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Hepatic  ischemia/reperfusion (I/R) injury 1is an
inflammation-mediated process arising from ischemia/
reperfusion-elicited stress in multiple cell types, causing liver
damage during surgical procedures and often resulting in liver
failure. Endoplasmic reticulum (ER) stress triggers the activa-
tion of the unfolded protein response (UPR) and is implicated
in tissue injuries, including hepatic I/R injury. However, the
cellular mechanism that links the UPR signaling to local in-
flammatory responses during hepatic I/R injury remains largely
obscure. Here, we report that IREla, a critical ER-resident
transmembrane signal transducer of the UPR, plays an
important role in promoting Kupffer-cell-mediated liver
inflammation and hepatic I/R injury. Utilizing a mouse model
in which IRE1a is specifically ablated in myeloid cells, we found
that abrogation of IRE1la markedly attenuated necrosis and cell
death in the liver, accompanied by reduced neutrophil infil-
tration and liver inflammation following hepatic I/R injury.
Mechanistic investigations in mice as well as in primary
Kupffer cells revealed that loss of IREla in Kupffer cells not
only blunted the activation of the NLRP3 inflammasome and
IL-1B production, but also suppressed the expression of the
inducible nitric oxide synthase (iNos) and proinflammatory
cytokines. Moreover, pharmacological inhibition of IRElda’s
RNase activity was able to attenuate inflammasome activation
and iNos expression in Kupffer cells, leading to alleviation of
hepatic I/R injury. Collectively, these results demonstrate that
Kupffer cell IRE1a mediates local inflammatory damage during
hepatic I/R injury. Our findings suggest that IRE1a RNase ac-
tivity may serve as a promising target for therapeutic treatment
of ischemia/reperfusion-associated liver inflammation and
dysfunction.

Hepatic ischemia/reperfusion (I/R) injury represents one of
the major complications occurring during liver resection,
transplantation, hypovolemic shock, and other liver surgeries,
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which causes increased risk of organ rejection and liver
dysfunction (1-3). Hepatic I/R injury is viewed as a dynamic
two-phase process that involves local ischemic stress and
inflammation-mediated reperfusion damage in the liver (1, 2,
4-6). Hepatic I/R injury is initiated by the ischemic insult that
leads to cellular damage and cell death of hepatocytes via
oxidative stress and reactive oxygen species (ROS) production,
triggering a local sterile immune response characterized by
recruitment of Kupffer cells (KCs) and neutrophils. Propaga-
tion of the innate and adaptive immune responses in turn
results in elevated cytokine production, further aggravating
hepatocyte cell death and necrotic damage in the liver (1, 6, 7).
Many intracellular signaling cascades in multiple cell types in
the liver, including hepatocytes and immune cells as well, have
been implicated in the mechanisms underlying the
inflammation-mediated injury as a result of the ischemia/
reperfusion-elicited stress (1-6, 8, 9). For instance, emerging
evidence indicates that KCs, the liver-resident specialized
macrophages (10, 11), play crucial roles in orchestrating the
initial innate immune responses through phagocytosing
necrotic cells, producing proinflammatory cytokines, and
recruiting other inflammatory cells including neutrophils and
circulating monocytes, thus driving local inflammation in the
liver upon I/R injury (4—7, 12). Moreover, it has been docu-
mented that the nucleotide-binding domain, leucine-rich
repeat containing protein 3 (NLRP3) critically contributes to
the sterile inflammatory response and liver damage during
hepatic I/R injury, either through activation of inflammasome
in KCs (4-6) or via affecting the recruitment of neutrophils
(6, 13). In addition, inducible nitric oxide synthase (iNos), a
cytokine-regulated enzyme that converts L-Arginine to
L-Citrulline and nitric oxide (NO) in many types of cells
including immune cells such as macrophages (14—17), has
been documented to be involved in inflammation-mediated
tissue injury, while its exact roles in hepatic I/R injury have
been controversial (18-20). Importantly, hepatic I/R injury
remains to be a clinically unsolved problem lacking effective
intervention strategies. Therefore, it is of particular trans-
lational significance to improve our understanding of the
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Kupffer cell IRET1a promotes hepatic I/R injury

cellular immune events that mediate local inflammatory re-
sponses and ultimately cause I/R-induced liver injury and
dysfunction.

Endoplasmic reticulum (ER) stress is instigated by increased
accumulation of unfolded/misfolded proteins in the ER lumen
(21, 22). ER stress activates the cellular unfolded protein
response (UPR) regulated by three ER-resident trans-
membrane signal transducers, inositol-requiring enzyme 1
(IRE1), protein kinase RNA-like endoplasmic reticulum kinase
(PERK), and activating transcription factor 6 (ATF6) (22, 23).
IRE1 is the most evolutionarily conserved ER stress sensor that
contains the Ser/Thr protein kinase and endoribonuclease
(RNase) activities within its cytoplasmic portion (24-26).
Upon ER stress, IRE1 is activated through autophosphor-
ylation and dimerization/oligomerization and catalyzes the
unconventional splicing of the mRNA encoding the tran-
scription factor X-box binding protein 1 (XBP1) or degrades
selected mRNA species in a process referred to as “regulated
IRE1-dependent decay” (RIDD) (24—28). ER stress has been
implicated in various pathological conditions, including
obesity, type 2 diabetes, cancer, as well as liver diseases
(29-33). Reported studies have also revealed that the ER stress
response is activated during hepatic I/R injury (34—37), with
distinct biphasic activation of the UPR branches found at the
two stages of hepatic I/R injury (34). It is also notable that in
mouse models, IRE1a appeared to be involved in exerting a
protective action from ER stress preconditioning or an
aggravating effect from high-fat diet—induced fatty liver upon
hepatic I/R injury (38, 39). However, the precise cellular
mechanisms that link individual UPR branches to inflamma-
tory liver damage remain largely obscure.

The IREla branch plays a critical role in regulating
macrophage activation and inflammatory cytokine production
under a variety of stress conditions (2426, 40—43). Given its
involvement in regulating macrophage inflammasome activa-
tion as well as its polarized activation states during metabolic
inflammation (24—26, 44—48), we wondered if IREla also acts
to regulate the immune responses of KCs during hepatic I/R
injury. In this study, we utilized the mouse model in which
IREla is specifically ablated in myeloid cells and investigated
whether IREla in KCs contributes to inflammatory liver
damage. We found that IREla in KCs mediates inflammasome
activation and drives iNos expression, thus promoting hepatic
I/R injury in a manner that depends on its RNase activity.

Results

Activation of the IRE1a pathway and NLRP3 inflammasome in
Kupffer cells during hepatic I/R injury

To investigate whether the UPR signaling branch is impli-
cated in KC activation in response to hepatic I/R injury, we
established the hepatic I/R injury model in mice that were
subjected to 60 min of partial warm ischemia followed by 6 h
of reperfusion in the liver. Inmunoblot analyses revealed el-
evations in IREla phosphorylation as well as in the spliced
form of XBP1 (XBP1s) protein level, but no apparent changes
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in elF2a phosphorylation in I/R-injured livers relative to their
sham control (Fig. 1A). In line with previously reported studies
(6, 49), we observed robust increases in NLRP3 and cleaved
Caspase 1 (c-Caspl) proteins in I/R-injured livers (Fig. 1A).
This indicates marked activation of NLRP3 inflammasome, a
multiprotein platform that is assembled to activate Caspase 1
for the maturation and release of the proinflammatory cyto-
kine IL-1fB (50-52). Next, we examined the UPR and inflam-
masome activation in KCs and hepatocytes that were freshly
isolated from the livers of mice following I/R injury or sham
control. Whereas more prominently increased IREla phos-
phorylation was detected in KCs than in hepatocytes from the
livers after I/R injury, higher expression levels of XBP1s pro-
tein were seen in both cell types (Fig. 1B). Consistently, no
increases in elF2a phosphorylation were detected in KCs or
hepatocytes (Fig. 1B). Remarkably, marked elevations in
NLRP3 and c-Caspl proteins were observed in KCs but not in
hepatocytes from I/R-injured livers (Fig. 1B). Moreover,
quantitative RT-PCR profiling analyses showed significantly
higher levels of Xbpls mRNA along with its transcriptional
target gene Erdj4 in both KCs and hepatocytes from I/R-
injured livers (Fig. 1C). In parallel, significant elevations in
the expression of proinflammatory genes were detected in
KCs, including Ccl2, 111D, 1i6 as well as Nos2, while only Ccl2
expression was higher in hepatocytes following I/R injury
(Fig. 1D). These data suggest that the IREla branch of the UPR
can be selectively activated, which is accompanied by NLRP3
inflammasome activation, in KCs, the main cell type mediating
hepatic inflammation during I/R injury.

Myeloid IRE1a ablation results in alleviation of I/R-induced
hepatic injury and inflammation

To determine whether IREla activation in KCs contributes
to hepatic I/R injury, we used the mouse model in which the
Ernl gene (encoding IREla) is specifically abrogated in
myeloid cells (MOKO) by intercrossing the ErniI-flox/flox
mice with the Lysozyme2-Cre line (42). As expected, immu-
noblot analysis showed that IREla protein expression was
completely abolished in KCs but not in hepatocytes of MOKO
mice in comparison with flox/flox control animals (Fig. 24),
which led to an efficient reduction in Xbpls mRNA level
specifically in KCs with or without I/R injury (Fig. 2B). How-
ever, IREla abrogation did not result in alterations in the
mRNA expression of typical UPR genes, such as Atf4, Bip, or
Chop, either in KCs or in hepatocytes (Fig. S1). Relative to their
control counterparts, MOKO mice exhibited significantly less
hepatic necrotic area (Fig. 2C), lower serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) levels
(Fig. 2D), and decreased cell death in their livers (Fig. 2E)
following hepatic I/R procedure. Moreover, immunostaining
assessment showed that loss of IREla led to significant re-
ductions in Ly6G" neutrophil infiltration induced by hepatic
I/R injury in the livers of MOKO mice relative to their sham
controls (Fig. 3A4). In parallel, significantly lower serum levels
of proinflammatory cytokines/chemokines were detected in
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Figure 1. The IRE1a pathway is activated in parallel with the NLRP3 inflammasome in Kupffer cells upon hepatic ischemia/reperfusion. Male
C57BL6 mice were subjected to 60 min of partial hepatic warm ischemia followed by 6 h of reperfusion to induce hepatic ischemia/reperfusion injury (IRI),
and sham-treated mice were used as control (n = 3 per group). A, immunoblot analysis of the indicated proteins in whole liver lysates. The asterisk indicates
the nonspecific band detected by the phospho-IRE1a antibody. B-Actin was used as the loading control. Shown also is quantification of IRETa and elF2a
phosphorylation as well as XBP1s, NLRP3, and c-Casp1 protein levels. B, immunoblot analysis of the indicated proteins in cell lysates of freshly isolated
Kupffer cells and hepatocytes from livers of the IRl and sham control group. The asterisk indicates the nonspecific band detected in hepatocytes by the
phospho-IRETa antibody. HSP90 was used as the loading control. Shown also is quantification of IRETa and elF2a phosphorylation as well as the indicated
proteins. C, quantitative RT-PCR (qRT-PCR) analysis of mRNA abundance of the indicated UPR genes in freshly isolated Kupffer cells and hepatocytes. D, qRT-
PCR analysis of mRNA abundance of the indicated inflammatory genes in freshly isolated Kupffer cells and hepatocytes. Data are shown as the mean + SD.
*p < 0.05, **p < 0.01, and ***p < 0.001 by unpaired two-tailed Student’s t test. NLRP3, nucleotide-binding domain, leucine-rich repeat containing protein 3;
UPR, unfolded protein response.

M®KO animals following hepatic I/R injury, including IL-1p,
CCL2, TNFa, and CXCL10 (Fig. 3B). Interestingly, signifi-
cantly reduced mRNA expression levels of Ccl2 and Nos2
(encoding iNos protein), but not I/1b, were observed in KCs
isolated from I/R-injured M®KO livers (Fig. 3C), whereas no
significant reduction in Ccl2, I/1b or Nos2 expression was seen
in their hepatocytes (Fig. 3D).

To further affirm that KCs, which constitute a major
portion of liver-resident macrophages (53), mediated the
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observed alleviating effects of IREla deficiency upon hepatic
I/R injury in MOKO mice, we used clodronate liposomes that
can selectively deplete tissue-resident macrophages (e.g., KCs)
but not neutrophils through induction of apoptosis (54).
Indeed, treatment with clodronate liposomes, but not the
vehicle control, could efficiently deplete liver F4/80" macro-
phages in mice (Fig. 44) and resulted in significantly lower
serum ALT and AST levels (Fig. 4B), less hepatic necrotic
area (Fig. 4C), decreased liver cell death (Fig. 4D), and
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Figure 2. Loss of myeloid IRE1a results in alleviation of hepatic I/R injury. A, immunoblot analysis of IRE1a in lysates of Kupffer cells and hepatocytes
freshly isolated from livers of male MOKO mice or Ern1-flox/flox control littermates. HSP90 was used as the loading control. B-E, MOKO or floxed control
mice were subjected to sham or hepatic warm ischemia/reperfusion (n=3-4 per group). B, qRT-PCR analysis of mRNA abundance of Xbp1s in freshly isolated
Kupffer cells and hepatocytes. C, representative images of hematoxylin and eosin staining of liver sections with the necrotic regions indicated. The area of
necrosis per field was quantified (N.D., not detected). Scale bar=100 pm. D, serum ALT and AST levels. E, representative images of TUNEL staining of liver
sections. TUNEL-positive cells per field were quantified. Scale bar, 15 um. All data represent the mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-

way ANOVA.

reductions in Ly6G" neutrophil infiltration (Fig. 4E) as well as
serum levels of proinflammatory cytokines/chemokines
(Fig. 4F) in control mice following hepatic I/R injury. How-
ever, we observed no further alleviating effects from clodro-
nate treatment in I/R-injured M®KO mice (Fig. 4, B-F),
suggesting that the impact of IREla upon hepatic I/R injury
was primarily mediated by its actions in liver macrophages,
particularly KCs, rather than other myeloid cells such as
neutrophils. Together, these results demonstrate that IREla
deficiency in KCs protects mice against hepatic I/R injury,
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indicating a role for IREla in KCs in mediating the inflam-
matory responses to promote hepatic I/R injury.

IRE1a in Kupffer cells regulates the activation of NLRP3
inflammasome in a RNase activity-dependent manner

Next, we asked if IREla abrogation influenced NLRP3
inflammasome activation in KCs during hepatic I/R injury,
thereby leading to lower protein production of IL-1f instead
of affecting its mRNA transcription. Indeed, immunoblot
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Figure 3. Myeloid IRE1a deficiency leads to suppression of liver inflammation upon I/R injury. MOKO or Ern1-flox/flox control mice were subjected to
sham or hepatic warm ischemia/reperfusion (n=3-4 per group). A, immunohistochemical staining of Ly6G* neutrophils in liver sections of the indicated
group. Quantification of Ly6G" cells per field is shown. Scale bar, 100 um. B, ELISA analysis of serum levels of the indicated inflammatory cytokines. C and D,
gRT-PCR analysis of mRNA abundance of indicated inflammatory genes in freshly isolated Kupffer cells (C) or hepatocytes (D). All data represent the mean +

SD. *p < 0.05 and **p < 0.01 by two-way ANOVA.

analyses showed significant attenuation of I/R injury-induced
elevations in NLRP3 protein and Caspase 1 cleavage
(c-Caspl) from M®KO livers relative to their flox/flox con-
trol counterparts (Fig. 5A). Consistently, we observed that in
isolated KCs but not in hepatocytes, loss of IRE1a resulted in
marked reduction of XBP1s protein without affecting elF2«
phosphorylation, in parallel with lower NLRP3 protein level
and more prominently reduced c-Caspl protein level
(Fig. 5B). To further investigate how IREla is involved in
regulating NLRP3 inflammasome, we treated primary KCs
with LPS and nigericin (NG) to fully activate NLRP3
inflammasome and IL-1f maturation (55). Whereas LPS
alone could increase both XBPls and NLRP3 protein
expression levels without inducing c-Casp1 or secreted IL-1p
production, LPS plus NG treatment resulted in a higher level
of IREla phosphorylation and strongly increased c-Caspl

SASBMB

protein level as well as IL-1p production (Fig. 6, A and B).
Interestingly, IREla deficiency had no significant impact
upon NLRP3 protein expression but robustly blunted LPS/
NG-induced Caspase 1 cleavage and IL-1B production in
M®KO KCs (Fig. 6, A and B). Then, we used 4u8C, a specific
chemical inhibitor of IREla’s RNase activity (56, 57), which
could effectively block XBP1s protein expression (Fig. 6C).
Remarkably, 4pu8C inhibition of IRElax RNase resulted in
significant suppression of c-Casp1 protein and secreted IL-1f
production in LPS/NG-stimulated KCs without affecting
NLRP3 protein expression level (Fig. 6, C and D). These data
suggest that IREla acts through its RNase activity to promote
the activation of NLRP3 inflammasome assembly in KCs, thus
driving IL-1 maturation/secretion during hepatic I/R injury.
Given the observed decrease of NLRP3 protein in MOKO
KCs from I/R-injured livers, it is likely that other factors or
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Figure 4. Depletion of liver macrophages diminished the alleviating
effects of IRE1a deficiency upon hepatic I/R injury. MOKO or Ern1-flox/
flox control mice were treated through tail-vein injection with clodronate
liposomes (Clod) or vehicle liposomes (200 pl per mouse). Animals were
then subjected to sham or hepatic warm ischemia/reperfusion (n=3-4 per
group). A, representative images showing clodronate depletion of F4/80*
macrophages in liver sections of mice. Scale bar=15 pm. B, serum ALT and
AST levels in mice of the indicated groups. C, representative images of
hematoxylin and eosin staining of liver sections with the necrotic regions
indicated. The area of necrosis per field was quantified. Scale bar=100 pm.
D, representative images of TUNEL staining of liver sections. TUNEL-
positive cells per field were quantified. Scale bar=15 ym. E, immunohis-
tochemical staining of Ly6G* neutrophils in liver sections. Quantification
of Ly6G* cells per field is shown. Scale bar=100 um. F, ELISA analysis of
serum levels of the indicated inflammatory cytokines. All data represent
the mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-way
ANOVA.

additional mechanisms are involved in IREla regulation
in vivo of NLRP3 inflammasome.

IRE1a RNase in Kupffer cells promotes iNos expression during
hepatic I/R injury

Because iNos is a key inflammatory mediator implicated in
exacerbating liver dysfunction during I/R injury (18-20), we

6 . Biol. Chem. (2022) 298(1) 101532

investigated whether iNos expression in KCs also behaved as a
downstream effector in mediating IREla regulation of in-
flammatory damage. Indeed, immunoblot analyses revealed a
marked reduction in I/R injury-induced iNos protein in
M®KO livers relative to their flox/flox counterparts (Fig. 74),
and IREla ablation led to dramatic decreases in the upregu-
lation of Nos2 mRNA as well as iNos protein expression in
isolated KCs following I/R injury (Fig. 7, B and C). Further-
more, chronic LPS treatment could prominently and dose-
dependently stimulate the iNos protein as well as Nos2
mRNA expression, and loss of IREla markedly blunted it
(Fig. 7, D-@). This is in line with our previous observation that
IRElx is crucial for LPS-induced iNos expression in bone-
marrow-derived macrophages (42). In addition, inhibition by
4u8C of IRE1a’s RNase activity also decreased LPS-stimulated
iNos protein expression in primary KCs (Fig. 7H). These re-
sults indicate that IRE1a RNase-dependent regulation of iNos
may also contribute to hepatic I/R injury. It is very likely that
IREla could promote the expression of iNos through its UPR
effector XBP1s, which has been documented to drive its
transcription in cultured HepG2 cell line under experimental
ER stress (58) or in mouse astrocytes during chemical-induced
neuroinflammation (59).

Pharmacological inhibition of IRE1a RNase activity protects
mice against hepatic I/R injury

Given that IREla acts through its RNase activity to promote
NLRP3 inflammasome activation and iNos expression in KCs,
we tested the pharmacologic effects of 4u8C upon I/R-induced
liver inflammation and injury in mice. To this end, adminis-
tration of 4u8C in I/R injured animals significantly reduced
hepatic necrotic area, lowered their serum levels of ALT and
AST, and decreased cell death in livers when compared with
the vehicle control group (Fig. 8, A—C). Moreover, 4u8C-
treated animals exhibited significant reductions in liver
infiltration of Ly6G" neutrophils and in serum levels of
proinflammatory cytokines/chemokines, including IL-1,
TNFa, CCL2, and CXCL10 (Fig. 9, A and B). Similar to the
observations in M@KO livers, 4u8C inhibition of IREla RNase
in I/R-injured mice resulted in decreased Xbpls and Erdj4
mRNA levels without affecting the expression of other UPR
target genes (Bip, Chop, Atf4) in isolated KCs, in parallel with
lower Nos2 and Ccl2, but not 1/1b, mRNA levels (Fig. 9, C and
D). Notably, 4u8C inhibited the IRE1a-XBP1s pathway, but did
not significantly suppress the expression of inflammatory cy-
tokines examined in isolated hepatocytes (Fig. S2). Consis-
tently, immunoblot analyses showed that 4pu8C treatment
reduced XBP1ls protein production without altering elF2a
phosphorylation and led to significant decreases in NLRP3,
c-Caspl, and iNos protein levels (Fig. 9E). Supporting the
functional significance of 4u8C suppression of iNos expres-
sion, administration of 1400W, a chemical iNos enzyme in-
hibitor (60), largely phenocopied the alleviating effects of the
IREla inhibitor upon I/R-induced liver dysfunction and
inflammation in mice (Fig. S3). Collectively, these results
indicate that pharmacologically blocking the RNase activity of
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by two-way ANOVA. NLRP3, nucleotide-binding domain, leucine-rich repeat containing protein 3.

IREla can limit Kupffer-cell-mediated liver inflammation and
damage during hepatic I/R injury.

Discussion

As a common clinical issue resulting from various surgical
procedures such as liver transplantation and hepatic resection,
hepatic I/R injury can cause graft dysfunction and liver failure
(12) and currently lacks effective therapeutic approaches.
Validated pharmacologic targets are urgently needed for the
development of novel clinical strategy to improve the out-
comes of liver surgeries. Liver inflammation is a key feature of
hepatic I/R injury, and multiple types of immune cells are
involved in mediating the inflammatory damage in response to
I/R-induced stress. In this study, we demonstrated a critical
role for IREla in exacerbating hepatic I/R injury through
promoting Kupffer-cell-mediated liver inflammatory re-
sponses. Importantly, we found that pharmacologic inhibition
of IREla RNase activity could efficiently dampen liver
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inflammation and alleviate hepatic I/R injury in mice. Our
findings suggest that IREla in KCs represents a promising
target for developing therapeutics for the prevention and
treatment of IR-associated liver dysfunction.

Numerous studies have established that IREla serves as a
multifunctional signal transducer in managing cellular stress
responses and regulating diverse biological processes
including cell fate decision, proliferation, metabolism, and
immunity (22, 24-26, 29, 30). Upon activation, IREla exerts
its regulatory actions mainly through its RNase activity-
directed XBPls production or RIDD control of select
mRNA/microRNA stability (24—26, 29, 30). In accordance
with its role in governing myeloid cell activation during in-
flammatory responses (41-43), our results revealed that
IREla can augment the activation of KCs, presumably in
response to hepatic danger-associated molecular pattern
(DAMP) molecules generated under I/R-induced stress con-
ditions (61). Mechanistically, IRE1la employs its RNase ac-
tivity to promote NLRP3 inflammasome activation for IL-1f
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Figure 6. IRE1d’'s RNase activity contributes to NLRP3 inflammasome activation and IL-1B production in Kupffer cells. A and B, Kupffer cells freshly
isolated from livers of male control or MOKO mice were treated with PBS (veh,) or LPS (100 ng/ml) for 12 h or treated with LPS for 12 h plus Nigericin (NG;
20 pM) treatment for 30 min before harvest. Cells treated with thapsigargin (Tg, 1 pM) for 2 h were included as the ER stress control. A, immunoblot analysis
of the indicated proteins in cell lysates. HSP90 was used as the loading control. The relative levels of NLRP3 and c-Casp1 proteins were quantified. B, ELISA
analysis of IL-1( protein in the culture medium of control and MOKO Kupffer cells. C and D, Kupffer cells from C57BL6 mice were likewise treated with DMSO
(veh.), LPS (100 ng/ml), or LPS plus NG (20 uM) in the absence or presence of 4u8C (10 uM). C, immunoblot analysis of the indicated proteins. The relative
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production along with upregulation of iNos expression, which
can collectively amplify liver inflammation to cause liver
injury (6, 12, 61). Moreover, we found that IREla deficiency
appeared to cause decreased protein level of NLRP3 in iso-
lated primary KCs following I/R injury, but had no impact
upon NLRP3 protein in LPS/NG-stimulated KCs. While this
conceivably reflects the effects in vivo of other factors/cell
types from the disrupted liver microenvironment inflicted by
the I/R stress, it is likely that IREla in KCs mainly acts to
promote the assembly of NLRP3 inflammasome in a manner
that depends on its RNase activity. This is in line with re-
ported findings that IREla is linked to inflammasome acti-
vation through thioredoxin-interacting protein (TXNIP), a
promoting molecule in oxidative-stress-associated inflam-
masome activation (62), in other cell types, or upon stimu-
lation by other stress stimuli (46, 63, 64). In addition, reported
studies have also shown that XBP1 is implicated in the
regulation by myeloid heat shock transcription factor 1
(HSF1)-B-catenin signaling of NLRP3 inflammasome activa-
tion during I/R injury in the liver (46), and PB-catenin can
interact with XBP1s in the context of hypoxia response (65).
Given the complex mechanisms governing inflammasome
assembly/activation in relation to mitochondrial damage and
intracellular lipid flux during ischemic stress, it remains to be

8 J Biol. Chem. (2022) 298(1) 101532

further dissected whether TXNIP or XBPls is directly
involved in IREla-mediated inflammasome activation in KCs
during I/R injury. In addition, the NLRP3 inflammasome is a
critical sensor and mediator of the inflammatory response,
which can be activated by a variety of external stimuli and
regulated by many interrelated cellular pathways (62). Other,
probably IREla-independent, signaling pathways may also be
involved in activation of the NLRP3 inflammasome, e.g., the
NE-kB signaling (62) or PERK (46, 63, 64) pathways during
ischemic stress. Interestingly, in an NLRP3 knockout mouse
model, NLRP3 was shown to regulate chemokine-mediated
functions and recruitment of neutrophils, thereby contrib-
uting to hepatic I/R injury independently of inflammasomes
(6, 13). Therefore, it warrants further investigation whether
IREla is also implicated in other NLRP3-related process.

It is worth noting that IRElx also acts through its RNase
activity to augment the expression of iNos in KCs, most likely
in a similar fashion depending upon its downstream effector
XBP1s as documented in other cell types (58, 59). Despite the
controversial findings with regard to the role of iNos in hepatic
I/R injury from genetic deletion studies (18—20), we found that
pharmacologic blocking of iNos activity in mice with a selec-
tive iNos inhibitor 1400W could efficiently improve liver I/R
injury. Importantly, the beneficial effects of 4u8C inhibition of
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*p < 0.05, **p < 0.01, and ***p < 0.001 by one way or two-way ANOVA.

IREla RNase in mice upon hepatic I/R injury are accompanied
by significant suppression of NLRP3 inflammasome activation
as well as iNos expression in KCs. Therefore, there results
support that multiple players, including both inflammasome
activation and iNos upregulation, contribute to mediating
IREla’s promoting effects upon liver I/R injury. Given that
liver I/R is a dynamic process involving many cell types in
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eliciting sterile inflammation and hepatocyte damage (1, 2, 6,
66), we cannot exclude the potential, either direct or indirect,
impacts of IREla deletion or its RNase inhibition upon
recruitment and activation of other immune cells such as
infiltrated monocytes/macrophages as exemplified by reported
studies (26, 42, 43, 46, 67). Moreover, we have previously
shown that in hepatocytes, IRE1la not only regulates nutrient
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Figure 8. Pharmacological inhibition of IRE1a RNase alleviates hepatic I/R injury. Male C57BL6 mice were intraperitoneally injected daily with DMSO
(veh) or 4pu8C (10 mg/kg body weight) for 3 days prior to hepatic I/R injury (n = 3 mice per group). A, representative images of hematoxylin and eosin
staining of liver sections with the necrotic regions indicated. The area of necrosis per field was quantified. Scale bar, 100 pm. B, serum ALT and AST levels.
G, representative images of TUNEL staining of liver sections. TUNEL-positive cells per field were quantified. Scale bar, 15 pm. All data represent the mean +

SD. *p < 0.05 and ***p < 0.001 by one-way ANOVA.

stress responses but also drives reparative regeneration and
obesity-associated liver inflammation (68—71). Thus, it has yet
to be further investigated if hepatocyte IREla also contributes
to sterile inflammation and hepatocyte damage during hepatic
I/R injury.

In conclusion, our current study has revealed that KC IREla
responds to ischemic stress and promotes liver inflammatory
injury caused by I/R. Targeted inhibition of the IREla pathway
in myeloid cells offers a valuable translational opportunity for
developing therapeutics against not only hepatic I/R injury-
related conditions, but also other types of inflammatory liver
diseases (72).

Experimental procedures
Animals

Wild-type C57/BL6 mice were purchased from the Experi-
mental Animal Research Center of Hubei Province. Myeloid-
specific IREla knockout mice (M@KO) were generated by
intercrossing floxed Ernl mice with the /yz2-Cre line as pre-
viously described (42). Mice were maintained in individual
temperature-controlled ventilated cages with a 12-h light/dark
cycle (7:00 AM light on) in a specific-pathogen-free (SPF) fa-
cility. All animal experiments were approved by the Animal
Care and Use Committee of College of Life Sciences, Wuhan
University.

Hepatic ischemia/reperfusion injury mouse model

Mice were subjected to a 70% liver warm I/R surgery as
described in detail (73). Briefly, upon anesthetization with

10 J Biol Chem. (2022) 298(1) 101532

sodium pentobarbital, male mice at ~8—14 weeks of age were
subjected to midline laparotomy to expose the liver. The
middle and left portal vein branches were blocked for 60 min
using atraumatic clamps to induce partial hepatic ischemia,
and then the clamps were removed to allow for 6 h of reper-
fusion before mice were sacrificed. As a sham control, mice
were subjected to the same surgical process except vasculature
occlusion.

Treatment of hepatic I/R injury with chemical inhibitors

For IREla RNase inhibition, mice were intraperitoneally
(ip.) injected daily with 4p8C (10 mg per kg body weight;
Targetmol, #16363) or 10% DMSO, 40% PEG300, 5% Tween
80 in saline as vehicle control for 3 days before hepatic I/R
surgery was performed. For iNOS inhibition, mice were
injected with 1400W (35 mg per kg body weight; Targetmol,
#T3491) or 10% DMSO, 40% PEG300, 5% Tween 80 in saline
as vehicle control at 1 h prior to hepatic I/R surgery.

Clodronate depletion of liver-resident macrophages

For depletion of liver-resident macrophages including KCs,
animals were injected through tail vein with clodronate lipo-
somes or control liposomes (200 pl per mouse, LIPOSOMA,
#CP005005) at 24 h prior to hepatic I/R surgery.

Histology, TUNEL analysis, and immunohistochemistry

Sections of liver tissues were fixed in 10% formalin for
paraffin embedding. Paraffin-embedded liver sections were
subjected to hematoxylin and eosin staining.
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Figure 9. Blocking IRE1a RNase attenuates Kupffer-cell-mediated inflammation during hepatic I/R injury. A, immunohistochemical staining of Ly6G*
neutrophils in liver sections of the indicated group. Quantification of Ly6G* cells is shown per field. Scale bar, 100 um. B, ELISA analysis of serum levels of the
indicated inflammatory cytokines. C and D, qRT-PCR analysis of the mRNA abundance of the indicated UPR (C) or inflammatory genes (D) in freshly isolated
Kupffer cells. E, immunoblot analysis of the indicated proteins in lysates of freshly isolated Kupffer cells. HSP90 was used as the loading control. The relative
levels of NLRP3, c-Casp1 and iNos proteins were quantified. All data represent the mean + SD. *p < 0.05 and **p < 0.01 by one-way ANOVA. NLRP3,
nucleotide-binding domain, leucine-rich repeat containing protein 3; UPR, unfolded protein response.

For immunohistochemical analysis, liver tissue sections
were permeabilized with blocking buffer (3% bovine serum
albumin) for 1 h after antigen retrieval and 3% H,O, incuba-
tion. Then, the liver sections were incubated in Ly6G
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antibodies (1:1000 dilution; Servicebio, #GB11229) overnight
at 4 °C. After washing with PBS, samples were incubated with
HRP-conjugated secondary antibody (1:1000 dilution; Serv-
icebio, #GB23303) 1 h at 37 °C prior to the incubation with
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Diaminobenzidine Tetrahydrochloride (DAB). Section images
of H&E and IHC staining were visualized by a light micro-
scope. Cell death was analyzed using the Dead End Fluoro-
metric Tunel System (Promega, #G3250) according to the
manufacturer’s instructions. Signals of dead cells were visual-
ized by fluorescence microscopy. Necrotic area, Ly6G+ neu-
trophils, and Tunel+ cells were quantified using Image ]
software.

Serum measurements

Serum levels of TNFa (ABclonal, #RK00027), IL-1P
(ABclonal, #RK00006), CCL-2 (ABclonal, #RK00381), and
CXCL-10 (ABclonal, #RK00054) were measured using ELISA
kits following manufacturers’ instructions. Serum ALT and
AST levels were measured using the Mindray kit (Mindray)
according to the manufacturer’s instructions.

Isolation of hepatocytes and Kupffer cells

Hepatocytes and KCs were freshly isolated from mice as
described (74). Briefly, livers were perfused in situ with HBSS
solution and then with collagenase buffer (Collagenase type 1V,
Sigma, #C5138). Perfused livers were subsequently dissected
and collected through a 70-pm nylon mesh cell strainer. He-
patocytes were separated from nonparenchymal cells (NPCs)
by centrifugation three times at 50g for 2 min. For isolation of
KCs, NPCs were harvested by centrifugation at 1350g for
5 min and resuspended in HBSS. Cells were then layered onto
a 25%/50% two-step Percoll gradient (Sigma, #P4937) in a 50-
ml centrifuge tube before centrifugation at 1800g for 15 min at
4 °C. KCs enriched in the middle layer were collected for
further analysis or allowed to attach onto culture plates in
DMEM supplemented with 10% FBS, 10 mM HEPES, 2 mM
GlutaMax, 100 U/ml penicillin, and 100 pg/ml streptomycin.
For in vitro activation and inhibition assays, KCs were cultured
overnight before treatment with 4u8C (10 uM, Targetmol,
#T6363), lipopolysaccharide (LPS, 100 ng/ml, Sigma, #1.2630),
and nigericin (NG, 20 uM, MCE, #HY-100381).

Antibodies and immunoblot analysis

Lysates of cells or liver tissues were prepared with RIPA
buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, and 50 mM Tris-HCI, pH 7.4) containing complete
protease-inhibitor cocktail (Sigma). Proteins separated by
SDS-PAGE were transferred onto a polyvinylidene difluoride
(PVDF) membrane filter (Millipore). After incubation with
the desired antibodies, blots were developed with Super-
Signal West Pico Chemiluminescent substrate (Thermo
Scientific) or Immobilon Western Chemiluminescent HRP
substrate (Millipore). Antibodies used include: phosphory-
lated IREla (p-IREla, 1:1000 dilution; CUSABIO, #CSB-
RA007795A724phHU), IRE1la (1:1000 dilution; CST, #3294),
XBP1s (1:1000 dilution; abcam, #ab220783), phosphorylated
elF2a (1:1000 dilution; p-elF2a, CST, #3398), elF2a (1:1000
dilution; CST, #5324), iNos (1:1000 dilution; CST, #13120),
NLRP3 (1:1000 dilution; CST, #15101), cleaved-Caspasel
(c-Caspl, 1:1000 dilution; abcam, #ab179515), HSP90
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(1:1000 dilution; CST, #4877), and B-Actin (1:1000 dilution;
ABclonal, #ac026).

Quantitative RT-PCR

Total RNA was isolated from cells or liver tissues using
TRIzol reagent (sigma). cDNA was synthesized with M-MLV
reverse transcriptase and random hexamer primers (Invi-
trogen). Quantitative real-time PCR was performed with SYBR
Green PCR reagents (Applied Biosystems) on an ABI 7500
system (Applied Biosystems). 5-Actin was used as an internal
control for normalization. Primers sequences used are as
follows:

B-Actin Forward: 5-AGTGTGACGTTGACATCCGTA-3';

B-Actin Reverse: 5'-GCCAGAGCAGTAATCTCCTTCT-3/;

Xbpls Forward: 5-CTGAGTCCGAATCAGGTGCAG-3;

Xbpls Reverse: 5-GTCCATGGGAAGATGTTCTGG-3;

Erdj4 Forward: 5'-ATAAAAGCCCTGATGCTGAAGC-3;

Erdj4 Reverse: 5'-GCCATTGGTAAAAGCACTGTGT-3;

Bip Forward: 5-ACTTGGGGACCACCTATTCCT-3;

Bip Reverse: 5'-ATCGCCAATCAGACGCTCC-3;

Chop Forward: 5'-CTGGAAGCCTGGTATGAGGAT-3;

Chop Reverse: 5'-CAGGGTCAAGAGTAGTGAAGGT-3;

Atf4 Forward: 5'-CCTTCGACCAGTCGGGTTTG-3;

Atf4 Reverse: 5'-CTGTCCCGGAAAAGGCATCC-3;

Nos2 Forward: 5'-ACATCGACCCGTCCACAGTAT-3;

Nos2 Reverse: 5'-CAGAGGGGTAGGCTTGTCTC-3;

Tnfa Forward: 5-GACGTGGAACTGGCAGAAGAG-3;

Tnfa Reverse: 5'-ACCGCCTGGAGTTCTGGAA-3;

Il1b Forward: 5'-GCAACTGTTCCTGAACTCAACT-3;

Il1b Reverse: 5'-ATCTTTTGGGGTCCGTCAACT-3;

Ccl2 Forward: 5'-TTAAAAACCTGGATCGGAACCAA-3;

Ccl2 Reverse: 5'-GCATTAGCTTCAGATTTACGGGT-3.

Statistical analysis

All data are presented as the mean + SD. Statistical analysis
was performed with unpaired two-tailed Student’s ¢ test or
one-way or two-way analysis of variance (ANOVA) followed
by Bonferroni’s test using GraphPad Prism 8.0. p <0.05 was
considered to be statistically significant.

Data availability

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