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SUMMARY

The effect of breast regression protein 39 deficiency in
modulating Nucleotide oligomerization domain (NOD)-like–
receptor protein 3 inflammasome during liver inflammation
and nonalcoholic steatohepatitis fibrosis, influencing cellular
activation, recruitment, and infiltration of macrophages and
neutrophils, was characterized.

BACKGROUND & AIMS: Breast regression protein 39 (BRP39)
(Chi3L1) and its human homolog YKL-40, is an established
biomarker of liver fibrosis in nonalcoholic steatohepatitis
(NASH) patients, but its role in NASH pathogenesis remains
unclear. We recently identified Chi3L1 as one of the top up-
regulated genes in mice with inducible gain-of-function NOD-
like receptor protein 3 (NLRP3) activation that mimics several
liver features of NASH. This study aimed to investigate the effects
of BRP39 deficiency on NLRP3-induced liver inflammation using
tamoxifen-inducible Nlrp3 knockin mice sufficient (Nlrp3A350V

CRT) and deficient for BRP39 (Nlrp3A350V/BRP-/- CRT).

METHODS: Using Nlrp3A350V CRT mice and Nlrp3A350V BRP-/-

CRT, we investigated the consequences of BRP39 deficiency
influencing NLRP3-induced liver inflammation.

RESULTS: Our results showed that BRP39 deficiency in NLRP3-
induced inflammation improved body weight and liver weight.
Moreover, liver inflammation, fibrosis, and hepatic stellate cell
activation were reduced significantly, corresponding to signifi-
cantly decreased Ly6Cþ infiltrating macrophages, CD68þ
osteopontin-positive hepatic lipid-associated macrophages, and
activated Lymphocyte antigen 6 complex locus G6D positive
(Ly6Gþ) and citrullinated histone H3 postivie (H3Citþ) neutro-
phil accumulation in the liver. Further investigation showed that
circulatory neutrophils from NLRP3-induced BRP39-deficient
mice have impaired chemotaxis and migration ability, and this
was confirmed by RNA bulk sequencing showing reduced immune
activation, migration, and signaling responses in neutrophils.

CONCLUSIONS: These data showcase the importance of BRP39 in
regulating the NLRP3 inflammasome during liver inflammation
and fibrotic NASH by altering cellular activation, recruitment, and
infiltration during disease progression, and revealing BRP39 to be
a potential therapeutic target for future treatment of inflammatory
NASH and its associated diseases. (Cell Mol Gastroenterol Hepatol
2024;17:481–497; https://doi.org/10.1016/j.jcmgh.2023.12.002)
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onalcoholic fatty liver disease (NAFLD) is a multi-
Nfaceted disease, spanning from minimal inflamma-
tory activity and no evidence of cell damage, referred to as
non–nonalcoholic steatohepatitis (NASH) fatty liver, to
NASH, with the latter classified by severe inflammation,
leading to hepatocellular injury (hepatocyte ballooning),
steatosis with different degrees of fibrosis,1,2 liver cirrhosis,
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Abbreviations used in this paper: a-SMA, a-smooth muscle actin;
BMDM, bone marrow–derived macrophage; BRP39, breast regression
protein 39; BRP39 CRL, mice with myeloid lineage-specific knockout
of BRP39; CCL, cc chemokine ligands; Chi3L1, chitinase-3-like protein
1; CM, complete medium; CXCL, The chemokine (C-X-C motif) ligand;
FBS, fetal bovine serum; HRP, horseradish peroxidase; HSC, hepatic
stellate cell; IF, Immunofluorescence; IHC, immunohistochemistry; IL,
interleukin; LAM, lipid-associated macrophage; LPS, lipopolysaccha-
ride; LSEC, liver sinusoidal endothelial cell; Ly6C, lymphocyte antigen
6 complex, locus C1; Ly6G, lymphocyte antigen 6 family member G;
mRNA, messenger RNA; NAFLD, nonalcoholic fatty liver disease;
NASH, nonalcoholic steatohepatitis; NLRP3, NOD-like receptor pro-
tein 3; Nlrp3A350V CRT, tamoxifen-inducible Nlrp3 knockin mice;
Nlrp3A350V/BRP-/- CRT, tamoxifen-inducible Nlrp3 knockin BRP39-
deficient mice; OPN, osteopontin; PBS, phosphate-buffered saline;
PCR, polymerase chain reaction; WT, wild-type.
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end-stage liver disease, and hepatocellular carcinoma. With
the global obesity epidemic of the 21st century, NAFLD now is
recognized as the most frequent cause of chronic liver disease
in both adults and children worldwide.3 Currently, there are
no approved therapies for the treatment of NASH, with NASH
being a leading indication for liver transplantation.4–6

Breast regression protein 39 (BRP39; chitinase-3-like
protein 1 [Chi3L1]) and its human homolog YKL-40 is a
glycoprotein expressed by various cell types including mac-
rophages, neutrophils, fibroblasts, and epithelial cells. The
mechanistic role of BRP39 was first described in the lungs,
whereby the interleukin (IL)1 family of cytokines induce
BRP39 production,7,8 and enhance Type 2 helper T cells
response by increasing expression of IL4, IL5, and IL13 cyto-
kines,9 in a interleukin-13 receptor a2 (IL13Ra2)-dependent
manner.10 BRP39 activates dendritic cells and macrophages,
while inhibiting inflammatory cell Fas-mediated apoptosis, by
up-regulating protein kinase B/AKT and Fas apoptotic inhibi-
tory molecule 3 (Faim3).11 Recently, YKL-40 was proposed as
a prognostic biomarker and therapeutic target in conditions
characterized by acute or chronic inflammation, extracellular
matrix remodeling, fibrosis, and cancer.12–16 Serum YKL-40 is
a well-established biomarker of liver fibrosis in NASH
patients,17–19 whereas the potential mechanistic contribution
to NASH pathogenesis remains poorly understood.

Our group has shown that NOD-like receptor protein 3
(NLRP3) inflammasome activation is essential in NASH pro-
gression, which is up-regulated in livers of patients with
NASH.20 We also recently identified BRP39 as one of the top
up-regulated genes in the livers of mice with inducible gain-of-
function Nlrp3 activation, which mimics several liver features
of NASH.21 Thus, Nlrp3A350V activated mice serve as a foun-
dation to study inflammasome-driven liver inflammation and
fibrosis, and the potential therapeutic effect of BRP39 modu-
lation. In the present study, we evaluated the effect of BRP39
deficiency in reducing the development of inflammation and
fibrosis in mice with gain-of-function NLRP3 mutations. We
show that knocking out BRP39 in NLRP3-hyperactivated mice
reduces liver inflammation and fibrogenesis, and decreases
infiltrating lipid-associated macrophages (LAMs) and neutro-
phils, 2 immune cells that play key roles in NASH progression.

Results
Inducible Knockout of BRP39 in NLRP3-
Activated Mice Shows Improvement of Liver
Weight With Liver Regeneration

In our previous study, we showed that Chi3L1 (BRP39)
is one of the top up-regulated genes in murine liver with
inducible gain-of-function NLRP3 activation, which mimics
several pathogenetic features of NASH.21 Therefore, we
investigated whether deleting BRP39 would improve the
disease outcome of NLRP3-mediated liver inflammation in
mice. To study the consequence of BRP39 deficiency in
NLRP3-activation–driven liver pathogenesis, we generated
tamoxifen-inducible Nlrp3A350V CRT mice on a conditional
BRP (CHI3L1) knockout background. Tamoxifen-inducible
NLRP3 knockin Nlrp3A350V CRT mice were used as posi-
tive controls, and CRT-negative mice were used as WT
controls. Mice at 7 weeks of age were given 3 successive
doses of tamoxifen by intraperitoneal injection, 1 on each
day, for a total of 3 days and killed at week 10 for tissue and
blood analysis (study design shown in Figure 1A). We
confirmed the efficiency of tamoxifen-induced knockout of
Brp39 by quantitative polymerase chain reaction (PCR)
(Figure 2A) and Western blot (Figure 2B) of whole liver
lysate. As shown previously, Nlrp3A350V CRT mice appeared
sick with signs of systemic inflammation and significant
weight loss (Figure 1B), as well as an increased liver/body
weight ratio (Figure 1D) after NLRP3 activation, compared
with wild-type (WT) controls. In contrast, Nlrp3A350V/BRP-/-

CRT mice have similar body weight (Figure 1B) and liver
weight (Figure 1D) as WT mice. Because we observed a
significant increase in the liver/body weight ratio
(Figure 1C) in Nlrp3A350V/BRP-/- CRT compared with WT
mice, we performed a whole-liver gene expression analysis
and found significant up-regulation of Ki67 gene expression
(Figure 1E), suggesting liver regeneration. Taken together,
these data suggest that NLRP3-mediated inflammatory liver
pathogenesis is improved in the absence of BRP39.
BRP39 Deficiency in NLRP3-Activated Mice
Results in Significant Reduction of Hepatic
Stellate Cell Activation and Liver Fibrosis

Previous studies by our group have shown that NLRP3
activation resulted in liver inflammation leading to fibrosis
development.20,22,23,24 Similarly, we saw a significant in-
crease in collagen deposition (Figure 3A and B) (P < .05)
and a-smooth muscle actin (a-SMA) expression (Figure 3C
and D) (P < .01) in immunohistochemical (IHC)-stained
liver tissue, and an increase in messenger RNA (mRNA)
expression of markers of hepatic stellate cell (HSC) activa-
tion, transforming growth factor-b (7-fold increase
compared with WT; P < .05) and ACTA2 (17-fold; P < .05),
and fibrosis markers, Col1a1(10-fold, P < .0001), connective
tissue growth factor (7-fold; P < .001), and tissue inhibitor
of metalloproteinases 1 (50-fold; P < .01) in whole liver of
Nlrp3A350V CRT mice (Figure 3E) compared with WT. To
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Figure 1. BRP39 defi-
ciency in NLRP3-
activated mice shows
improved liver weight
and increased liver
proliferation. (A) Experi-
mental design. (B) Body
weight in grams, (C) total
liver weight in grams, (D)
liver/body weight (mg/g
body weight) of WT,
Nlrp3A350V CRT, and
Nlrp3A350V/BRP-/- CRT
mice treated with tamox-
ifen (n ¼ 6). Data are
shown as means ± SEM.
(E) Ki67 gene expression
of liver sections (n ¼ 3).
Data were normalized on
GAPDH, glyceraldehyde-
3-phosphate dehydroge-
nase and are expressed as
the means ± SEM. WT
was set at 1. *P < .05, **P
< .01, and ***P < .001, 1-
way analysis of variance.
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evaluate the role of BRP39 in NLRP3-mediated liver fibrosis,
we performed the same analysis on the Nlrp3A350V/BRP-/-

CRT mice and found a significant reduction of collagen
deposition in the Sirius red–stained liver tissue (Figure 3A
and B) (P < .05), and a significant decrease of a-SMA
expression (Figure 3C and D) (P < .05) in IHC-stained liver
biopsy specimens of Nlrp3A350V/BRP-/- CRT compared with
Nlrp3A350V CRT mice, suggesting a diminished activation
state of HSCs. The gene expression of fibrosis markers
transforming growth factor-b (4-fold decrease compared with
Nlrp3A350V CRT; P < .05), ACTA2 (16-fold; P< .05), Col1a1 (8-
fold; P < .0001), profibrotic connective tissue growth factor
(4.5-fold; P < .001), and tissue inhibitor of metalloproteinases
1 (30-fold; P < .05) also were reduced significantly in
Nlrp3A350V/BRP-/- CRT mice liver compared with Nlrp3A350V
Figure 2. BRP39 is abla-
ted efficiently in
Nlrp3A350V/BRP-/- CRT
mice. Whole liver lysate of
Nlrp3A350V/BRP-/- CRT
mice showed that BRP39
(A) gene and (B) protein
expression was decreased
significantly compared
with Nlrp3A350V CRT mice.
*P < .05 and **P< .01. 1-
way analysis of variance.
CRT mice (Figure 3E). These data suggest that liver fibrosis
and HSC activation driven by NLRP3 inflammasome activation
is dependent on the function of BRP39.
BRP39 Deficiency in NLRP3-Activated Mice
Leads to Reduction in Caspase 1 Activation and
Inflammatory Cytokine Expression in the Liver

Formation of the NLRP3 inflammasome drives caspase-1
activation, which leads to a cascade of inflammatory cytokine
release including IL1b. To study the effect of BRP39 defi-
ciency on NLRP3-mediated inflammation, we investigated
the mRNA gene expression and protein levels of NLRP3
inflammasome components and downstream mediators.
Gene expression of NLRP3 (12-fold increase compared with



Figure 3. BRP39 defi-
ciency in NLRP3-
activated mice amelio-
rates liver fibrosis. HSC
activation markers
collagen (A and B) and a-
SMA (C and D) were
detected in liver paraffin-
embedded sections of
Nlrp3A350V CRT mice and
decreased in Nlrp3A350V/
BRP-/- CRT mice. n� 3
mice per genotype. Scale
bar: 250 mm. (E) mRNA
expression of HSC acti-
vation markers (TGFb and
ACTA2) and fibrosis
markers (CTGF, Col1a1,
and TIMP1) were
increased in Nlrp3A350V

CRT compared with WT,
and significantly
decreased in Nlrp3A350V/
BRP-/- CRT compared
with Nlrp3A350V CRT
whole liver tissue (n � 3
for each group). Data
were normalized on
GAPDH, glyceraldehyde-
3-phosphate dehydroge-
nase and are expressed
as the means ± SEM. WT
was set at 1. *P < .05, **P
< .01, ***P < .001, and
****P < .0001, 1-way
analysis of variance.
CTGF, connective tissue
growth factor.
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WT control; P< .0001), IL1b(19-fold; P< .01), caspase-1(4.1-
fold; P < .01), CXCL-1 (40-fold; P < .0001), and CXCL-2(32-
fold; P < .001) (Figure 4A) were up-regulated in whole
livers of Nlrp3A350V CRT mice compared with WT mice.
Induced knockout of BRP39 in Nlrp3A350V/BRP-/- CRT mice
significantly decreased these inflammatory genes (NLRP3
[6-fold decrease compared with Nlrp3A350V CRT; P < .05],
IL1b [14-fold; P < .05], caspase-1 [(1.9-fold; P < .05], CXCL-1
[32-fold; P< .0001], CXCL-2 [22-fold; P< .05]) in whole liver,
to an expression level comparable with WT controls. We
confirmed the efficiency of the tamoxifen Cre-dependent
deletion on Brp39 gene expression (2200-fold; P < .01)
(Figure 4A). NLRP3 inflammasome formation leads to acti-
vation of caspase-1 and subsequentmaturation and secretion
of inflammatory cytokines such as IL1b. With Western blot
analysis of whole-liver protein lysate (Figure 4B), we
observed significantly higher post-translational protein
expression of pro–caspase-1 (1.3-fold increase compared
with WT control; P < .001), cleaved caspase-1 (1.1-fold;
P < .01), and mature IL1b (0.8-fold; P < .05) in whole liver
from Nlrp3A350V CRT mice compared with the WT controls.
Conditional BRP39 deficiency in NLRP3-activated mice did
not have a significant effect on expression at the protein level
of NLRP3, pro-IL1b, or mature IL1b, however, it significantly
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reduced pro–caspase-1 (0.6-fold decrease compared with
Nlrp3A350V CRT; P < .01) and cleaved caspase-1 (0.6-fold;
P < .05) expression (Figure 4B and C). Because NLRP3-
activated infiltrating macrophages are a key contributor
aggravating NAFLD, we investigated if BRP39 deficiency in
macrophages would affect NLRP3-activated inflammation by
comparing inflammatory gene expression between lipo-
polysaccharide (LPS) (100 ng/mL) and nigericin (5 mmol/L)
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activated bone marrow–derived macrophages (BMDMs) of
WT and myeloid cell–specific BRP39 knockout mice
(BRP39-/- CRL). Gene expression of CXCL-1 (1500-fold in-
crease compared with WT unstimulated control; P < .0001),
CXCL-2 (1000-fold; P < .0001), caspase-1 (3-fold; P < .001),
NLRP3 (12-fold; P < .001), and IL1b (6000-fold; P < .0001)
(Figure 4D) were up-regulated in NLRP3-activated WT
BMDMs compared with unstimulated controls. NLRP3-
activated BRP39-/- CRL BMDMs have significantly reduced
expression of these inflammatory genes (CXCL-1 [1.7-fold; P
< .05], CXCL-2 [2.1-fold; P < .001], caspase-1 [1.5-fold; P <
.05],NLRP-3 [1.5-fold; P< .01], and IL1b [11-fold; P< .0001])
compared with stimulated WT BMDMs. Interestingly, pre-
treatment with 1 mg recombinant Mouse Chitinase 3-like 1
(rmChi3L1) protein overnight, followed by NLRP3 activation
in BRP39-/- CRL BMDMs, restored the inflammatory gene
activation to a level comparable with that of NLRP3-activated
WT (CXCL-1 [2.2-fold; P < .0001], CXCL-2 [1.7-fold; P < .01],
caspase-1 [2.1-fold; P < .05], NLRP3 [1.5-fold; P < .05], and
IL1b [3.3-fold; P < .01]) compared with stimulated BRP39-/-

CRL BMDMs. Because we found that BRP39 deficiency
affected NLRP3-mediated inflammatory gene activation in
macrophages, next we asked if its chemotactic ability also
would be affected by comparing chemokines and chemokine-
receptor gene expression of NLRP3-activated WT and
BRP39-/- CRL BMDMs. Chemokines (C-C motif) ligand 1
(CCL1) (1.5-fold; P ¼ .1083), CCL2 (75-fold; P< .0001), CCL5
(500-fold; P < .05), and chemokine-receptor CCR2 (3.5-fold;
P < .001) gene expression (Figure 4E) are up-regulated in
WT BMDMs treated with LPS (100 ng/mL) and nigericin (5
mmol/L) compared with untreated WT controls. On the
contrary, BRP39 deficiency in macrophages would signifi-
cantly dampen the expression of chemokine (CCL1, P< .001;
CCL2, P< .0001; and CCL5, P< .01) gene expression>1 fold,
and chemokine-receptor CCR2 (gene expression >1 fold;
P < .0001) compared with activated WT BMDMs.

Collectively, our data showed that reduction of BRP39 in
NLRP3-activated inflammation decreased inflammasome
activation by reducing pro–caspase-1 expression and
caspase-1 production, and diminished macrophage activa-
tion, migration, and recruitment ability, leading to a damp-
ened inflammatory environment in the liver.
Figure 4. (See previous page). BRP39 deficiency in NLRP3-a
liver and macrophages. (A) The inflammatory mRNA gene exp
IL1b was increased significantly in Nlrp3A350V CRT compared w
lysate compared with Nlrp3A350V CRT. n > 3 per group. (B and
IL1b, and mature IL1b (n¼ 3 mice per genotype for Western b
showing a significant decrease of caspase-1 and p20 caspase-1
The inflammatory mRNA gene expression of CXCL1, CXCL2, ca
and nigericin-stimulated WT BMDM compared with unstimul
compared with stimulated WT BMDM, and addition of 1 mg/mL
and nigericin stimulation in BRP39 CRL BMDM increased the
NLRP3-activated BRP39 CRL. (E) Chemokines CCL1, CCL2
increased significantly in LPS and nigericin-stimulated WT BMDM
alone, and significantly absent in NLRP3-activated BRP39 CRL B
glyceraldehyde-3-phosphate dehydrogenase and are expressed
defined as signal of sample in Nlrp3A350V CRT or Nlrp3A350V/BRP
to a-tubulin, and are expressed as the means ± SEM. *P < .05
variance.
BRP39 Deficiency in NLRP3-Activated Mice
Diminishes the Accumulation of Macrophages in
Liver

Activated macrophages play an important role in the dis-
ease progression of NAFLD. Remmerie et al25 have described a
specific phenomenon in NAFLD liver whereby Kupffer cells,
the liver resident macrophages, are reduced, and replaced by 2
major subsets of infiltrating bone marrow–derived macro-
phages, Kupffer-like macrophages and LAMs. These LAMs ex-
press osteopontin (OPN) and are associated with liver fibrosis
in NASH patients. Liver tissues from WT, Nlrp3A350V CRT, and
Nlrp3A350V/BRP-/- CRT mice (Figure 5A and B) did not show
any significant difference by IHC staining of F4/80-expressing
macrophages. However, we found a significant increase in
Immunofluorescence (IF) staining of lymphocyte antigen 6
complex, locus C1 (Ly6C)-expressing bone marrow macro-
phage (Figure 5A and C) (P < .0001) and CD68-positive, OPN-
positive LAMs (Figure 5E and D) (P < .001) in Nlrp3A350V CRT
mice livers compared with WT control. Induced BRP39 defi-
ciency in NRLP3 activated mice resulted in significantly
reduced numbers of bone marrow macrophage (Figure 5A and
C) (percentage of Ly6C-positive cells 3 times lower than
Nlrp3A350V CRT; P < .0001) and LAM infiltration (Figure 5E
and D) (percentage of CD68þOPNþ cells 3 times lower;
P < .01) into the liver. Taken together, our data showed that
BRP39 deficiency reduced infiltration and accumulation of
activated bone marrow macrophages and LAMs in the liver,
contributing toward quelling liver inflammation and fibrosis.

BRP39 Deficiency in NLRP3-Activated Mice
Significantly Reduced Neutrophil Recruitment
and Activation in the Liver

During the inflammatory phase of NAFLD, neutrophils
are the first responders recruited to the site, which conse-
quently promotes the recruitment of other proinflammatory
leukocytes, exacerbating the inflammatory microenvironment.
In our study, we found that NLRP3 activation in mice
increased infiltration and accumulation of Lymphocyte antigen
6 complex locus G6D (Ly6G)-positive neutrophils at liver foci
(P < .001) of Nlrp3A350V CRT mice compared with WT con-
trols. Consequently, conditional BRP39 deficiency during
ctivated mice reduced inflammatory expression in whole
ression of CXCL1, CXCL2, caspase-1, BRP39, NLRP-3, and
ith WT, and decreased in Nlrp3A350V/BRP-/- CRT whole liver
C) Protein expression of NLRP3, Pro Casp1, Casp1 p20, Pro
lot) of whole-liver lysate were analyzed using Western blot,
in Nlrp3A350V/BRP-/- CRT compared with Nlrp3A350V CRT. (D)

spase-1, NLRP-3, and IL1b was increased significantly in LPS
ated control, decreased in stimulated BRP39 CRL BMDM
recombinant mouse Chi3L1 (BRP39) protein followed by LPS
inflammatory gene expression significantly compared with
, CCL5, and chemokine receptor CCR2 expression were
compared with untreated WT control or WT treated with LPS
MDM. mRNA gene expressions were normalized on GAPDH,
as the means ± SEM. WT was set at 1. Protein fold change is
-/- CRT normalized to a-tubulin, over signal of WT normalized
, **P < .01, ***P < .001, and ****P < .0001, 1-way analysis of



Figure 5. BRP39 deficiency in NLRP3-activated mice reduced osteopontin-positive infiltrating myeloid cells in the
whole liver. (A and B) IHC staining with F4/80 (scale bar: 100 mm) showed no significant differences of total macrophages
between the different groups but Ly6C (A, scale bar: 100 mm) revealed a significant increase of inflammatory macrophages in
Nlrp3A350V CRT compared with WT, and a significant decrease in Nlrp3A350V/BRP-/- CRT compared with Nlrp3A350V CRT liver
(C). IF staining with CD68 and osteopontin (E) (scale bar: 20 mm) showed an increase in (D) infiltrating LAM in Nlrp3A350V CRT vs
WT, but decreased LAM in Nlrp3A350V/BRP-/- CRT vs Nlrp3A350V CRT. n � 3 mice per genotype, representative images are
shown. Data are expressed as the means ± SEM. *P< .05; **P< .01; ***P< .001; ****P< .0001, 1-way analysis of variance.
DAPI, 40,6-diamidino-2-phenylindole.
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Figure 6. BRP39 deficiency in NLRP3-activated mice decreased neutrophil accumulation and activation in the whole
liver. (A) IHC staining with Ly6G (scale bar: 250 mm) (B) Histogram showing a significant increase of infiltrated neutrophils (%
Ly6Gþ cells) in Nlrp3A350V CRT compared with WT, and a significant decrease in Nlrp3A350V/BRP-/- CRT compared with
Nlrp3A350V CRT liver (C) Histogram showing IF staining of % Ly6Gþ cells (D) Histograms showing MFI of IF H3Cit staining
(scale bar: 20 mm) (E) IF staining with Ly6G and CitH3. Data are expressed as the means ± SEM. *P < .05, **P < .01, 1-way
analysis of variance. DAPI, 40,6-diamidino-2-phenylindole.
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NLRP3 activation significantly reduced the accumulation of
neutrophils in liver foci (Figure 6A and B) (P < .05) of
Nlrp3A350V/BRP-/- CRT mice compared with Nlrp3A350V CRT,
as shown by IHC staining of liver. Moreover, IF staining
(Figure 6E) showed that the activation state of neutrophils,
signified by Citrullinated histone H3 (H3Cit) (Figure 6D) mean
fluorescent intensity in liver, was increased in Nlrp3A350V CRT
(P < .01) when compared with WT control, and drastically
decreased in Nlrp3A350V/BRP-/- CRT mice (P < .05) when
compared with Nlrp3A350V CRT. Collectively, we saw that
BRP39 deficiency in NLRP3-activated mice drastically reduced
recruitment and activation of neutrophils in the liver.
Conditional BRP39 Knockout in NLRP3-
Activated Mice Resulted in Impaired Neutrophil
Migration

Because we saw a remarkable reduction of activated
neutrophils in BRP39-deficient NLRP3-activated mice livers,
we next investigated whether this phenomenon was the
result of the reduction of total circulating neutrophils in
whole blood, or its migration ability. We collected whole
blood from mice by cardiac puncture and performed he-
matology analysis with the Veterinary hematology analyzer
Scil Vet abc (Scil Animal Care, France). We observed an in-
crease in absolute white blood cells (P < .001) and gran-
ulocytes (P < .0001) in whole blood from Nlrp3A350V CRT
mice compared with WT control mice (Figure 7A). Unex-
pectedly, we found increased white blood cell (P < .01) and
granulocyte counts (P < .05) in Nlrp3A350V/BRP-/- CRT mice
when compared with NLRP3-activated mice (Nlrp3A350V

CRT) with normal BRP39 expression (Figure 6A). Further
analysis of whole blood with flow staining of CD11b and
Ly6G antibodies confirmed that Nlrp3A350V/BRP-/- CRT mice
have increased circulating neutrophils in whole blood
compared with Nlrp3A350V CRT mice (P < .05) (Figure 7B).
The increased number of circulating CD11bþ Ly6Gþ neu-
trophils in Nlrp3A350V/BRP-/- CRT whole blood did not
correspond with the reduced Ly6Gþ neutrophil infiltrate we
saw in the livers compared with Nlrp3A350V CRT mice. This
observation suggests that neutrophil chemotaxis of
Nlrp3A350V/BRP-/- CRT mice could be dysfunctional. Thus,
we compared the migration ability of WT, Nlrp3A350V CRT,
and Nlrp3A350V/BRP-/- CRT murine bone marrow isolated
neutrophils by stimulating with recombinant IL8 and
measuring the number of neutrophils migrating through a
Transwell insert (3 mmol/L) over 2 hours (experimental
design shown in Figure 7C). We found that NLRP3 activation
significantly increased neutrophil migration (P < .01) in
Nlrp3A350V CRT mice compared with WT control, and when
BRP39 is conditionally deleted during NLRP3 activation, the
chemotaxis ability of neutrophils is impaired drastically in
Nlrp3A350V/BRP-/- CRT mice compared with Nlrp3A350V CRT
and WT mice (P < .0001) (Figure 7D). We performed the
same experiment and confirmed the migration impairment
phenomenon also has been observed in neutrophils from
BRP39-/- CRL mice (Figure 7F). Interestingly, when BRP39-/-

CRL neutrophils are pretreated overnight with 1 mg
rmChi3L1 (Figure 7E), they responded to IL8 and migratory
function is restored to levels comparable with WT
neutrophils.

Altogether, our data showed that BRP39 deficiency in
NLRP3-activated mice increased the total circulating neu-
trophils (Figure 7A and B), but affected the migration ability
(Figure 7D) of neutrophils to the site of inflammation, and
this led to reduced accumulation and activation of neutro-
phils in the liver. In addition, pretreatment with recombi-
nant Chi3L1 rescued IL8-dependent migratory function
(Figure 7F), revealing the pivotal role of BRP39 in deter-
mining the chemotactic function of neutrophils.

BRP39 Deficiency in NLRP3-Activated
Neutrophils Showed Reduction in Immune
Activation and Signaling Response

To understand the mechanistic role of BRP39 in NLRP3
inflammation, we performed RNA bulk sequencing of iso-
lated neutrophils from whole-blood of Nlrp3A350V/BRP-/-

CRT mice and Nlrp3A350V CRT mice. We detected 53 up-
regulated and 213 down-regulated genes that showed
more than 2-fold change in mRNA expression (Figure 8A).
The distinct pattern of gene expression generated from the
top 25 differentially expressed genes is presented as a
heatmap (Figure 8B), showing BRP39 deficiency during
NLRP3 activation correlates with down-regulated expres-
sion of migration (Membrane alanyl aminopeptidase,
Anpep) and complement C1 complex (C1qa and C1qb)–
related genes when compared with NLRP3-activated neu-
trophils. Gene Ontology analysis of the Biological
Processes–related pathways showed increased expression
of genes associated with cell cycle and metabolism, mean-
while genes associated with immune response, signaling
and cell aggregation such as complement activation, NF-kB
activation, and cell-junction assembly were down-regulated
(Figure 8C). Taken together, the RNA sequencing data
showed that BRP39 is important not only for neutrophil
chemotaxis, but also dictates the activation and influences
subsequent recruitment cascade of neutrophils from
vasculature to tissue (Figure 9).

Discussion
The central findings of this study relate to how the

absence of BRP39 could hinder the progression of NLRP3
inflammasome activation, liver injury, and fibrosis, and its
implications in NASH. These results showed that deleting
BRP39 in an inflammatory state mediated by NLRP3
inflammasome activation could improve the outcome of
severe liver inflammation and fibrogenesis, characterized by
reduced infiltration and accumulation of activated macro-
phages and neutrophils, subsequently lowering HSC acti-
vation and collagen deposition in the liver. These effects
were partially mediated through the diminished expression
of pro–caspase-1 and caspase-1 expression, thus reducing
the downstream cascade of NLRP3 inflammasome activa-
tion, affecting downstream signaling, decreasing infiltration
of activated bone marrow–derived mononuclear cells.
BRP39 knockout in NLRP3-activated mice resulted in
impairment of neutrophil chemotaxis, affecting signaling
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and recruitment and cascade of infiltrating cells from cir-
culation to the liver, leading to a drastic reduction of acti-
vated neutrophil accumulation in the liver. Our results
identify BRP39 as a potential therapeutic target for treat-
ment of NLRP3 inflammasome–mediated liver injury and
fibrosis.

Our data show that BRP39 knockout dampens the effect
of hyperactivation of NLRP3 inflammasome by diminishing
caspase-1 expression. Previously, our group showed that
NLRP3 inflammasome activation causes caspase-1–induced
hepatocyte pyroptosis, liver inflammation, and fibrosis.20,23

Our data show that the absence of BRP39 during NLRP3
activation would reduce caspase-1 activation drastically and
consequently dampen the inflammatory gene expression in
the liver (Figure 4). In particular, macrophages deficient in
BRP39 would have a dampened inflammatory potential, as
shown with LPS and nigericin-stimulated, myeloid-specific
BRP39 knockout macrophages (Figure 4D), showing signif-
icantly decreased inflammatory gene expression compared
with stimulated WT macrophages. Moreover, the chemo-
attractant ability also vastly is diminished, as seen in
significantly reduced chemokines (CCL1, CCL2, and CCL5)
and chemokine-receptor CCR2 expression (Figure 4E).
Breyne et al26 showed with a murine Escherichia coli
infection model that blocking of caspase with pan caspase
inhibitor on infected mammary cells would decrease BRP39
expression, and subsequently abate inflammatory cytokine
production. In another study by Dela Cruz et al27 using
Streptococcus pneumoniae–infected BRP39-null mice, they
found that BRP39 is required for the inhibition of caspase-
1–dependent macrophage pyroptosis by restricting inflam-
masome activation in the lungs. Our finding contributes
toward the understanding of how BRP39 regulates NLRP3
inflammasome–mediated organ injury in the microenvi-
ronment of the liver by using a specific mouse model in
which the activation of NLRP3 and knocking-out of BRP39
occur only by tamoxifen induction. Moreover, we showed
that activated macrophage infiltration, and LAM (fibrosis-
associated macrophage) deposition is decreased vastly in
BRP39-deficient NLRP3-activated mice, which contributes
toward an improved liver phenotype. The precise molecular
mechanism by which BRP39 modulates NLRP3 activation
will require additional investigation, and the possibility of
an indirect effect cannot be ruled out completely. It is
possible that the reduction of inflammatory cytokines and
chemoattractant in the Nlrp3A350V/BRP-/- CRT liver creates
a less-inflamed environment, which curbed the infiltration,
recruitment, and accumulation of activated macrophages.
Figure 7. (See previous page). BRP39 deficiency in NLRP3-ac
in whole blood, however, the chemotaxis ability of neutrop
showed a significant increase in white-blood cell (WBC) and
Nlrp3A350V CRT mice. n ¼ 6, 2-way analysis of variance. (B) Flow
cells in Nlrp3A350V/BRP-/- CRT vs Nlrp3A350V CRT, in negative
experimental set-up in panel C, the neutrophil chemotaxis assay
BRP-/- CRT mice. (F) With the experimental set-up in panel E, ne
and pretreatment with 1 mg recombinant mouse Chi3L1 (BRP39)
Data are expressed as the means ± SEM. *P < .05, **P < .01,***P
marrow.
As shown previously and confirmed in our current study,
activation of the NLRP3 inflammasome leads to neutrophilia
in the blood and tissues and high levels of inflammatory
mediators in the serum.23,28,29 BRP39 has been associated
with its chemoattractant properties, affecting neutrophil
and macrophage migration.30 In fact, several groups have
shown, directly or indirectly, the effects of BRP39 on
neutrophil chemotaxis to the injured organs, either
increased in the lungs27 in the E coli–infected BRP39-null
mouse model or decreased in the breast tissue26 when
BRP39 expression was abated after pan caspase treatment.
Our group has shown that in the absence of BRP39, Choline-
deficient L-amino-defined diet (CDAA)-fed mice have
improved liver phenotype, having significantly less neutro-
phil infiltration.31 In the current study, in accordance with
the CDAA diet model, we found a significant decrease in
activated neutrophil accumulation (Figure 6) in the livers of
Nlrp3A350V/BRP-/- CRT. Further investigation confirms that
the absence of BRP39 in NLRP3-activated mice impairs the
migration ability of neutrophils (Figure 7D), and pretreat-
ment with recombinant Chi3L1 restored the migration
function (Figure 7F), as shown in BRP-/- CRL neutrophils.
RNA sequencing results comparing Nlrp3A350V/BRP-/- CRT
and Nlrp3A350V CRT murine whole-blood neutrophils sug-
gest the regulatory role of BRP39 in immune activation,
cellular aggregation, migration, and NF-kB signaling
(Figure 8). Interestingly, one of the top 25 detected genes,
CD13 (Anpep) (Figure 8B), was found to be down-regulated
in Nlrp3A350V/BRP-/- CRT circulating neutrophils compared
with Nlrp3A350V CRT. CD13 expression was enriched in
proinflammatory monocytes and has been implicated in cell
trafficking.32 Human neutrophils with aberrant CD13
expression have impaired cellular aggregation, migration,33

and tumor necrosis factor-a–induced apoptosis.34 Our cur-
rent data, supported by these previous studies, suggest how
neutrophil chemotaxis, activation, and apoptosis may be
regulated by BRP39 and how CD13 could be implicated in
NLRP3 inflammation. Liver sinusoidal endothelial cells
(LSECs) also play an important role in facilitating and sus-
taining liver injury and inflammation by releasing proin-
flammatory mediators such as tumor necrosis factor-a, IL6,
IL1, and CCL2,35–37 and adhesion molecules such as inter-
cellular adhesion molecule 1, vascular cell adhesion mole-
cule 1, and Vascular adhesion protein-1 (VAP-1),35,36,38

which aid in enhancing leukocyte infiltration.39 In partic-
ular, dysfunctional LSECs promote recruitment of macro-
phages via activating Kupffer cells.40,41 The deficiency of
BRP39 is highly likely to impact the signaling cascade of
tivated mice have increased Ly6GD CD11bD neutrophils
hils was impaired. (A) Hematology analysis in whole blood
granulocyte count of Nlrp3A350V/BRP-/- CRT compared with
cytometry analysis confirmed the increase of CD11bþ Ly6Gþ
selected neutrophils from murine whole blood. (D) Using the
showed an impairment of neutrophil migration in Nlrp3A350V/
utrophil chemotaxis was impaired in BRP39 CRL neutrophils,
protein restored the chemotaxis ability. n � 3 mice per group.
< .001,****P < .0001, 1-way analysis of variance. BM, Bone-



Figure 8. NLRP3-activated circulatory murine neutrophils with BRP39 deficiency have reduced immune activation,
migration, and signaling response. (A) Volcano plot of up-regulated and down-regulated genes in isolated whole-blood
murine neutrophils of Nlrp3A350V/BRP-/- CRT mice compared with Nlrp3A350V CRT mice. (B) Heatmap representation of the
top 25 genes after differential gene expression (DGE) analysis from RNA bulk sequencing of whole-blood neutrophils
comparing Nlrp3A350V/BRP-/- CRT with Nlrp3A350V CRT. (C) Gene Ontology (GO) Biological Process enrichment analysis of up-
regulated (red) and down-regulated (blue) genes.

492 Kui et al Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 3



Figure 9. NLRP3-activated circulatory murine neutrophils with BRP39 deficiency showed defective recruitment
cascade. Fast gene set enrichment analysis (Fgsea) of up-regulated (red) and down-regulated (blue) genes in the reactome
pathway showing association with immunoregulatory interaction between lymphoid and nonlymphoid cells.
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LSECs, and further investigation into the modification of
signaling mediators holds significant importance.

In summary, our study showed the regulatory role of
BRP39 on NLRP3-mediated liver inflammation and fibrosis.
The results support the importance of BRP39 in NLRP3-
induced inflammation, resulting in HSC activation,
proinflammatory cytokine production, and a sustained in-
flammatory liver environment caused by infiltrating acti-
vated macrophages and neutrophils, which leads to liver
fibrosis. In particular, we characterized and defined how
BRP39 regulated NLRP3-induced neutrophil activation and
migration into the liver. These data provide insight into the
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pathogenesis of liver inflammation and identifies BRP39
inhibition as a potential therapeutic strategy for treatment
of NLRP3-mediated inflammatory diseases.

Methods
Mouse Strains

Tamoxifen-inducible Nlrp3A350V CRT mice were generated
as previously described.22 Briefly, conditional Nlrp3A350V

knockin mice were bred to the tamoxifen-inducible Cre-ER
(CRT) B6.Cg-Tg (Cre/Esr1)5Amc/J mice (Jackson Laboratory)
to allow for heterozygous mutant Nlrp3 expression in adult
models after administration of tamoxifen (Nlrp3A350V CRT).
Similarly, Nlrp3A350V CRT mice deficient for BRP39
(Nlrp3A350V/BRP-/- CRT) were generated by crossing condi-
tional BRP39 (Chi3L1) knockout mice31 to inducible
Nlrp3A350V CRT knockin mice, resulting in Nlrp3A350V/BRP-/-

CRT mice that are heterozygous for the knockin allele and
homozygous for the BRP39 knockout allele. Cre-negative mice
were used as controls. BRP39 CRL mice also were generated
by breeding conditional BRP39 knockout mice to mice
expressing Cre recombinase under control of Lysozyme M Cre
(LysMCre) or (CRL), myeloid lineage-specific knockout of
BRP39), obtained from The Jackson Laboratory, Jax #004,781,
B6.129P2-Lyz2tm1(cre)Ifo/J. Littermates lacking the Cre
recombinase were used as control mice.

Study Approval
The experimental protocol was approved by the Insti-

tutional Animal Care and Use Committee at the University of
California San Diego.

NLRP3 Induction With Tamoxifen
For temporal induction of NLRP3 activation alone

(Nlrp3A350V CRT) or with BRP knockout (Nlrp3A350V/BRP-/-

CRT), 7-week-old Nlrp3A350V CRT, Nlrp3A350V/BRP-/- CRT,
and WT were injected intraperitoneally with 50 mg/kg
tamoxifen (cat# 156738; MPBio) reconstituted in 10%
ethanol and 90% sunflower oil (S5007; Sigma) for 3 days
(Figure 1A). Mice were cared for in accord with appropriate
institutional guidelines. Experimental protocols were
approved by the University of California San Diego (San
Diego, CA) Institutional Animal Care and Use Committee.
Liver sample preparation. Nlrp3A350V CRT, Nlrp3A350V/
BRP-/- CRT, and WT mice were killed 3 weeks after
tamoxifen induction. Liver tissue was harvested with
representative pieces either (1) fixed in formalin for 24
hours, (2) placed in 0.5 mL RNA-later solution (cat#
AM7020; Life Technologies Corporation), or (3) snap-frozen
in liquid nitrogen and embedded in Tissue-Tek O.C.T.
Compound (Cat#: 4583; Sakura) and stored at -80�C.
Bone marrow–derived macrophage generation and
NLRP3 activation. Bone marrow cells were collected by
flushing tibia and femurs with complete medium (CM)
containing Dulbecco’s modified Eagle medium, 1% Gluta-
MAX (cat# 35050061;Gibco), 1% penicillin–streptomycin,
1% nonessential amino acids, and 10% fetal bovine serum
(FBS). Bone marrow aspirate was filtered through a 40-mm
mesh and centrifuged at 1500 rpm for 8 minutes at room
temperature. The cell pellet was resuspended with CM, plated
at 2� 106/cm2 on a 10-cm dish, and differentiated into
macrophages with 10 ng/mL macrophage colony stimulating
factor (recombinant mouse M-CSF, #576402; BioLegend) for
6 days (with 50% medium change on day 2 and 70% medium
change on day 5) at 37�C, 5% CO2, and 85%–98% humidity.
On day 6, CM was aspirated and washed once with
phosphate-buffered saline (PBS). Macrophages were har-
vested with gentle scraping in CM, and replated at 5�105

cells/500 mL on a 24-well plate. For NLRP3 activation, cells
were treated with 500 ng/mL LPS for 3 hours, followed by 40
mmol/L nigericin for 45 minutes, and lysed with TRIzol Re-
agent (cat# 15596026; Invitrogen) for subsequent RNA
isolation and reverse-transcription quantitative PCR.
Neutrophil Isolation From Bone Marrow and
Whole Blood

Whole blood (w0.5 mL) was obtained from cardiac
puncture and collected in an EDTA tube (BD 365974; Fisher
Scientific). Bone marrow was flushed with complete medium
(reagents from Gibco: RPMI 1640 [cat# 11875135], 10% FBS
[heat inactivated] [cat# 10438026], 1% penicillin-
streptomycin [5000 U/mL] [cat# 15070063], 1% L-gluta-
mine [200 mmol/L] [cat# A2916801]), and collected from
excised tibia and femur. Samples were topped up to 10 mL and
centrifuged at 1500 rpm for 8 minutes, followed by treatment
with red blood cell lysis buffer (cat# 420301; BioLegend), and
washed twice with PBS. Whole blood and bone marrow isolate
were stained with the mouse neutrophil isolation kit (cat#
130-097-658; Miltenyi Biotec) according to the manufacturer’s
protocol, and passed through LS column (cat# 130-042-401;
Miltenyi Biotec). Neutrophil purity was �95% as assessed by
fluorescence-activated cell sorter. Isolated neutrophils from
whole blood were used for flow analysis, and bone marrow
neutrophils were used for chemotaxis assay.
Hematology and Flow Analysis on Whole-Blood
Samples

Approximately 0.1 mL whole blood collected in an EDTA
tube was used for hematology analysis using Veterinary
hematology analyzer Scil Vet abc. Isolated whole-blood
neutrophils were stained with anti-mouse CD11b-APC
(allophycocyanin) (cat# 101211; BioLegend) and anti-
mouse Ly6G-PE (Phycoerythrin) (cat# 551461; BD Bio-
sciences) according to the manufacturer’s protocol, and
measured by flow cytometry (BD FACS Canto II). Data were
analyzed using FlowJo 10.8.1 software (Tree Star). Neutro-
phils were measured as CD11b- and Ly6G-expressing cells.
Liver Histology and Immunostaining
Livers were sliced in 4-mm sections. Liver fibrosis was

assessed with picrosirius red staining and quantified by digital
image analysis with QuPath version 0.3.2.42 For picrosirius red
staining, liver sections were incubated for 30 minutes at room
temperature with an aqueous solution of saturated picric acid
containing 0.1% Fast Green FCF (color index 42053) and 0.1%
Direct Red 80 (MilliporeSigma). IHC staining for a-SMA (1:250,



Table 1.List of Primers Used for Quantitative PCR Gene
Expression Analysis

Species Gene Primer identifier (TaqMan)

Mouse Acta2 Mm00725412_s1
Tgfb1 Mm01178820_m1
Ctgf Mm01192933_g1
Col1a1 Mm00801666_g1
Timp1 Mm01341361_m1
Nlrp3 Mm00840904_m1
Cxcl1 Mm04207460_m1
Cxcl2 Mm00436450_m1
Casp1 Mm00438023_m1
Il1b Mm00434228_m1
BRP39 Mm00657889_mH
CCL1 Mm00441236_m1
CCL2 Mm00441242_m1
CCL5 Mm01302427_m1
CCR2 Mm99999051_gH
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cat# ab124964; Abcam), mouse anti-F4/80 (1:100, cat#
123106; BioLegend), rat anti-Ly6C (1:100, cat# ab15627;
Abcam), and rat anti-Ly6G (cat# 14-5931-82; Invitrogen) was
performed on formalin-fixed, paraffin-embedded livers. After
deparaffinization and rehydration of tissue, they were stained
with the respective primary antibodies diluted in Dako Anti-
body Diluent (cat# S0809; Agilent Dako) overnight at 4�C in a
humid chamber. They were washed twice in TBS-T (1X Tris-
Buffered Saline, 0.1% Tween 20 Detergent) for 5 minutes, and
incubated with the ready-to-use horseradish peroxidase
(HRP)-linked anti-rat secondary IgG antibody (Immpress HRP
reagents, cat# MP-7404; Vector Labs, Burlingame, CA) for 1
hour at room temperature. Color was developed with the 3,30-
diaminobenzidine tetra hydrochloride substrate kit (cat#
550880; BD Pharmingen), and nuclei were counterstained
with Mayer’s hematoxylin for 2 minutes, followed by dehy-
dration with increasing ethanol concentrations. Staining was
quantified in 5 randomly selected fields (10� or 20�
magnification), imaged with a Nanozoomer 2.0HT slide Scan-
ner microscope (Hamamatsu Photonics K.K., Hamamatsu,
Japan) and an Olympus VS200 Slide Scanner. The total stained
area was analyzed by selecting brown areas using an un-
changed threshold value in the macro function of ImageJ (NIH,
Bethesda, MD). Results were represented as the average of the
percentage of total area occupied by positive cells per field in
each specimen.
Immunofluorescence of Frozen Mouse Liver
Sections

Frozen liver sections were washed twice with PBS and fixed
with ice cold methanol for 10 minutes. Next, the cells were
washed, permeabilized (0.1% Tween-20 in PBS, 30 minutes),
blocked for 1 hour with 1% bovine serum albumin–PBS, and
incubated at 4�C with mouse monoclonal anti-CD68 (1:100,
cat# ab955-500; Abcam), rat anti-Ly6G (cat# 14-5931-82;
Invitrogen), goat anti-OPN (1:100, cat# AF808; Biotechne
R&D), and rabbit anti–histone H3 (citrulline R2 þ R8 þ R17)
(1:100, cat# ab5103; Abcam) antibodies diluted in Dako Anti-
body Diluent (cat# S0809; Agilent Dako). After an overnight
incubation, cells were washed twice with PBS and treated with
Alexa Fluor 488 goat anti-rat (1:1000, cat# A11006; Invi-
trogen), Alexa Fluor 488 goat anti-mouse (1:1000, cat#
A11029), Alexa Fluor 568 donkey anti-goat (1:1000, cat#
A11057), or Alexa Fluor 594 donkey anti-rabbit (1:1000, cat#
A21207) for 1 hour at room temperature in the dark, followed
by washing twice with PBS and 5 minutes of nuclei staining
with 40,6-diamidino-2-phenylindole (1 mg/mL, cat# 62248;
Thermo Scientific) diluted at 1:1000 in PBS.

Real-Time PCR
RNA was extracted from 30 mg whole liver tissue with

TRIzol reagent (cat# 15596026; Invitrogen) and the Qiagen
RNAeasy Kit 250 (cat# NC9307831) according to the manu-
facturer’s instructions. Purified RNA (1000 ng) was reverse-
transcribed into complementary DNA with the qScript com-
plementary DNA Synthesis Kit (Quantabio). The primers listed
in Table 1 were used for reverse-transcription PCR. Target
gene expression levels were calculated by normalization with
GAPDH gene expression levels in each sample, followed by a
comparative cycle threshold Ct method (2-DDCt).

Neutrophil Chemotaxis Assay
Isolated bone-marrow neutrophils (0.5 � 106 cells) were

added to the upper chamber of the Transwell inserts (3-mm
pore size) (cat# 353492; Falcon), and recombinant IL8 (cat#
574202; BioLegend) was added at various concentrations (1
ng/mL, 10 ng/mL, 100 ng/mL) to the bottom well, containing
neutrophil culture medium (reagents from Gibco: Dulbecco’s
modified Eagle medium [cat# 11965092], 10% FBS [heat
inactivated] [cat# 10438026], 1% penicillin-streptomycin
[5000 U/mL] [cat# 15070063], 1% L-glutamine [200
mmol/L] [cat# A2916801], Granulocyte colony stimulating
factor (G-CSF) 10 ng/mL [cat# 752108; BioLegend]). After
incubating the chambers for 2 hours at 37�C, the trans-
migrated cells were collected from the lower chamber, stained
with Trypan blue, and counted in a hemocytometer.

Western Blot Analysis
Approximately 5 mg liver tissue was used for protein

extraction with 300 mL 1 � RIPA buffer (cat# 9806; Cell
Signaling) and 1:100 protease inhibitor cocktail (cat#
P8340; Sigma), and was mechanically lysed using beads and
a shaker for 1 minute 30 seconds. Samples were kept at
-80�C and thawed the next day, and centrifuged for 10 mi-
nutes at 10,000 rpm at 4�C. Supernatant was collected and
the protein concentration was determined with the Pierce
BCA protein assay kit (cat# 23225; ThermoScientific). A
total of 10 mg protein sample was loaded in sodium dodecyl
sulfate with 3% mercaptoethanol, heated for 10 minutes at
95�C, stacked with Any kD Mini-PROTEAN TGX Precast
Protein Gels (Bio-Rad) set at 80 V for 30 minutes, followed
by resolution at 120 V until the end of the run. Tris-glyci-
ne–sodium dodecyl sulfate was used as the running buffer.
Proteins were transferred from the gel onto a nitrocellulose
membrane in a Trans Blot Turbo Transfer system (Bio-Rad)
for 7 minutes at 25 V, using buffer from the Trans-Blot
Turbo RTA Midi 0.2 mm Nitrocellulose Transfer Kit (cat #
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1704271; Bio-Rad), followed by blockage of membrane for 1
hour with Intercept (TBS) Blocking Buffer (cat# 927-60001;
Li-Cor) at room temperature, with light shaking, and then
incubated with the appropriate primary antibodies (anti-
NLRP3), monoclonal antibody (Cryo-2) (1:1000, cat# AG-
20B-0014-C100; AdipoGen), a-tubulin (1:1000, cat# T6199-
100; Sigma), caspase-1 p10 (Casper-2) (1:1000, cat# AG-
20B-0044-C100; AdipoGen), and anti-IL1b (1:1000, cat#
ab9787; Abcam) overnight at 4�C. Membranes were washed
twice in TBS-Tween buffer and incubated with HRP-linked
anti-mouse or rabbit IgG antibodies, respectively
(1:15,000; Li-Cor), for 1 hour at room temperature. Protein
bands were scanned with the Li-Cor Odyssey 9120 Infrared
Imaging System and analyzed with Image Studio software.
RNA Sequencing
RNA bulk sequencing was performed by the University of

California San Diego IGM Genomics Center using an Illumina
NovaSeq 6000. Briefly, total RNA was isolated from whole-
blood neutrophils using the Qiagen miRNeasy Mini Kit. All
samples had >250 ng of input RNA and an RNA integrity
number value �7.0. Sequencing libraries were created using
the IlluminaTruSeq Stranded mRNA preparation, which pref-
erentially selects for mRNA by taking advantage of the poly-
adenylated tail. Libraries were sequenced using the Illumina
NovaSeq S4 platform, with a sequencing protocol of 50 bp
paired-end sequencing (run-type, PE100) and a total read
depth of 25 Million reads per sample.
Statistics
Statistical analyses were performed with Graph Pad Prism

(version 9; Graph Pad Software, Inc, La Jolla, CA). The signif-
icance of 2-group comparisons was determined with the 2-
tailed Student t test. Significance of more than 2 groups was
analyzed by 1-way analysis of variance, and 2-way analysis of
variance where applicable. The significance level was set at
P< .05 for all comparisons. Error bars represent means ±
SEM. Experiments were repeated at least 3 times, and assays
were performed in duplicate.
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