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Intravenous immunoglobulin suppresses NLRP1 and
NLRP3 inflammasome-mediated neuronal death in
ischemic stroke

D Yang-Wei Fann', S-Y Lee', S Manzanero', S-C Tang?, M Gelderblom®, P Chunduri’, C Bernreuther®, M Glatzel*, Y-L Cheng’,
J Thundyil', A Widiapradja', K-Z Lok', SL Foo', Y-C Wang?, Y- Li%, GR Drummond®, M Basta®, T Magnus®, D-G Jo”, MP Mattson®,
CG Sobey*® and TV Arumugam*""*°

Multi-protein complexes called inflammasomes have recently been identified and shown to contribute to cell death in tissue
injury. Intravenous immunoglobulin (IVlg) is an FDA-approved therapeutic modality used for various inflammatory diseases. The
objective of this study is to investigate dynamic responses of the NLRP1 and NLRP3 inflammasomes in stroke and to determine
whether the NLRP1 and NLRP3 inflammasomes can be targeted with IVig for therapeutic intervention. Primary cortical neurons
were subjected to glucose deprivation (GD), oxygen—glucose deprivation (OGD) or simulated ischemia-reperfusion (I/R).
Ischemic stroke was induced in C57BL/6J mice by middle cerebral artery occlusion, followed by reperfusion. Neurological
assessment was performed, brain tissue damage was quantified, and NLRP1 and NLRP3 inflammasome protein levels were
evaluated. NLRP1 and NLRP3 inflammasome components were also analyzed in postmortem brain tissue samples from stroke
patients. Ischemia-like conditions increased the levels of NLRP1 and NLRP3 inflammasome proteins, and IL-1$ and IL-18, in
primary cortical neurons. Similarly, levels of NLRP1 and NLRP3 inflammasome proteins, IL-1$ and IL-18 were elevated in
ipsilateral brain tissues of cerebral I/R mice and stroke patients. Caspase-1 inhibitor treatment protected cultured cortical
neurons and brain cells in vivo in experimental stroke models. 1Vlg treatment protected neurons in experimental stroke models
by a mechanism involving suppression of NLRP1 and NLRP3 inflammasome activity. Our findings provide evidence that the
NLRP1 and NLRP3 inflammasomes have a major role in neuronal cell death and behavioral deficits in stroke. We also identified
NLRP1 and NLRP3 inflammasome inhibition as a novel mechanism by which IVlg can protect brain cells against ischemic
damage, suggesting a potential clinical benefit of therapeutic interventions that target inflammasome assembly and activity.
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Stroke is the second leading cause of death worldwide and a
major cause of permanent disability. The molecular and
cellular mechanisms responsible for the degeneration of
neurons affected by stroke are complex and poorly under-
stood, but involve bioenergetic failure, acidosis, excitotoxicity,
oxidative stress and inflammation, resulting in necrotic or
apoptotic cell death.' Post-stroke inflammation is a complex
process involving activation of innate local immune responses
in glial cells and recruitment of circulating leukocytes into the
affected brain tissue.*® Activated glia and leukocytes produce

multiple pro-inflammatory mediators including complement
anaphylatoxins, cytokines, chemokines and prostaglan-
dins.*® Recent findings have provided insight into a newly
discovered inflammatory mechanism that contributes to
neuronal and glial cell death in cerebral ischemia mediated
by multi-protein complexes called inflammasomes. Studies of
the inflammasome complex in peripheral tissues have
shown that it amplifies the production and secretion of pro-
inflammatory cytokines, and apoptotic and pyroptotic cell
death.® It was recently reported that the nucleotide-binding
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IVIg suppresses inflammasomes in stroke
D Yang-Wei Fann et a/
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oligomerization domain (NOD)-like receptor (NLR) pyrin
domain-containing (NLRP) inflammasomes has a role in the
inflammatory response during ischemic stroke.”

The NLRP1 and NLRP3 inflammasomes are cytosolic
macromolecular complexes composed of the NLRP1/3
receptor, ASC (apoptosis-associated speck-like protein con-
taining a caspase recruitment domain), precursor caspase-1,
precursor caspase-11 (homologous to precursor caspase-4 or 5
in humans) and/or XIAP (X-linked inhibitor of apoptosis).&~'°
Activation and homo-oligomerization of NLRP1 and NLRP3
receptors induces formation of the NLRP1 and NLRP3
inflammasomes, respectively, which convert precursor cas-
pase-1 into cleaved caspase-1 via proximity-induced auto-
activation.®'° Cleaved caspase-1 converts precursors of both
IL-15 and IL-18 into biologically active mature pro-inflamma-
tory cytokines that are then released into the extracellular
environment.” "2 Moreover, increased cleaved caspase-1
can initiate cell death directly via pyroptosis, or indirectly via
apoptosis.’®'* In stroke-related studies, reduced brain
expression of mature IL-1f and IL-18 was shown in mice
following cerebral ischemia, using an anti-NLRP1 antibody.”
Moreover, in caspase-1 knockout mice there was a reduction
in mature IL-1p and IL-18 levels in association with a smaller
infarct.'® Furthermore, administration of an IL-1-neutralizing
antibody or IL-1 receptor antagonist reduced subarachnoid
hemorrhagic injury.'® However, the specific pathophysiological
role of the NLRP1 and NLRP3 inflammasome in neuronal
cell death following ischemic stroke remains to be established.

Intravenous immunoglobulin (IVIg) is an FDA-approved
therapeutic modality used for various inflammatory and
autoimmune diseases such as Kawasaki’s disease, immune
thrombocytopenia and humoral immunodeficiency.'”'® Thus,
IVIg has potential for diminishing inappropriate inflammatory
and immune activation and neuroprotection.’®2° |Vig can
inhibit complement activation and infiltration of leukocytes,
modulate the cytokine network and inhibit neuronal apoptosis
by cleaved caspase-3 in mouse models of ischemic stroke.?'
The pleiotropic effects of IVIg in inhibiting multiple compo-
nents of inflammation in different cell types make it an
attractive candidate for use in stroke therapy.?'* Potential
effects and underlying mechanisms of IVIg on inflammasome
activation in ischemic stroke-induced neuronal cell death have
not been reported. In the present study, we performed a
comprehensive investigation of the dynamic expression
patterns of the NLRP1 and NLRP3 inflammasome in primary
cortical neurons subjected to simulated ischemia, in a mouse
model of focal ischemic stroke, and in brain tissue samples
from stroke patients. We demonstrate expression and a
functional role for the NLRP1 and NLRP3 inflammasome in
neuronal cell death, and show that the neuroprotective effect
of IVIg in experimental stroke involves suppression of
inflammasome activity. Collectively, our findings reveal 1VIg
as a potential therapeutic modality for targeting ischemic
stroke-induced inflammasome assembly and activity.

Results

Ischemia induces increased expression of inflammasome
proteins, and IL-1p and IL-18, in primary cortical neurons
in simulated ischemia. To determine whether ischemia-like
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conditions activate the inflammasome in neurons, we
evaluated the temporal expression of all NLRP1 and NLRP3
inflammasome components in neurons subjected to simu-
lated ischemia-reperfusion (I/R). The levels of all major
inflammasome components and effectors were increased in
primary cortical neurons in response to glucose deprivation
(GD), oxygen—glucose deprivation (OGD) and simulated I/R
conditions including NLRP1, NLRP3, ASC, XIAP, and
precursor caspases 1 and 11 (Figures 1a—f; Supplementary
Figures 1-3). Levels of the latter proteins increased within 1 h
of exposure to simulated ischemia and remained elevated for
12—24 h. Activation and oligomerization of the NLRP1 and
NLRP3 receptors individually induces the formation of the
NLRP1 and NLRP3 inflammasome, respectively, which then
activates both precursor caspase-1 and -11 into biologically
active cleaved caspase-1 and 11,10 Following activation,
caspase-1 cleaves both precursors IL-14 and IL-18 into
biologically active mature pro-inflammatory cytokines, which
are released into the extracellular environment.?® Consistent
with the notion that ischemic conditions increase NLRP1 and
NLRP3 inflammasome activation, we observed significantly
increased levels of both cleaved caspase-1 and — 11 and
both mature IL-13 and IL-18 in primary cortical neurons
following GD, OGD or simulated I/R conditions over 24 h in
comparison with control (Figures 1a—f; Supplementary
Figures 1-3).

I/R induces increased expression of NLRP1 and NLRP3
inflammasome proteins and also IL-1f and IL-18 in
ipsilateral brain tissues of cerebral I/R mice and stroke
patients. The role of the NLRP1 and NLRP3 inflamma-
somes in ischemic stroke was further investigated by
measuring the expression levels of NLRP1 and NLRP3
inflammasome proteins in ipsilateral (i.e., ischemic) brain
tissues of cerebral I/R injury mice. It was shown that I/R
significantly increased the expression of NLRP1 and
NLRP3 inflammasome proteins, including NLRP1, NLRP3,
ASC, XIAP, precursor caspases 1 and 11 in ipsilateral brain
tissue as early as 1 h, and it remained higher at 12, 24, and
72h following I/R in comparison with sham controls
(Figures 2a-c; Supplementary Figures 4 and 5). An
indication of NLRP1 and NLRP3 inflammasome activation
was demonstrated by increased levels of cleaved caspases
1 and 11, and both mature IL-1f and IL-18, at all time points
following I/R in comparison with sham controls (Figures 2a
and b). Furthermore, to determine whether increased
NLRP1 and NLRP3 inflammasome protein expression
might occur in the human brain following ischemic stroke,
we analyzed brain tissues obtained from stroke patients
at the University Medical Center Hamburg-Eppendorf
(Figures 3a and b) and National Taiwan University Hospital
(Supplementary Figures 6a and b). We found evidence that
ischemic stroke increased NLRP1 and NLRP3 inflamma-
some proteins and both IL-14 and IL-18 in comparison
with control patients (Figures 3a and b; Supplementary
Figures 6a and b). In addition, immunohistochemical
analysis in ipsilateral brain tissues from stroke patients
confirmed a higher level of cleaved caspase-1 in comparison
with control patients, suggesting increased inflammasome
activity (Supplementary Figure 6a).
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Figure1 Simulated ischemia increases the levels of multiple inflammasome proteins in primary cortical neurons. (a and b) Representative immunoblots and quantification
of inflammasome proteins, and IL-13 and IL-18, in lysates of cortical neurons at the indicated time points during GD. (¢ and d) Representative immunoblots and quantification
of inflammasome proteins, IL-1 and IL-18 in lysates of cortical neurons at the indicated time points during OGD. (e and f) Representative immunoblots and quantification of
inflammasome proteins, IL-1/ and IL-18 in lysates of cortical neurons after simulated I/R. 3-actin was used as a loading control. Data are represented as mean £ S.EM. n=5

cultures. **P<0.001 compared with control

Caspase-1 inhibitor treatment protects cultured cortical
neurons and brain cells in vivo in experimental stroke
models. In light of the increased expression of NLRP1 and
NLRP3 inflammasome proteins and both IL-14 and IL-18 in
primary cortical neurons, we next determined the functional
role of inflammasomes in the degeneration of neurons
subjected to ischemia-like conditions. We tested the efficacy
of a caspase-1 inhibitor in primary cortical neurons under
ischemic conditions. Increasing concentrations of a caspase-
1 inhibitor Ac-YVAD-CMK (1-100 M) were applied and
neurons were then analyzed for cleaved caspase-1, an
indicator of inflammasome activation. Caspase-1 inhibitor
Ac-YVAD-CMK concentrations above 30 uM were effective in
reducing levels of cleaved caspase-1, as well as of cleaved

caspase-3, a marker of apoptosis (Figures 4a and b). Mouse
primary cortical neurons treated with a caspase-1 inhibitor
(30 and 100 uM) were less vulnerable to apoptotic cell death
under GD and OGD conditions (Figures 4a and b; Figures 4d
and e). The results of a cell viability assay showed that
caspase-1 inhibitor (30—100 xM) treatment reduced neuronal
cell death under GD conditions (Figures 4a and c). In
addition, we investigated the effect of caspase-1 inhibitor
Ac-YVAD-CMK (30 and 100 uM) on the expression levels of
NLRP1 and NLRPS3 inflammasome proteins and both precursor
and mature forms of IL-1f and IL-18 during a 6-h period of
OGD. Caspase-1 inhibition had no effect on levels of NLRP1,
NLRP3, ASC, XIAP, cleaved XIAP, precursor caspase-1,
caspase-11, and IL-1p and IL-18 precursors in comparison

Cell Death and Disease
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Figure 2 Evidence that focal ischemic stroke activates the inflammasome in cerebral cortical cells. (a and b) Representative immunoblots and quantification of
inflammasome proteins, IL-1/3 and IL-18 in ipsilateral brain lysates at the indicated post-stroke time points. Data are represented as mean + S.E.M. n=3-6. *P<0.05;
**P<0.01;***P<0.001 compared with SHAM (control). (¢) Immunohistochemical analysis on caspase-1 and IL-1/ show localization within the cytoplasm of cortical neurons.
The levels of inflammasome proteins, IL-1/ and IL-18 are upregulated in I/R in comparison with SHAM (control). Magnification, x 1000. Scale bar, 10 um. Images were taken
under identical conditions and exposures
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Figure 3  Evidence for inflammasome activation in brain tissue affected by stroke in human patients. (a and b) Immunohistochemical analysis of NLRP1, NLRP3, ASC,
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Figure 4 |Inhibition of caspase-1 reduces inflammasome activation and cell death in primary cortical neurons subjected to ischemia-like conditions. (a and b)
Representative immunoblots and quantification illustrating the effect of increasing concentrations (1:M) of Ac-YVAD.CMK on levels of cleaved caspase-1 and caspase-3
proteins in primary cortical neurons subjected to GD. (c) The effect of Ac-YVAD.CMK treatment on cell death (%) in primary cortical neurons subjected to GD. (d and e)
Representative immunoblots and quantification illustrating the effect of 30 M and 100 M Ac-YVAD.CMK treatment on inflammasome proteins, IL-18, IL-18, and cleaved
caspase-3 in primary cortical neurons subjected to OGD. f3-actin was used as a loading control. Data are represented as mean + S.E.M. n=5-6 cultures. ***P<0.001
compared with control
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with vehicle controls under OGD conditions (Figure 4d).
However, caspase-1 inhibitor (30 and 100 uM) treatment
reduced the levels of cleaved caspase-1 and both mature
IL-1p and IL-18 (Figures 4d and e). Furthermore, the levels of
cleaved caspase-3 were lower in caspase-1 inhibitor (30 and
100 uM)-treated neurons in comparison with vehicle controls
under OGD conditions (Figure 4e).

We next evaluated the potential therapeutic efficacy of a
caspase-1 inhibitor in a mouse model of focal ischemic stroke.
A dose-response experiment was performed to identify the
efficacy of a caspase-1 inhibitor on brain infarct size. It was
found that whereas intravenous administration of the two
lower doses of the caspase-1 inhibitor (1 and 6 mg/kg) at 3h
after reperfusion had no effect on brain infarct size in
comparison with I/R vehicle controls (data not shown), both
10 and 20 mg/kg reduced brain infarct size (P<0.0001) and
improved functional outcome in comparison with I/R vehicle
controls (Figures 5a and b). Cerebral blood flow measure-
ments obtained immediately before and after middle cerebral
artery occlusion (MCAQ), and at 60, 120, and 180 min after
reperfusion, showed a ~90-95% reduction in blood flow in
the cerebral cortex supplied by the middle cerebral artery
during ischemia, and flow was not significantly different
between groups at up to 180min of reperfusion (data not
shown). In addition, we investigated the effect of a caspase-1
inhibitor (10mg/kg) on levels of the NLRP1 and NLRP3
inflammasome proteins and IL-1 and IL-18 precursor
proteins in ipsilateral brain tissues 24 h after I/R. Caspase-1
inhibition had no effect on expression of NLRP1, NLRP3,
ASC, XIAP, cleaved XIAP, caspase-1 precursor, caspase-11,
and IL-1p5 and IL-18 precursors in comparison with vehicle
controls (Figure 5c). However, the caspase-1 inhibitor at
10 mg/kg significantly reduced the levels of cleaved caspase-1
and both mature IL-18 and IL-18 at 24h following I/R
(Figures 5c and d). Furthermore, levels of cleaved caspase-3
were lower in caspase-1 inhibitor (10 mg/kg)-treated groups in
comparison with vehicle controls (Figures 5c¢ and d).

IVlg treatment protects primary cortical neurons and
brain tissue by decreasing inflammasome activity under
in vitro and in vivo ischemic conditions. We recently
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identified IVIg as a potent stroke therapy.?'?* Specifically,
we reported that administration of IVIg to mice subjected to
experimental stroke significantly reduced brain infarct size
and nearly eliminated mortality. Moreover, there was a
reduced volume of infarct, but within the ischemic region
neurons were spared and only occasional cell loss was
observed. Recently, it was demonstrated that 1VIg could
decrease the activity of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB) and mitogen-activated
protein kinases (MAPK) signaling pathways in neurons under
ischemic conditions through an unknown mechanism.?* We
therefore investigated the effect of 1VIg (5 mg/ml) on levels of
the NLRP1 and NLRP3 inflammasome proteins and IL-1p
and IL-18 in primary cortical neurons under GD conditions
over 6, 12 or 24h. Indeed, we found that IVIg treatment
significantly decreases levels of NLRP1, NLRP3, ASC, XIAP,
caspase-1, caspase-11, IL-1$ and IL-18 in comparison with
vehicle-treated neurons during GD (Figures 6a and b;
Supplementary Figure 7). Furthermore, levels of cleaved
caspase-3 were significantly lower in 1VIg (5 mg/ml)—treated,
compared with vehicle-treated neurons during GD
(Figures 6a and b). In addition, immunocytochemical analysis
indicated that levels of inflammasome proteins and both IL-1/
and IL-18 were lower in IVIg-treated neurons compared with
vehicle-treated neurons after 12h of GD (Figure 6c).

We also investigated the effect of IVIg (5 mg/ml) on levels of
NLRP1 and NLRP3 inflammasome proteins and both IL-1/
and IL-18 in primary cortical neurons subjected to transient
OGD (simulated I/R) conditions. We found that IVIg treatment
inhibited the simulated I/R-induced elevation of NLRP1,
NLRP3, IL-1f and IL-18 levels (Figures 6d and e;
Supplementary Figure 8). Furthermore, IVIg treatment
significantly attenuated the simulated I/R-induced increase
in levels of NLRP1, NLRP3, ASC, XIAP, cleaved XIAP,
caspase-1, caspase-11, IL-15, and IL-18 and cleaved
caspase-3 (Figures 6d and e).

We also tested the effect of IVIg treatment on inflamma-
some activity in vivo following experimental stroke.
Intravenous administration of 1g/kg IVIg at 3h following
reperfusion was previously reported to reduce brain infarct
size and improve neurological outcome in rodent stroke
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Figure 5 A caspase-1 inhibitor improves neurological outcome, reduces infarct size and suppresses the inflammasome in a mouse model of focal ischemic stroke. (a) The
effect of Ac-YVAD.CMK (10 mg/kg and 20 mg/kg) treatment on neurological scores of C57BL/6J mice following MCAO (1 h) and reperfusion at indicated times. *P<0.05.
(b) The effect of Ac-YVAD.CMK (10 mg/kg and 20 mg/kg) treatment on ipsilateral infarct area (%) of C57BL/6J mice. n=9-11 in each group. *P<0.05, ***P<0.001.
(c) Representative images of brains from each treatment group. (d) Representative immunoblots and quantification illustrating the effect of Ac-YVAD.CMK (30 and 100 xM)
treatment on the expression levels of inflammasome proteins, IL-1f, IL-18, and cleaved caspase-3 following MCAO (1 h) and reperfusion (24 h) in ipsilateral brain tissues of
C57BL/6J mice. (e) Administration of Ac-YVAD.CMK significantly reduces the levels of inflammasome proteins, IL-1/3, IL-18, and cleaved caspase-3. Data are represented as
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Figure 6 |VIg treatment inhibits the inflammasome in cultured cortical neurons subjected to simulated ischemia, and in a mouse model of focal ischemic stroke. (a and b)
Representative immunoblots and quantification illustrating increases in the levels of inflammasome proteins, and both IL-1/ and IL-18 in primary cortical neurons at indicated
times during GD. Administration of IVIg (5 mg/ml) significantly reduces the levels of inflammasome proteins and both IL-1/ and IL-18. Data are represented as mean + S.E.M.
n=6 cultures. **P<0.001 in comparison with GD. (¢) Immunocytochemical analysis of NLRP1, ASC, caspase-1, IL-1/3, and IL-18 show localization within the cytoplasm of
primary cortical neurons. The levels of inflammasome proteins and both IL-1/3 and IL-18 are elevated in neurons subjected to GD. Treatment with [VIg (5 mg/ml) significantly
reduced the levels of inflammasome proteins and both IL-1/3 and IL-18 in neurons subjected to GD. Magnification x 1000. Scale bar, 10 um. Images were taken under
identical conditions and exposures. (d and e) Representative immunoblots and quantification illustrating increases in the levels of inflammasome proteins and both IL-1/ and
IL-18 in primary cortical neurons subjected to simulated I/R. Administration of [VIg (5 mg/ml) significantly reduces the levels of inflammasome proteins and both IL-14 and
IL-18. Data are represented as mean + S.E.M. n= 6 cultures. *P<0.05; **P<0.01; ***P<0.001 in comparison with cultures not treated with IVIg. (f and g) Representative
immunoblots and quantification illustrating increase in the levels of inflammasome proteins and both IL-1/3 and IL-18 in ipsilateral brain tissues of C57BL/6J mice following
MCAO (1 h) and reperfusion (6 and 24 h). f-actin was used as a loading control. Administration of IVIg (1 g/kg) significantly reduces the levels of inflammasome proteins and
both IL-1/3 and IL-18. Data are represented as mean + S.E.M. n=5-6 animals in each group. ***P<0.001 in comparison with I/R (6 and 24 h)

models.?'?* Here, we investigated the effect of IVig
(1g/kg) on levels of NLRP1 and NLRP3 inflammasome
proteins, and IL-1f and IL-18, in ipsilateral brain tissue at
6 and 24 h of I/R. IVIg treatment significantly decreased
levels of NLRP1 and NLRP3 inflammasome proteins, and
IL-18 and IL-18, in comparison with vehicle-treated mice
(Figures 6f and g; Supplementary Figure 9). Furthermore,
levels of cleaved caspase-3 were significantly lower in 1VIg
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(1 g/kg)-treated groups in comparison with vehicle controls
(Figures 6f and g).

Discussion

Inflammation is a major contributor to the pathogenesis of
ischemic stroke. The deleterious effects of the inflammatory
response following cerebral ischemia are mediated by



neurons, glial cells, endothelial cells, and infiltrating leuko-
cytes in the brain, which secrete numerous cytokines and
chemokines at the site of injury. Studies have shown that
pro-inflammatory cytokines such as IL-1 and IL-18 have a
significant role in cerebral ischemic damage.”®252"
A macromolecular complex, termed the inflammasome, in
particular the NLRP1 and NLRP3 inflammasomes, regulate
the maturation of these pro-inflammatory cytokines. The
present study provides strong evidence that the NLRP1 and
NLRPS3 inflammasomes have a major role in neuronal cell
death and behavioral outcome following stroke. The second
part of the study investigated the effect of IVIg treatment on
ischemic stroke-induced NLRP1 and NLRP3 inflammasome
activity. A high concentration of IVIg has been reported to
exert protective effects in neurons during ischemic
conditions.??32* The present results demonstrate for the first
time that 1VIg modulates ischemic stroke-induced NLRP1 and
NLRP3 inflammasome levels, with a corresponding down-
regulation of the pro-inflammatory cytokines IL-1f and IL-18.

An increase in expression of NLRP1 and NLRP3 inflamma-
some proteins and IL-18 and IL-18 precursor proteins in
neurons under ischemic conditions may be induced by the
activation of pattern recognition receptors (PRRs), such as
toll-like receptors (TLRs), the receptor for advanced glycation
end products (RAGE), and the IL-1 receptor 1 (IL-1R1)
present on neurons and glial cells, which detect damage-
associated molecular patterns (DAMPs) released from
necrotic tissue within the infarct core.?®®' TLR and pro-
inflammatory cytokine signaling activate intracellular NF-«xB
and MAPK signaling pathways resulting in increased produc-
tion of NLRP1 and NLRP3 inflammasome proteins and IL-1f
and IL-18 precursors, a process called ‘priming’.%23® The
activation and oligomerization of the NLRP1 and NLRP3
receptors in response to DAMPs, or irregularities within the
cellular microenvironment under ischemic conditions, results
in the formation of the NLRP1 and NLRP3 inflammasome,
which then activates precursor caspase-1 into cleaved
caspase-1 through proximity-induced auto-activation facilitat-
ing the cleavage of IL-1§ and IL-18 precursors to generate
their biologically active mature forms.”® Although previous
studies have shown that priming is required for the expression
of NLRP1 and NLRPS3 inflammasome proteins and IL-1/ and
IL-18 precursor proteins in immune cells,?>% it is not known
whether inflammasome priming occurs similarly in neurons
during ischemic conditions.

We found that when cultured cortical neurons were
subjected to ischemia-like conditions (GD or OGD), NLRP1
and NLRP3 proteins were increased, and this was accom-
panied by elevated levels of cleaved caspase-1 and cleaved
caspase-11, and maturation of IL-18 and IL-18 precursor
proteins. Furthermore, immunofluorescence data showed
expression and localization of these proteins in the cytoplasm
of neurons following ischemia. These findings suggest that
the NLRP1 and NLRP3 inflammasome complex is formed in
neurons following cerebral ischemic damage. In relation to
ischemic stroke, no DAMPs have yet been identified that can
directly activate the NLRP1 and NLRP3 receptors in neurons.
However, evidence suggests that ATP, released from necrotic
neurons in culture, and in the ischemic core in vivo, binds to
P2X7 receptors on the plasma membrane of neighboring
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neurons and glial cells to cause the opening of ligand-gated
ion channels and increased efflux of K .37 A decreased
intracellular K™ ion concentration in neurons and glial cells
may induce activation of the NLRP1 and NLRP3 receptors,
either directly or indirectly through an unknown mechanism.®®
Recent studies have suggested that stimulation of astrocytes
with ATP results in activation of the NLRP2 inflammasome,
and that ATP-induced activation of the NLRP2 inflammasome
was inhibited by a pannexin 1 inhibitor and a P2X7 receptor
antagonist.*®*" The ATP-dependent oligomerization of
NLRPs will then promote cleavage of precursor caspase-1
into cleaved caspase-1, which in turn will cleave IL-1 and
IL-18 into their mature forms.39:4041

The current data show an increase in levels of the NLRP1
and NLRPS3 receptors and in the products of inflammasome
activation in cultured neurons subjected to simulated ische-
mia. However, whether activation of the NLRP1 and NLRP3
inflammasome in neurons under ischemia-like conditions is a
result of ATP release from necrotic neurons remains to be
determined. The increase in levels of both mature IL-1 and
IL-18 under ischemia-like conditions in vitro supports findings
in which both IL-18 and IL-18 were implicated in causing
autocrine and paracrine effects by binding to their respective
receptors on the plasma membrane of neighboring neurons
and glial cells, and activating NF-xB and MAPK signaling
pathways.*? Accordingly, increased priming would be
expected to lead to increased production of NLRP1 and
NLRP3 inflammasome proteins and IL-1/ and IL-18 precursor
proteins. In addition, these pro-inflammatory cytokines will
induce secondary injuries by facilitating leukocyte recruit-
ment, which in turn leads to an increased production of
reactive oxygen species and pro-inflammatory cytokines, thus
exacerbating neuronal cell death and tissue damage during
ischemia.”*1:43

Our findings indicate increased levels of not only cleaved
caspase-1 but also cleaved caspase-11, in neurons under
ischemia-like conditions. Recent evidence suggests that
cleaved caspase-1 may require the presence of cleaved
caspase-11 for the maturation of IL-1f and IL-18
precursors.** Cleaved caspase-11 can activate caspase-3
and cause apoptosis in neurons and glial cells under ischemic
conditions.*® Another role of cleaved caspase-1 is to induce
apoptotic cell death by cleaving Bid (BH3 Interacting Domain
Death Agonist) into its truncated form and activating both
executioner caspases-3 and -7, respectively.*®*” Our data
further support the role of the NLRP1 and NLRP3 inflamma-
some in mediating apoptotic cell death in neurons under
ischemic conditions.

It was previously reported that intracerebroventricular
administration of the caspase-1 inhibitor Ac-YVAD.CMK
reduced brain damage in a rat permanent MCAO stroke
model.*” We found that IVIg and Ac-YVAD.CMK inhibited
activation of caspase-3. This link between the inflammasome
and apoptotic cascades supports the idea that increased
expression levels of cleaved caspase-1 may mediate a
number of pleiotropic effects.!®4647:%® Besides apoptosis,
pyroptosis is another form of cell death directly linked to the
inflammasome. Studies suggest that pyroptosis is exclusively
regulated by cleaved caspase-1, which induces pore forma-
tion in the plasma membrane of cells, thereby allowing an

~
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osmotic influx of water molecules to cause cell lysis and
release of pro-inflammatory contents.'®*® However, whether
neurons undergo pyroptosis during cerebral ischemia
remains to be determined.

We previously reported that treatment of cultured neurons
with IVIlg reduced ischemic neuronal cell death, in part, by
inhibiting the complement cascade.?’ The present results
demonstrate neuroprotective effects of IVlg on ischemia-
induced NLRP1 and NLRP3 inflammasome activity in primary
cortical neurons. We found evidence that the neuroprotective
effects of IVIg are associated with a significant reduction in the
levels of NLRP1 and NLRP3 inflammasome proteins as well
as precursors of both IL-1 and IL-18 during simulated
ischemia in vitro and in a mouse model of focal ischemic
stroke. IVIg was previously shown to reduce activation of
caspase-3 and to protect neurons from undergoing apoptosis
under ischemic conditions.2"24

Although the molecular basis of the neuroprotective action
of IVIg in ischemic stroke-induced NLRP1 and NLRP3
inflammasome activity remains to be established, the present
data fit a model in which 1VIg inhibits inflammasome priming
by decreasing the activity of both intracellular NF-xB and
apoptotic MAPK signaling pathways, a possibility consistent
with the recent report that 1VIg protects neurons from cell
death under ischemic conditions by inhibiting the phosphory-
lation levels of NF-«xB, p38, and JNK.?* This effect would be
expected to attenuate the production of NLRP1 and
NLRP3 inflammasome proteins and IL-15 and IL-18 pre-
cursors, thereby decreasing the production of both cleaved
caspase-1 and caspase-11 and hence mature IL-1§ and
IL-18. Indeed, we found that both IVIg and the caspase-1
inhibitor blocked maturation of IL-1 and IL-18 precursors. We
therefore speculate that cleaved caspase-1-dependent pyr-
optosis and apoptosis would be reduced by 1VIg treatment.
Consistent with the latter possibility, IVIg can increase the
expression of the anti-apoptotic protein Bcl-2 in cultured
cortical neurons and in an animal model of stroke®*
(Supplementary Figure 10). Studies have demonstrated that
Bcl-2 and Bcl-xL, both anti-apoptotic proteins, directly bind
and inhibit the NLRP1 receptor in macrophages by specifically
preventing ATP from binding onto the nucleotide-binding
domain (NBD) in the NLRP1 receptor.?®®' Therefore,
inhibiting the oligomerization of the NLRP1 receptor is likely
to reduce caspase-1 activation and maturation of both IL-1/
and 1L-18.5%5" Accordingly, it appears that both Bcl-2 and
Bcl-xL are tight regulators of NLRP1 receptor activation;
however, whether Bcl-2 and Bcl-xL regulate NLRP3 receptor
activation, and how [VIg increases Bcl-2 levels, remain to be
determined.

Previous reports have suggested IVIg to be a promising
therapeutic modality for targeting a number of injury mechan-
isms in multiple cell types under ischemic conditions. %2124
The present study has identified a novel mechanism by which
IVIg can protect neurons and brain tissue from ischemic
damage. These findings suggest that therapeutic interven-
tions targeting inflammasome assembly and activity during
ischemia may offer substantial promise. Hence, continued
investigation into the mechanisms underlying NLRP1 and
NLRP3 inflammasome activity in settings of brain tissue injury
and neurodegeneration is warranted.
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Materials and Methods

Focal cerebral I/R stroke model. Three-month-old C57BL/6J male mice
were subjected to transient middle cerebral artery I/R injury, as described
previously.*? Briefly, after making a midline incision in the neck, the left external
carotid and pterygopalatine arteries were isolated and ligated with 6-0 silk thread.
The internal carotid artery (ICA) was occluded at the peripheral site of the
bifurcation with a small clip and the common carotid artery (CCA) was ligated with
5-0 silk thread. The external carotid artery (ECA) was cut, and a 6-0 nylon
monofilament with a tip that was blunted (0.20-0.22 mm) with a coagulator was
inserted into the ECA. After the clip at the ICA was removed, the nylon thread was
advanced to the origin of the middle cerebral artery until light resistance was
evident. The nylon thread and the CCA ligature were removed after 1h to initiate
reperfusion. In the sham group, surgery was performed until the arteries were
visualized. Mice were administered with either 10 or 20mg/kg of a caspase-1
inhibitor (20 ul; Ac-YVAD-CMK, Cayman Chemical, Ann Arbor, MI, USA), 1 g/kg of
IVIg (250 wl; Privigen, CSL Behring, King of Prussia, PA, USA, CSL) or vehicle by
infusion into the femoral vein 3 h after the start of reperfusion. In a separate set of
experiments, anesthetized animals from all groups (5-6 mice per group)
underwent cerebral blood flow measurements using a laser Doppler perfusion
monitor (Moor Lab, Moor Instruments, Axminster, UK).

The functional consequences of I/R injury were evaluated using a five-point
neurological deficit score (0, no deficit; 1, failure to extend right paw; 2, circling to the
right; 3, falling to the right; and 4, unable to walk spontaneously) and were assessed
in a blinded fashion. At 72 h of reperfusion, the mice were euthanized with a lethal
dose of isoflurane. Brains were immediately removed and placed into phosphate-
buffered saline (PBS; Sigma-Aldrich, Castle Hill, NSW, Australia) at 4 °C for 15 min,
and four 2-mm coronal sections were made from the olfactory bulb to the
cerebellum. The brain sections were stained with 2% 2,3,5-triphenyltetrazolium
chloride in PBS at 37 °C for 15 min. The stained sections were photographed and
the digitized images used for analysis. Borders of the infarct in the image of each
brain slice were outlined and the area quantified (NIH Image J software). To correct
for brain swelling, the infarct area was determined by subtracting the area of
undamaged tissue in the left hemisphere from that of the intact contralateral
hemisphere. The infarct volume was determined by calculating the percentage of
infarcted area in each brain slice, and then integrating the infarct areas for all slices
of each brain. All in vivo experimental procedures were approved by The University
of Queensland Animal Care and Use Committee.

Primary cortical neuronal cultures. Dissociated neuron-enriched cell
cultures of cerebral cortex were established from day 16 C57BL/6J mouse
embryos, as described.>® Experiments were performed in 7-9 day-old cultures.
Approximately 95% of the cells in such cultures were neurons, and the remaining
cells were astrocytes. For glucose-deprivation studies, glucose-free Locke’s buffer
containing: 154 mM NaCl, 5.6mM KCI, 2.3mM CaCl,, 1mM MgCl,, 3.6 mM
NaHCO,, 5mM HEPES, pH 7.2, supplemented with gentamicin (5 mg/l) was used.
The cultured neurons were incubated in glucose-free Locke’s buffer for 1-24 h.
Controls were incubated in Locke’s buffer containing 10 mM glucose. For OGD,
neurons were incubated in glucose-free Locke’s buffer in an oxygen-free chamber
for 3, 6, or 12h. For simulated I/R experiments, neurons were incubated in
glucose-free Locke’s medium in an oxygen-free chamber for 3h and then the
mediumreplaced with glucose-containing Neurobasal medium for 3, 6, 12, or 24 h.
To observe the effect of a caspase-1 inhibitor (Ac-YVAD-CMK) or IVIg, either drug
were added to cultures during and after GD, OGD or simulated I/R. Control
conditions included exposure to vehicle or a negative control protein (bovine
serum albumin (BSA)) (Sigma-Aldrich).

Cell viability. Neuronal cell viability was determined by trypan blue exclusion
assay. The assay is based on the principle that live cells possess intact cell
membranes, which will exclude the dye trypan blue, while the membrane of injured
or dead cells is permeable to trypan blue. Hence, injured or dead cells are stained
blue whereas live cells will show no staining. Following incubation with trypan blue,
the plates were emptied and the cells fixed with 4% paraformaldehyde for 20 min
at room temperature. The cells were then washed with PBS three times and
stored in PBS for latter observation under a light microscope to quantify the
percentage of cells that were trypan blue-positive in each culture.

Western blot analysis. Protein samples were subjected to sodium dodecyl
sulfate—polyacrylamide (10%) gel electrophoresis using a Tris-glycine running
buffer. Gels were then electro-blotted using a transfer apparatus (Bio-Rad



Laboratories, Inc., Hercules, CA, USA) in transfer buffer containing 0.025 mol/l Tris
base, 0.15molll glycine, and 10% (v/v) methanol for 1.5h at 15V onto a
nitrocellulose membrane (Bio-Rad Laboratories, Inc.). The membrane was then
incubated in blocking buffer (5% non-fat milk in 20 mM Tris-HCI, pH 7.5, 137 mM
NaCl, 0.2% Tween-20) for 1h at 23°C. The membrane was then incubated
overnight at 4°C with primary antibodies including those that selectively
bind NLRP1 (Novus Biologicals, Littleton, CO, USA), NLRP3 (Novus Biologicals),
ASC (Abcam, Cambridge, UK), caspase-1 (Abcam), caspase-11 (Abcam), XIAP
(Novus Biologicals), IL-13 (Abcam), IL-18 (Abcam), Bcl-2 (Cell Signaling
Technology, Danvers, MA, USA), cleaved caspase-3 (Cell Signaling Technology)
and f-actin (Sigma-Aldrich). After washing three times (10 min per wash) with
Tris-buffered saline-T (20mM Tris-HCI, pH 7.5, 137 mM NaCl, 0.2% Tween-20),
the membrane was incubated with secondary antibodies against the primary
antibody and f-actin for 1h at room temperature. The membrane was washed
with Tris-Buffered saline-T and scanned using the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA). Quantification of protein levels
was achieved by densitometry analysis using Image J software.

Immunocytochemistry and immunohistochemistry. Coverslips
containing cortical neurons subjected to either control Neurobasal medium or
GD medium were fixed in 4% buffered paraformaldehyde in PBS. Fixed cells were
permeabilized and incubated in blocking solution (1% BSA and 0.1% Triton-X in
PBS) at room temperature for 1h before ovemight incubation at 4°C with
microtubule-associated protein 2 antibody (MAP2, mouse monoclonal, Millipore,
Temecula, CA, USA) along with primary antibodies that selectively bind NLRP1
(Novus Biologicals), ASC (Abcam), caspase-1 (Abcam), caspase-11 (Abcam),
IL-1/3 (Abcam) or IL-18 (Abcam) diluted in blocking solution. Following incubation
with primary antibodies, the cells were incubated with the appropriate Alexa Fluor-
conjugated secondary antibodies (Invitrogen) for 1 h at room temperature. The nuclei
were counterstained with DAPI (AbD Serotec, Oxford, UK) for 10min at room
temperature. Following secondary antibody incubation, coverslips were sealed with
Vectashield Fluorescent Mounting Medium (Vector Laboratories, Burlingame, CA,
USA) on glass slides. For immunohistochemistry, frozen cryostat brain sections were
obtained from sham and focal ischemic stroke mice following trans-cardiac perfusion
with 4% paraformaldehyde and immunostained with primary antibodies against
NLRP1 (Novus Biologicals), ASC (Abcam), caspase-1 (Abcam), caspase-11
(Abcam), IL-18 (Abcam) or MAP2 (Abcam). Images were acquired using an
Olympus BX61 confocal laser-scanning microscope (Olympus, Tokyo, Japan) with a
x 100 oil immersion objective. Single confocal images were converted to 512 x 512
pixel 12-bit TIFF images.

Patient brain tissue samples. Human brain tissues were obtained from
anonymized autopsy patients from files of the Institute of Neuropathology at the
University Medical Center Hamburg-Eppendorf and National Taiwan University
Hospital, as approved by the National Taiwan University Hospital ethics
committee. Brain specimens had been fixed in 4% buffered formalin for at least
3 weeks before paraffin embedding. Brain sections (3 um) were stained according
to standard immunohistochemistry procedures with primary antibodies against
NLRP1 (Novus Biologicals), NLRP3 (Abcam), ASC (Abcam), caspase-1 (Abcam),
IL-1/8 (Abcam) or IL-18 (Novus Biologicals).

Statistical analysis. Numerical values are expressed as mean+ S.E.M.
Statistical analysis of all data except the behavioral score data were performed
using one-way ANOVA followed by a Bonferroni post hoc analysis to determine
between-group differences. Statistical difference was taken as P<0.05.
Neurological behavior scores were analyzed using a non-parametric Kruskal-
Wallis test and Dunn’s Multiple Comparison test. Statistical analyses were
performed using GraphPad Prism 5.02 software.
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