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Apoptosis and necroptosis are two regulated cell death mechanisms;
however, the interaction between these cell death pathways in vivo
is unclear. Here we used cerebral ischemia/reperfusion as a model to
investigate the interaction between apoptosis and necroptosis. We
show that the activation of RIPK1 sequentially promotes necroptosis
followed by apoptosis in a temporally specific manner. Cerebral
ischemia/reperfusion insult rapidly activates necroptosis to promote
cerebral hemorrhage and neuroinflammation. Ripk3 deficiency re-
duces cerebral hemorrhage and delays the onset of neural damage
mediated by inflammation. Reduced cerebral perfusion resulting from
arterial occlusion promotes the degradation of TAK1, a suppressor of
RIPK1, and the transition from necroptosis to apoptosis. Conditional
knockout of TAK1 in microglial/infiltrated macrophages and neuronal
lineages sensitizes to ischemic infarction by promoting apoptosis.
Taken together, our results demonstrate the critical role of necropto-
sis in mediating neurovascular damage and hypoperfusion-induced
TAK1 loss, which subsequently promotes apoptosis and cerebral pa-
thology in stroke and neurodegeneration.
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Stroke is a leading cause of death and serious long-term dis-
ability globally. A large body of research has implicated
multiple cell death and proinflammatory pathways in mediating
neurologic damage in this devastating disease (1). However, we
still do not understand the mechanisms that promote the acti-
vation of and interaction between different cell death pathways
in stroke. Necroptosis and apoptosis are two regulated cell death
mechanisms that have been implicated in mediating the neuro-
logic damage in stroke (2, 3). Necroptosis, a form of regulated
necrosis, was first demonstrated by the development and appli-
cation of the small-molecule inhibitor Necrostatin-1 (Nec-1/Nec-1s)
in the absence of its targeting mechanism (2). Nec-1s was found to
be a highly specific inhibitor of RIPK1 kinase (4). Activation of
RIPK1 has been shown to mediate two alternative cell death
mechanisms depending on the apoptotic competency of the cell:
necroptosis under apoptosis-deficient conditions and apoptosis
under apoptosis-proficient conditions (5). TNFa stimulation of
cells with caspase inhibition promotes the activation of RIPK1 and
its interaction with RIPK3, which in turn phosphorylates MLKL
(mixed-lineage kinase domain-like pseudokinase) to mediate the
execution of necroptosis (6, 7). Under apoptosis-proficient con-
ditions, TNFa stimulation can lead to the activation of RIPK1
kinase activity to promote RIPK1-dependent apoptosis (RDA)
by mediating the formation of complex Ila with FADD and
caspase-8 (8, 9). It is unclear in vivo, without the artificial in-
hibition of caspases, how cells choose to die by necroptosis or
apoptosis.

TAK1 (encoded by the gene MAP3K7) is a key mediator of
multiple intracellular signaling pathways (10). In TNFoa-stimulated
cells, TAK1 mediates the phosphorylation of IKK complex to
promote activation of the NF-kB pathway. TAK1 also controls the
activation of RIPK1, as the loss of TAK1 is highly effective in
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sensitizing cells to RDA (11). Down-regulation of TAKI1 levels in
aging human brains has been shown to provide an underlying
mechanism that promotes the onset of amyotrophic lateral
sclerosis/frontotemporal dementia in individuals with inherited
haploinsufficiency of TBK1 (12).

While apoptosis has been shown to transition into necroptosis
on inhibition of caspases (2, 7), it is unclear whether necroptosis
may also transition into apoptosis and, if so, what conditions may
mediate this transition. Here we investigated the activation of
necroptosis and apoptosis in the brains of mice subjected to
transient middle cerebral artery occlusion (MCAOQO), a model for
stroke in humans. We detected activated RIPK1 (p-S166 RIPK1)
in microglia/infiltrated macrophages, neurons, and cerebral en-
dothelial cells in the brains after ischemic insult. Necroptosis was
rapidly activated in endothelial cells after a transient ischemic
insult at the onset of reperfusion to mediate vascular damage,
whereas neurons showed early activation of necroptosis, followed
by apoptosis triggered by a reduction in TAKI1 level. Selective loss
of TAK1 in microglia/infiltrated macrophages and neurons pro-
moted apoptotic neuronal cell death and inflammation. Finally,
genetic inhibition of RIPK1 kinase reduced ischemic infarct by
blocking both necroptosis and RDA and dampening neuro-
inflammation, whereas blocking necroptosis alone by RIPK3
deficiency reduced cerebral hemorrhage and long-term ischemic
infarct volume.

Significance

Necroptosis has been defined as a regulated cell death mech-
anism that can be activated under apoptosis deficient condi-
tions. Here we show that necroptosis can be activated under
brain ischemic conditions without inhibition of apoptosis. Fur-
thermore, neuronal necroptosis can be followed by delayed
apoptosis after the reduction of TAK1 under ischemic condi-
tions. Our study demonstrates the complex interaction of ap-
optosis and necroptosis after ischemic brain insult and suggests
the therapeutic targeting of RIPK1 kinase for the treatment
of stroke.
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Fig. 1. Activation of RIPK1 by ischemic insult. (A) WT, Ripk1°738V/P138N and Ripk3~'~ mice were subjected to transient 60-min MCAO, followed by reperfusion.
The mice were killed after 23 h of reperfusion, and the brains were processed for TTC staining to measure infarct volume (n = 27 per group). (B) Representative
TTC stainings from mice subjected to 60 min of ischemia followed by 23 h of reperfusion. (C) Quantification of hemorrhagic lesions by hemoglobin quantification
in WT, Ripk 1P738NP138N  and Ripk3~'~ mice treated as in A. (D) WT, Ripk1°738VP138N and Ripk3~'~ mice were subjected to transient 60 min of MCAO followed by
reperfusion, and were evaluated with Bederson and Garcia scales in a double-blinded manner daily from day 1 to day 4 after the MCAO procedure (n = 12 per
group). The highest score is 21 points, and a higher score is correlated with better outcome. (E) Brain lysates from mice with indicated genotypes subjected to
MCAO for 60 min followed by reperfusion for the indicated time periods were immunoprecipitated with p-S166 RIPK1 and then analyzed by immunoblotting
with the indicated antibodies. (F~H, Upper) Sections of WT, Ripk1P138N/P138N and Ripk3~'~ mice treated with transient 60 min of MCAO followed
by reperfusion for 23 h (F and H) or 3 h (G) and at different time points as indicated on the bar graphs were immunostained with p-5166 RIPK1 and
coimmunostained with IBA1, CD31, or NeuN for IBA1* microglia/infiltrated macrophages (F), cerebrovascular endothelial cells (G), and neurons (H), respectively.
(Magnification: 40x; Sale bar: 50 pm.) (F~H, Lower) The quantification of the results. The data represent mean + SEM. n = 3 mice for each time point. Assessment
of each time point includes data from five sections for approximately 150 cells in each mouse. (F) The large square Insets (Right) are enlarged images of the small
square Insets (Left). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Results

Genetic and Pharmacologic Inhibition of RIPK1 Reduces Ischemic
Brain Injury. To explore the cell death mechanisms in stroke,
wild-type (WT) mice, RipkIP"?5NP138N mice carrying a RIPK1
kinase dead knockin allele D138N, and Ripk3’/’ mice were
subjected to transient MCAOQO, a mouse model for stroke, with
60 min of occlusion followed by 23 h of reperfusion (2). The extent
of cerebral infarction was measured at 24 h after the onset of
MCAO. The stroke volume in RipkIP8NP138N mice, but not in
Ripk3™~ mice, was significantly reduced compared with WT mice
when analyzed at 24 h after MCAO (Fig. 1 A and B).

Intracerebral hemorrhage is one of the most common types
of stroke in humans (13). Accordingly, we analyzed whether
blocking necroptosis impacted hemorrhagic transformation in
the MCAO model. We found that the incidence of hemorrhagic
transformation induced by MCAO was significantly lower in both
Ripk ]P38NIPISNS mice and Ripk3™~ mice relative to WT controls
(Fig. 1C and Fig. S14). Stroke volumes were smaller in both
Ripk]P138NIPISNS mice and Ripk3~'~ mice compared with WT
mice on day 4 after MCAO, which may include the effect of
infiltrating immune cells at late time points (SI Appendix, Fig.
S1B). Improvements in behavior scores were greater in both
Ripk1P3*NIPI3NS ice and Ripk3™'~ mice compared with WT
mice (Fig. 1D). These results suggest that necroptosis is im-
portant for mediating vascular pathology to promote ischemic
infarct, and that the activation of RIPK1 may mediate delete-
rious events beyond activating RIPK3-driven necroptosis. Thus,
inhibition of RIPK1 may be more effective than RIPK3 defi-
ciency in protecting against cerebral ischemic infarction.

To investigate the interaction of RIPK1 and RIPK3 in medi-
ating cerebral ischemic injury, we assessed the activation of
RIPK1 after ischemic insult by immunoblotting using p-S166
RIPK1, a biomarker of RIPK1 activation (12, 14). We found
that RIPK1 was rapidly activated at 1 h after the onset of reper-
fusion in WT mice, and the activation of RIPK1 was blocked
in Ripk1P138N/PI3NS mice but not in Ripk3™'~ mice (Fig. 1E).
This result suggests that RIPK1 is activated upstream of RIPK3
after ischemic insult.

We next characterized the cell types with activated RIPK1
after MCAO induction by immunostaining. p-S166 RIPK1 signal
was found in IBA1* microglia/infiltrated macrophages, endothelial
cells, and neurons in the penumbra area of the cortex in WT mice
subjected to MCAOQO. The p-S166 RIPK1 immunostaining showed
distinct time courses in these three cell types: CD31" endothelial
cells and IBA1* microglia/infiltrated macrophages showed a peak
in p-S166 RIPK1" at 2 h after reperfusion, while NeuN" neurons
began to show p-S166 RIPK1* at ~2 to 5 h after reperfusion,
with a peak around 23 h (Fig. 1 F-H). Increases in p-S166
RIPK1* were cor}lvpletely blocked by genetic inhibition of RIPK1
in Ripk1P138NPISN mice while the loss of RIPK3 in Ripk3™~ mice
had no effect on the activation of RIPKI1.

We also performed immunostaining to assess total RIPK1
levels on brain sections of sham-operated mice and MCAO mice.
In sham-operated mouse brains, RIPK1 signals were detected
predominately in IBA1* microglia and CD31* endothelial cells
(SI Appendix, Fig. S24). After MCAO induction in WT or
Ripk3™~ animals, we found increased RIPK1TIBA1* microglia/
infiltrated macrophages, RIPK1*CD31" endothelial cells, and
RIPK1"NeuN™" neurons (SI Appendix, Fig. S2 C and D). Inter-
estingly, the levels of Ripkl mRNA or protein were not in-
creased in the brains of WT mice over the course of ischemic
insult, nor did RipkIP"?NP138N or Ripk3~~ have any effect (ST
Appendix, Fig. S2 E and F). Thus, the apparent increases in
RIPK1™" cells detected in brains after ischemic insult are likely
due to a conformational change in RIPK1 during its activation.

Collectively, these results demonstrate that the kinase activity
of RIPKI1 is promoted by cerebral ischemic insult. Furthermore,
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they show that genetic or pharmacologic inhibition of RIPK1
kinase can reduce stroke volume, and while the loss of RIPK3
has no effect on RIPK1 activation, blocking necroptosis by
Ripk3™~ can reduce the risk of intracerebral hemorrhage and
stroke volume at later time points.

Activation of Necroptosis and Apoptosis after Ischemic Insult. Since
RIPKI1 kinase activity is activated by cerebral ischemic brain
insult, we next examined two major downstream cell death
pathways mediated by activated RIPK1: necroptosis and RDA.
Necroptosis can be activated under apoptosis-deficient condi-
tions. In necroptosis, activated RIPK1 interacts with RIPK3 to
promote its activation, which is marked by p-T231/S232 RIPK3.
Activated RIPK3 in turn phosphorylates MLKL, marked by
p-S345 MILKL, to mediate the execution of necroptosis (7,
15-17). Activated RIPK3 and MLKL exhibit differential solu-
bility relative to a control state and become concentrated in a
Nonidet P-40 insoluble 6 M urea fraction (14, 18). On immu-
noblot analysis of brain lysates from WT mice after ischemic
insult, p-T231/S232 RIPK3 and p-S345 MLKL were detected
immediately on reperfusion and remained elevated until ~5 h
after the onset of reperfusion (Fig. 24). Reperfusion after is-
chemic occlusion is essential for the activation of necroptosis, as
p-MLKL was not detected in the ischemic brains without
reperfusion (a permanent occlusion stroke model) (Fig. 2 B and C).
In addition to necroptosis, the cleavage of caspase-3, the biomarker
of apoptosis, was also detected in ischemic brains, peaking at 24 h
after the ischemic insult (Fig. 24).

We also analyzed p-S345 MLKL and p-T231/S232 RIPK3 by
immunostaining. Both p-S345 MLKL and p-T231/S232 RIPK3
were found to be coimmunostained with CD31* endothelial cells
within 2 h after the onset of reperfusion in the penumbra area
of the cortex (Fig. 2 D and E). This suggests that a substantial
proportion of the necroptotic cell death occurring after ischemic
brain insult is in endothelial cells.

We also detected p-S345 MLKL and p-T231/5232 RIPK3 in
neurons after MCAO (Fig. 2 F and G). In addition to the hall-
marks of necroptosis, we also found a substantial portion of
NeuN* neurons that had cleaved caspase-3* (CC3"), which oc-
curred in a delayed fashion relative to necroptosis (Fig. 2H).
Thus, a cerebral ischemic insult in WT mice triggers necroptosis
in endothelial cells immediately after the onset of reperfusion,
which contributes to intracerebral hemorrhage, while neurons
may undergo both necroptosis and apoptosis.

MCAO-induced p-T231/S232 RIPK3 and p-S345 MLKL sig-
nals were suppressed in both Ripk1”"3¥NP138N and Ripk3~~ mice
(Fig. 2 D-G). In contrast, the cleavage of caspase-3 was suppressed
only in Ripk1P"¥NP138N mice, not in Ripk3~~ mice (Fig. 2H). This
suggests that cerebral ischemic insult also triggers RDA.

Since cerebral inflammation plays an important role in the
outcome of stroke (19), and both necroptosis and RDA promote
inflammation (20), we next characterized the impact of inhibiting
RIPK1 kinase and RIPK3 loss on IBA1" microglia/infiltrated
macrophages, major mediators of neuroinflammation. We
characterized the number and morphology of microglia/infiltrated
macrophages in the brains of WT, RipklP!3V/P138N  and
Ripk3~'~ mice after ischemic insult at different time points after
the onset of reperfusion. We observed no significant difference
in the numbers of microglia/infiltrated macrophages between
three groups; however, microgliosis with activated amoeboid-
like microglia/infiltrated macrophages was suppressed in the
brains of Ripk1”3NP138N but not Ripk3~'~, mice (SI Appendix,
Fig. S3 A-C).

We also used quantitative RT-PCR to measure the mRNA
expression of proinflammatory cytokines and chemokines in
the brains of MCAO-induced WT, RipkIPP38NPI38N  and
Ripk3™~ mice at different time points after the onset of reperfu-
sion. We observed decreased levels of proinflammatory cytokines
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Fig. 2. Activation of necroptosis and apoptosis by ischemic insult. (A) Brain lysates from WT mice treated with MCAO for 60 min, followed by reperfusion for the
indicated time periods were analyzed by immunoblotting for p-S345 MLKL, MLKL, p-T231/5232 RIPK3, RIPK3, CC3, and Tubulin. (B) Brain lysates from WT mice
treated with permanent occlusion for the indicated time periods were analyzed by immunoblotting for p-S345 MLKL, MLKL, and Tubulin. (C) Brain lysates
prepared in 6 M urea from WT mice treated with MCAO for 60 min followed by reperfusion for 0, 1, 2, or 5 h or without reperfusion were analyzed by im-
munoblotting for p-5345 MLKL and MLKL. (D-E, Upper) Brain sections of WT, Ripk1P?38VP138N and Ripk3~'~ mice treated with MCAO for 60 min followed by
reperfusion for 3 h were immunostained for p-T231/5232 RIPK3 (D) and p-S345 MLKL (E) and coimmunostained with CD31. P-RIPK3* endothelial cells at different
time points were quantified (Bottom). (F-H) Brain sections of WT, Ripk1°738MP138N and Ripk3~~ mice treated with MCAO for 60 min followed by reperfusion for
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and chemokines, including TNFa, IL6, IL1a, IL1f, and Cxcll, in
the brains of RipkIP?3NPI38N mice during reperfusion after is-
chemic insult (Fig. 3). In contrast, the pattern of proinflammatory
cytokine and chemokine expression in the brains of Ripk3~'~ mice
was similar to that of WT mice, with a slight decline at the 23-h
timepoint. These results suggest that a RIPK1 kinase-mediated
inflammatory response is activated early after the ischemic in-
sult, while necroptosis mediated by RIPK3 can also contribute to
inflammation in a time-delayed manner.

Taken together, the foregoing results demonstrate that nec-
roptosis is activated rapidly in endothelial cells and neurons after
cerebral ischemia-reperfusion, while RDA is induced in neurons
in a delayed fashion, peaking at ~24 h after ischemic insult and
reperfusion. Since RIPK1 kinase is involved in mediating nec-
roptosis, RDA, and inflammation, inhibition of RIPK1 kinase
can block the death of endothelial cells and neurons, as well as
the production of proinflammatory cytokines and chemokines,
while blocking necroptosis may only partially rescue cell death
and amplification of the inflammatory response after the onset
of reperfusion.
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Fig. 3.

Reduction of TAK1 after Ischemic Insult. We next examined the
mechanisms promoting apoptosis during reperfusion after is-
chemic insult. Since TAKI1 is an important negative regulator of
RDA (11), we assessed whether loss of TAKI-mediated sup-
pression was involved by examining its expression levels in the
brains of WT mice during reperfusion after ischemic insult. In-
terestingly, we found that the levels of TAK1 started to decrease
during reperfusion at ~2 h after the ischemic insult (Fig. 44).
Phosphorylation of Thr180/Thy182 p38 and Thy183/Tyr185 JNK,
the downstream substrates of TAKI, were also reduced during
reperfusion around the same time period, while phosphorylation
of Thr202/Thr204 ERK showed no difference. A similar re-
duction in the levels of TAK1 protein was observed in the brains
of WT, Ripk]P138NPI38N - and Ripk3~'~ mice during reperfusion
after ischemic insult (Fig. 4B). Thus, the loss of TAKI1 is likely to
be upstream and independent of RIPK1 and RIPK3.

We also assessed the cell types that showed reduced TAK1
expression in the brains of WT mice by immunostaining. In
sham-operated WT brains, TAK1 was expressed by both
IBA1* microglia/infiltrated macrophages and NeuN" neurons.
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Inhibition of RIPK1 blocks neuroinflammation induced by cerebral ischemic insult. Quantitative RT-PCR analysis of the mRNA expression levels of

indicated cytokines and chemokines in the brain lysates from WT, Ripk1°738V/P738N and Ripk3~'~ mice treated with MCAO for 60 min followed by reperfusion
for the indicated time periods (n = 5 mice for each time point). The data represent mean + SEM. *P < 0.05.
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Fig. 4. Reduction of TAK1 in neurons and microglia/infiltrated macrophages induced by cerebral hypoperfusion. (A) Brain lysates from WT mice treated with
MCAO for 60 min followed by reperfusion for the indicated time periods were analyzed by immunoblotting for TAK1, p-(T180/Y 182) p38, p38, p-T183/Y185
INK, JNK, p-T202/Y204 ERK, and ERK, with Tubulin as a loading control. (B) Brain lysates from mice with indicated genotypes subjected to MCAO for 60 min
followed by reperfusion for the indicated time periods were analyzed by immunoblotting for TAK1 and Tubulin as a loading control. The same WT Ripk1*/*
data in A were used in B to compare with that of mutant mice. (C and D, Upper) Brain sections from WT mice subjected to MCAO for 60 min followed by
reperfusion for 23 h were immunostained with TAK1 and coimmunostained with IBA1 (C) and NeuN (D). The nuclei were stained by Hoechst stain. Quan-
tification of TAK1*/IBA1* microglia/infiltrated macrophages and TAK1*/NeuN* neurons are shown at the bottom of each panel. n = 3 mice. Quantifications
include about 100 TAK1* cells and about 100 CC3* cells from each mouse. The fourth panels in each column are enlarged images of the Insets. (Scale bar,
white: 100 pm; Magnification: 20x.) (Scale bar, yellow: 50 pm; Magnification: 40x.) (E, Left) TAK1%/CC3* cells at 24 h after MCAO were quantified by double
immunostaining for TAK1 and CC3. n = 3 mice. (E, Right) Quantifications included ~100 cells. The data represent mean + SEM. The fourth panels in each
column are enlarged images of the Insets. (Scale bar, white: 100 pm; Magnification: 20x.) (Scale bar, yellow: 50 pm; Magnification: 40x.) (F=/) Primary microglia
(F and H) and neurons (G and /) from WT mice were treated with serum deprivation in the presence of MG132 (10 uM), E64d (5 pg/mL), Velcade (50 ng/mL),
chloroquine (50 pg/mL), or a combination as indicated for 18 h. The lysates were analyzed by immunoblotting for TAK1, RIPK1, and Tubulin. (J) TTC staining of
the mice with >80% rCBF reduction (Left) and <80% rCBF reduction (Right). Brain lysates from WT mice treated with no operation, sham operation, MCAO
with >80% rCBF reduction, and MCAO with <80% rCBF reduction followed by reperfusion for 23 h were analyzed by immunoblotting for TAK1 and Tubulin
as a loading control. *P < 0.05, **P < 0.01, and ***P < 0.001.
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TAKI levels were reduced in both microglia/infiltrated macro-
phages and neurons at 23 h of reperfusion after ischemic insult
(Fig. 4 C and D). Consistent with suppression of apoptosis by
TAK1, we found that the presence of activated CC3* was largely
excluded from cells that were positive for TAK1 expression (Fig.
4E). No reduction of MAP3K7 mRNA was detected after is-
chemic insult and reperfusion in WT, RikaD”SN/DI‘?gN, or
Ripk3~'~ animals, suggesting that the loss of TAK1 expression is
unlikely to be the result of reduced transcription (SI Appendir,
Fig. S4).

We have previously reported the reduction of TAK1 expres-
sion in aging human brains (12) and aging has also been shown to
lead to declined blood perfusion of tissues and organs (21). Thus,
we considered whether hypoperfusion may be a common con-
tributing factor reducing TAKI1 levels in stroke and aging brains.
Indeed, we found that serum removal reduced the levels of
TAKI in cultured primary microglia and neurons (Fig. 4 F and
G). Inhibition of proteasomal and lysosomal degradation si-
multaneously, but not individually, blocked the reduction of
TAKI1 from neurons and microglia under serum removal con-
ditions, suggesting both lysosomal and proteasomal degradation
of TAK1 can occur (Fig. 4 H and I). Similarly, removing serum
from cultured murine embryonic fibroblasts (MEFs) also re-
duced the levels of TAK1, which could be rescued by blocking
both proteasomal and lysosomal degradation by MG132/E64d
or Velcade/E64d (SI Appendix, Fig. S5 A and B). Levels of
MAP3K7 mRNA were even slightly increased in MEFs on serum
removal, confirming that the reduction of TAK1 is not mediated
by changes in transcription (SI Appendix, Fig. S5C). In contrast,
the levels of total RIPK1 were not altered by serum withdrawal,
aligned to the supposition that TAK1 alterations are upstream
of RIPK1.

To examine the effects of hypoperfusion in vivo, we analyzed
the brains of mice in which MCAO was induced, but regional
cerebral blood flow (rCBF) was reduced by <80%, which was not
sufficient to induce stroke. Interestingly, a reduction in TAK1
levels was found in these mouse brains, which did not show in-
farction (Fig. 47). Thus, even a mild rCBF reduction can lead to a
TAKI1 reduction in vivo, which may serve as a useful paradigm to
understand TAK1 reductions in the aging brain. These results
suggest that reduction of blood perfusion in the brains after
stroke is sufficient to reduce the levels of TAK1 by promoting its
degradation.

Reduction of TAK1 Promotes Apoptosis after Ischemic Brain Insult. To
understand the functional significance of TAK1 reduction in is-
chemic brains, we selectively reduced the expression of TAK1 in
the myeloid or neuronal lineages by generating conditional
MAP3K7"": Lyz2*"* or MAP3K7""; Emx“™/* mice, respectively.
We have confirmed TAK1 deletion in these conditional knock-
out mice (SI Appendix, Fig. S6A4). The reduction of TAK1 from
either a myeloid or a neuronal lineage led to an increase in
stroke volume compared with that of WT mice (Fig. 54). We
assessed the impact of TAK1 reduction on RIPK1 activation
after ischemic insult using immunoblotting of p-S166 RIPK1 and
found that p-S166 RIPK1 was increased and persisted longer after
MCAO in the MAP3K7"": Lyz2°** or MAP3K7""; Enx“™* mice
compared with WT mice (Fig. 5B). The signal of p-S166 RIPK1
remained detectable in the MAP3KZ"", Emx“™"* mice at 4 d after
MCAO, when it was below the limit of detection in WT mice.
We next performed p-S166 RIPK1 immunostaining in the brains
of WT, MAP3K7?"": Lyz27"*, and MAP3K7""; Emx™* mice fol-
lowing MCAO. The percentage of p-S166 RIPK1* IBA1* microglia/
infiltrated macrophages was higher in MAP3K7""; Lyz27“* mice
compared with WT or MAP3K7""; Emx“™** mice at 2 to 5 h after
reperfusion (Fig. 5C). CD31* endothelial cells showed similar per-
centages of p-S166 RIPK1* cells in all three types of mice (Fig. 5D).
MAP3K7": [yz2°?* mice had a higher percentage of p-S166
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RIPK1* NeuN" neurons at 2 to 5 h after reperfusion compared
with WT and MAP3K7""; Emx"*/* mice; while MAP3K7"",
Emx“™* mice had a higher percentage of p-S166 RIPK1™ neurons
on day 4 (Fig. 5SE). These results suggest that TAK1 deficiency
promotes the activation of RIPK1 in both microglia/infiltrated
macrophages and neurons with distinct time courses.

We next analyzed the consequences of TAK1 deficiency on
the induction of apoptosis after cerebral ischemic insult. In
MAP3K7™; Lyz2"/* "mice, cerebral ischemia-mediated CC3
occurred earlier than in WT mice and was detectable as early as
2 h after the onset of reperfusion; in addition, the peak of CC3 was
earlier relative to that in WT mice (Fig. 6 4 and B). This suggests
that neuronal apoptosis can be induced by TAKI-deficient
microglia/infiltrated macrophages in a non—cell-autonomous fash-
ion. This bystander effect of microglia/infiltrated macrophages is
likely mediated by cytokine and chemokine production, as levels of
proinflammatory cytokines, such as TNFa and IL6, were higher in
the brains of MAP3K7"" ; Lyz2"** mice relative to WT mice at 5 h
after reperfusion (Fig. 6C).

In MAP3K7"": Emx“"*"* mice, the onset of CC3 was not al-
tered compared with that in WT mice; however, maximal CC3
occurred earlier and in greater magnitude relative to WT, and
CC3 was still detected in MAP3K7™; Emx“"*/* mice, but not in
WT mice, at 4 d after ischemic insult (Fig. 6B).

The loss of TAK1 from either the myeloid or neuronal lineage
did not significantly affect the activation of necroptosis induced
by cerebral ischemia as measured by P-MLKL levels in brain
lysates from both MAP3K7"" ; Lyz27"* mice and MAP3K7"",
Emx“™* mice subjected to MCAO (SI Appendix, Fig. S6 B-F).

In addition to increased levels of apoptosis, we found signifi-
cant increases in the levels of proinflammatory cytokines and
chemokines in both MAP3K7""; Lyz2°*/* mice and MAP3K7"",
Emx™* mice subjected to MCAO (Fig. 6C). In MAP3K7"";
Lyz2* mice treated with MCAO, the levels of proinflammatory
cytokines were higher than those in WT mice at 5 h after reperfu-
sion, while in MAP3K7""; Emx“™* mice, proinflammatory cytokine
levels were similar to those in WT in this early period. However,
from 24 h to day 4 after reperfusion, MAP3K M. Emx®* mice
showed augmented levels of proinflammatory cytokines, suggesting
that sustained apoptosis after the loss of TAK1 from neurons can
also promote the production of proinflammatory signals.

To investigate whether the activation of apoptosis on TAK1
loss is dependent on RIPKI1 kinase function, we administered a
specific inhibitor of RIPK1 kinase, Nec-1s, to both MAP3K7"";
Lyz2°""* mice and MAP3K7""; Emx“*/* mice that had been
subjected to MCAOQO. The administration of Nec-1s suppressed
cleavage of caspase-3 in both types of mice (Fig. 6 D and E).

Collectively, these findings suggest that reduced expression of
TAKI1 in microglia/infiltrated macrophages promotes the pro-
duction of proinflammatory cytokines, which in turn activates
neuronal apoptosis non—cell-autonomously. In addition, selec-
tive loss of TAK1 from neurons augments apoptosis in both
magnitude and temporal duration, as well as the production of
proinflammatory cytokines. Taken together, these results suggest
that the reduction of TAKI1 in postischemic brains promotes
apoptosis and neuroinflammation.

Discussion

In this study, we examined the temporal and interactive re-
lationship between necroptosis and apoptosis after ischemic
brain insult and found that necroptosis is rapidly activated after
cerebral ischemic insult in a reperfusion-dependent manner.
Based on the biomarkers of necroptosis, p-RIPK3 and p-MLKL,
necroptosis induced by ischemic insult occurs primarily in cere-
bral endothelial cells and neurons, while apoptosis occurs pri-
marily in neurons in a time-delayed fashion. Activated microglia/
infiltrated macrophages after ischemic insult show p-RIPKI,
supporting the role of RIPK1 in mediating neuroinflammation
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Fig. 5. Selective TAK1 loss augments the activation of RIPK1 to promote apoptosis. (A) WT, MAP3K7: [ yz2<* and MAP3K7™; Emx“""* mice (each dot
representing 1 mouse) were subjected to transient 60 min of MCAO, followed by reperfusion for 23 h. The brains were processed for TTC staining to measure
infarct volume. (B) Brain lysates from mice with the indicated genotypes subjected to MCAO for 60 min followed by reperfusion for the indicated time periods
were immunoprecipitated with p-5166 RIPK1 and analyzed by immunoblotting with the indicated antibody. (C-E, Upper) Sections of WT, MAP3K7™: [ yz2crer,
and MAP3K7™": Emx®"* mice treated with transient 60 min of MCAO followed by reperfusion for 5 h (C and E) or 3 h (D) at different time points as indicated on
the bar graphs were immunostained with p-5166 RIPK1 and coimmunostained with IBA1, CD31, or NeuN for microglia/infiltrated macrophages (C), cerebro-
vascular endothelial cells (D), and neurons (E), respectively. The larger Insets (Right) in C are an enlarged image of the smaller Insets (Left). (Magnification: 40x;
Scale bar: 50 pm.) (C-E, Lower) The quantification of the results. The data represent mean + SEM. The quantifications of p-S166 Ripk1™ microglia/infiltrated
macrophages, endothelial cells, and neurons are shown at the bottom of each panel. n = 3 mice for each time point. Assessment of each time point includes data
from five sections for approximately 150 cells in each mouse. *P < 0.05 and **P < 0.01.

(20). We show that necroptosis of cerebral endothelial cells RDA, reduces the stroke volume, while inhibition of necroptosis
mediates intracerebral hemorrhage. Since neurons undergo both by Ripk3~/~ rescues cerebral hemorrhage and inflammation,
necroptosis and RDA, inhibition of RIPK1 kinase by D138N  leading to a reduction in ischemic stroke volume only at later
mutation and Nec-1s, which can block both necroptosis and timepoints. These results suggest that the activation of RIPK1 is
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one of the primary deleterious mechanisms in the brain following
ischemic insult. The downstream consequences of RIPK1 activation
exhibit cell-type specificity: the activation of RIPK1 in endothelial
cells promotes necroptosis and cerebromicrovascular damage, the
activation of RIPK1 in neurons promotes both necroptosis and
apoptosis at varying timepoints, while the activation of RIPK1 in
microglia/infiltrated macrophages promotes inflammation. Since
neuronal expression of TNFR1 and TNFR2 is very low under
normal conditions (22, 23), our study also suggests the possibility
that the activation of RIPK1 in neurons after cerebral ischemia may
occur independent of TNFu signaling, raising the question as to
how RIPK1 may be activated independent of TNFR1, which is a
highly established paradigm in which RIPK1 plays an important role
in mediating deleterious signaling responses.

Intracerebroventricular administration of Nec-1 was shown to
reduce the infarct volume in MCAO, with an extended time
window for neuroprotection (2). Subsequent studies supported
the protective effect of inhibiting RIPK1 kinase in ischemic in-
juries induced in multiple tissues/organs, including brain, eye,
heart, and kidney (24-31). While these studies highlighted the
important role of RIPK1 as a central mediator of brain damage
following acute ischemic neuronal injury, how the activation of
RIPK1 mediates tissue injuries and cell death remains unclear.
Here we show that the activation of RIPK1 is critical for medi-
ating both apoptosis and necroptosis after ischemic injury,
whereas RIPK3-mediated necroptosis primarily mediates vas-
cular pathology and long-term stroke volume. The loss of TAK1
after reduction of cerebral perfusion sensitizes to apoptosis and
the transition from necroptosis to RDA.

Our study demonstrates that the mechanism of transition from
necroptosis to apoptosis in vivo is mediated by the reduction of
TAKI1 by hypoperfusion. Apoptosis can be switched to necroptosis
on inhibition of caspases (2, 7), but a switch from necroptosis to
apoptosis has not been shown. We found that a reduction of TAK1
promotes apoptosis after the activation of necroptosis driven by
hypoperfusion. Our results suggest that the reduction of TAK1 in
aging human brains (12) might also be attributable to cerebral
hypoperfusion. Conditional loss of TAK1 specifically from cells
of myeloid lineage, including microglia and macrophages, in
MAP3K7""; Lyz27"*/* mice accelerates the onset of apoptosis after
ischemic brain insult. Since the activated caspase-3 is present pri-
marily in neurons of WT mice subjected to MCAO, these results
suggest that the loss of TAK1 might accelerate the onset of neuronal
apoptosis non—cell-autonomously. In addition, since the neuronal-
specific loss of TAK1 in MAP3K7"", Enx®* mice can promote the
magnitude and persistence of apoptosis, this result suggests that the
loss of TAK1 can also promote cell-autonomous neuronal apopto-
sis. Thus, our findings suggest that TAK1 level serves as a critical
factor for determining the vulnerability of CNS after ischemic insult.
In this regard, the reduced levels of TAKI1 in aging human brains
(12) may predispose older individuals to cognitive damage mediated
primarily by RDA after ischemic stroke, while in younger individ-
uals, stroke may activate primarily necroptosis followed by RDA.
This may serve as a future direction for this work.

Activation of proteasomal and lysosomal proteases has been
proposed to mediate ischemic brain injury (32-34). Elevated
levels of ubiquitin-protein conjugates are observed after cerebral
ischemia, which is consistent with the activation of proteasomal
degradation (35). Modulation of the ubiquitin-proteasome-system,
such as through the administration of proteasomal inhibitors, has
been shown to improve neurologic outcomes after cerebral is-
chemia (36). Here we show that the activation of both proteasomal
and lysosomal degradation under ischemic condition is involved in
mediating the degradation of TAKI to sensitize to apoptosis, and
thus that reduced TAK1 levels may provide a molecular mecha-
nism that connects the activation of proteasomal and lysosomal
systems under ischemic conditions to the onset of apoptosis.

Naito et al.

The role of RIPK1 kinase in mediating both cerebral hemorrhage
and neuronal cell death in stroke suggests the effectiveness of RIPK1
inhibitors in treating both hemorrhagic and ischemic stroke. Tissue
plasminogen activator and mechanical thrombectomy, the approved
treatment options for acute ischemic stroke, have intracranial hem-
orrhage as a common adverse event, and thus are inappropriate for
hemorrhagic transformation patients. The current treatment paradigm
requires a differential diagnosis between ischemic and hemor-
rhagic transformation stroke, leading to delays in starting
treatment and diminished patient outcomes. Our findings in-
dicate that inhibition of RIPK1 can reduce both hemorrhagic
transformation and neuronal cell death, which may allow for the
use of RIPKl-targeting therapeutics without a differential di-
agnosis. Given the large therapeutic window of RIPK1 inhibition
(up to 6 h) (2, 3), this may provide an important opportunity to
reduce the loss of neurologic function in stroke patients. We
demonstrate that the activation of necroptosis depends on
reperfusion and is activated immediately after ischemic insult on
reperfusion. Endothelial cells, which compose the blood-brain
barrier (BBB) required to maintain normal brain function, are
highly sensitive to perturbations under ischemic conditions (37).
Thus, administration of a RIPK1 inhibitor after stroke may
provide opportunity to reduce BBB damage as well as protect
neurologic function by inhibiting both necroptosis and apoptosis.

Methods

Animals. Lyz2Cre/Cre mice and EmxCre/Cre mice were purchased from The
Jackson Laboratory (stock nos. 004781 and 005628). All animals were maintained
in a pathogen-free environment, and experiments were conducted according to
the protocols approved by Harvard Medical School’s Institutional Animal Care
and Use Committee. The Ripk3™~ mice were a gift from Vishva Dixit, Genentech.
The MAP3K7™" mice were a gift from Dr. Shizuo Akira, Osaka University.

Mouse Genotyping. Tak1(f/f) genotyping used the following primers (5'>3'): re-
verse: GGAACCCGTGGATAAGTGCACTTGAAT; forward: GGCTTTCATTGTGGAGG-
TAAGCTGAGA. Lyz2Cre genotyping used the following primers (5'>3'): common:
CTTGGGCTGCCAGAATTTCTC, WT forward: TTACAGTCGGCCAGGCTGAC; mutant
forward: CCCAGAAATGCCAGATTACG. EmxCre genotyping used the following
primers (5'>3): WT forward: AAG GTG TGG TTC CAG AAT CG; mutant forward:
GCG GTC TGG CAG TAA AAA CTA TC; WT reverse: CTC TCC ACC AGA AGG CTG
AG; mutant reverse: GTG AAA CAG CAT TGC TGT CAC TT. Other mouse geno-
typing protocols followed the published literature.

Induction of MCAO. Animal experiments were performed following the STAIR
guidelines and in accordance with our institutional guidelines and following an
animal protocol approved by Harvard Medical School’s Institutional Animal
Care and Use Committee. All mice were in a C57BL/6 background. C57BL/6
mice (23 to 28 g, 7 to 9 wk) were anesthetized with 3% isoflurane and
maintained on 1.2% isoflurane in 70% nitrous oxide and 30% oxygen. rCBF
was monitored using a laser Doppler (Perimed) equipped with a flexible
probe. Rectal temperature was maintained between 36.5 °C and 37.5 °C with a
homeothermic blanket. The right common carotid artery was exposed and
clipped. After ligation of the pterygopalatine artery, the internal carotid artery
was exposed, and a temporary clip was applied to interrupt blood backflow
from the cerebrum. Through a cut external carotid artery, a silicon coated
nylon monofilament (Doccol; 602134 PK10) was placed into the internal ca-
rotid artery to confirm rCBF dropping to 80% of its former value. All data
except that in Fig. 4/ were from mice with a >80% reduction of blood flow.
Less than 10% of the mice with MCAO had a <80% reduction of blood flow
and were excluded. In Fig. 4J, we used six mice with <80% rCBF reduction for
testing whether a moderate reduction of blood flow in the brain could reduce
TAK1. After a 60-min occlusion, the filament and the clip were withdrawn, and
the mice were kept at 37 °C for 30 min. In a permanent occlusion stroke
model, mice were maintained with the filament in and had the same duration
of anesthesia and postoperative heat insulation. For sham surgery, all of the
arteries were exposed for the surgical period, but the filament was not
inserted deeply enough to produce a rCBF change. The surgical period and
the anesthesia volume were the same as in MCAO surgery.

Mice were monitored three times a day for the first 24 h, then twice a day
for the first week. Buprenorphine 0.08 mg/kg s.c. was given during the recovery
period to animals exhibiting signs of pain. Using chiasma as a landmark, the
brains from 1 mm anterior to 2 mm posterior to the stroke lesion were used for
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Fig. 6. Selective loss of TAK1 from microglia/infiltrated macrophages or neurons promotes apoptosis. (A) The brain lysates from mice with indicated geno-
types reperfused for indicated periods after 60 min of MCAO were analyzed by immunoblotting for CC3 and Tubulin. (B, Upper) Brain sections of WT,
MAP3K 71 Lyz2®™*, and MAP3K7": Emx“®* mice treated with MCAO for 60 min followed by reperfusion for 23 h were immunostained for CC3. (B, Lower)
Quantifications of CC3* neurons is shown at the bottom. n = 3 mice for each time point. The data represent mean + SEM. Assessment of each time point
includes data from five sections for approximately 150 cells in each mouse. (Magnification: 40x; Scale bar: 50 pm.) (C) Quantitative RT-PCR analysis of the
mRNA expression of indicated cytokines and chemokines in the brains of WT, MAP3K 7. Lyz2®"*, and MAP3K7™": Emx<re™* mice subjected to 60 min of
MCAO followed by reperfusion at different time periods. n = 4 mice per time point. The data represent mean + SEM. (D) MAP3K7™", Lyz2¢¢"* mice were
subjected to 60 min of MCAO and then given vehicle only or Nec-1s(20 mg/kg) i.p. at 0 h and 17 h after the onset of MCAO. The brain lysates from MAP3K7"/".
Lyz2°"®"* mice reperfused for 23 h after 60 min occlusion were analyzed by immunoblotting for CC3 and Tubulin. (E) MAP3K7™: Emx<"®* mice were subjected
to 60 min of MCAO and then given vehicle only or Nec-15(20 mg/kg) i.p. at 0 h and 17 h after the onset of MCAO. The brain lysates from MAP3K 7™, Emx<rei+
mice reperfused for 23 h after 60 min of occlusion were analyzed by immunoblotting for CC3 and Tubulin. *P < 0.05, **P < 0.01, and ***P < 0.001.
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isolating protein and RNA. Each experiment was repeated more than three
times. Male mice (age 7 to 10 wk) were used in this study. A total of 112 WT
male mice, 77 Ripk1P738NP138N mice, 81 Ripk3™~ male mice, 53 MAP3K7"":
Lyz2** male mice, and 57 MAP3K7™". Emx“** male mice were subjected to
the MCAO procedure. The mortality rate was 4.4% (5 of 112) in WT mice, 2.6%
(2 of 77) in Ripk1P738NIP138N mice, 3.7% (3 of 81) in Ripk3™~ mice, 7.5% (4 of
53) in MAP3K7™: [ yz27*"mice, and 5.2% (3 of 57) in Emx"®"* mice. There was
no significant difference in mortality among these groups. No animals died
from the sham procedure.

Measurement of Infarct Volume and Hemorrhage. Mice were sacrificed with an
overdose of isoflurane and transcardially perfused with PBS to remove in-
travascular blood. Coronal brain sections (1 mm thick) were incubated 1%
triphenyltetrazolium chloride (TTC) solution (Sigma-Aldrich) at room tem-
perature for 20 min. Infarct volumes were quantified with ImageJ software.
We used the indirect method to eliminate confounding effects of edema.
Infarct volumes from each slice were integrated to yield the total ischemic
lesion volume (38). With the same images, we defined scarlet dot lesions
within the area of ischemia as hemorrhagic infarction (37).

Measuring Hemorrhagic Blood Volume. Hemorrhagic blood volume was
quantified spectrophotometrically using the QuantiChrom Hemoglobin
Assay Kit (BioAssay Systems), in accordance with the manufacturer’s rec-
ommendations. The hemoglobin concentration was expressed as micro-
grams per sample.

Quantification of Immunostaining. Tissue sections were immunostained with
different Abs, as indicated in the figure legends. The quantification was
conducted on five sections from each mouse for ~100 to 150 cells.

Antibodies. TAK1 (Cell Signaling Technology, catalog no. 5206; Santa Cruz
Biotechnology, catalog no. sc166562), RIPK1 (BD Biosciences, catalog no.
610459; Cell Signaling Technology, catalog no. 3493), p-RIPK1(5166) (Cell
Signaling Technology, catalog no. 31122; MJS BioLynx), CC3 (Cell Signaling
Technology, catalog no. 9664), TNFR1 (Cell Signaling Technology, catalog no.
13377), IBA-1 (Wako, catalog no. 019-19741), NEUN (Millipore Sigma,
MAB377X), RIPK3 (Abcam, catalog no. ab72106), MLKL (Abcam, catalog no.
ab172868), p-RIPK3(T231/5232) (Cell Signaling Technology, catalog no.
57220), p-MLKL (Cell Signaling Technology, catalog no. 37333), LC3B (Cell
Signaling Technology, catalog no. 2775), p-p38 (Cell Signaling Technology,
catalog no. 9211),p38 (Cell Signaling Technology, catalog no. 9212), p-ERK
(Cell Signaling Technology, catalog no. 4370), and ERK (Cell Signaling, cat-
alog no. 9102)

Primary Microglia Culture. In brief, forebrains of 1- to 2-d-old mouse pups
were digested with 0.01% trypsin and triturated with DMEM containing 10%
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heat-inactivated FBS and 1% penicillin-streptomycin. Dissociated cells were
plated onto poly-p-lysine—coated 75-cm? flasks and fed every 3 d for 7 to
10 d. Following an initial 1-h shake of the culture, microglia were collected
and cultured in DMEM + 10% FBS.

Primary Neuron Culture. In brief, forebrains of E15 embryos were digested with
0.01% trypsin and triturated with DMEM containing 10% heat-inactivated FBS and
1% penicillin-streptomycin. Dissociated cells were plated onto poly-b-lysine—coated
24-well plate at density of 2 x 10° cellsiwell with DMEM. On the next day, the
medium was switched to neurobasal medium with 2% B27 supplement (Thermo
Fisher Scientific, catalog no. 17504044), and 5 1M cytokine arabinoside was added
on day 4. The neurons were harvested on day 11.

Histology and Immunochemistry. Animals were sacrificed and perfused with
PBS followed by 4% paraformaldehyde, and 25-um brain cross-sections were
prepared on a cryostat. For immunostaining, tissue sections were mounted
and blocked with 10% normal goat serum and 1% BSA, and then incubated
with primary antibodies at 4 °C overnight. Images were collected with a
Nikon Ti-E confocal microscope equipped with an A1R scan head with
spectral detector and resonant scanners; images were acquired with Nikon
NIS-Elements software. For each image point, z series optical sections were
collected with a step size of 0.2 p, using a Prior Scientific ProScan focus
motor. Gamma, brightness, and contrast were adjusted on displayed images
(identical for compared image sets) using Fiji software.

Statistics and Bioinformatics. Differences were considered statistically significant
at P < 0.05(*), P < 0.01 (**), or P < 0.001(***). Data are expressed as mean +
SEM. Sample sizes for animal studies were determined by power calculations
based on pilot studies. JMP version 14.0.0 was used for statistical analyses.
Pairwise comparisons between two groups were performed using the Student
t test. For multiple comparisons among the three genotypes, we performed
one-way ANOVA to analyze the difference in means for continuous variables
with a normal distribution. Two-way ANOVA was performed to analyze the dif-
ferences in mean with multiple comparisons over time. When one- or two-way
ANOVA showed significant differences, pairwise comparisons between means
were tested by appropriate post hoc tests. Behavior assessment was done in a
double-blinded manner with a scorer unaware of the previous treatment or

genotypes.
Data Availability. All data are included in the manuscript and S/ Appendix.
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