenyi
Biological GmbH (BergischGladbach, Germany). LPS (E.
coli 0127:B8) and TM were purchased from Sigma Aldrich
(St. Louis, MO). A FAM-FLICA® CASP-1 assay kit was
purchased from ImmunoChemistry Technologies (Bloom-
ington, MN). Annexin-V-phycoerythrin (PE) and 7-AAD
apoptosis detection kits were purchased from BD (San
Diego, CA). An In Situ Cell Death Detection Kit, TMR Red
was purchased from Roche Applied Science (Indianapolis,
IN). Rabbit anti-mouse SESN2, rabbit anti-mouse CASP-1,
rabbit anti-mouse GSDMD, rabbit anti-mouse GRP78, rab-
bit anti-mouse ATF4, and mouse anti-mouse DDIT3 mono-
clonal antibodies were purchased from Abcam (Cambridge,
MA). Rabbit anti-mouse ASC/TMSA (D2W8U), rabbit anti-
mouse PERK and rabbit anti-mouse p-PERK monoclonal
antibodies were purchased from Cell Signaling Technology
(Danvers, MA). A mouse anti-mouse NLRP3/NALP3 mono-
clonal antibody was purchased from AdipoGen (San Diego,
CA), and a mouse anti-mouse ATF4 monoclonal antibody
was purchased from Proteintech Group (Rosemont, IL).
ER-Tracker red was purchased from Invitrogen (California,
CA), and Alexa Fluor 488-conjugated goat anti-rabbit IgG
(H+L) and Alexa Fluor 594-conjugated goat anti-mouse
IgG (H+L) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Triton X-100 was purchased from Sigma
(St. Louis, MO), and salubrinal and VX-765 were purchased
from Selleckchem (Houston, TX).

Mouse model of CLP-induced sepsis

WT C57BL/6 J mice and Sesn2™~ mice underwent CLP-
induced sepsis. Laparotomy was performed to isolate the
cecum after anesthesia (5% chloral hydrate, 400 mg/kg,
i.p.). A specified percentage (2/3) of the cecum was ligated
and punctured twice with a 21-gauge needle, and then the
cecum was punctured to induce sepsis. Next, the cecum was
returned to abdominal cavity. The abdominal wall and inci-
sion were closed with 6-0 silk sutures. After surgery, 1 ml of
0.9% normal saline was injected subcutaneously. Lethargy,
diarrhea, and piloerection in the first 6 h after the operation
indicated the successful establishment of the sepsis model.
Mice in the sham group underwent the same surgical proce-
dure without the ligation and puncture of the cecum.

Isolation of splenic DCs
Under aseptic conditions, the mouse spleens were obtained
and washed twice with precooled phosphate-buffered

saline (PBS). Mononuclear cells were isolated, and splenic
DCs were isolated from murine mononuclear cells using a
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Fig.9 Basic schematic of the mechanism by which SESN2 inhibits
pyroptosis and prolongs NLRP3 inflammasome activation by pre-
serving ERS homeostasis. In splenic DCs, SESN2 expression was
enhanced after CLP or stimulation with LPS via the PERK-ATF4—
CHOP pathway. Sepsis per se induced severe latent ERS, and hyper-
activation of ATF4 resulted in obvious elevation of CHOP expres-
sion, which might act as a potentiating step. Furthermore, CHOP
activated the NLRP3 inflammasome and promoted the activation of
pro-CASP-1 to CASP-1. Upon activation, CASP-1 cleaved the N-ter-
minal fragment of GSDMD, and then GSDMD-N oligomerized in

CD11c¢* DC isolation kit (MiltenyiBiotec, BergischGlad-
bach, Germany) with a positive selection MS column fol-
lowing the manufacturer’s instructions. The selected DCs
were obtained by centrifugation at 200xg for 10 min, and
the supernatant was discarded. Then, these isolated cells
were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium containing 10% heat-inactivated fetal bovine
serum (FBS), 100 U/ml penicillin and 100 pl/ml strepto-
mycin at 5% CO, and 37 °C in a humidified incubator, or
used for experiments.

@ Springer

the plasma membrane and formed pores, resulting in the release of
cellular contents and pyroptosis. Moreover, CASP-1 activation led to
the maturation of IL-1p and IL-18 and the release of cytokines (IL-
6, HMGBI1, TNF-a, etc.), thereby contributing to the inflammatory
response, immune dysfunction, and even cell death. Upregulation
of SESN2 might reduce protein translation, and attenuate ERS, and
subsequently suppress NLRP3 inflammasome activation through the
PERK-ATF4-CHOP pathway, controlling the excessive inflamma-
tory response and pyroptosis secondary to septic challenge

Cell culture and stimulation

DCs were cultured in RPMI 1640 medium containing 10%
heat-inactivated FBS, 100 U/ml penicillin and 100 pl/ml
streptomycin. The cells were cultured at 5% CO, and 37 °C
in a humidified incubator and treated with or without LPS
(1 pg/ml LPS for 6, 24, or 72 h) and Nig for 30 min. After
stimulation for the indicated duration, the cells were col-
lected for Western blot analysis, flow cytometry analysis,
laser scanning confocal microscopy (Leica, Mannheim, Ger-
many), and transmission electron microscopy.
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Flow cytometric analysis

Experimental and control cells were analyzed using simul-
taneous FAM-FLICA-CASP-1 and 7AAD staining, and a
negative control was included. After CLP or treatment with
LPS and Nig, cells were collected and washed three times
with cold PBS, resuspended in 290 pl PBS, and then added
to 10 pl 30 X FLICA solution. After the cells were incubated
in the dark at 37 “C for 60 min, 2 ml 1 X apoptosis wash
buffer was added, and the cells were mixed and centrifuged
at 1500 rpm for 5 min. The cells were resuspended in 100 pl
binding buffer, to which 5 pl 7-AAD was added. After being
incubated in the dark for 15 min at room temperature, the
cells were diluted with 200 pl binding buffer and analyzed
by flow cytometry within 1 h using a FACScan instrument
(BD Biosciences, Mountain View, CA).

Western blot analysis

Cells (5% 10%) were collected, washed twice with ice-cold
PBS and lysed with lysis buffer. After incubation on ice for
30 min, the homogenates were centrifuged at 14,000 rpm
for 30 min at 4 ‘C and then boiled at 95 °C for 5 min after
being mixed with SDS-loading buffer. The samples were
separated by 8%—12% SDS-PAGE (Pulilai Co., Beijing,
China), transferred to nitrocellulose membranes and blocked
with 10% milk in TBST at room temperature for 2 h. Spe-
cific antibodies were used to determine the expression of
SESN?2 (ab178518, 1:1000), CASP-1 (ab179515, 1:1000),
NLRP3 (AG-20B-0014, 1:800), ASC (#67,824, 1:500),
GSDMD (ab209845, 1:1000), GRP78 (1:1000), p-PERK
(#3179, 1:500), PERK (1:800), ATF4 (ab184909, 1:800),
and CHOP (ab11419, 1:1000). A monoclonal anti-f-actin
antibody (1:1000) was used as a control for protein loading.
Immunoreactivity was visualized by ECL detection system
(Amersham Biosciences, Uppsala, Sweden). Protein levels
were quantified by densitometric analysis.

Laser scanning confocal microscopy

Following activation of DCs, the cells were collected,
washed with PBS for three times, fixed with 4% paraform-
aldehyde for 20 min, permeabilized with 0.1% Triton X-100
for 30 min at room temperature, and then blocked with 1%
bovine serum albumin (BSA) in distilled water for 30 min.
The cells were incubated overnight with a mouse anti-mouse
NLRP3 antibody at a 1:200 dilution, an ASC (D2W8U) rab-
bit monoclonal antibody (specific for mouse) (Alexa Fluor
647 conjugated) at a 1:50 dilution, and an anti-SESN2
antibody at a 1:200 dilution. After being washed with PBS
three times, the cells were stained with secondary antibod-
ies, including Alexa Fluor 488-conjugated anti-rabbit and
Alexa Fluor 594-conjugated anti-mouse antibodies. The

probe ER-Tracker Red (1:1000) was used to selectively stain
the ER of live cells for 1 h at 37 °C. The cells were incu-
bated with a FAM-FLICA-CASP-1 probe for 1 h at 37 °C
and then with reagents from a death detection kit and TMR
red for 1 h at 37 °C. The cells were washed with PBS three
times, and then the nuclei were stained with 4°, 6-diamid-
ino-2-phenylindole (DAPI). The cells were observed using
a laser scanning confocal microscope (Leica, Mannheim,
Germany).

Transmission electron microscopy

Stimulated cells were fixed in 2.5% glutaraldehyde after
experimental manipulations. The cells were photographed
using a JEOL JEM 1210 transmission electron microscope
(JEOL, Peabody, MA) at 80 or 60 kV on electron micro-
scope film (ESTAR thick base; Kodak, Rochester, NY).

ELISA

The levels of cytokines (IL-1, IL-6, IL-10, IL-18, IL-25,
HMGBI1, and TNF-a) in plasma and supernatants were
measured by enzyme-linked immunosorbent assay (ELISA)
kits from Abcam, R&D Systems, and RayBiotech following
the manufacturers’ indications. The plates were read with
a microplate reader (Spectra MR, Dynex, Richfield, MN).

Statistical analysis

All results are presented as the mean + standard deviation
(SD) of more than three independent experiments. One-way
analysis of variance (ANOVA) was used to analyze the sig-
nificance differences among the groups, and Student’s t-test
was used to assess the significance of differences between
groups. The survival rate of septic mice was determined
by constructing Kaplan—Meier survival curves and using
the log-rank-test. P <0.05 was considered statistically
significant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-021-03970-z.

Author contributions YMY and XMZ designed the experiments;
LXW, RQY and YNL performed experiments; LXW wrote the man-
uscript; ND, YY and YW analyzed data and supervised the study;
CR analyzed data and revised the manuscript. All authors read and
approved the final manuscript.

Funding This work was supported by grants from the National Natural
Science Foundation of China (Nos. 81730057, 82002071, 82130062,
81871557) and the Military Medical Innovation Program of Chinese
PLA (Nos. 18CXZ026, BLJ18J006).

Data availability The data that support the findings of this study are
available from the corresponding author on reasonable request.

@ Springer


https://doi.org/10.1007/s00018-021-03970-z

8226 L.Wang et al.
Declarations 12. Elliott EI, Sutterwala FS (2015) Initiation and perpetuation of
NLRP3 inflammasome activation and assembly. Immunol Rev
. . . . . 265:35-52. https://doi.org/10.1111/imr.12286
Conflict of interest The authors have no financial conflict of interest. 13. Paik S, Kim JIE, Silwal pg, Sasakawa C, Jo EK (2021) An update
Ethics approval All experimental manipulations were conducted in on the regulatory mechams.ms of NLRP3 1nﬂammasome activa-
accordance with the National Institutes of Health Guide for the Care tion. Cell Mol Immunol 18:1141-1160. https://doi.org/10.1038/
and Use of Laboratory Animals, with the approval of the Scientific $41423-021-00670-3 S
Investigation Board of the Chinese PLA General Hospital, Beijing, 14. Aglietti .RA’ Dueber EC (2017) Re.cent insights fnto the rgolecular
China. mechanisms underlying pyroptosis and gasdermin family fupf:—
tions. Trends Immunol 38:261-271. https://doi.org/10.1016/j.it.
2017.01.003
Open Access This article is licensed under a Creative Commons Attri- 15. ShiJ, Zhao Y, Wang K, Shi X, Wang Y, Huang H et al (2015)
bution 4.0 International License, which permits use, sharing, adapta- Cleavage of GSDMD by inflammatory caspases determines
tion, distribution and reproduction in any medium or format, as long pyroptotic cell death. Nature 526:660-665. https://doi.org/10.
as you give appropriate credit to the original author(s) and the source, 1038/nature15514
provide a link to the Creative Commons licence, and indicate if changes 16. He WT, Wan H, Hu L, Chen P, Wang X, Huang Z et al (2015)
were made. The images or other third party material in this article are Gasdermin D is an executor of pyroptosis and required for
included in the article's Creative Commons licence, unless indicated interleukin-1p secretion. Cell Res 25:1285-1298. https://doi.org/
otherwise in a credit line to the material. If material is not included in 10.1038/cr.2015.139
the article's Creative Commons licence and your intended use is not 17. Vanaja SK, Rathinam VA, Fitzgerald KA (2015) Mechanisms
permitted by statutory regulation or exceeds the permitted use, you will of inflammasome activation: recent advances and novel insights.
need to obtain permission directly from the copyright holder. To view a Trends Cell Biol 25:308-315. https://doi.org/10.1016/j.tcb.2014.
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. 12.009
18. Lamkanfi M, Dixit VM (2014) Mechanisms and functions of
inflammasomes. Cell 157:1013-1022. https://doi.org/10.1016/j.
cell.2014.04.007
References 19. Man SM, Karki R, Kanneganti TD (2017) Molecular mechanisms
and functions of pyroptosis, inflammatory caspases and inflam-
1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, masomes in infectious diseases. Immunol Rev 277:61-75. https://
Annane D, Bauer M et al (2016) The third international con- doi.org/10.1111/imr.12534
sensus definitions for sepsis and septic shock (Sepsis-3). JAMA ~ 20. Wang M, Kaufman RJ (2016) Protein misfolding in the endoplas-
315:801-810. https://doi.org/10.1001/jama.2016.0287 mic reticulum as a conduit to human disease. Nature 529:326-335.
2. Stanski NL, Wong HR (2020) Prognostic and predictive enrich- https://doi.org/10.1038/nature17041
ment in sepsis. Nat Rev Nephrol 16:20-31. https://doi.org/10. 21. Bettigole SE, Glimcher LH (2015) Endoplasmic reticulum stress
1038/s41581-019-0199-3 in immunity. Annu Rev Immunol 33:107-138. https://doi.org/10.
3. Hotchkiss RS, Nicholson DW (2006) Apoptosis and caspases 1146/annurev-immunol-032414-112116
regulate death and inflammation in sepsis. Nat Rev Immunol ~ 22. Grootjans J, Kaser A, Kaufman RJ, Blumberg RS (2016) The
6:813-822. https://doi.org/10.1038/nri1943 unfolded protein response in immunity and inflammation. Nat Rev
4. He WX, Xiao K, Fang M, Xie LX (2021) Immune cell number, Immunol 16:469-484. https://doi.org/10.1038/nri.2016.62
phenotype, and function in the elderly with sepsis. Aging Dis 23. Qi AL, Wu Y, Dong N, Chai YF, Zhu XM, Yao YM (2020)
12:277-296. https://doi.org/10.14336/AD.2020.0627 Recombinant human ulinastatin improves immune dysfunction
5. Leifer CA (2017) Dendritic cells in host response to biologic scaf- of dendritic cells in septic mice by inhibiting endoplasmic reticu-
folds. Semin Immunol 29:41-48. https://doi.org/10.1016/j.smim. lum stress-related apoptosis. Int Immunopharmacol 85:106643.
2017.01.001 https://doi.org/10.1016/j.intimp.2020.106643
6. Funes SC, Manrique de Lara A, Altamirano-Lagos MJ, Mackern- ~ 24. Zhu XM, Dong N, Wang YB, Zhang QH, Yu Y, Yao YM et al
Oberti JP, Escobar-Vera J, Kalergis AM (2019) Immune check- (2017) The involvement of endoplasmic reticulum stress response
points and the regulation of tolerogenicity in dendritic cells: in immune dysfunction of dendritic cells after severe thermal
implications for autoimmunity and immunotherapy. Autoimmun injury in mice. Oncotarget 8:9035-9052. https://doi.org/10.18632/
Rev 18:359-368. https://doi.org/10.1016/j.autrev.2019.02.006 oncotarget.14764
7. Grimaldi D, Louis S, Pene F, Sirgo G, Rousseau C, Claessens YE 25. Lebeaupin C, Proics E, de Bieville CH, Rousseau D, Bonnafous S,
et al (2011) Profound and persistent decrease of circulating den- Patouraux S et al (2015) ER stress induces NLRP3 inflammasome
dritic cells is associated with ICU-acquired infection in patients activation and hepatocyte death. Cell Death Dis 6:¢1879. https://
with septic shock. Intensive Care Med 37:1438-1446. https://doi. doi.org/10.1038/cddis.2015.248
0rg/10.1007/s00134-011-2306-1 26. Wang LX, Zhu XM, Yao YM (2019) Sestrin2: its potential role
8. Kumar V (2018) Dendritic cells in sepsis: potential immunoregu- and regulatory mechanism in host immune response in diseases.
latory cells with therapeutic potential. Mol Immunol 101:615— Front Immunol 10:2797. https://doi.org/10.3389/fimmu.2019.
626. https://doi.org/10.1016/j.molimm.2018.07.007 02797
9. Jorgensen I, Miao EA (2015) Pyroptotic cell death defends against ~ 27. Ho A, Cho CS, Namkoong S, Cho US, Lee JH (2016) Biochemi-
intracellular pathogens. Immunol Rev 265:130-142. https://doi. cal basis of sestrin physiological activities. Trends Biochem Sci
org/10.1111/imr.12287 41:621-632. https://doi.org/10.1016/j.tibs.2016.04.005
10. Broz P, Dixit VM (2016) Inflammasomes: mechanism of assem- ~ 28. Kim MJ, Bae SH, Ryu JC, Kwon Y, Oh JH, Kwon J et al (2016)
bly, regulation and signalling. Nat Rev Immunol 16:407—-420. SESN2/sestrin2 suppresses sepsis by inducing mitophagy
https://doi.org/10.1038/nri.2016.58 and inhibiting NLRP3 activation in macrophages. Autophagy
11. Evavold CL, Kagan JC (2019) Inflammasomes: threat-assessment 12:1272-1291. https://doi.org/10.1080/15548627.2016.1183081
29. Wang LX, Zhu XM, Luo YN, Wu Y, Dong N, Tong YL et al

organelles of the innate immune system. Immunity 51:609-624.
https://doi.org/10.1016/j.immuni.2019.08.005

@ Springer

(2020) Sestrin2 protects dendritic cells against endoplasmic


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1038/s41581-019-0199-3
https://doi.org/10.1038/s41581-019-0199-3
https://doi.org/10.1038/nri1943
https://doi.org/10.14336/AD.2020.0627
https://doi.org/10.1016/j.smim.2017.01.001
https://doi.org/10.1016/j.smim.2017.01.001
https://doi.org/10.1016/j.autrev.2019.02.006
https://doi.org/10.1007/s00134-011-2306-1
https://doi.org/10.1007/s00134-011-2306-1
https://doi.org/10.1016/j.molimm.2018.07.007
https://doi.org/10.1111/imr.12287
https://doi.org/10.1111/imr.12287
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1016/j.immuni.2019.08.005
https://doi.org/10.1111/imr.12286
https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1016/j.it.2017.01.003
https://doi.org/10.1016/j.it.2017.01.003
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1016/j.tcb.2014.12.009
https://doi.org/10.1016/j.tcb.2014.12.009
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1111/imr.12534
https://doi.org/10.1111/imr.12534
https://doi.org/10.1038/nature17041
https://doi.org/10.1146/annurev-immunol-032414-112116
https://doi.org/10.1146/annurev-immunol-032414-112116
https://doi.org/10.1038/nri.2016.62
https://doi.org/10.1016/j.intimp.2020.106643
https://doi.org/10.18632/oncotarget.14764
https://doi.org/10.18632/oncotarget.14764
https://doi.org/10.1038/cddis.2015.248
https://doi.org/10.1038/cddis.2015.248
https://doi.org/10.3389/fimmu.2019.02797
https://doi.org/10.3389/fimmu.2019.02797
https://doi.org/10.1016/j.tibs.2016.04.005
https://doi.org/10.1080/15548627.2016.1183081

Sestrin2 protects against lethal sepsis by suppressing the pyroptosis of dendritic cells

8227

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

reticulum stress-related apoptosis induced by high mobility group
box-1 protein. Cell Death Dis 11:125. https://doi.org/10.1038/
$41419-020-2324-4

Erlich Z, Shlomovitz I, Edry-Botzer L, Cohen H, Frank D, Wang
H et al (2019) Macrophages, rather than DCs, are responsible
for inflammasome activity in the GM-CSF BMDC model. Nat
Immunol 20:397-406. https://doi.org/10.1038/s41590-019-0313-5
Guermonprez P, Helft J (2019) Inflammasome activation: a mono-
cyte lineage privilege. Nat Immunol 20:383-385. https://doi.org/
10.1038/541590-019-0348-7

Poehlmann H, Schefold JC, Zuckermann-Becker H, Volk HD,
Meisel C (2009) Phenotype changes and impaired function of
dendritic cell subsets in patients with sepsis: a prospective obser-
vational analysis. Crit Care 13:R119. https://doi.org/10.1186/
cc7969

Khan MM, Yang WL, Wang P (2015) Endoplasmic reticulum
stress in sepsis. Shock 44:294-304. https://doi.org/10.1097/SHK.
0000000000000425

Delano MJ, Ward PA (2016) Sepsis-induced immune dysfunction:
can immune therapies reduce mortality? J Clin Invest 126:23-31.
https://doi.org/10.1172/JC182224

Venet F, Monneret G (2018) Advances in the understanding and
treatment of sepsis-induced immunosuppression. Nat Rev Nephrol
14:121-137. https://doi.org/10.1038/nrneph.2017.165
Jorgensen I, Rayamajhi M, Miao EA (2017) Programmed cell
death as a defence against infection. Nat Rev Immunol 17:151-
164. https://doi.org/10.1038/nri.2016.147

Adrie C, Lugosi M, Sonneville R, Souweine B, Ruckly S, Cartier
JC et al (2017) Persistent lymphopenia is a risk factor for ICU-
acquired infections and for death in ICU patients with sustained
hypotension at admission. Ann Intensive Care 7:30. https://doi.
org/10.1186/s13613-017-0242-0

Guisset O, Dilhuydy MS, Thiébaut R, Lefévre J, Camou F, Sarrat
A et al (2007) Decrease in circulating dendritic cells predicts fatal
outcome in septic shock. Intensive Care Med 33:148-152. https://
doi.org/10.1007/s00134-006-0436-7

Flohé SB, Agrawal H, Schmitz D, Gertz M, Flohé S, Schade FU
(2006) Dendritic cells during polymicrobial sepsis rapidly mature
but fail to initiate a protective Th1-type immune response. J Leu-
koc Biol 79:473-481. https://doi.org/10.1189/j1b.0705413
Gautier EL, Huby T, Saint-Charles F, Ouzilleau B, Chapman
MJ, Lesnik P (2008) Enhanced dendritic cell survival attenuates
lipopolysaccharide-induced immunosuppression and increases
resistance to lethal endotoxic shock. J Immunol 180:6941-6946.
https://doi.org/10.4049/jimmunol.180.10.694 1

Danielski LG, Giustina AD, Bonfante S, Barichello T, Petro-
nilho F (2020) The NLRP3 inflammasome and its role in sepsis
development. Inflammation 43:24-31. https://doi.org/10.1007/
$10753-019-01124-9

Schraml BU, Reis e Sousa C (2015) Defining dendritic cells. Curr
Opin Immunol 32:13-20. https://doi.org/10.1016/j.c0i.2014.11.
001

Lee S, Nakahira K, Dalli J, Siempos II, Norris PC, Colas RA
et al (2017) NLRP3 inflammasome deficiency protects against
microbial sepsis via increased lipoxin B, synthesis. Am J Respir
Crit Care Med 196:713-726. https://doi.org/10.1164/rccm.
201604-08920C

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Martinez-Garcia JJ, Martinez-Banaclocha H, Angosto-Bazarra D,
de Torre-Minguela C, Baroja-Mazo A, Alarcén-Vila C et al (2019)
P2X7 receptor induces mitochondrial failure in monocytes and
compromises NLRP3 inflammasome activation during sepsis. Nat
Commun 10:2711. https://doi.org/10.1038/s41467-019-10626-x
Tsuchiya K, Nakajima S, Hosojima S, Thi Nguyen D, Hattori
T, Le Manh T et al (2019) Caspase-1 initiates apoptosis in the
absence of gasdermin D. Nat Commun 10:2091. https://doi.org/
10.1038/541467-019-09753-2

Bertheloot D, Latz E, Franklin BS (2021) Necroptosis, pyroptosis
and apoptosis: an intricate game of cell death. Cell Mol Immunol
18:1106-1121. https://doi.org/10.1038/s41423-020-00630-3
Wang X, Jiang W, Yan Y, Gong T, Han J, Tian Z et al (2014)
RNA viruses promote activation of the NLRP3 inflammasome
through a RIP1-RIP3-DRP1 signaling pathway. Nat Immunol
15:1126-1133. https://doi.org/10.1038/ni.3015

Thiessen SE, van den Berghe G, Vanhorebeek I (2017) Mitochon-
drial and endoplasmic reticulum dysfunction and related defense
mechanisms in critical illness-induced multiple organ failure. Bio-
chim Biophys Acta Mol Basis Dis 1863:2534-2545. https://doi.
org/10.1016/j.bbadis.2017.02.015

Endo M, Oyadomari S, Suga M, Mori M, Gotoh T (2005) The ER
stress pathway involving CHOP is activated in the lungs of LPS-
treated mice. J Biochem 138:501-507. https://doi.org/10.1093/jb/
mvil43

Menu P, Mayor A, Zhou R, Tardivel A, Ichijo H, Mori K et al
(2012) ER stress activates the NLRP3 inflammasome via an UPR-
independent pathway. Cell Death Dis 3:¢261. https://doi.org/10.
1038/cddis.2011.132

Chen X, Guo X, Ge Q, Zhao Y, Mu H, Zhang J (2019) ER stress
activates the NLRP3 inflammasome: a novel mechanism of ath-
erosclerosis. Oxid Med Cell Longev 2019:3462530. https://doi.
org/10.1155/2019/3462530

Kim HJ, Joe Y, Kim SK, Park SU, Park J, Chen Y et al (2017) Car-
bon monoxide protects against hepatic steatosis in mice by induc-
ing sestrin-2 via the PERK-eIF2a-ATF4 pathway. Free RadicBiol
Med 110:81-91. https://doi.org/10.1016/j.freeradbiomed.2017.05.
026

Park HW, Park H, Ro SH, Jang I, Semple IA, Kim DN et al (2014)
Hepatoprotective role of Sestrin2 against chronic ER stress. Nat
Commun 5:4233. https://doi.org/10.1038/ncomms5233

Han CY, Rho HS, Kim A, Kim TH, Jang K, Jun DW et al (2018)
FXR inhibits endoplasmic reticulum stress-induced NLRP3
inflammasome in hepatocytes and ameliorates liver injury. Cell
Rep 24:2985-2999. https://doi.org/10.1016/j.celrep.2018.07.068
Pham DV, Raut PK, Pandit M, Chang JH, Katila N, Choi DY et al
(2020) Globular adiponectin inhibits breast cancer cell growth
through modulation of inflammasome activation: critical role of
Sestrin2 and AMPK signaling. Cancers 12:613. https://doi.org/
10.3390/cancers12030613

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/s41419-020-2324-4
https://doi.org/10.1038/s41419-020-2324-4
https://doi.org/10.1038/s41590-019-0313-5
https://doi.org/10.1038/s41590-019-0348-7
https://doi.org/10.1038/s41590-019-0348-7
https://doi.org/10.1186/cc7969
https://doi.org/10.1186/cc7969
https://doi.org/10.1097/SHK.0000000000000425
https://doi.org/10.1097/SHK.0000000000000425
https://doi.org/10.1172/JCI82224
https://doi.org/10.1038/nrneph.2017.165
https://doi.org/10.1038/nri.2016.147
https://doi.org/10.1186/s13613-017-0242-0
https://doi.org/10.1186/s13613-017-0242-0
https://doi.org/10.1007/s00134-006-0436-7
https://doi.org/10.1007/s00134-006-0436-7
https://doi.org/10.1189/jlb.0705413
https://doi.org/10.4049/jimmunol.180.10.6941
https://doi.org/10.1007/s10753-019-01124-9
https://doi.org/10.1007/s10753-019-01124-9
https://doi.org/10.1016/j.coi.2014.11.001
https://doi.org/10.1016/j.coi.2014.11.001
https://doi.org/10.1164/rccm.201604-0892OC
https://doi.org/10.1164/rccm.201604-0892OC
https://doi.org/10.1038/s41467-019-10626-x
https://doi.org/10.1038/s41467-019-09753-2
https://doi.org/10.1038/s41467-019-09753-2
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/ni.3015
https://doi.org/10.1016/j.bbadis.2017.02.015
https://doi.org/10.1016/j.bbadis.2017.02.015
https://doi.org/10.1093/jb/mvi143
https://doi.org/10.1093/jb/mvi143
https://doi.org/10.1038/cddis.2011.132
https://doi.org/10.1038/cddis.2011.132
https://doi.org/10.1155/2019/3462530
https://doi.org/10.1155/2019/3462530
https://doi.org/10.1016/j.freeradbiomed.2017.05.026
https://doi.org/10.1016/j.freeradbiomed.2017.05.026
https://doi.org/10.1038/ncomms5233
https://doi.org/10.1016/j.celrep.2018.07.068
https://doi.org/10.3390/cancers12030613
https://doi.org/10.3390/cancers12030613

	Sestrin2 protects against lethal sepsis by suppressing the pyroptosis of dendritic cells
	Abstract
	Introduction
	Results
	Sepsis induces NLRP3–CASP-1-dependent pyroptosis of splenic DCs
	The proinflammatory microenvironment in the context of septic challenge
	Splenic DCs express NLRP3 inflammasome components during sepsis
	ERS induces NLRP3CASP-1-dependent pyroptosis and SESN2 expression in DCs
	The expression of SESN2 under septic condition
	SESN2−− DCs exhibit severe ERS response, pyroptosis, and inflammatory damage during sepsis
	SESN2 deficiency exacerbates sepsis-induced ERS
	SESN2 deficiency exacerbates pyroptosis and hyperactivation of the NLRP3 inflammasome
	Knockout of SESN2 worsens the inflammatory response and septic outcomes in mice

	The PERK–ATF4–CHOP pathway is critically involved in the inhibitory effects of SESN2 on pyroptosis
	Impact of SESN2 on the survival rates of sepsis model mice

	Discussion
	Materials and methods
	Mice
	Reagents
	Mouse model of CLP-induced sepsis
	Isolation of splenic DCs
	Cell culture and stimulation
	Flow cytometric analysis
	Western blot analysis
	Laser scanning confocal microscopy
	Transmission electron microscopy
	ELISA
	Statistical analysis

	References




