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SUMMARY

It is well documented that the rate of aging can be
slowed, but it remains unclear to which extent aging-
associated conditions can be reversed. How the inter-
face of immunity and metabolism impinges upon the
diabetes pandemic is largely unknown. Here, we
show that NLRP3, a pattern recognition receptor, is
modified by acetylation in macrophages and is deace-
tylated by SIRT2, an NAD"-dependent deacetylase
and a metabolic sensor. We have developed a cell-
based system that models aging-associated inflam-
mation, a defined co-culture system that simulates
the effects of inflammatory milieu on insulin resistance
in metabolic tissues during aging, and aging mouse
models; and demonstrate that SIRT2 and NLRP3 de-
acetylation prevent, and can be targeted to reverse,
aging-associated inflammation and insulin resistance.
These results establish the dysregulation of the acet-
ylation switch of the NLRP3 inflammasome as an
origin of aging-associated chronic inflammation and
highlight the reversibility of aging-associated chronic
inflammation and insulin resistance.

INTRODUCTION

Aging is a systematic degenerative process that was long
perceived as passive wear and tear. However, compelling evi-
dence favors the view that aging is a regulated process amenable
for genetic and environmental manipulations resulting in lifespan
and healthspan extension (Kenyon, 2010; Lépez-Otin et al,
2013). Evidence is also emerging to suggest that aging-associ-
ated conditions may be reversed. Prominently, aging-associated
stem cell deterioration and tissue degeneration have been shown
to be reversed by genetic regulators (Brown et al., 2013; Leeman
et al., 2018; Luo et al., 2019; Mohrin et al., 2015). The extent to
which aging-associated conditions can be reversed is unknown
but has profound implications for enhancing healthspan in the
world with a growing aging population.

The immune system has evolved to launch robust yet acute
responses necessary to effectively eliminate pathogens and
safeguard tissue integrity. Chronic low-grade inflammation has
no survival advantage to the host, yet epidemiological studies
showed a marked increase in pro-inflammatory cytokines in
aged (Chung et al., 2006; Fagiolo et al., 1993; Ferrucci et al.,
2005; Forsey et al., 2003; Hager et al., 1994; Mysliwska et al.,
1998) or obese individuals (Hotamisligil, 2010; Vandanmagsar
et al., 2011). Numerous studies have suggested a connection
between chronic inflammation and age- or overnutrition-related

Context and Significance

It is well-documented that the rate of aging can be slowed, but it remains unclear to which extent aging-associated condi-
tions can be reversed. Understanding the reversibility of aging-associated conditions has important implications in treating
aging-related diseases. Here, researchers at the University of California, Berkeley discovered that the SIRT2 enzyme regu-
lates the NLRP3 inflammasome, a cellular machinery that produces inflammatory cytokines and prevents inflammation and
insulin resistance in aged but not young mice. The researchers demonstrated that SIRT2 and NLRP3 modulation can be tar-
geted to reverse inflammation and insulin resistance in aged mice. These findings demonstrate an underlying cause of ag-
ing-associated inflammation and highlight the reversibility of aging-associated conditions.
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Figure 1. NLRP3 Is Modified by Acetylation in Macrophages and Deacetylated by SIRT2

(A) NLRP3-Flag was immunopurified from NG5 cells treated with control or SIRT2 siRNA and analyzed by mass spectrometry. Acetylation sites are marked
with (*).

(B) Domain structure of NLRP3. Acetylation sites are marked with (*).

(C) NLRP3-Flag was immunopurified from NG5 cells followed by western analyses. NLRP3 KO cells were used as a negative control.

(D) NLRP3-Flag was immunopurified from NG5 cells treated with SIRT2 or control siRNA followed by western analyses.

(E) The acetylation sites on NLRP3 are conserved across species. Sequence alignment of NLRP3 from various mammalian species is shown. Acetylated lysine
residues are labeled with ().

(F and G) Bone-marrow-derived macrophages (BMDMs) isolated from WT or SIRT2 KO mice were primed with LPS and then stimulated with nigericin or ATP
(NLRP3 inducers), flagellin (NLRC4 inducer), or dsDNA (AIM2 inducer). Cell lysates were used for western analyses for pro IL-1B and pro caspase 1, and culture

supernatants were used for p17 IL-1p and p20 caspase 1 western analyses (F). IL-1p in culture supernatants was quantified using ELISA (G).
Error bars represent SE. *p < 0.05. n.s.: p > 0.05. Student’s t test. See also Figure S1.

conditions (Barbieri et al., 2003; Beasley et al., 2009; Cartier
et al., 2009; Cesari et al., 2004; Hsu et al., 2009; Kania et al.,
1995; Maggio et al., 2005, 2006; Pfeilschifter et al., 2002; Pou
et al.,, 2007; Schaap et al., 2009) and diseases (Aggarwal
et al., 2006; Cesari et al., 2003; Cushman et al., 2005; Kalogero-
poulos et al., 2010; Pickup et al., 2000; Pradhan et al., 2001;
Ravaglia et al., 2007; Rodondi et al., 2010; Tracy et al., 1997;
Weaver et al., 2002; Yaffe et al., 2003), but the origins of aging-
and overnutrition-associated chronic inflammation are largely
unknown.

The NACHT, LRR and PYD domains-containing protein 3
(NLRP3) inflammasome is a unique innate immune sensor
that can be activated by a diverse array of endogenous meta-
bolic signals to induce inflammation in the absence of overt
infection (Martinon et al., 2009; Place and Kanneganti, 2018;
Strowig et al., 2012). Aberrant activation of the NLRP3 inflam-
masome leads to the production of inflammatory cytokines
IL-1B8 and IL18, and contributes to pathological inflammation
in sterile inflammatory diseases such as Alzheimer’s disease,
Parkinson’s disease, obesity, diabetes, multiple sclerosis,
and cancer (Duewell et al., 2010; Guo et al., 2015; Heneka
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et al.,, 2013; Inoue et al.,, 2012; Jourdan et al.,, 2013; Yan
et al., 2015). In this study, we found that NLRP3 is modified
by acetylation in macrophages and is targeted by sirtuin 2
(SIRT2), a cytosolic deacetylase, for deacetylation. We demon-
strate that acetylation of NLRP3 facilitates the assembly and
activation of the NLRP3 inflammasome. We provide evidence
that the acetylation switch of NLRP3 inflammasome is physio-
logically relevant and regulates aging-associated inflammation
and glucose homeostasis.

RESULTS

NLRP3 Is Modified by Acetylation and Targeted by SIRT2
for Deacetylation

To understand the regulation of the NLRP3 inflammasome,
we investigated the posttranslational modifications of NLRP3.
We immunopurified NLRP3 from NG5 cells, an immortalized
NLRP3 knockout (KO) macrophage line stably expressing Flag-
NLRP3 (Py et al., 2013). Mass spectrometry analyses revealed
lysine residues modified by acetylation (Figures 1A, 1B, and
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Figure 2. Acetylation of NLRP3 Enhances the NLRP3 Inflammasome Assembly and Activity

(A) NG5 cells were primed with LPS and treated with ATP or dsDNA. NLRP3-Flag was immunopurified followed by western analyses.

(B and C) NLRP3 KO macrophages were reconstituted with NLRP3 mutants (B, NLRP3 mutant K21/22/24R; and C, NLRP3 mutants K21R, K22R, and K24R) and
WT NLRP3 control by retroviral transduction and were stimulated with LPS and ATP. Cell lysates were used for western analyses for pro IL-1B. Culture su-

pernatants were used for p17 IL-1B western analyses. n.s.: non-specific band.

(D) Position of K21, K22, and K24 residues in NLRP3 PYD domain structure (PDB code: 2NAQ).
(E and F) K21 and K22 are involved in Type | interactions in modeled NLRP3-NLRP3 interaction (E) and NLRP3-ASC interaction (F).
(G) Sequence alignment of the PYD domain of NLRP3 and ASC indicates conserved charged residues (green box) and less conserved hydrophobic residues

(orange box) in Type | interface.
See also Figure S2 and Table S1.

S1A). Western analyses further confirmed that NLRP3 was modi-
fied by acetylation in macrophages (Figure 1C).

Sirtuins are NAD*-dependent deacylases that regulate diverse
metabolic processes (Du et al., 2011; Finkel et al., 2009; Jiang
et al.,, 2011; Jing et al., 2016; Liu et al., 2008; Walker et al.,
2010; Wang et al., 2010; Zhao et al., 2010). To determine whether
sirtuins target NLRP3 for deacetylation, we knocked down sirtuins
in NG5 cells via small interfering RNA (siRNA). Knocking down
SIRT1 in NG5 cells did not have an effect on the acetylation level
of NLRP3 (Figures S1B and S1C). In contrast, knocking down
SIRT2in NG5 cells increased the acetylation level of NLRP3 deter-
mined by western analyses (Figure 1D). These lysine residues tar-
geted for acetylation are highly conserved in mammals (Figure 1E).
Mutating these lysine residues reduced the acetylation levels of
NLRP3 (Figure S1D). These results suggest that SIRT2 targets
NLRP3 for deacetylation in macrophages.

Because SIRT2 deacetylates NLRP3, we investigated whether
SIRT2 regulates the NLRP3 inflammasome activation. We iso-
lated bone-marrow-derived macrophages (BMDMs) from wild-
type (WT) and SIRT2 KO mice and stimulated the cells for inflam-
masome activation. The expression of pro-IL1f in stimulated WT
and SIRT2 KO macrophages was comparable (Figure 1F). SIRT2
KO macrophages had increased production of IL-18 and

cleaved caspase 1 compared to WT controls in response to
NLRP3 inducers such as nigericin and ATP (Figure 1F). However,
there was no difference in IL-1B production and caspase 1 cleav-
age between WT and SIRT2 KO macrophages in response to
flagellin, a NLRC4 inflammasome inducer, or dsDNA, an AIM2 in-
flammasome inducer (Figure 1F). Consistent with a role of SIRT2
in suppressing NLRP3 inflammasome activation, pharmacolog-
ical inhibition of SIRT2 also enhances caspase 1 activation in
response to NLRP3 induction (Misawa et al., 2013). Together,
these results suggest that SIRT2 represses the NLRP3 inflam-
masome activity.

Acetylation of NLRP3 Facilitates the Assembly and
Activation of the NLRP3 Inflammasome

To investigate whether acetylation regulates the activity of the
NLRP3 inflammasome, we treated NG5 cells with inducers for in-
flammasomes. Upon priming with lipopolysaccharides (LPS) fol-
lowed by ATP stimulation to activate the NLRP3 inflammasome,
the acetylation level of NLRP3 was increased (Figure 2A).
However, treatment with LPS and dsDNA, an AIM2 inflamma-
some inducer, did not change the level of NLRP3 acetylation.
The PYD domain mediates the interaction between NLRP3 and
apoptosis-associated speck-like protein containing a CARD
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Figure 3. Young SIRT2 KO Mice Fed a Chow Diet Are Metabolically Normal

Young WT and SIRT2 KO mice fed a chow diet for 6 months were compared.
(A) Tissue weight.

(B) Plasma IL-18.

(C) Plasma glucose.

(D and E) Glucose tolerance test. (E) is the area under the curve for (D).

Error bars represent SE. n.s.: p > 0.05. Student’s t test. See also Figure S3.

(ASC), and the formation of the inflammasome (Lu et al., 2014).
We mutated the lysine residues at the acetylation sites of
NLRP3 to arginine to mimic the constitutively deacetylated state
and reconstituted NLRP3 KO macrophages with WT or mutant
NLRP3 (K21/22/24R) via retroviral transduction. WT and mutant
NLRP3 were expressed to comparable levels (Figure 2B). Upon
treatment with LPS and ATP, cells reconstituted with WT NLRP3
processed IL-1 (Figure 2B). In contrast, cells reconstituted with
NLRP3 mutant had significantly reduced levels of IL-1p cleavage
(Figure 2B). NLRP3 complexes with ASC to form inflammasome
(Martinon et al., 2009; Strowig et al., 2012). In contrast to WT
NLRP3, which triggered the formation of speck-like foci contain-
ing ASC, NLRP3 mutant was compromised in forming speck-like
foci with ASC (Figures S2A and S2B), indicating that acetylation
of NLRP3 facilitates the assembly and activation of the NLRP3
inflammasome.

We next made and tested single mutations of lysine residues to
arginine. K21R and K22R mutants, but not K24R mutant,
resulted in reduced NLRP3 inflammasome activation and
compromised formation of speck-like foci with ASC (Figures 2C
and S2C), consistent with the model that K21 and K22 mediate
the PYD-PYD interaction (Lu et al., 2014). Structural analyses
showed that K24 was partially buried in the interior of the PYD,
while K21 and K22 pointed to the exterior of the domain (Fig-
ure 2D). There was sufficient space surrounding K24 to accom-
modate an R mutation in the structure, consistent with the lack
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of effect of K24R mutant on inflammasome activity (Figure 2C).
Similarly, the space was sufficient to accommodate an acetyl
group, supporting a minimal effect from acetylation on K24.

The PYD interactions between NLRP3 and ASC, or ASC and
ASC, or NLRP3 and NLRP3 use similar binding interfaces that
are observed in the ASC filament structure (Lu et al., 2014; Oroz
et al., 2016). To elucidate the potential structural mechanism for
the effect of modification and mutation on K21 and K22, we
modeled the NLRP3-NLRP3 and the NLRP3-ASC interactions
by aligning the NLRP3 PYD structure (PDB code: 2NAQ) into the
ASC oligomer (PDB code: 3J63) followed by energy minimization
using the YASARA server (Krieger et al., 2009). K21 and K22 of
NLRP3 were located at the Type | interface close to D51 and
E13 of neighboring NLRP3 or ASC (Figures 2E and 2F), in keeping
with disruption of charged interactions and impairment of ASC
polymerization by K21E and K22E mutations (Lu et al., 2014). All
these residues are conserved in the PYD domains of NLRP3 and
ASC (Figure 2G, green box). Several hydrophobic residues in the
PYD of ASC are also involved in oligomerization (Lu et al., 2014;
Oroz et al., 2016), although they are less conserved in NLRP3 (Fig-
ure 2G, orange box). Collectively, the structural analyses suggest
that acetylation at K21 and K22 of NLRP3 might alter both the
charged interactions and the hydrophobic interactions.

To quantify the consequence of changing to arginine or acetyl-
lysine (ALY) by acetylation at K21 and K22 of NLRP3, we
modeled and energy-minimized six pairs of Type | PYD dimer
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Figure 4. SIRT2 Prevents Aging-Associated Chronic Inflammation and Insulin Resistance

Two-year-old WT and SIRT2 KO mice fed a chow diet were compared.
A) Plasma glucose.

B) Plasma insulin.

C) Glucose tolerance test.

E) Western blots of AKT and phosphorylated AKT in the livers and muscles after the mice were infused with insulin.

¢
(
(
(D) Area under the curve for (C).
(
(F) Plasma IL-18.

(

G) Glucose tolerance test for aged WT, SIRT2 KO (T2 KO), caspase 1 KO (C1 KO), and SIRT2/caspase 1 double KO mice (DKO). Comparison of WT and SIRT2 KO
marked with (*). Comparison of WT and Caspase 1 KO marked with (#). Comparison of SIRT2 KO and DKO marked with (&).

(H) Area under the curve for (G).
(I) Body Weight for mice used in (G).

Error bars represent SE. (*) and (#): p < 0.05. (**), (##), and (&&): p < 0.01. (***) and (&&&): p < 0.001. n.s.: p > 0.05. Student’s t test and ANOVA. See also Figure S4.

structures: WT NLRP3 or K21/22R or K21/22ALY in complex
with WT NLRP3 or WT ASC. Structural analyses by PDBePISA
(http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver) of the
modeled complexes indicated that acetylation at K21 and K22
improved Type | interface stability through much enhanced hy-
drophobic interactions (Table S1). K21/22R mutations modestly
enhanced the charged interactions but decreased overall inter-
face stability due to loss of hydrophobic interactions. Further-
more, based on the energy calculation, acetylation and mutation
at 21 and 22 positions of NLRP3 may affect the NLRP3-NLRP3
interaction more significantly than the NLRP3-ASC interaction
(Table S1).

SIRT2 Prevents Aging- and Overnutrition-Associated
Chronic Inflammation and Insulin Resistance

We next determined the physiological relevance of SIRT2 regu-
lation of the NLRP3 inflammasome by assessing the systematic
inflammation and metabolic homeostasis of SIRT2 KO mice.
Young SIRT2 KO mice were phenotypically unremarkable.
Compared to the WT littermates, SIRT2 KO mice fed a chow
diet for 6 months had normal body fat, similar levels of plasma
IL-18 and glucose, and responded comparably in a glucose

tolerance test (Figure 3). Because the NLRP3 inflammasome
can be activated by endogenous metabolic signals associated
with obesity and aging (Wen et al., 2011; Youm et al., 2012),
we characterized SIRT2 KO mice fed a high-fat diet for 6 months
or fed a chow diet for 2 years. Compared to WT control mice,
SIRT2 KO mice fed a high-fat diet accumulated more body fat
(Figure S3A) and had increased levels of plasma glucose (Fig-
ure S3B) and insulin (Figure S3C). Glucose tolerance tests and
insulin tolerance tests showed compromised glucose meta-
bolism and insulin sensitivity in SIRT2 KO mice (Figures S3D-
S3G), suggesting that SIRT2 prevents diet-induced obesity
and insulin resistance. The plasma IL-18 level was increased in
SIRT2 KO mice fed a high-fat diet compared to the WT controls
(Figure S3H), consistent with increased activation of the NLRP3
inflammasome under the condition of diet-induced obesity in the
absence of SIRT2. SIRT2 KO mice had increased infiltration
of stromal vascular fraction cells and macrophages in the adi-
pose tissue, as well as increased expression of inflammatory
cytokines such as IL-6 (Figures S3I-S3K).

At 2 years old, SIRT2 KO mice fed a chow diet also exhibited
increased levels of plasma glucose and insulin (Figures 4A and
4B). Aged SIRT2 KO mice could not clear glucose as effectively

Cell Metabolism 37, 1-12, March 3, 2020 5

CellPress



http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver

Cell’ress

Please cite this article in press as: He et al., An Acetylation Switch of the NLRP3 Inflammasome Regulates Aging-Associated Chronic Inflammation and
Insulin Resistance, Cell Metabolism (2020), https://doi.org/10.1016/j.cmet.2020.01.009

é c LPS+Nigericin

2 i e Y1 Y2 01 02

o o : :

% p171L1B R

>

w

‘zr‘ 1.01 pro IL1B

29

E p20 Casp1 —

£ 0.5

) pro Casp1

[

2

8 0.0 Actin

2 Young Old

B Nigericin ATP  Flagellin dsDNA

Ctr LPS +LPS +LPS +LPS +LPS

Y O Y OY O Y OY O Y O

s BT e

proIL1p ———— ——— ———

pro Caspl = — —————————

ACHN e e — —————————

Figure 5. A Cell-Based System that Models Aging-Associated
Inflammation

(A) SIRT2 mRNA levels in bone-marrow-derived macrophages (BMDMs) iso-
lated from young and old mice were quantified by qPCR.

(B and C) BMDMs were isolated from young and old mice (B). Myeloid pro-
genitors were isolated from bone marrow of young and old mice, immortalized
with ER-Hoxb8, and differentiated into macrophages (C). Macrophages were
primed with LPS and stimulated with nigericin, ATP, flagellin, or dsDNA. Cell
lysates were used for western analyses for pro IL-1B and pro caspase 1.
Culture supernatants were used for p17 IL-18 and p20 caspase 1 western
analyses.

Error bars represent SE. ***p < 0.001. Student’s t test.

as their WT control mice in glucose tolerance tests (Figures 4C
and 4D) and showed impaired insulin signaling in insulin respon-
sive tissues, as evidenced by reduced phosphorylation of Akt
after the mice were infused with insulin (Figure 4E), indicating
that SIRT2 is also required to maintain insulin sensitivity during
physiological aging. Aged SIRT2 KO mice showed increased
levels of plasma IL-18 (Figure 4F), suggesting that SIRT2 re-
presses aging-associated NLRP3 inflammasome activation.

To assess whether the inflammation and glucose metabolism
effects of SIRT2 is attributable to the hematopoietic origin, we re-
constituted the hematopoietic system of lethally irradiated recip-
ient mice with hematopoietic stem cells (HSCs) isolated from old
WT and SIRT2 KO mice. Four months post-transplantation,
mice reconstituted with SIRT2 KO HSCs had higher levels of
plasma glucose, insulin, and IL-18 than mice reconstituted with
WT HSCs (Figure S4). Thus, hematopoietic SIRT2 functions to
repress aging-associated inflammation and maintains glucose
homeostasis.

To determine whether SIRT2 maintains glucose homeostasis
during physiological aging by repressing the NLRP3 inflamma-
some, we crossed SIRT2*~ and Caspase 17~ to generate
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SIRT2/~Caspase 1/~ aged them for 2 years, and performed
glucose tolerance tests. While aged SIRT2~/~ mice showed
glucose intolerance compared to WT control mice, SIRT2™/~
Caspase 1™/~ mice and Caspase 1/~ mice had comparable
glucose tolerance (Figures 4G and 4H). No body weight difference
was noted due to either genetic manipulation (Figure 41). Together,
these data support a causal relationship between the inflamma-
some and SIRT2-mediated prevention of aging-related glucose
intolerance.

SIRT2 and NLRP3 Deacetylation Reverse Aging-
Associated Inflammation and Insulin Resistance Ex Vivo
gPCR analyses of macrophages isolated from young (3 months
old) and old mice (2 years old) showed that the expression of
SIRT2 was decreased in old macrophages (Figure 5A). To test
whether the NLRP3 inflammasome is activated in old macro-
phages, we stimulated BMDMs from young and old mice with in-
flammasome inducers. Old macrophages showed increased
caspase 1 and IL-1f cleavage compared to young macrophages
upon the stimulation with NLRP3 inducers (nigericin and ATP)
but not NLRC4 (flagellin) or AIM2 inducer (dsDNA) (Figure 5B).
Compared to young mice, plasma IL-18 level was increased in
old mice (Figures 3B and 4F). Together, these data suggest
that the NLRP3 inflammasome is specifically activated in
macrophages during physiological aging and contributes to the
increased inflammatory milieu.

We asked whether the SIRT2-NLRP3 axis can be targeted to
reverse aging-associated inflammation. Primary macrophages
are not amenable for long-term culture and genetic manipulation.
To circumvent these limitations, we immortalized the myeloid pro-
genitors isolated from young and old mice using ER-Hoxb8
retrovirus (Wang et al., 2006) before induction to differentiation.
Macrophages derived from immortalized progenitors of old mice
also showed higher NLRP3 activity than those of young mice (Fig-
ure 5C), indicating that this cell-based system derived from
immortalized progenitors models NLRP3 activation in primary
macrophages isolated from young and old mice. We infected
immortalized progenitors of old mice with SIRT2 lentivirus and
control virus, which was followed by induction to differentiation
and inflammasome stimulation (Figure 6A). SIRT2 overexpression
reduced the production of IL-13 and cleavage of caspase 1 in
response to the stimulation with an NLRP3 inducer (ATP) but
not an NLRC4 inducer (flagellin) in macrophages derived from
old mice (Figure 6B). Furthermore, we tested the effects of
NLRP3 acetylation on aging-associated NLRP3 activation. We
transduced immortalized progenitors of old mice with WT or
constitutively deacetylated mutant (K21/22/24R) NLRP3. Upon
selection, differentiation, and inflammasome stimulation, old
macrophages reconstituted with the constitutively deacetylated
mutant NLRP3 showed decreased production of IL-1f and cleav-
age of caspase 1 (Figure 6C). These data suggest that SIRT2 inac-
tivation and NLRP3 acetylation underlie aging-associated NLRP3
activation in macrophages and can be targeted to reverse aging-
associated inflammation.

We sought to determine whether the SIRT2-NLRP3 axis can
be targeted to reverse aging-associated insulin resistance. To
this end, we took advantage of the cell-based system we
established, which models NLRP3 activation in primary macro-
phages from young and old mice and devised a defined in vitro
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Figure 6. SIRT2 and NLRP3 Deacetylation Reverse Aging-Associated Inflammation and Insulin Resistance

(A) Experimental design.

(B and C) Immortalized myeloid progenitors from old WT mice were transduced with control or SIRT2 lentivirus (B), or WT or constitutively deacetylated mutant
NLRP3 virus (C), selected, differentiated into macrophages, and treated for inflammasome activation. Cell lysates were used for western analyses for pro IL-1B
and pro caspase 1. Culture supernatants were used for p17 IL-1p and p20 caspase 1 western analyses.

(D-F) Macrophages derived from immortalized myeloid progenitors from young or old mice with specified transduction were co-cultured with a piece of intact
white adipose tissue from young or old mice as indicated and stimulated for NLRP3 inflammasome activation followed by insulin signaling activation. The insulin
signaling in the white adipose tissues was assessed by western analyses. (D, effect of SIRT2 expression in old macrophages on insulin signaling in young white
adipose tissues; E, effect of SIRT2 expression in old macrophages on insulin signaling in old white adipose tissues; and F, effect of NLRP3 acetylation in old

macrophages on insulin signaling in old white adipose tissues).

co-culture system to simulate the effects of the inflammatory
milieu derived from the NLRP3 inflammasome on insulin resis-
tance in metabolic tissues (Figure 6A). We co-cultured the mac-
rophages derived from the immortalized myeloid progenitors of
young or old mice with a piece of intact white adipose tissue
from young or old mice and induced NLRP3 inflammasome acti-
vation followed by insulin signaling activation, before the white
adipose tissues were analyzed for insulin signaling by western
analyses. We first compared the effect of overexpressing
SIRT2 in old macrophages on white adipose tissues of young
mice. Compared to young macrophages, co-culturing old mac-
rophages with young white adipose tissues reduced insulin
signaling, suggesting that the aberrant activation of the NLRP3
inflammasome in old macrophages is sufficient to induce insulin
resistance in metabolic tissues (Figure 6D). Co-culturing old

macrophages overexpressing SIRT2 with young white adipose
tissues enhanced insulin signaling (Figure 6D), consistent with
a role of SIRT2 in repressing the NLRP3 inflammasome in old
macrophages (Figure 6B).

We next co-cultured young macrophages with young white
adipose tissues (simulating young animals), old macrophages
with old white adipose tissues (simulating old animals), and
old macrophages overexpressing SIRT2 with old white adipose
tissues, which enabled us to assess whether SIRT2 activation
in old macrophages can improve insulin resistance in old ani-
mals. We also co-cultured old macrophages transduced with
WT or constitutively deacetylated mutant NLRP3 with old white
adipose tissues to determine the effects of NLRP3 acetylation
in old macrophages on insulin resistance in old animals.
Compared to co-culture of young macrophages with young
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white adipose tissues, co-culture of old macrophages with old
white adipose tissues resulted in reduced insulin signaling
(Figure BE). Overexpression of SIRT2 in old macrophages
enhanced the insulin signaling in old white adipose tissues to
the level comparable with young white adipose tissues co-
cultured with young macrophages (Figure 6E). Compared to
WT NLRP3, old macrophages reconstituted with constitutively
deacetylated mutant NLRP3 (K21/22/24R) improved the insulin
signaling in old white adipose tissues (Figure 6F). Thus, aging-
associated insulin resistance can be reversed by quenching the
inflammatory milieu, such as targeting the SIRT2-NLRP3 axis in
macrophages.

NLRP3 Deacetylation Improves Aging-Associated
Glucose Homeostasis In Vivo

To determine whether the NLRP3 acetylation switch in macro-
phages regulates aging-associated glucose metabolismin vivo,
we generated aged mouse models reconstituted with the
hematopoietic system expressing WT or K21/22/24R mutant
NLRP3. We transduced HSCs isolated from aged mice with
WT or K21/22/24R mutant NLRP3 virus, which were trans-
planted into lethally irradiated aged mice. Six weeks post-
transplantation, glucose tolerance tests showed that aged
mice reconstituted with the hematopoietic system expressing
K21/22/24R mutant NLRP3 cleared glucose more effectively
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than the mice reconstituted with the he-
matopoietic system expressing WT
NLRP3 (Figures 7A and 7B). Plasma level
of IL-18 was lower in the aged mice recon-
stituted with the hematopoietic system
expressing K21/22/24R mutant NLRP3
than the control mice expressing WT
NLRP3 (Figure 7C), while there was no
body weight difference between these
two groups (Figure 7D). Together, these
data suggest a functional role of NLRP3
acetylation in regulating aging-associated
glucose homeostasis in vivo.
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DISCUSSION

Collectively, our work establishes a defined
in vitro system that models aging-associ-
ated inflammation and insulin resistance
and enables further studies for feasibility
and mechanistic basis, as well as therapeu-
tic applications of reversing aging-associated inflammation and
insulin resistance. Our studies identify an acetylation switch of
the NLRP3 inflammasome in macrophages as a regulatory mech-
anism to ensure robust yet acute immune responses. Dysregula-
tion of the acetylation switch of the NLRP3 inflammasome under-
lies chronic low-grade inflammation associated with aging and
overnutrition and perpetuates the development of insulin resis-
tance. Importantly, this regulatory mechanism can be targeted
to reverse aging-associated inflammation and insulin resistance.

Dysregulation of the NLRP3 inflammasome is implicated in
numerous pathological conditions (Duewell et al., 2010; Guo
et al., 2015; Heneka et al., 2013; Inoue et al., 2012; Jourdan
et al., 2013; Yan et al., 2015). Its activity must be kept in check
to prevent untoward physiological consequences and is
subjected to multilayered regulation at the transcriptional
(Bauernfeind et al., 2009) and posttranscriptional levels, such
as phosphorylation (Song et al., 2017), ubiquitination (Py et al.,
2013), and acetylation (Figure 1). The existence of the multilay-
ered regulation may be essential to ensure an “on” or “off”
switch for this powerful inflammatory machinery. We demon-
strate that such fine regulation may be compromised under
certain physiological conditions, such as aging and overnutrition
(Figures 4, 6, 7, and S3).

Advances in sirtuin biology suggest that sirtuins can modify
multiple proteins with related functions to exert a concerted
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cellular function (Luo et al., 2017). Our new finding and a study by
Misawa et al. (2013) indicate that SIRT2 regulates at least two
downstream targets (NLRP3 and tubulin) to suppress two critical
steps of the NLRP3 inflammasome activation (NLRP3 inflamma-
some assembly and transport) and suggest inactivation of the
NLRP3 inflammasome is an important cellular function of SIRT2.

Sirtuins regulate a diverse array of cellular pathways and phys-
iological events. Because sirtuins possess NAD*-dependent
deacylase activities, a number of histone and non-histone sub-
strates for sirtuins have been identified (Finkel et al., 2009; Jiang
et al., 2011; Liu et al., 2008; Qiu et al., 2010; Shin et al., 2011;
Someya et al., 2010; Tao et al., 2010; Wang et al., 2010; Zhao
et al., 2010). Although it is appreciated that acylation modulates
protein biochemistry and regulates cellular functions, direct evi-
dence supporting that acylation impacts physiological function
is lacking. Using an ex vivo co-culture system (Figure 6) and an
in vivo mouse model reconstituted with the hematopoietic sys-
tem expressing a constitutively deacetylated mutant (Figure 7),
we provide evidence that acetylation impacts an aspect of
physiology.

Aging is associated with the accumulation of somatic muta-
tions in the hematopoietic system and expansion of the mutated
blood cells (Busque et al., 2012; Genovese et al., 2014; Jaiswal
et al., 2014; McKerrell et al., 2015; Xie et al., 2014). Individuals
with clonal hematopoiesis are at higher risk for not only blood
diseases, but also diseases in distant tissues and earlier mortal-
ity (Bonnefond et al., 2013; Goodell and Rando, 2015; Jaiswal
et al., 2014). These observations support the notion that aging-
associated defects in HSCs can be propagated in their progeny,
thereby having detrimental effects on distant tissues and
organismal healthspan (Goodell and Rando, 2015), and raise
the question of the impact of HSC aging on the development
of aging-related diseases (Chen and Kerr, 2019). HSC aging is
regulated by a mitochondrial metabolic checkpoint that is moni-
tored by the SIRT2-NLRP3 axis (Brown et al., 2013; Chen and
Kerr, 2019; Luo et al., 2019; Mohrin and Chen, 2016; Mohrin
et al., 2015). Mouse models reconstituted with SIRT2 KO HSCs
exhibited aging-associated chronic inflammation and compro-
mised glucose homeostasis (Figure S4), while animals reconsti-
tuted with mutant NLRP3 HSCs showed improved inflammation
and glucose homeostasis (Figure 7). Our findings suggest that
HSC aging contributes to aging-associated chronic inflamma-
tion and loss of glucose homeostasis.

Limitations of Study

The effects of SIRT2 and NLRP3 acetylation on inflammation and
glucose homeostasis were tested in C57BL/6 mouse strain
only. It will be valuable to test these effects in other genetic
backgrounds.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Actin antibody produced in rabbit Sigma-Aldrich Cat# A2066; RRID: AB_476693

Caspase 1 Monoclonal Antibody (5B10),
eBioscience(TM)

SIRT2 antibody

SIRT2 antibody

Monoclonal ANTI-FLAG antibody
rabbit IgG antibody

GAPDH Antibody
anti-Acetylated Lysine antibody
Caspase 1 Monoclonal Antibody
Mouse IL-1 beta/IL-1F2 Polyclonal antibody
AKT antibody

Phospho-Akt (Ser473) antibody
Streptavidin APC-Cy7

CD3 Biotin

B220 Biotin

Gr1 Biotin

CD8a Biotin

Mac1 Biotin

Ter119 Biotin

CD4 Biotin

CD48 FITC

CD150 PE

c-Kit APC

Sca1l Pacific Blue

Thermo Fisher Scientific

Santa Cruz
Proteintech
Sigma-Aldrich
Santa Cruz
Santa Cruz
Biolegend
Thermo Fisher Scientific
R&D Systems
Cell Signaling
Cell Signaling
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Cat# 14-9832; RRID: AB_2016691

Cat# SC 20966; RRID: AB_2188598

Cat# 15345-1-AP

Cat# F1804, RRID:AB_262044
Cat# sc-2027, RRID:AB_737197

Cat# sc-25778, RRID:AB_10167668

Cat# 623402, RRID:AB_315968
Cat# 14-9832-80, RRID:AB_2016624

Cat# AF-401-NA, RRID:AB_416684

Cat# 9272, RRID:AB_329827
Cat# 4060, RRID:AB_2315049

405208

Cat# 100304; RRID:
Cat# 103204; RRID:
Cat# 108404; RRID:
Cat# 100704; RRID:
Cat# 101204; RRID:
Cat# 116204; RRID:
Cat# 100404; RRID:
Cat# 103404; RRID:
Cat# 115904; RRID:
Cat# 105812; RRID:
Cat# 108120; RRID:

AB_312669
AB_312989
AB_313369
AB_312743
AB_312787
AB_313705
AB_312689
AB_313019
AB_313683
AB_313221
AB_493273

Chemicals, Peptides, and Recombinant Proteins

LPS

Nigericin

ATP

Flagellin

dsDNA

D-glucose

Insulin

Dulbecco’s Modification of Eagle’s Medium
Fetal Bovine Serum

Penicillin Streptomycin Solution (100x)
0.25% Trypsin

TRIzol Reagent

RNAiMax

ANTI-FLAG® M2 Affinity Gel

Protein A/G PLUS-Agarose

Protease inhibitor

Lipofectamine 2000

trichloroacetic acid (TCA)

Invivogen
Sigma
Invivogen
Invivogen
Invivogen
Sigma
Sigma
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Sigma
Santa Cruz
Thermo
Invitrogen

Sigma

Cat# tlrl-eklps
Cat# N7143
Catittlrl-atpl
Catittlrl-epstfla
Cat# tlrl-patn
Cat# G8270
Cat# 10516
Cat# 11965092
Cat#10437-028
Cat# 15140122
Cat# 25200056
Cat# 15596026
Cat# 13778150
Cat# A2220
Cat# sc-2003
Cat# A32963
Cat# 11668019
Cat# T0699
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
CD117 (c-kit) MicroBeads, mouse Miltenyi Biotec Cat# 130-094-224
Stemspan SFEM Stemcell technologies Cat# 09600
ES-Cult FBS Stemcell technologies Cat# 06952
Murine IL3 Peprotech Cat# 213-13
Murine IL6 Peprotech Cat# 216-16
Murine FIt3 ligand Peprotech Cat# 250-31L
Murine TPO Peprotech Cat# 315-14
Murine SCF Peprotech Cat# 250-03
Murine GM-CSF Peprotech Cat# 315-03
Estradiol Sigma E8875
Puromycin Sigma P9620
Ficoll-Paque plus GE-healthcare Life Science 17144002
Critical Commercial Assays

Mouse IL-18 ELISA Kit MBL international Cat#7625
Mouse Insulin ELISA Kit Crystal Chem Cat#90080
Eva qPCR SuperMix kit BioChain Institute Cat# K5052200
QuikChange Lightning Site-Directed Agilent Technologies Cat# 210518
Mutagenesis Kit

Experimental Models: Cell Lines

HEK293T ATCC CRL-3216
NLRP3 KO macrophages (Py et al., 2013) N/A

NG5 (Py et al., 2013) N/A
Experimental Models: Organisms/Strains

Mouse: SIRT2 KO (Bobrowska et al., 2012) N/A

Mouse: Caspasel KO (Kuida et al., 1995) N/A

Mouse: C57BL/6J National Institute on Aging N/A
Oligonucleotides

SIRT2 gPCR forward Elim N/A
TGGGCTGGATGAAAGAGAA

SIRT2 gPCR reverse Elim N/A
GGTCCACCTTGGAGAAGTCTG

SIRT1 gPCR forward Elim N/A
GCAACAGCATCTTGCCTGAT

SIRT1 gPCR reverse Elim N/A
GTGCTACTGGTCTCACTT

Actin gPCR forward Elim N/A
GATCTGGCACCACACCTTCT

Actin gPCR reverse Elim N/A
GGGGTGTTGAAGGTCTCAAA

SIRT2 siRNA QIAGEN N/A
CCAGAATAAGGCATTTCTCTA

SIRT1 siRNA QIAGEN N/A
AAGCGGCTTGAGGGTAATCAA

Recombinant DNA

pMSCVgfp-NLRP3 (Fernandes-Alnemtri et al., 2009) N/A
pMSCV-ASC-EGFP (Fernandes-Alnemri et al., 2009) N/A
pFUGw-SIRT2 (Luo et al., 2019) N/A
pMSCV-Hoxb8 (Wang et al., 2006) N/A

EcoPac (Wang et al., 2006) N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Coot (Emsley and Cowtan, 2004) https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/
YASARA energy minimization server (Krieger et al., 2009) http://www.yasara.org/minimizationserver.htm

PDBePISA server (Krissinel and Henrick, 2007) http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver
PyMOL Molecular Graphics System, (Delano, 2002) https://pymol.org/2/

Version 1.3 Schrodinger, LLC

LEAD CONTACT AND MATERIALS AVAILABILITY

NLRP3 mutant plasmids and immortalized myeloid progenitors from young and old mice were generated in this study and are avail-
able upon request. Please contact the Lead Contact, Danica Chen (danicac@berkeley.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

SIRT2 knockout mice and caspase 1 knockout mice on C57BL6 background have been described (Bobrowska et al., 2012;
Kuida et al., 1995). For co-culture experiments and transplant experiments, wild type mice on C57BL6 background were pro-
vided by the National Institute on Aging. Male mice were used in the study. Ages of the mice are specified in the description of
each experiment and included in the figure legends of the corresponding experiments. Young mice were 3-5 months old and
aged mice were 2 years old. Mice were housed on a 12:12 h light:dark cycle at 25°C with ad libitum access to water and stan-
dard laboratory chow diet provided by LabDiet (0007688). The high-fat diet was provided by OpenSource Diets (D12079B). All
animal procedures were in accordance with the animal care committee at the University of California, Berkeley. Health status
checks were carried out by vets and euthanasia were performed if mice showed clinically apparent bleeding, or inability to
move, eat or drink, or neurological/psychological changes, or clinically apparent spontaneous tumor formation, or mutilation.
For insulin signaling, mice were fasted for 5 h, injected with either phosphate-buffered saline or insulin (Sigma) at 2 mU/g
body weight for 15 min (Lu et al., 2012).

METHOD DETAILS

Cell Culture and RNAi

293T cells, NG5 cells (sex unknown), NLRP3 KO cells (sex unknown) were cultured in DMEM with 10% FBS at 37°C with 5% CO2.
Double-stranded siRNAs were purchased from QIAGEN and were transfected into cells via RNAiMax (Invitrogen) according to
manufacturer’s instructions. Mouse SIRT2 siRNA targeting sequence is 5'-CCAGAATAAGGCATTTCTCTA-3'. Mouse SIRT1 siRNA
targeting sequence is AAGCGGCTTGAGGGTAATCAA. The control siRNA is non-targeting control (QIAGEN). To induce caspase
1 activation, macrophages were primed with 100ng/mL LPS for 12 h and then stimulated with ATP (3 mM) for 30mins, Nigericin
(1.5 uM) for 1 h, flagellin (0.5 png/mL) for 1 h, poly(dA:dT) (0.5 ng/mL) for 1 h. Proteins from culture media were trichloroacetic acid
(TCA) precipitated for Western analyses of p17 IL-1B and p20 caspase 1. Proteins from cell lysates were analyzed for pro IL-1B
and pro caspase 1. For NLRP3 acetylation, cells were glucose starved for 6 h before immunoprecipitation.

Pyroptosome Formation

Pyroptosome formation was performed as previously described (Fernandes-Alnemri et al., 2009). Briefly, 5x10° 293T cells were
co-transfected with 0.8ug ASC-EGFP and 1.2 png WT or mutant NLRP3 or control vector via Lipofectamine 2000 (Invitrogen). 48 h
posttransfection, cells were observed under fluorescence microscope for foci formation.

Immunoprecipitations

Immunoprecipitations were performed as previously described (Shin et al., 2013). Proteins were extracted in lysis buffer (50 mM
Tris-Cl pH 7.5, 150 mM NaCl, 10% glycerol, 2 mM MgCl,, 1 mM DTT, 1% NP40, 1mM PMSF, and protease inhibitor). Protein extracts
were subjected to centrifugation at 14,000 rpm for 10 min. Protein lysates were precleared with protein A/G beads (Santa Cruz
Biotechnology) for 30 min before immunoprecipitation with Flag-resin (Sigma) overnight. Immunoprecipitates were extensively
washed with lysis buffer and eluted with either Flag peptide (Sigma) for western analyses or 100mM Glycine solution (pH 3) for
mass spectrometry analyses.
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Mapping of Acetylation on Lysine Residues

Mass spectrometry was performed by the Vincent J.Coates Proteomics/Mass Spectrometry Laboratory at UC Berkeley. Protein
samples were cut with trypsin or trypsin and chymotrypsin. A nano LC column was packed in a 100 pum inner diameter glass capillary
with an emitter tip. The column consisted of 10 cm of Polaris c18 5 um packing material (Varian), followed by 4 cm of Partisphere 5
SCX (Whatman). The column was loaded by use of a pressure bomb and washed extensively with buffer A (see below). The column
was then directly coupled to an electrospray ionization source mounted on a Thermo-Fisher LTQ XL linear ion trap mass spectrom-
eter. An Agilent 1200 HPLC equipped with a split line so as to deliver a flow rate of 300 nL/min was used for chromatography. Peptides
were eluted using a 4-step MudPIT procedure (Washburn et al., 2001). Buffer A was 5% acetonitrile/ 0.02% heptafluorobutyric acid
(HBFA); buffer B was 80% acetonitrile/ 0.02% HBFA. Buffer C was 250 mM ammonium acetate/ 5% acetonitrile/ 0.02% HBFA,; buffer
D was same as buffer C, but with 500 mM ammonium acetate.

Protein identification was done with Integrated Proteomics Pipeline (IP2, Integrated Proteomics Applications, Inc. San Diego, CA)
using ProLuCID/Sequest, DTASelect2 and Census (Cociorva et al., 2007; Park et al., 2008; Tabb et al., 2002; Xu et al., 2015). Tandem
mass spectra were extracted into ms1 and ms2 files from raw files using RawExtractor (MicDonald et al., 2004). Data was searched
against the NCBI Mus musculus protein database supplemented with sequences of common contaminants, concatenated to a
decoy database in which the sequence for each entry in the original database was reversed (Peng et al., 2003). LTQ data was
searched with 3000.0 milli-amu precursor tolerance and the fragment ions were restricted to a 600.0 ppm tolerance. All searches
were parallelized and searched on the VJC proteomics cluster. Search space included all fully tryptic or chymotryptic peptide can-
didates with no missed cleavage restrictions. Carbamidomethylation (+57.02146) of cysteine was considered a static modification.
We required 1 peptide per protein and both tryptic termini or chymotryptic for each peptide identification. The ProLuCID search re-
sults were assembled and filtered using the DTASelect program (Cociorva et al., 2007; Tabb et al., 2002) with a peptide false
discovery rate (FDR) of 0.001 for single peptides and a peptide FDR of 0.005 for additional peptides for the same protein. Under
such filtering conditions, the estimated false discovery rate was always less than 1% for the datasets used.

mRNA Analysis

RNA was isolated from cells using Trizol reagent (Invitrogen). cDNA was generated using the gScript cDNA SuperMix (Quanta Biosci-
ences). Gene expression was determined by real time PCR using Eva gPCR SuperMix kit (BioChain Institute) on an ABI StepOnePlus
system. All data were normalized to B-Actin expression. PCR primers used for real time PCR were SIRT2-forward: TGGGCTGGATG
AAAGAGAA. SIRT2-reverse:GGTCCACCTTGGAGAAGTCTG. SIRT1-forward:GCAACAGCATCTTGCCTGAT. SIRT1-reverse: GTGCT
ACTGGTCTCACTT. B-Actin-forward: GATCTGGCACCACACCTTCT. B-Actin-reverse: GGGGTGTTGAAGGTCTCAAA.

Isolation and Immortalization of Myeloid Progenitors

Immortalization of myeloid progenitors was performed as described (Wang et al., 2006). Briefly, bone marrow was isolated from the
femurs of mice after ammonium-chloride-potassium lysis of red blood cells and centrifugation onto a cushion of Ficoll-Paque. Ficoll-
purified progenitors were infected with ER-Hoxb8 retrovirus and cultured in myeloid progenitor culture medium (RPMI-1640 with
10% FBS, 1% pen-strep-glutamine, 20ng/mL GM-CSF, 30uM beta mercaptoethanol, and 1uM estrogen). Immortalized myeloid
progenitors were selected by moving nonadherent progenitor cells every 3 days to a new culture well for 3 weeks. Differentiation
to macrophages was performed by removal of estrogen from the culture medium.

Lentiviral and Retroviral Transduction of Macrophages

SIRT2 was cloned into the pFUGw lentiviral construct using BamH1 and Age1 sites. Lentivirus was produced as described (Qiu et al.,
2010), concentrated by centrifugation, and resuspended with culture medium described above for NLRP3 KO cells or macrophages
derived from myeloid progenitor cells. NLRP3 mutant constructs were generated using pMSCVgfp retroviral construct expressing
WT NLRP3 and QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technology). Retrovirus was generated by transfecting
293T cells (ATCC) with pMSCVgfp retroviral constructs as well as VSV-G and gag/pol expression vectors using Lipofectamine 2000
transfection kit (Invitrogen). 48 h posttransfection, culture supernatant was filtered through 0.45-mm-pore cellulose acetate filters,
supplemented with 10 ng/mL of polybrene, and was applied to macrophages. Cells were subjected to another cycle of infection
on the next day.

Co-culture of Macrophages and White Adipose Tissues

The protocol is modified from (Miao et al., 2014). Briefly, macrophages were differentiated from the immortalized myeloid progeni-
tors. A piece of intact epididymal white adipose tissue isolated from a wild type mouse was put into a well, in which macrophages
were pre-cultured. The co-culture system was treated with 100 ng/mL LPS for 24 h and then stimulated with 3 mM ATP for 30mins,
then stimulated with 100 nM insulin for 30 min. The white adipose tissues were analyzed by Western analyses.

ELISA Test

IL-1B and IL-18 concentration were measured using the ELISA kits (MBL international). Insulin concentration was measured using the
insulin ELISA kit (Crystal Chem).
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Glucose Tolerance Test and Insulin Tolerance Test

Glucose tolerance test was performed on mice fasted for 12 h by giving an intraperitoneal injection of D-glucose (1-2 g glucose/kg body
weight, Sigma). Insulin tolerance test was performed on fasted mice by giving an intraperitoneal injection of insulin (0.5U insulin/kg body
weight, Sigma). Glucose concentrations were measured with a glucometer (Bayer Contour) at the indicated time points.

Transplantation Assays

250 sorted hematopoietic stem cells from donor mice were mixed with helper bone marrow cells and injected into lethally irradiated
recipient mice. A split lethal dose of irradiation of 900 rad (500 rad + 400 rad) was used to irradiate the recipient mice. The source of
the helper bone marrow cells was the same as the recipient mice. Recipient mice were analyzed for glucose metabolism and
inflammation.

Retroviral Transduction of HSCs

As previously described (Zhao et al., 2009), sorted HSCs were prestimulated for 5-10 h in a 96 well U bottom dish in StemSpan
SFEM (Stem Cell Technologies) supplemented with 10% FBS (Stem Cell Technologies), 1% Penicillin/Streptomycin (Invitrogen),
IL3 (20ng/mL), IL6 (20ng/mL), TPO (50ng/mL), FIt3L (50ng/mL), and SCF (100ng/mL) (Peprotech). Retrovirus was produced as
described above, concentrated by centrifugation, and resuspended with supplemented StemSpan SFEM media. The retroviral me-
dia were added to HSCs in a 96 well plate, spinoculated for 90 min at 270 g in the presence of 8ug/mL polybrene. This process was
repeated 24 h later with a fresh batch of retroviral media.

Structure Modeling and Analysis

Structure modeling was performed using existing NLRP3 PYD monomer structure (PDB code: 2NAQ) (Oroz et al., 2016) and ASC
PYD filament structure (PDB code: 3J63) (Lu et al., 2014). NLRP3 PYD structure was aligned to one or two ASC molecules in the
filament structure by Coot (Emsley and Cowtan, 2004) to generate the initial NLRP3-ASC and NLRP3-NLRP3 dimer models. The
dimer structures were modified at K21/22 positions in Coot before going through the YASARA energy minimization server (Krieger
et al., 2009) to produce the final structure models. The interface analyses were performed in PDBePISA server (Krissinel and Henrick,
2007). Structure images were generated using the PyMOL Molecular Graphics System, Version 1.3 Schrodinger, LLC (Delano, 2002).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mice were randomized to groups and analysis of mice and tissue samples was performed by investigators blinded to the treatment or
the genetic background of the animals. Sample size (n) can be found on the bar graphs representing the biological replicates (the
number of mice), except for Figure S2, where n represents the technical replicates (the number of images). No statistical methods
were used to predetermine sample sizes or test for normal distribution. The number of biological replicates was chosen based on
the nature of the experiments and published papers describing similar experiments. Statistical analysis was performed with
Student’s t test (Excel). Data are presented as means and error bars represent standard errors. In all corresponding figures, * rep-
resents p < 0.05. ** represents p < 0.01. ** represents p < 0.001. ns represents p > 0.05.

DATA AND CODE AVAILABILITY

This study did not generate unique datasets or code.
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